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Abstract

Three dimensional models of organ biogenesis have recently flourished. They promote a balance
between stem/progenitor cell expansion and differentiation without the constraints of flat tissue
culture vessels, allowing for autonomous self-organization of cells. Such models allow the
formation of miniature organs in a dish and are emerging for the pancreas, starting from
embryonic progenitors and adult cells. This review focusses on the currently available systems and
how these allow new types of questions to be addressed. We discuss the expected advancements
including their potential to study human pancreas development and function as well as to develop
diabetes models and therapeutic cells.
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Introduction

Stem cells can be studied in vivo in their chemically and structurally complex biological
niche, or, in vitro where their environment is synthetic and often 2-dimensional (2D) but can
be tightly controlled. The artificial nature of in vitro culture systems is tempered with the
advantages they convey in expansion, essential for experiments requiring large amounts of
otherwise unobtainable stem cells. Hybrid systems where stem and progenitor cells are
cultured in 3 dimensions (3D) have recently emerged combining the simplicity and
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controllability of in vitro culture with the possibility to reconstitute niches more similar to
the natural niche. Pivotal examples are the generation of mini-organs in vitro from adult
organ stem cells, embryonic progenitors or embryonic stem (ES) cells, with structural and
functional similarities to parental organs such as intestine, stomach, liver, optic cup, and
brain (1-7).

In contrast to organotypic culture, 3D hybrid systems offer the potential to initiate mini-
organs from one or few stem or progenitor cells, which can be defined by cell sorting. The
mini-organs are tools to decipher the potency of stem cells, the nature of their niches and the
development of the organ structure in a self-organizing process (7,8). When starting from
human stem cells, they can be powerful tools to generate 3D models of human organs. This
review focuses on the most recent advancements in in vitro 3D culture systems of pancreatic
cells and their potential use for understanding pancreas development, homeostasis and
regeneration as well as for cell therapy and disease modeling.

In vivo pancreas organogenesis: a progressive loss of multipotency?

The pancreas is a compound gland that serves exocrine and endocrine functions which
regulate two major processes: digestion and metabolism. The exocrine pancreas consists of
acinar and ductal cells, while the endocrine pancreas consists of hormone-producing cells:
alpha-, beta-, delta-, and pp-cells respectively producing glucagon, insulin, somatostatin and
pancreatic polypeptide. The pancreatic primordia arise from the foregut endoderm, starting
from a group of multipotent progenitors expressing the transcription factors PDX1, PTF1a,
SOX9 and HNF1b (9). These cells undergo massive proliferation, sustained by active
epithelial Notch signaling and initially by mesenchymal FGF10. Progenitors become
progressively polarized and organized into a branched tubular system. This morphogenetic
process is accompanied by a potency restriction: the PTF1a™ cells at the “tips” of the tubes
become irreversibly committed to an acinar fate, while cells in the “trunks” (HNF1b* and
S0OX9*) remain bipotent approximately until birth and give rise to both endocrine and ductal
cells (10-12).

Pancreas organogenesis follows a highly regulated tridimensional development and the
correct specification of each cell type not only relies on the proper intra and inter-cellular
signaling, but also requires architectural cues. Indeed apico-basal and planar polarity
complex activities are required for appropriate endocrine cell differentiation (13,14).

Many lineage tracing systems have been elegantly used to investigate the latent
differentiation potential of embryonic progenitors and adult pancreatic cells, under normal
or regenerative conditions, in order to identify an elective adult stem cell reservoir. Under
homeostatic conditions, alpha, beta, ductal, and acinar cells are maintained by self-
duplication of pre-existing cells (15-17). Most of the lineage tracing studies have shown that
ductal and acinar cells do not contribute to the endocrine compartment in the adult under
homeostatic conditions (11,12,18,19), although controversies do exist (20) based on issues
of specificity and biases of tracer lines. A different scenario has been described in the
context of pancreas regeneration after severe damage. It has been demonstrated that de novo
beta cells can be derived from the trans-differentiation of alpha cells (21), rarely from acinar
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cells (22) and possibly from ductal cells (23), although this latter case is still questionable
(11,24). Indeed, while in the model of pancreatic duct ligation, the induction of Ngn3
expression has been univocally demonstrated, the effective maturation of newly generated
beta cells has not been proved. The plasticity of pancreatic cell types appears to be highly
dependent on the type of injury and can also be uncovered by transcription factor
reprogramming (25).

To summarize, multipotent pancreas progenitors have been exquisitely characterized during
development, while the existence of adult multipotent stem cells remains debatable and their
nature and markers elusive.

In vitro pancreas organogenesis

Acinar, alpha, beta and ductal cell lines do exist but there is no cell line that behaves like a
pancreas progenitor or stem cell. In vitro culture of primary cells fills the gap between
immortalized cell cultures and whole-animal systems in many fields. The culture of
dissociated primary cells in 2D has proven to be challenging for the pancreas and isolated
pancreatic progenitors were maintained at best for a few days in small numbers (18,26).
However, innovative protocols for the 3D culture of bona fide embryonic pancreatic
multipotent progenitors were recently published and fall into two categories that lead to cell
expansion in hollow spheres or branched organoids (Fig. 1).

Pancreatospheres

Sugiyama at al. described an approach to isolate multipotent embryonic progenitors based
on the positive selection for SOX9 presence and a negative selection for NEUROG3 (27)
(Fig. 1b). They demonstrated that these E11.5 mouse pancreatic progenitors diluted to clonal
density proliferate in vitro in solidified Matrigel. They form epithelial polarized SOX9*
spheres with a subpopulation of SOX9™ cells expressing C-peptide, glucagon and
NEUROGS3. This expansion protocol required the presence of mesenchymal cells in co-
culture and a defined culture medium, containing B27, FGF10, RA, IGF1, insulin and
several other components. The cells in contact with the inner lumen of the spheres expressed
Mucinl, as observed during pancreatic tubular network formation. Genetic manipulations of
these cells in culture confirmed the conservation of differentiation pathways that had been
first described in vivo. The spheres could be passaged: however, the expansion could be
achieved only from partially dissociated clusters of SOX9* cells and, after 3 passages, a
decrease in multipotency was documented.

Of note, culturing progenitors at physiological oxygen levels (5%) induced an increase of
several endocrine markers, at the expense of cell proliferation. As a result, this culture
system allowed the generation of glucose-responsive Insulin* cells, which accounted for
20% of the total epithelial cells in culture. In ex vivo pancreatic explants vascularization and
oxygenation have been shown to promote endocrine differentiation (28,29): thus, it is
unclear whether low oxygen has an effect on differentiation or rather on selection in the
pancreatosphere model.
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Multiple culture conditions are likely to promote the expansion of pancreas progenitors in
spheres. We independently produced similar results from E10.5 progenitors cultured in
Matrigel with B27, FGF2 and the ROCK-inhibitor Y-27632 (30) (Fig. 1a). Detailed time-
lapse imaging with a nuclear progenitor marker revealed strong cooperative effect in
pancreatic progenitors. If a single progenitor had a 2% probability to form a sphere, groups
of 2 or 4 cells had, respectively, 50 and 90% chances of generating spheres in vitro. The
resulting spheres resembled the structures obtained by Sugiyama et al., with homogeneous
expression of progenitor markers such as SOX9, PDX1 and HNF1b and rare endocrine and
acinar cells.

In these culture systems cells expand for weeks and appear to be molecularly similar to the
in vivo transient early progenitors with acinar, ductal and endocrine potential. Whether the
different media expand exactly the same cells remains to be investigated.

Mini-pancreas/pancreas organoid

We have recently identified conditions that recapitulate normal pancreas development in 3D,
so that dissociated progenitors expand, mature, differentiate and self-organize into a
miniature organ in a dish (30) (Fig. 1a). Also in Matrigel, these organogenesis conditions are
based on a medium whose important components are knockout serum replacement, high
levels of FGF10 whose activity was potentiated by heparin, the ROCK-inhibitor Y-27632
and other factors that increase the efficiency of progenitor expansion (R-spondinl, EGF).
Pancreatic organoids formed from clusters of at least 4 cells, leading to 100% organoid
formation from clusters of more than 12 starting cells. Under these culture conditions,
progenitors expanded massively, relying on FGF and Notch signaling similarly to in vivo.
This proliferation was accompanied by impressive architectural rearrangements, which lead
to the generation of pancreas-like organs in vitro. This includes polarization into a ductal
network, a proper segregation of acinar cells to the tips of the in vitro-formed tubes, while
endocrine cells and HNF1b/SOX9-double positive cells were confined to the central core.
Again, it appears that different culture conditions may lead to the formation of similar
organoids since Sugiyama et al. described organoids after the exposure of progenitors to
high Wnt levels in the absence of retinoic acid.

These systems recapitulate many aspects of pancreas development but the degree of
maturity and functionality of differentiated exocrine and endocrine cells remain to be
evaluated as well as the extent of the similarities between culture methods.

In vitro expansion of adult ductal cells with endocrine differentiation

potential

The primary culture of adult pancreatic cells has been reported for the three main adult
populations (acini, ducts and islets). The differentiated exocrine and endocrine cells plated
in 2D rapidly lose their differentiated characteristics while suspension culture, particularly
for islets, enables maintenance for a few weeks but without expansion (31-33).
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Clonal suspension culture from non-ductal sources

Although the existence of multipotent stem cell populations in the pancreas is still debated,
tissue culture may uncover rare populations or latent properties. Starting from dispersed
adult islet or ductal populations in suspension cultures, Seaberg et al. identified cells that
could form colonies leading to differentiation of insulin-expressing cells and neurons, both
in mouse and human (34), in the presence of FGF2 and EGF. Subsequent work showed that
insulin-expressing cells reduce several differentiation markers as they expand: however, it is
still unclear whether a specific insulin-expressing population can expand under these
conditions or all beta cells do so at low frequency (35).

An alternative source for adult pancreatic stem cells could be the population of centroacinar
cells, first described as unique domains of active Notch/HES1 signaling in the adult
pancreas rapidly proliferating following pancreatic injury (36,37). Rovira et al. demonstrated
that this population is characterized by the expression of ALDH1 and E-cadherin, a
molecular signature used to isolate them (38). These cells could clonally expand to form
pancreatospheres in suspension in the presence of EGF, FGF2, LIF and serum and could be
passaged. The resulting spheres were composed of acinar and endocrine cells as well as a
small SOX9* population, which would deserve a deeper characterization. These culture
conditions may uncover the ability of exocrine or centroacinar cells to become endocrine
under exceptional circumstances not found in homeostatic conditions in vivo (15,19,39-41).

Clonal culture from adult pancreatic ducts

More recently at least three independent groups published reports on the long-term culture
of adult ductal cells. Albeit different, they all rely on the use of Matrigel as a 3D scaffold for
the generation of spheres. Some common traits are also present at the level of soluble
factors, such as the use of R-spondinl in all the protocols, even with slightly different
effects.

Jin et al. first reported a method to clonally expand ductal CD133/SOX9* cells from adult
mice (42) (Fig. 2a). Those cells were cultured in a methylcellulose/5% Matrigel-based
semisolid medium, ESC-derived pancreatic-like cell conditioned medium and FCS
supplemented with Nicotinamide, activin B, exendin-4 and VEGF-A. The spheres in culture
were mainly composed of ductal-like cells, but cells expressing very low levels of acinar
and/or endocrine markers were detected. The addition of R-spondinl promoted the growth
of these colonies over 11 weeks. Interestingly, R-spondinl also induced the generation of
compact high-cellularity colonies with higher endocrine progenitor markers.
PolyEthyleneGlycol(PEG)-laminin increased endocrine and acinar differentiation although it
is unclear whether this promotes differentiation or selection.

Along the same lines, the groups of H. Clevers and H. Heimberg reported on the unlimited
expansion of adult ductal cells (43) (Fig. 2b). Ductal cells could be clonally expanded in
Matrigel in the presence of EGF, R-spondinl and FGF10. Additional factors such as Noggin
and Nicotinamide were proven to be essential for cultures longer than 2 months. In
particular, it was shown that in vitro culture promoted the enrichment of a small LGR5* cell
population, a marker that is not expressed in the pancreas unless it is injured by partial duct
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ligation. The spheres grown in vitro maintained an adult duct signature. A latent endocrine
differentiation potential was revealed after transplantation in vivo under the kidney capsule
following aggregation with embryonic pancreatic cells. How similar these cells are to
endogenous endocrine cells remains to be addressed.

The possibility to expand adult ductal populations in spheres in vitro was recently confirmed
in human (44) (Fig. 2c). The culture system was very similar to the reports from other
groups: it required Matrigel and the soluble factors EGF, R-spondinl, FGF10, Noggin and
Nicotinamide. These cells could be passaged up to 3 months. Although no endocrine cells
were found to spontaneously differentiate in vitro, adenoviral overexpression of NEUROG3,
MAFA, PDX1 and PAX6 converted the ductal cells into endocrine progeny with many
hallmarks of beta cells (synthesis, process, storage and secretion of insulin in response to
glucose or depolarization stimuli).

These extensive investigations have shown that adult pancreatic populations can be
expanded in vitro and are amenable to endocrine differentiation, especially after
overexpression of transcription factors and in vivo maturation. The degree of differentiation
without transcriptional reprogramming needs to be further explored.

How has 3D in vitro culture advanced our understanding of pancreas

biology?

The 3D culture systems of embryonic progenitors and adult ductal cells begin to fill the gap
between animal models and immortalized cell lines for the pancreas. These systems increase
our toolset, providing different angles to study pancreas development and adult cell potential
at the single cell level and have already uncovered new aspects of pancreas biology.

The pluripotency of embryonic progenitors has been well studied by in vivo lineage tracing
however the evidence that adult ductal cells can give rise to endocrine cells is under debate
and probably restricted to injury conditions. The culture of ductal cells may simulate injury
conditions, leading to the activation of LGR5 and Wnt signaling (43). The three adult
studies suggest that the potential to give rise to endocrine cells does exist in the ducts but
requires very strong reprogramming with transcription factors, along with an appropriate
milieu for maturation. However, the large number of ductal cells that can be cultured in vitro
for a long period opens the way to multiplexed screening for conditions that promote
endocrine differentiation or other aspects of development as pioneered by Sugiyama et al.
(27).

These methods also offer a setting to decipher the components of the niche of pancreas
progenitors, as well as normal and regenerating adult ductal cells. It is notable that a key
component of all culture systems is Matrigel. Matrigel has been replaced by PEG-laminin
(30,42), although with less efficient outcomes. This suggests that Laminin is a key
component of Matrigel for embryonic and adult duct culture and their endocrine
differentiation. Laminin is naturally abundant in the basal lamina lining these cell types in
vivo although the type of Laminin may matter. Mesenchymal cells were excluded from most
culture systems but one (27). While the mesenchyme has an important role during
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development as component of the niche, it can be replaced by FGF10, which it naturally
secreted, and possibly other components in the Matrigel and B27 or KOSR culture
supplements. The mesenchyme is also likely to provide mechanical support, which is
replaced by the gel structure of Matrigel, and preliminary evidence suggests that the
stiffness of the gel matters (30).

Another component of multiple culture systems is R-spondin1/Wnt. Several groups have
already demonstrated the importance of Wnt activity for pancreatic progenitors and their
commitment towards the endocrine and acinar compartments in vivo (45-50). The in vitro
data suggest that R-spondinZ, although dispensable, sustains longer expandability of ductal
cells and possibly promotes embryonic endocrine differentiation (27,42). The epithelial or
mesenchymal in vivo source of these Wnts remains to be identified.

Single cells can give rise to expanding spheres: nevertheless there is evidence that other
epithelial cells contribute to the niche. Indeed, spheres and organoids formed more
efficiently from multiple cells (30). It remains to be determined whether this is due to
different cell types interactions, possibly via the Notch pathway, as shown for intestinal
organoids that expand upon NOTCH ligand stimulation from Paneth cells (51). Although
Notch signaling promotes sphere and organoid expansion from embryonic progenitors,
endocrine cells are not the sole source of NOTCH ligands since their absence does not
preclude expansion (30). The role of this pathway in adult duct expansion remains to be
investigated.

In the context of community signals, an additional layer of regulation could be offered by
mechanobiological forces. From this perspective, the interaction among cells providing the
community effect that maintains progenitor properties (30) and the interaction between cells
and the matrix can be both studied as geometric constraints. Indeed, both interactions result
in the generation of traction or compression forces that impact the stiffness of cellular
cytoskeletons and reciprocally, the surrounding structures across adhesion sites. We have
provided evidences that adherent culture of pancreatic progenitors as well as the
encapsulation in stiff matrices is not permissive for pancreatic progenitor maintenance and
growth. In addition, we have shown that the tensional state of pancreas progenitors dictated
by cytoskeletal dynamics tightly controls cell proliferation and identity, as shown by their
potentiation by inhibition of ROCK or downstream actin dynamics to initially sustain
embryonic pancreatic progenitors (30).

An important challenge in the generation of 3D pancreas models in vitro is now to combine
engineering and biology in order to provide better understanding of these cellular forces and
exploit this knowledge (52,53). The development of new matrices that are more controllable
than Matrigel, with a wide range of stiffness and with the ability to pattern precisely
anchoring peptides, may answer these still unsolved questions and finally help to decipher
the complexity of pancreas development, function and disease.
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How can 3D in vitro culture advance our approach to disease and therapy?

A stemness assay

The ability to grow cells that retain the potential to generate appropriate differentiated
progeny from single adult cells has been used as a surrogate marker for stemness in many
organs and is now available for the pancreas. This will enable the characterization of
populations sorted for different markers and the assessment of the signaling pathways
required for stem cells/progenitors under homeostatic, regenerative or diseased conditions.
In particular, these assays could also be used to identify the tumor-initiating cancer stem
cells in pancreatic ductal adenocarcinoma, whose identity has only recently been tackled
(54). Spheres and organoids are amenable to live-monitoring of single cell dynamics with
live reporters/genetic tracers for visualization of individual cell behaviors in the context of a
developing surrogate organ.

Many cells for biochemistry and screening

The expansion of low abundance cell populations will enable to perform experiments to
assess protein amounts, modifications and molecular interactions between proteins, DNA or
RNA. In addition to this, the in vitro culture systems opened the path to ShRNA (27), small
molecule or matrix screens (30). Although still at a small scale, further developments are
expected to enable scaled-up screenings to test the effect of individual or combined
compounds on differentiation, stemness and morphogenesis.

Genetic manipulations were also demonstrated to be possible in culture, as for example the
deletion of floxed alleles (using CreERT2 in conjunction with tamoxifen) (27) and are
expected to improve owing to the recent development of more powerful genetic
manipulations.

Models of human development and disease

An exciting perspective is the production of 3D model systems of human pancreas
development and possibly function and disease. In principle, embryonic human pancreatic
cells could be used for the purpose but considering their scarcity and ethical considerations,
the breakthrough is more likely to come from the conversion of human ES and induced
pluripotent stem cells (iPSCs) to 3D pancreas, as done for other organs such as the intestine,
eye or brain (4-6). The aforementioned genetic tools may be applied to introduce disease-
alleles and develop disease models, particularly for genetic diseases such as Maturity Onset
Diabetes of the Young. Patient-derived disease models could also potentially be developed
via iPSCs in order to better understand the disease itself and to screen for compound and/or
metabolites that could alleviate/treat the syndrome.

Production systems for replacement cells

Type 1 diabetes is caused by an almost complete loss of beta cells due to an auto-immune
attack. Theoretically, the missing cells could be generated in vitro and grafted in an
immune-suppressed patient thus curing the disease. The generation of iPSCs from adult
somatic cells has rendered regenerative medicine even more appealing (55).
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However, the generation of functional beta cells in vitro starting from ESCs/iPSCs has
proven to be more challenging than initially anticipated, since the Insulin* cells produced

exclusively in vitro do not properly respond to glucose (56). Since 3D cues such as apico-

basal and planar polarity complex activities are needed for appropriate endocrine cell
differentiation (13,14), it is possible that 3D culture systems improve the production of

functional beta cells from ESCs/iPSCs in vitro. However, better differentiation protocols
will be required to render this approach a valuable alternative: in particular, limitations due

to the signals exchanged by cells in 3D culture, leading to self-organization and
differentiation will complicate the control that can be exerted over it.

Acknowledgements

The authors thank Manuel Figueiredo-Larsen and Abigail Jackson for comments on the manuscript. This work was
supported by the Novo Nordisk Foundation, a Juvenile Diabetes Research Foundation grant [41-2009-775],
National Institutes of Health/National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK)
[1U01DK089570-01], as part of the Beta Cell Biology Consortium, and a grant [12-126875] from Det Frie
Forskningsrad/Sundhed og Sygdom.

References

1. Sato T, Vries RG, Snippert HJ, van de Wetering M, Barker N, Stange DE, van Es JH, Abo A,
Kujala P, Peters PJ, Clevers H. Single Lgr5 stem cells build crypt-villus structures in vitro without a
mesenchymal niche. Nature. 2009; 459:262-265. [PubMed: 19329995]

2. Barker N, Huch M, Kujala P, van de Wetering M, Snippert HJ, van Es JH, Sato T, Stange DE,
Begthel H, van den Born M, Danenberg E, van den Brink S, Korving J, Abo A, Peters PJ, Wright N,
Poulsom R, Clevers H. Lgr5(+ve) stem cells drive self-renewal in the stomach and build long-lived
gastric units in vitro. Cell stem cell. 2010; 6:25-36. [PubMed: 20085740]

3. Huch M, Dorrell C, Boj SF, van Es JH, Li VS, van de Wetering M, Sato T, Hamer K, Sasaki N,
Finegold MJ, Haft A, Vries RG, Grompe M, Clevers H. In vitro expansion of single Lgr5+ liver
stem cells induced by Wnt-driven regeneration. Nature. 2013; 494:247-250. [PubMed: 23354049]

4. Eiraku M, Takata N, Ishibashi H, Kawada M, Sakakura E, Okuda S, Sekiguchi K, Adachi T, Sasai
Y. Self-organizing optic-cup morphogenesis in three-dimensional culture. Nature. 2011; 472:51-56.
[PubMed: 21475194]

5. Lancaster MA, Renner M, Martin CA, Wenzel D, Bicknell LS, Hurles ME, Homfray T, Penninger
JM, Jackson AP, Knoblich JA. Cerebral organoids model human brain development and
microcephaly. Nature. 2013; 501:373-379. [PubMed: 23995685]

6. Spence JR, Mayhew CN, Rankin SA, Kuhar MF, Vallance JE, Tolle K, Hoskins EE, Kalinichenko
VV, Wells SI, Zorn AM, Shroyer NF, Wells JM. Directed differentiation of human pluripotent stem
cells into intestinal tissue in vitro. Nature. 2011; 470:105-109. [PubMed: 21151107]

7. Sasai Y, Eiraku M, Suga H. In vitro organogenesis in three dimensions: self-organising stem cells.
Development. 2012; 139:4111-4121. [PubMed: 23093423]

8. Sasai Y. Cytosystems dynamics in self-organization of tissue architecture. Nature. 2013; 493:318-
326. [PubMed: 23325214]

9. Pan FC, Wright C. Pancreas organogenesis: from bud to plexus to gland. Developmental dynamics :
an official publication of the American Association of Anatomists. 2011; 240:530-565. [PubMed:
21337462]

10. Shih HP, Wang A, Sander M. Pancreas organogenesis: from lineage determination to

morphogenesis. Annu Rev Cell Dev Biol. 2013; 29:81-105. [PubMed: 23909279]
11. Kopp JL, Dubois CL, Schaffer AE, Hao E, Shih HP, Seymour PA, Ma J, Sander M. Sox9+ ductal
cells are multipotent progenitors throughout development but do not produce new endocrine cells
in the normal or injured adult pancreas. Development. 2011; 138:653-665. [PubMed: 21266405]
12. Solar M, Cardalda C, Houbracken I, Martin M, Maestro MA, De Medts N, Xu X, Grau V,
Heimberg H, Bouwens L, Ferrer J. Pancreatic exocrine duct cells give rise to insulin-producing

Sem Cells. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Greggio et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Page 10

beta cells during embryogenesis but not after birth. Developmental cell. 2009; 17:849-860.
[PubMed: 20059954]

Kesavan G, Sand FW, Greiner TU, Johansson JK, Kobberup S, Wu X, Brakebusch C, Semb H.
Cdc42-mediated tubulogenesis controls cell specification. Cell. 2009; 139:791-801. [PubMed:
19914171]

Cortijo C, Gouzi M, Tissir F, Grapin-Botton A. Planar cell polarity controls pancreatic beta cell
differentiation and glucose homeostasis. Cell Rep. 2012; 2:1593-1606. [PubMed: 23177622]

Desai BM, Oliver-Krasinski J, De Leon DD, Farzad C, Hong N, Leach SD, Stoffers DA.
Preexisting pancreatic acinar cells contribute to acinar cell, but not islet beta cell, regeneration.
The Journal of clinical investigation. 2007; 117:971-977. [PubMed: 17404620]

Dor Y, Brown J, Martinez Ol, Melton DA. Adult pancreatic beta-cells are formed by self-
duplication rather than stem-cell differentiation. Nature. 2004; 429:41-46. [PubMed: 15129273]

Herrera PL. Adult insulin- and glucagon-producing cells differentiate from two independent cell
lineages. Development. 2000; 127:2317-2322. [PubMed: 10804174]

Furuyama K, Kawaguchi Y, Akiyama H, Horiguchi M, Kodama S, Kuhara T, Hosokawa S,
Elbahrawy A, Soeda T, Koizumi M, Masui T, Kawaguchi M, Takaori K, Doi R, Nishi E, Kakinoki
R, Deng JM, Behringer RR, Nakamura T, Uemoto S. Continuous cell supply from a Sox9-
expressing progenitor zone in adult liver, exocrine pancreas and intestine. Nature genetics. 2011;
43:34-41. [PubMed: 21113154]

Kopinke D, Brailsford M, Shea JE, Leavitt R, Scaife CL, Murtaugh LC. Lineage tracing reveals
the dynamic contribution of Hes1+ cells to the developing and adult pancreas. Development. 2011;
138:431-441. [PubMed: 21205788]

Inada A, Nienaber C, Katsuta H, Fujitani Y, Levine J, Morita R, Sharma A, Bonner-Weir S.
Carbonic anhydrase I1-positive pancreatic cells are progenitors for both endocrine and exocrine
pancreas after birth. Proceedings of the National Academy of Sciences of the United States of
America. 2008; 105:19915-19919. [PubMed: 19052237]

Thorel F, Nepote V, Avril I, Kohno K, Desgraz R, Chera S, Herrera PL. Conversion of adult
pancreatic alpha-cells to beta-cells after extreme beta-cell loss. Nature. 2010; 464:1149-1154.
[PubMed: 20364121]

Pan FC, Bankaitis ED, Boyer D, Xu X, Van de Casteele M, Magnuson MA, Heimberg H, Wright
CV. Spatiotemporal patterns of multipotentiality in Ptfla-expressing cells during pancreas
organogenesis and injury-induced facultative restoration. Development. 2013; 140:751-764.
[PubMed: 23325761]

Van de Casteele M, Leuckx G, Baeyens L, Cai Y, Yuchi Y, Coppens V, De Groef S, Eriksson M,
Svensson C, Ahlgren U, Ahnfelt-Ronne J, Madsen OD, Waisman A, Dor Y, Jensen JN, Heimberg
H. Neurogenin 3+ cells contribute to beta-cell neogenesis and proliferation in injured adult mouse
pancreas. Cell death & disease. 2013; 4:e523. [PubMed: 23470530]

Rankin MM, Wilbur CJ, Rak K, Shields EJ, Granger A, Kushner JA. beta-Cells are not generated
in pancreatic duct ligation-induced injury in adult mice. Diabetes. 2013; 62:1634-1645. [PubMed:
23349489]

Ziv O, Glaser B, Dor Y. The plastic pancreas. Developmental cell. 2013; 26:3-7. [PubMed:
23867225]

Sugiyama T, Rodriguez RT, McLean GW, Kim SK. Conserved markers of fetal pancreatic
epithelium permit prospective isolation of islet progenitor cells by FACS. Proceedings of the
National Academy of Sciences of the United States of America. 2007; 104:175-180. [PubMed:
17190805]

Sugiyama T, Benitez CM, Ghodasara A, Liu L, McLean GW, Lee J, Blauwkamp TA, Nusse R,
Wright CVE, Gu GQ, Kim SK. Reconstituting pancreas development from purified progenitor
cells reveals genes essential for islet differentiation. Proceedings of the National Academy of
Sciences of the United States of America. 2013; 110:12691-12696. [PubMed: 23852729]

Heinis M, Simon MT, llc K, Mazure NM, Pouyssegur J, Scharfmann R, Duvillie B. Oxygen
tension regulates pancreatic beta-cell differentiation through hypoxia-inducible factor lalpha.
Diabetes. 2010; 59:662—669. [PubMed: 20009089]

Sem Cells. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Greggio et al.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Page 11

Shah SR, Esni F, Jakub A, Paredes J, Lath N, Malek M, Potoka DA, Prasadan K, Mastroberardino
PG, Shiota C, Guo P, Miller KA, Hackam DJ, Burns RC, Tulachan SS, Gittes GK. Embryonic
mouse blood flow and oxygen correlate with early pancreatic differentiation. Developmental
biology. 2011; 349:342-349. [PubMed: 21050843]

Greggio C, De Franceschi F, Figueiredo-Larsen M, Gobaa S, Ranga A, Semb H, Lutolf M, Grapin-
Botton A. Artificial three-dimensional niches deconstruct pancreas development in vitro.
Development. 2013; 140:4452-4462. [PubMed: 24130330]

Blauer M, Nordback I, Sand J, Laukkarinen J. A novel explant outgrowth culture model for mouse
pancreatic acinar cells with long-term maintenance of secretory phenotype. European journal of
cell biology. 2011; 90:1052-1060. [PubMed: 21906833]

Houbracken I, de Waele E, Lardon J, Ling Z, Heimberg H, Rooman |, Bouwens L. Lineage tracing
evidence for transdifferentiation of acinar to duct cells and plasticity of human pancreas.
Gastroenterology. 2011; 141:731-741. 741, e731-e734. [PubMed: 21703267]

Paraskevas S, Maysinger D, Wang R, Duguid TP, Rosenberg L. Cell loss in isolated human islets
occurs by apoptosis. Pancreas. 2000; 20:270-276. [PubMed: 10766453]

Seaberg RM, Smukler SR, Kieffer TJ, Enikolopov G, Asghar Z, Wheeler MB, Korbutt G, van der
Kooy D. Clonal identification of multipotent precursors from adult mouse pancreas that generate
neural and pancreatic lineages. Nature biotechnology. 2004; 22:1115-1124.

Smukler SR, Arntfield ME, Razavi R, Bikopoulos G, Karpowicz P, Seaberg R, Dai F, Lee S,
Ahrens R, Fraser PE, Wheeler MB, van der Kooy D. The adult mouse and human pancreas contain
rare multipotent stem cells that express insulin. Cell stem cell. 2011; 8:281-293. [PubMed:
21362568]

Hayashi KY, Tamaki H, Handa K, Takahashi T, Kakita A, Yamashina S. Differentiation and
proliferation of endocrine cells in the regenerating rat pancreas after 90% pancreatectomy.
Archives of histology and cytology. 2003; 66:163-174. [PubMed: 12846556]

Stanger BZ, Stiles B, Lauwers GY, Bardeesy N, Mendoza M, Wang Y, Greenwood A, Cheng KH,
McLaughlin M, Brown D, Depinho RA, Wu H, Melton DA, Dor Y. Pten constrains centroacinar
cell expansion and malignant transformation in the pancreas. Cancer cell. 2005; 8:185-195.
[PubMed: 16169464]

Rovira M, Scott SG, Liss AS, Jensen J, Thayer SP, Leach SD. Isolation and characterization of
centroacinar/terminal ductal progenitor cells in adult mouse pancreas. Proceedings of the National
Academy of Sciences of the United States of America. 2010; 107:75-80. [PubMed: 20018761]

Zhou Q, Brown J, Kanarek A, Rajagopal J, Melton DA. In vivo reprogramming of adult pancreatic
exocrine cells to beta-cells. Nature. 2008; 455:627-632. [PubMed: 18754011]

Minami K, Okuno M, Miyawaki K, Okumachi A, Ishizaki K, Oyama K, Kawaguchi M, Ishizuka
N, lwanaga T, Seino S. Lineage tracing and characterization of insulin-secreting cells generated
from adult pancreatic acinar cells. Proceedings of the National Academy of Sciences of the United
States of America. 2005; 102:15116-15121. [PubMed: 16210247]

Baeyens L, De Breuck S, Lardon J, Mfopou JK, Rooman I, Bouwens L. In vitro generation of
insulin-producing beta cells from adult exocrine pancreatic cells. Diabetologia. 2005; 48:49-57.
[PubMed: 15616797]

JinL, Feng T, Shih HP, Zerda R, Luo A, Hsu J, Mahdavi A, Sander M, Tirrell DA, Riggs AD, Ku
HT. Colony-forming cells in the adult mouse pancreas are expandable in Matrigel and form
endocrine/acinar colonies in laminin hydrogel. Proceedings of the National Academy of Sciences
of the United States of America. 2013; 110:3907-3912. [PubMed: 23431132]

Huch M, Bonfanti P, Boj SF, Sato T, Loomans CJ, van de Wetering M, Sojoodi M, Li VS,
Schuijers J, Gracanin A, Ringnalda F, Begthel H, Hamer K, Mulder J, van Es JH, de Koning E,
Vries RG, Heimberg H, Clevers H. Unlimited in vitro expansion of adult bi-potent pancreas
progenitors through the Lgr5/R-spondin axis. EMBO J. 2013; 32:2708-2721. [PubMed:
24045232]

Lee J, Sugiyama T, Liu Y, Wang J, Gu X, Lei J, Markmann JF, Miyazaki S, Miyazaki J, Szot GL,
Bottino R, Kim SK. Expansion and conversion of human pancreatic ductal cells into insulin-
secreting endocrine cells. eLife. 2013; 2:e00940. [PubMed: 24252877]

Sem Cells. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Greggio et al.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Page 12

Dessimoz J, Bonnard C, Huelsken J, Grapin-Botton A. Pancreas-specific deletion of beta-catenin
reveals Wnt-dependent and Wnt-independent functions during development. Curr Biol. 2005;
15:1677-1683. [PubMed: 16169491]

Heiser PW, Lau J, Taketo MM, Herrera PL, Hebrok M. Stabilization of beta-catenin impacts
pancreas growth. Development. 2006; 133:2023-2032. [PubMed: 16611688]

Murtaugh LC, Law AC, Dor Y, Melton DA. Beta-catenin is essential for pancreatic acinar but not
islet development. Development. 2005; 132:4663-4674. [PubMed: 16192304]

Papadopoulou S, Edlund H. Attenuated Whnt signaling perturbs pancreatic growth but not
pancreatic function. Diabetes. 2005; 54:2844-2851. [PubMed: 16186384]

Wells JM, Esni F, Boivin GP, Aronow BJ, Stuart W, Combs C, Sklenka A, Leach SD, Lowy AM.
Whnt/beta-catenin signaling is required for development of the exocrine pancreas. BMC
developmental biology. 2007; 7:4. [PubMed: 17222338]

Jonckheere N, Mayes E, Shih HP, Li B, Lioubinski O, Dai X, Sander M. Analysis of mPygo2
mutant mice suggests a requirement for mesenchymal Wnt signaling in pancreatic growth and
differentiation. Developmental biology. 2008; 318:224-235. [PubMed: 18452912]

Sato T, van Es JH, Snippert HJ, Stange DE, Vries RG, van den Born M, Barker N, Shroyer NF,
van de Wetering M, Clevers H. Paneth cells constitute the niche for Lgr5 stem cells in intestinal
crypts. Nature. 2011; 469:415-418. [PubMed: 21113151]

Halder G, Dupont S, Piccolo S. Transduction of mechanical and cytoskeletal cues by YAP and
TAZ. Nature reviews. Molecular cell biology. 2012; 13:591-600.

Jaalouk DE, Lammerding J. Mechanotransduction gone awry. Nature reviews. Molecular cell
biology. 2009; 10:63-73.

Kopp JL, Sander M. New insights into the cell lineage of pancreatic ductal adenocarcinoma:
evidence for tumor stem cells in premalignant lesions? Gastroenterology. 2014; 146:24-26.
[PubMed: 24275238]

Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryonic and adult
fibroblast cultures by defined factors. Cell. 2006; 126:663-676. [PubMed: 16904174]

Schiesser JV, Wells JM. Generation of beta cells from human pluripotent stem cells: are we there
yet? Annals of the New York Academy of Sciences. 2014; 1311:124-137. [PubMed: 24611778]

Sem Cells. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

yduasnuel Joyny vd-HIN

Greggio et al.

Page 13

Embryonic pancreas

‘------------------.

4

Matrigel Matrigel

EGF FGF2
RSPO1 Y-27632
Noggin

FGF1
FGF10
Y-27632

\/

Spheres

‘---------------

AR O O O O O O O O O O O O S O S O S O

) . Dissociated
.‘ @  progenitors
‘. g

O O N B B N S e ‘

SoX9+ :

Ngn3- "

1

'

1

1

1

1

Matrigel Matrigel :

IGF1 1GF1 1

RSPO1/Wnt3a FGF10 1

FGF10 RA :

Nicotinamide 1

1

'

1

'

'

'

1

'

1

1

|

1

1

1

Spheres :

Figure 1. Spheres/cysts and or ganoids from embryonic tissues
Embryonic pancreatic progenitors are isolated from E10.5 (a (30)) or E11.5 (b (27)) mouse

embryos. They are expanded in Matrigel and in presence of the chemicals/growth factors
indicated. The expanding cells self-organize in different structures: mini-pancreas, hollow
spheres and organoids composed of pancreatic progenitors (spheres) and differentiated cells

(mini-pancreas, organoids).
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Figure 2. Adult ductal spheres/cysts and further endocrine differentiation
Ductal cells are dissociated from adult murine (a (42), b (43)) or human (c (44)) pancreatic

ducts. They are expanded in semisolid matrixes (Matrigel) and generate dense (a) or hollow
(a, b, ¢) spheres in presence of the soluble factors indicated. Different approaches have been
used to generate endocrine cells from these cultures: exposure to R-Spondinl and Laminin
(a), grafting in vivo under the kidney capsule (b) and transfection with pro-endocrine
transcription factors (c).
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