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Abstract

Stem and progenitor cells play important roles in organogenesis during development and in tissue
homeostasis and response to injury postnatally. As the regenerative capacity of many human
tissues is limited, cell replacement therapies hold great promise for human disease management.
Pluripotent stem cells such as embryonic stem (ES) cells and induced pluripotent stem (iPS) cells
are prime candidates for the derivation of unlimited quantities of clinically relevant cell types
through development of directed differentiation protocols, i.e. the recapitulation of developmental
milestones in in vitro cell culture. Tissue-specific progenitors, including progenitors of
endodermal origin, are important intermediates in such protocols since they give rise to all mature
parenchymal cells. In this review, we focus on the in vivo biology of embryonic endodermal
progenitors in terms of key transcription factors and signaling pathways. We critically review the
emerging literature aiming to apply this basic knowledge to achieve the efficient and reproducible
in vitro derivation of endodermal progenitors such as pancreas, liver and lung precursor cells.

Introduction

Gastrulation, the step that follows blastula formation during development, consists of the
separation of the three embryonic germ layers, namely ectoderm, endoderm and mesoderm.
Vertebrate animal models have revealed highly conserved mechanisms of endoderm
morphogenesis and determination [Grapin-Botton and Constam, 2007; Kimelman and
Griffin, 2000]. Following establishment of the endoderm, complex morphogenetic
movements and crosstalk with mesodermal tissues lead to an endodermal gut tube with an
established anterior-posterior (AP) axis and several progenitor domains that will give rise to
the parenchyma of endodermal organs (thyroid, lung, pancreas, liver, gastrointestinal (GI)
tract). Although our understanding of endodermal differentiation has greatly advanced in
recent years [Zorn and Wells, 2009], several gaps in our knowledge remain concerning the
specification of endodermal progenitors.
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A particularly attractive system to study developmental cell fate decisions in vitro is the use
of pluripotent stem cells (PSCs), such embryonic stem (ES) cells or their engineered
equivalent, induced pluripotent stem (iPS) cells. ES cells are pluripotent cells derived from
the inner cell mass at the blastocyst stage of vertebrate development [Smith, 2001]. Mouse
ES cells were first derived in 1981 [Evans and Kaufman, 1981; Martin, 1981] and have been
routinely used for gene targeting in mice [Manis, 2007]. The derivation of human ES (hES)
cells in 1998 [Thomson et al., 1998] was a major breakthrough since the derivation of
clinically relevant populations of any embryonic germ layer origin was possible for the first
time [Murry and Keller, 2008]. Several approaches have been developed in attempts to
differentiate ES cells into desired functional lineages. Of these, the method of “directed
differentiation”, i.e. the multi-stage recapitulation in vitro of developmental milestones that
are known to occur during embryonic development in vivo, has been proven to be
particularly successful [Gadue et al., 2005]. Optimization of directed differentiation has led
to the establishment of efficient protocols for the derivation of various cell types from
mouse and human ES cells [Gouon-Evans et al., 2006; Kattman et al., 2006; Wichterle et al.,
2002].

Although hES cells have been a successful tool in stem cell research, several issues such as
difficulty of derivation, ethical concerns and immunogenicity may limit their clinical use in
cell therapies. The groundbreaking paper by [Takahashi and Yamanaka, 2006] described the
reprogramming of mouse fibroblasts to iPS cells by the transfer of four transcription factors
(TFs), Oct3/4, Sox2, c-Myc and KIf4. This discovery opened a new, exciting chapter in the
history of stem cell biology. Soon after, the derivation of human iPS cells was reported
[Takahashi et al., 2007; Yu et al., 2007] and in vitro human disease modeling became a
possibility. Currently, there are several human iPS cell disease models (reviewed in [Wu and
Hochedlinger, 2011]) and efforts to study complex diseases in vitro or develop drug
screening platforms are underway [Ikonomou et al., 2011; Inoue and Yamanaka, 2011].

The derivation of functional differentiated progeny from PSCs is a sine qua non for the
success of disease modeling or cell-based therapies. Despite the fact that several serious
ailments affect tissues of endodermal origin, protocols to differentiate PSCs to endodermal
lineages are still underdeveloped. Understanding the inductive signals and epigenetic and
genetic networks that govern endodermal progenitor formation in vivo will be instrumental
in deriving such progenitors in vitro at high fidelity and purity.

Definitive endoderm

There are excellent reviews on vertebrate endoderm development [Grapin-Botton, 2008;
Zorn and Wells, 2009]; our review will focus mostly on signaling pathways and TFs that
have been important in definitive endoderm derivation from human and mouse PSCs.

Transcription Factors for Marking Endodermal Development

The formation of the endodermal germ layer also called definitive endoderm (DE) as

opposed to primitive endoderm (an extraembryonic layer with negligible contribution to gut
tube), starts at gastrulation and is preceded by the formation of the primitive streak (PS), the
region from which definitive endodermal precursor cells will emerge. Anatomically, the PS
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is a zone of cells at the interface of the epiblast and visceral endoderm (VE) at the posterior
end of the embryo [Gadue et al., 2005]. In the mouse embryo, precise spatiotemporal PS
formation depends on a combination of pathways such as Wnt and Nodal in the posterior
epiblast and inhibitors thereof, such as Lefty and Cerberus, in the anterior VE [Conlon et al.,
1994; Liu et al., 1999; Perea-Gomez et al., 2002]. Nodal belongs to the TGF-f superfamily
of growth factors and Nodal signaling is involved both in PS induction and left-right
asymmetry [Schier, 2003]. During late PS formation the expression of Nodal transcripts in
the embryo becomes restricted predominantly to the developing node in the vicinity of the
anterior primitive streak, and high levels of Nodal signaling are associated with further
spatiotemporal patterning of the late anterior primitive streak marked by first induction of
TFs required for endoderm formation. It is currently believed that PS contains
mesendodermal progenitors characterized by the expression of the transcription factor
Brachyury [Conlon et al., 1994; Kimelman and Griffin, 2000; Rodaway and Patient, 2001].

TFs of the forkhead, Gata and Sox families are implicated in the formation of DE with
conserved roles in vertebrates and invertebrates [Grapin-Botton and Constam, 2007].
Furthermore, Foxa and Gata factors have been called “pioneer” factors [Zaret et al., 2008]
because they bind to many endodermal-associated gene loci, even in regions of compact
chromatin, thus rendering these loci accessible to other transcription factors and bestowing
lineage-specific competence to multipotent endodermal progenitors. For example, Foxa2
(HNF3p) is a member of the forkhead family of TFs and has important roles in the
derivation of the node, notochord and endoderm [Ang et al., 1993; Monaghan et al., 1993;
Weinstein et al., 1994{Ang, 1994 #233]. Within the anterior primitive streak Foxa2
expression marks the emergence of the earliest endodermal progenitors and along with
Foxal (HNF3a) is involved in the maintenance of DE and the formation of several
endodermal tissues such as lung and liver, as indicated by fate mapping and double knock-
out studies [Ang et al., 1993; Lee et al., 2005; Wan et al., 2005]. The expression of another
forkhead factor, Foxa3 (HNF3?) starts later in endodermal development and is initially
restricted to more posterior structures such as liver, pancreas, midgut and hindgut
[Monaghan et al., 1993]. Although Gata4/6 factors in the mouse are initially important for
the determination of VE [Morrisey et al., 1998; Patient and McGhee, 2002], they have
important roles in the development of DE [Carrasco et al., 2012; Morrisey et al., 1998; Watt
etal., 2007; Xuan et al., 2012]. For example, Gata4 and Gata6 are expressed early in mouse
developing DE and are crucial for the survival, differentiation and morphogenesis of the
foregut [Kuo et al., 1997; Morrisey et al., 1998]. Deletion of either of these transcription
factors is lethal prior to the completion of gastrulation. Once the lung forms, Gata6, but not
Gata4 continues to be expressed in the lung epithelium and is required for appropriate lung
epithelial differentiation, as evidenced by the observation that GATAG-null ES cells fail to
contribute to developing respiratory epithelium in chimeric mouse embryos [Morrisey et al.,
1998]. In addition, combined deletion of Gata4/Gata6 in the developing pancreas of
conditional double knock-out mice results in a reduced Pdx1+ pancreatic progenitor pool
and severe defects in pancreatic organogenesis [Carrasco et al., 2012; Xuan et al., 2012].
Gata4 and Foxal also facilitate hepatic differentiation as they bind the albumin enhancer
(early marker of the liver endoderm) in early endoderm [Bossard and Zaret, 1998].
Regarding Sox factors, Sox17 is indispensable for the derivation of DE [Kanai-Azuma et al.,
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2002]. The absence of DE in a Sox17-null mouse reveals important cell-autonomous roles
for this factor both in the foregut where its absence leads to increased apoptosis and in the
mid and hindgut regions where DE cells fail to displace extraembryonic endoderm [Kanai-
Azuma et al., 2002]. Another Sox factor, Sox2, has been found to play important functional
roles in both early endodermal gut tube patterning [Ishii et al., 1998; Matsushita et al., 2008]
as well as the differentiation of DE-derived epithelia, such as the proximal lung epithelium
[Domyan et al., 2011; Que et al., 2009; Wang et al., 2013].

In vitro derivation of definitive endoderm

Given the detailed in vivo characterization of the temporal kinetics of expression of
endodermally-enriched TFs in developing embryos, investigators have utilized these TFs to
track the sequence of endodermal formation from PSCs undergoing differentiation in vitro.
ES cell lines engineered to carry reporter genes (e.g. green fluorescence protein; GFP)
targeted to the loci encoding several primitive streak or DE-associated TFs have proven to
be important tools in the elucidation of the developmental processes and signals that lead to
DE derivation [Gadue et al., 2005]. For instance, by using a mouse ES cell line with GFP
knocked in to the brachyury locus (Bry-GFP), Gadue et al. [Gadue et al., 2006]
demonstrated that DE, unlike VE, is the progeny of Bry-GFP* cells and can be derived in
vitro from mouse ES cells by inducing Nodal signaling via the addition of high levels (30—
100 ng/ml) of activin A (hereafter referred to as activin) [Kubo et al., 2004]. In a similar
approach, [Tada et al., 2005] engineered a Gsc-GFP knock-in mouse ES cell line and
demonstrated that the mesendodermal stage of mouse development can be captured in
culture as Gsc-GFP*E-cadherin(ECD)*PDGFRa(aR)* cells which can then give rise to DE
and mesodermal lineages through Gsc*ECD*aR™~ and Gsc*ECD*aR* intermediates,
respectively. Further work from the same laboratory using a double knock-in line, Gsc-GFP/
Sox17-hCD25, identified Gsc*Sox17* cells as bona fide DE cells and Cxcr4 as a DE-
specific cell surface marker following activin stimulation of ES cells [Yasunaga et al.,
2005]. To gain additional insights in the mechanisms of endodermal differentiation, the
Keller laboratory developed an elaborate model of PS by the generation of the double
knock-in line Foxa2-hCDA4/Bry-GFP. By using this line, Gadue and coworkers observed that
although the PS population was Foxa2*Bry™, the expression levels of Foxa2 within this
population correlated with distinct differentiation outcomes [Gadue et al., 2006]. Foxa2"!
cells exhibited DE and cardiac potential whereas Foxa2!° cells exhibited hematopoietic
potential. Furthermore, this model recapitulated the signaling events that take place in vivo
since high activin levels induced DE whereas Wnt or low levels of activin or both gave rise
to paraxial mesoderm.

The identification of activin/nodal as the single most important signal for the derivation of
mouse and human DE, has been a significant discovery in many aspects. First, it led to the
routine, high-efficiency derivation from PSCs of DE endowed with the potential to
differentiate to downstream endodermal lineages such as pancreatic, hepatic and intestinal
cells [Gouon-Evans et al., 2006; Kubo et al., 2004]. Also, the identification of cell surface
marker combinations such as C-KIT/CXCR4 [Gouon-Evans et al., 2006], or CXCR4/
EpCAM [Yasunaga et al., 2005], that can distinguish DE from VE made possible the high-
purity isolation of endodermal progeny of genetically un-manipulated ES or iPS cells. Most
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importantly, activin (alone or in conjunction with low levels of Wnt and serum) efficiently
induces DE in hES cells [D’Amour et al., 2005; Green et al., 2011; Wang et al., 2011].
Although in the undifferentiated state Activin and FGF signaling cooperatively control hES
cell pluripotency through direct NANOG targeting [Vallier et al., 2005; Xu et al., 2008a],
Smad?2/3 signaling appears to activate disparate gene networks in undifferentiated hES cells
vs. hES cell-derived DE [Brown et al., 2011].

DE patterning and endodermal primordia formation

The morphogenetic processes that result in the formation of the endodermal sheet during
gastrulation, the closure of the primitive gut tube and the subsequent emergence of
endodermal organ primordia coincide with signals that pattern the DE along the AP and
dorso-ventral (DV) axes and gradually restrict the lineage competence of the various
endodermal progenitor populations [Zorn and Wells, 2009]. Precise spatial arrangement of
endodermal cells appears to take place as early as the gastrulation stage since cells that leave
the PS first contribute to the foregut whereas cells that exit later contribute to posterior
endoderm [Lawson and Pedersen, 1987]. Experimental models based on the co-culture of
developing mouse germ layers have suggested that cells in the early endoderm are still
plastic since instructive signals from the posterior mesoderm/ectoderm can alter the fate of
anterior endoderm and vice versa [Wells and Melton, 2000]. Other experimental models
have compared the relative plasticity of anterior vs posterior DE in developing chick
embryos, suggesting the concept of ‘posterior dominance’ [Kimura et al., 2007; Kimura et
al., 2006; Kumar et al., 2003a] where anterior DE may be instructed to change to a posterior
fate whereas after posterior patterning, DE appears to lose competence to respond to
anteriorization signals.

After the formation of the anterior and caudal intestinal portals, the regionalization of the
emerging gut tube is marked by an anterior Sox2* domain moving posteriorly and a
posterior Cdx2* domain moving anteriorly which finally form a clear boundary at midgut
level [Sherwood et al., 2009]. This broad A-P patterning of the endodermal gut tube is also
characterized by spatially-enriched expression of additional TFs, such as Thx1 and Hoxal,2
in anterior foregut [Longmire et al., 2012; Sherwood et al., 2009] and Foxa3 in posterior
foregut endoderm and mid- and hindgut [Monaghan et al., 1993; Sherwood et al., 2009]. In
mouse, the appearance of endodermal primordia that will give rise to the epithelial of organs
derived from the gut tube is complete by embryonic day 9.5 (E9.5) and is characterized by
discreet domains of transcription factor expression, such as Nkx2-1 in lung and thyroid
primordia [Kimura et al., 1996], Pax8 in thyroid [Mansouri et al., 1998] Hhex in liver and
thyroid [Martinez-Barbera et al., 2000], Ptfla in pancreas [Kawaguchi et al., 2002] and
Cdx2 in the small intestine and cecum/colon primordia [Gao et al., 2009; Sherwood et al.,
2009].

DE patterning and progenitor domain specification depend on reciprocal interactions
between the endoderm and surrounding non-endodermal tissues. Sonic hedgehog (Shh)
signaling is necessary for anterior foregut development and is a typical example of
epithelial-mesenchymal interactions since endodermal SHH acts on the surrounding
splanchnic mesenchyme which in turn proliferates and signals to the developing lungs,
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trachea and esophagus [Litingtung et al., 1998; Motoyama et al., 1998]. Retinoic acid (RA),
FGF4, and Wnt signaling have been described as posteriorizing signals in endodermal
development in several model organisms [Bayha et al., 2009; Dessimoz et al., 2006; McLin
et al., 2007; Stafford and Prince, 2002]. RA signaling inhibition during early somitogenesis
in chick embryos abolishes the expression of posterior foregut endoderm markers such as
Pdx1 and intestinal markers such as CdxA (the homologue of mammalian Cdx2) [Bayha et
al., 2009] whereas RA overexpression during late gastrulation in zebrafish shifts the
pancreatic and liver domains anteriorly [Stafford and Prince, 2002]. High levels of
mesodermal FGF4 establish the posterior domain of the folding gut tube in chick embryos as
well as in mouse endodermal explant cultures [Wells and Melton, 2000]. For example,
FGF4 overexpression during early somitogenesis expands the posterior domain (loss of
Hhex (Hex1) and Nkx2-1), while FGF4 inhibition results in expansion of Hhex posteriorly
[Dessimoz et al., 2006]. In the ventral foregut, specification of the liver and lung domains
have been suggested in mouse models to be regulated by different levels of FGFs secreted
from adjacent mesodermal structures such as the cardiac mesenchyme [Serls et al., 2005].
Finally, foregut development is repressed posteriorly through mesodermal Whnt signaling,
whereas the latter is suppressed anteriorly by endoderm-secreted Wnt inhibitors [McLin et
al., 2007].

Dorsoventral patterning of the gut tube is more evident in the anterior foregut where BMP4
expression ventrally and its inhibitor, noggin, dorsally appear to set the boundaries for the
prospective trachea and esophagus domains, respectively [Domyan et al., 2011; Que et al.,
2006]. Both Shh and BMP4 signaling also have roles in the separation of the developing
trachea and esophagus as their disruption leads to morphogenetic defects such esophageal
atresia and tracheoesophageal fistula. In the posterior foregut endoderm, the TF HIxb9 is
necessary for the emergence of the dorsal pancreatic bud [Harrison et al., 1999; Li et al.,
1999] and it is the only TF with a dorsoventral expression gradient in the posterior
endoderm [Sherwood et al., 2009].

Several publications demonstrate that AP patterning information is relevant in directed
differentiation of ES cells where the spatial aspects of development are lost. RA is an
example of a successful use of an endodermal posteriorizing signal for the derivation of
pancreatic progenitors. In hES cell pancreatic differentiation, RA has been used to direct
hES cell-derived DE to a posterior foregut endodermal fate [D’Amour et al., 2006], or
induce PDX1 expression in sorted CXCR4* DE [Cai et al., 2010]. Similarly, RA promoted
the derivation of Pdx1-GFP* cells from mouse ES cells [Micallef et al., 2005]. Promotion of
anterior foregut fate was a key step in mouse and human PSC protocols aiming to render DE
progenitors lung-, thyroid- and thymus-competent [Green et al., 2011; Longmire et al., 2012;
Mou et al., 2012]. This was achieved by brief inhibition of BMP4 and TGF-f signaling
followed by re-activation of BMP4 signaling and addition of other ventralizing factors such
as FGF2 and WNT. In our work, ES cell-derived endoderm contained approximately 40% of
Foxa3™ cells in the absence of “anteriorization”, indicating significant AP patterning of the
cells in response to activin, analogous to the posterior-dominant fashion of DE patterning
that has been described in vivo [Kumar et al., 2003b].
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Characterization and expansion of in vitro DE progenitors

Directed differentiation protocols are characterized by the semiautonomous nature of
intermediate developmental stages and by modularity (e.g. the DE progenitor “module” can
be combined with different downstream differentiation “modules” for diverse outcomes
such as mature liver, pancreas or intestinal cell types) [Lenas et al., 2009]. Since embryonic
progenitors normally exist as transient, short-lived cell populations in vivo, a major goal of
PSC-based regenerative medicine is the in vitro derivation and expansion of stable, self-
renewing populations of their in vitro counterparts. Concerning DE progenitors, there have
been several strategies to establish and study such populations in vitro [Semb, 2008].
Constitutive overexpression of SOX17 and SOX7 in hES cells led to the establishment of
cell lines with characteristics of DE and extraembryonic endoderm, respectively [Seguin et
al., 2008]. The SOX17-overexpression line demonstrated high levels of C-KIT/CXCR4 co-
expression, and efficient pancreatic and hepatic differentiation even in the absence of activin
treatment. Interestingly, this population also expressed OCT4 and NANOG, known markers
of PSCs. A cell population with anterior DE potential was isolated by using a Hex reporter
mouse ES cell line and sorting Hex*Cxcr4™ cells post activin stimulation [Morrison et al.,
2008]. These cells expressed markers of anterior DE such as Cerl and Otx2 but not of
posterior DE such as Cdx2. They were capable of limited self-renewal (2000-fold
expansion) in a medium containing FGF2, BMP4 and VEGF and of differentiation towards
pancreatic and liver lineages.

A major breakthrough in the in vitro derivation of expandable DE progenitors [Cheng et al.,
2012], was reported with the serendipitous finding of morphologically distinct colonies
appearing during the course of hES cell hepatic differentiation. Isolation of these colonies
led to the propagation and characterization of a self-renewing endodermal progenitor (EP)
cell population from both human ES and iPS cell cultures. EP cells are
CXCR4*CD117*FOXA1*, can be cultured under serum-free conditions in the presence of
BMP4, FGF2, EGF and VEGF, and have an expansion capacity of >1016 fold. Notably, EP
cells can undergo efficient pancreatic differentiation in vitro and hepatic and intestinal
differentiation in vitro and in vivo. A self-renewing population of SOX2* human foregut
endodermal progenitor cells (hFSCs) derived from PSCs in vitro was also reported recently
[Hannan et al., 2013]. hFSCs were derived under serum-free conditions in media containing
activin, BMP4, FGF2, EGF and HGF and maintained expression of SOX2 and pan-
endodermal markers after serial passaging. Similar to EP cells, hFSCs were able to give rise
to pancreatic and hepatic progeny in vitro, but they also expressed lung/thyroid markers
such as NKX2-1 upon transplantation in NOD-SCID mice. Whether EP cells and hFSCs
represent distinct progenitor populations or interconvertible stable states of the same
endodermal progenitor will require further studies.

Often overlooked in directed differentiation protocols, the culture substratum can be a
substantial component in terms of paracrine or adhesion signaling. The judicious substratum
selection for the in vitro derivation and expansion of DE progenitors has been stressed in
several recent papers. Although mouse DE progenitors can be cultured on mouse embryonic
fibroblast feeders [Morrison et al., 2008; Seguin et al., 2008], their self-renewal potential
was considerably increased (up to 6-million-fold expansion) when cultured on pancreas-
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derived mesenchymal primary lines. Likewise, human SOX17*/FOXA2* endodermal cells
were capable of 65-million-fold expansion when cultured on the same mesenchyme while
retaining their potential for endocrine pancreatic differentiation [Sneddon et al., 2012].
Expansion of human endodermal progenitors has also been attempted on more defined
substrata as demonstrated by the absolute requirement of Matrigel for the long-term EP cell
culture [Cheng et al., 2012]. In an attempt to dissect the integrin signaling involved in the
derivation of DE from hES cells, the Willert group employed cellular combinatorial arrays
of known extracellular matrix (ECM) proteins [Brafman et al., 2013b]. Fibronectin and
vitronectin were identified as the key ECM components that promote DE derivation. ECM
signaling was mediated by the integrins ITGAS and ITGAV, and their co-expression was
used for the purification by FACS of a population with high levels of DE and primitive gut
tube markers.

Endodermal tissue-specific progenitors

DE is the precursor stage to all endodermal lineages. As discussed below, the unambiguous
and efficient derivation of embryonic tissue-specific progenitors such as hepatic, pancreatic,
intestinal and lung progenitors downstream of DE are vital for the successful derivation of
mature cell types such as hepatocytes, B-cells, enterocytes and Type 11 alveolar epithelial
cells. In the following section, the various endoderm domain progenitors are reviewed with
emphasis on recent significant advances in derivation of anterior foregut progenitors.

Anterior foregut progenitors

In contrast to the more mature field of ES cell directed differentiation to pancreatic/liver
lineages, the derivation of anterior lineages such as lung, thyroid and thymus has only
recently been reported. Several factors such as the paucity of developmental studies on
progenitor specification, the lack of appropriate ES cell reporter lines and the incomplete
understanding of anterior foregut patterning can in part explain this discrepancy.

Thyroid and lung primordia arise within the anterior foregut at E8.5 and E9.0, respectively
and are characterized by the expression of the homeodomain TF Nkx2-1 (also known as
thyroid transcription factor-1; Ttf1 or Titf1) [Desai et al., 2004; Hisgor et al., 2002; Kimura
et al., 1996; Lazzaro et al., 1991]. Although Nkx2-1 is not necessary for specification of
either organ, its absence results in elimination of the thyroid rudiment through apoptosis and
in profound defects in lung branching morphogenesis and differentiation [Kimura et al.,
1996; Kimura et al., 1999]. The major epithelial compartment of the thyroid gland also
requires the function of Pax8, a paired box TF [Mansouri et al., 1998]. In the absence of
Pax8, the thyroid anlage evagivates from the foregut but it fails to develop and the final
organ is completely devoid of follicular cells.

There are few reports on the putative signals that specify lung and thyroid primordia. FGF
signaling through the FGFR4 was found to be sufficient for the induction of Nkx2-1 and its
target genes SPC and CC10 (lung) and Tg (thyroid) in in vitro culture of ventral foregut
explants [Serls et al., 2005]. The activation of Nkx2-1 expression required high doses of
FGF2 (500 ng/ml) and was interpreted as reflecting the in vivo FGF levels originating from
the cardiac mesoderm in close proximity to the lung and thyroid primordia. Wnt signaling
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has also been shown to be important for lung specification [Goss et al., 2009; Harris-
Johnson et al., 2009]. In a knockout mouse lacking Wnt2/2b, lung agenesis was observed
while the thyroid specified and developed normally. Conversely, expression of stabilized 3-
catenin in the foregut resulted in posterior expansion of the Nkx2-1 expressing domain,
indicating that Wnt signaling was necessary and sufficient for the specification of lung
progenitors within the foregut [Goss et al., 2009]. Using a conditional foregut -catenin
knockout, Harris-Johnson et al. reached similar conclusions although they also detected the
transient expression of Nkx2-1 in the prospective lung domain, indicating that canonical
Whnt signaling may be required for maintenance of early primordial lung progenitors rather
than for their initial lineage specification from endoderm [Harris-Johnson et al., 2009]. The
same group demonstrated that BMP4 signaling is required for trachea formation and lung
bud initiation through repression of Sox2 [Domyan et al., 2011]. Sox2 is initially involved in
the dorsoventral patterning of anterior foregut (trachea-esophagus separation) and
subsequently in the differentiation of proximal lineages in the developing lung [Que et al.,
2007; Que et al., 2009].

More anterior endodermal tissues, such as the thymic epithelial compartment and the
parathyroid glands, are derived from the third pharyngeal pouches [Gordon and Manley,
2011]. Both organs arise from a common primordium that is patterned by E11.5 to thymus
and parathyroid domains. Ensuing morphogenetic movements result in separation of the
thymus lobes that move caudally from the parathyroid glands that move laterally to the
developing thyroid. Early expression of the TFs Foxnl and Gem2 defines the thymus and
parathyroid domains respectively; nevertheless, neither factor is required for specification of
the respective tissue [Gordon and Manley, 2011]. The thymus epithelial cells (TECs) are
organized into two compartments in the adult organ, the cortical (inner) and the medullar
(outer) with distinct functional roles in thymocyte differentiation. Although a dual germ
layer origin of cTECs and mTECs (neuroectodermal and endodermal) was proposed in early
theories of thymus development (reviewed in [Rodewald, 2008]), it is now established that
TECs have a common endodermal origin [Rossi et al., 2006]. Regarding the pathways that
are involved in thymus/parathyroid specification, little is known; BMP4 and Wnt are
presumptive thymus specification signals whereas Shh appears to be required for the
specification of the parathyroid glands [Gordon and Manley, 2011].

There have been sporadic attempts to derive the most anterior foregut endoderm (AFE)
lineages such as parathyroid epithelium [Bingham et al., 2009] and thymic epithelial
progenitors [Hidaka et al., 2010; Lai and Jin, 2009] from ES cells. These data are hard to
interpret because of the non-developmental nature of the protocols (e.g. absence of activin
stimulation) and the seemingly stochastic expression of parathyroid- and thymus-related
genes. Similarly, early attempts to derive lung epithelium from ES cells relied heavily on the
inefficient expression of late lung markers or the use of surfactant protein C as an indicator
of mature alveolar cell differentiation when it is expressed in both developing lung
epithelium and Type Il alveolar epithelial cells (reviewed in [Wetsel et al., 2011]). Thyroid
differentiation of ES cells has been also reported based on the expression of late thyroid
markers such as thyroglobulin or the use of a TSHR reporter, a gene that is dispensable for
normal thyroid gland development [Arufe et al., 2006; Ma et al., 2009].
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Three recent studies have reported efficient derivation of AFE progenitors from PSCs in
vitro [Brafman et al., 2013a; Green et al., 2011; Kearns et al., 2013]. Snoeck and colleagues
demonstrated that inhibition of BMP4 and TGF-f signaling at the DE stage of hES or iPS
cell directed differentiation leads to AFE derivation as witnessed by the reduced expression
of hepatic and intestinal markers and the up-regulation of anterior markers such as SOX2,
TBX1, NKX2-5 and PAX9 [Green et al., 2011]. The “anteriorized” endoderm was then
differentiated to a ventral foregut fate with treatment with WNT3a, KGF (FGF7), FGF10,
BMP4 and EGF and could give rise to lung and parathyroid lineages in response to RA and
SHH signaling, respectively. Using a similar approach and a Pax9-Venus knock-in mouse
ES cell line, a subset of AFE cells (PAX9™ cells) were sorted to purity and were found to
possess a gene signature reminiscent of PAX9* cells from E9.5 anterior mouse foregut
[Kearns et al., 2013]. Since all known markers of AFE are either TFs (SOX2, PAX9, TBX1)
or secreted molecules (CER) the recent discovery of human AFE putative cell surface
markers is noteworthy [Brafman et al., 2013a]. A SOX2-GFP hES cell reporter line was
used to derive and sort SOX2* AFE-like cells by BMP4/TGF-B signaling inhibition at the
DE stage. These cells had expression of AFE markers such as TBX1 and PAX9 and
exhibited robust differentiation to NKX2-1* progenitors upon lung/thyroid directed
differentiation based on published protocols (see below). Most importantly, the enriched
expression of the cell surface markers CD56" (NCAM) and CD271* (NGFR) appeared to
distinguish SOX2* from SOX2~ cells at the AFE stage. Whether these markers can reliably
be used with any human PSC line to purify AFE and whether CD56*CD271* co-expression
delineates AFE from other mammalian species in vitro and in vivo are still open questions.

Blocking of DE posterior patterning as a prerequisite for the efficient derivation of lung
progenitors was a prominent feature in work focused on the derivation of lung epithelium
from PSCs [Longmire et al., 2012; Mou et al., 2012]. In our published work, treatment of
mouse DE cells with noggin and SB43142 to inhibit BMP4 and activin/TGF-f signaling
followed by combined BMP4 and FGF2 signaling were necessary and sufficient conditions
to specify Nkx2-1-expressing lung/thyroid progenitors in vitro from mouse ES cells
[Longmire et al., 2012]. FACS-purified progenitors using a Nkx-2-1-GFP mouse ES cell
reporter line expressed markers of mature proximal (CC10*, Foxj1*) and distal (SPC*,
T1a™) lung as well as thyroid (Pax8*, Tg*) lineages and were able to repopulate 3D
decellularized lung scaffolds. Rajagopal and colleagues developed a similar protocol to
derive Nkx2-1* lung progenitors by TGF-B signaling antagonism in DE cells followed by
stimulation of BMP4, FGF2 and Whnt signaling. These progenitors adopted an airway
progenitor identity upon treatment with BMP7 and FGF7. PSCs exposed to this
differentiation protocol followed by bulk subcutaneous injection into immunodeficient mice
gave rise to organized epithelia surrounding lumenal structures. Cells within these grafted
epithelia growing subcutaneously expressed Nkx2-1 as well as markers of airway basal
(p63), club (Clara) (CC10), and goblet (Muc5AC) cells. Additional cells formed cilia and
expressed Foxjl. As a proof of principle that this protocol can be applied to human disease-
specific iPS cells generated from patients, Nkx2-1* progenitors were derived from iPS cells
from cystic fibrosis (CF) patients following the same temporal addition of growth factors
and inhibitors identified in the mouse protocol. Derivation of human CFTR-expressing
human epithelia was the focus of another study using human cystic fibrosis disease-specific
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iPS cells [Wong et al., 2012]. Although this work follows the method of directed
differentiation, there are notable differences, compared to previously published protocols in
the cytokines used to induce each developmental stage. The authors used high doses of
FGF2 and SHH to derive anterior foregut progenitors followed by treatment with FGF7,
FGF10 and BMP4. FGF18 addition and culture in an air-liquid interface was then employed
to produce a monolayered epithelium expressing CFTR. As a proof of concept, translocation
of deltaF508 mutant CFTR, the ion channel misfolded in CF, to the plasma membrane was
achieved by treating CF iPS cell-derived CFTR-expressing cells with a CF “corrector”
investigational drug [Wong et al., 2012].

Since Type Il alveolar epithelial cells are indispensable for distal lung epithelium function
and maintenance, they are prime targets for lung cell replacement therapy. Two recent
papers have focused on the derivation of distal alveolar epithelium via directed
differentiation of human PSCs. In both publications the stated goals were the sequential
differentiation of cells into DE followed by AFE and the induction of NKX2-1 lung
progenitors competent to subsequently differentiate and mature into distal alveolar epithelial
lineages [Ghaedi et al., 2013; Huang et al., 2014]. [Huang et al., 2014] optimized conditions
for derivation of ventralized AFE previously reported by the same group [Green et al., 2011]
resulting in cultures containing about 85% FOXA2*NKX2-1* cells. These cells were
competent for multi-lineage lung differentiation since further culturing of the bulk
population or kidney capsule transplantation into immunodeficient mice gave rise to cells
expressing markers of ciliated, club, basal, type I and type Il lung alveolar epithelial cells in
vitro or in vivo. In vitro the cells were able to differentiate mostly to SPB* progeny, by
combined WNT, FGF10 and KGF exposure followed by dexamethasone and cAMP. Using
a similar approach, [Ghaedi et al., 2013] derived FOXA2*SOX2* AFE with high efficiency
(more than 90%) followed by cells interpreted as expressing NKX2-1. Exposure to a GF
cocktail containing WNT3A, FGF10, KGF and EGF reportedly resulted in SPB and SPC
expression in more than 90% of cells. These cells were able to engraft decellularized human
lung scaffolds and to differentiate into cells expressing T1a. A major discrepancy between
the two papers is the requirement for BMP4 signaling in lung specification media with
BMP4 being indispensable in the work of Snoeck and colleagues and dispensable in the
work of Ghaedi et al. The necessity of BMP4 in the directed differentiation of PSCs to lung
lineages will require further work and the use of careful controls to settle the growing
controversy and discrepant results emerging in this nascent field. Fortunately, the very
robust efficiencies of differentiation being reported in these latest publications should make
it relatively easy to determine the reproducibility and utility of these protocols for generating
distal lung lineages.

Another area where significant progress has been made recently is the derivation of thymic
epithelium from hES cells [Parent et al., 2013; Sun et al., 2013]. Both groups developed
stepwise protocols that recapitulate the developmental trajectory of thymic epithelial
progenitor (TEP) derivation through anterior foregut intermediates. In one case, derivation
of AFE was accomplished by simultaneous activation of BMP4 and RA signaling. Further
differentiation to ventral foregut endoderm and TEPs was achieved by additional signals
such as Wnt3a and FGF8 and inhibition of Shh signaling [Parent et al., 2013]. Inhibition of
TGF-p signaling was again necessary for the efficient derivation of both AFE and ventral
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foregut endoderm. In the second study, third pharyngeal pouch endoderm was derived from
DE by activation of RA signaling and inhibition of Wnt signaling [Sun et al., 2013].
Subsequent reactivation of Wnt signaling and addition of BMP4 was sufficient to specify
TEPs as evidenced by expression of Foxnl, and cytokeratins 5 and 8. Both papers report
extensive functional characterization following transplantation of hES cell-derived TEPs to
athymic nude mice such as the expression of the TEC markers, MHC Il and AIRE, the
emergence and maturation of mouse CD4* and CD8* T cells, and the ability to support
human T cell generation in a humanized mouse model [Sun et al., 2013] or to reject
allogeneic skin grafts [Parent et al., 2013].

The most convincing example of a functional anterior foregut derivative originating from ES
cells is the recent generation of thyroid follicular cells [Antonica et al., 2012]. By an
approach that is more reminiscent of direct reprogramming rather than directed
differentiation, the authors used a TetOn system to induce transient expression of Nkx2-1
and Pax8 in undifferentiated mouse ES cells followed by incubation with TSH for two
weeks. This treatment resulted in the generation of epithelial thyroid organoids,
characterized by robust expression of endogenous Nkx2-1 and Pax8, polarized morphology
and secretion of thyroglobulin in the luminal compartment. Most importantly, the ES cell-
derived follicular cells could restore plasma T4 levels in a mouse model of hypothyroidism
when grafted under the kidney capsule. Whether transient overexpression of tissue-specific
combinations of transcription factors in undifferentiated ES cells will lead to the derivation
of other mature lineages of anterior foregut tissues will certainly be an area of intense study.

Posterior foregut and hindgut: liver, pancreatic, and intestinal progenitors

Both liver and pancreas originate from the posterior foregut endoderm. The pancreas
emerges as separate, ventral and dorsal, anlagen [Zaret and Grompe, 2008]. Fate mapping of
the early ventral foregut has demonstrated that liver and ventral pancreas progenitors
migrate ventrally from distinct domains, namely the lateral endoderm and the ventral
midline [Deutsch et al., 2001; Tremblay and Zaret, 2005]. Although several TFs such as
Hhex, Prox1, Onecutl, Gata6 and Thx3 are expressed in embryonic hepatic progenitors
(hepatoblasts) none appears to be necessary for liver specification since expression of the
early liver markers, albumin and a-fetoprotein (AFP) appears to be retained in mouse
genetic models where these TFs are deleted. Liver organogenesis fails in knock-out mice for
these TFs because of abortive primordium formation (Hhex and Gata6) [Martinez-Barbera et
al., 2000; Zhao et al., 2005], impaired hepatoblast migration (Prox1 and Onecutl)
[Margagliotti et al., 2007; Sosa-Pineda et al., 2000] or preferential cholangiocyte
differentiation (Thx3) [Suzuki et al., 2008]. On the contrary, posterior foregut endoderm-
specific double deletion of the pan-endodermal TFs, Foxal and Foxa2, results in hepatic bud
agenesis [Lee et al., 2005]. Both Foxa and Gata factors act as pioneer factors by binding to
the enhancer region of the Alb gene and rendering the pre-specified endoderm competent for
liver differentiation [Zaret et al., 2008]. Combined inductive FGF and BMP signals for
hepatic specification come from the cardiac mesoderm and the septum transversum,
respectively [Gualdi et al., 1996; Jung et al., 1999; Rossi et al., 2001; Serls et al., 2005].
Mouse studies that used explant culture of foregut endoderm and its surrounding mesoderm
have demonstrated that FGF signaling (mostly by FGF1 and FGF2) from cardiac mesoderm
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[Jung et al., 1999; Serls et al., 2005] and BMP signaling (by BMP2 and BMP4) synergize to
specify the hepatic primordium and to initiate liver morphogenesis.

Pan-pancreatic progenitors are specified in two different endodermal domains but express
the same unique combination of TFs, namely Pdx1, Ptfla and Sox9 [Burlison et al., 2008;
Seymour et al., 2007; Zaret and Grompe, 2008; Zhou et al., 2007]. The combined expression
of Pdx1 and Ptfla is both necessary [Kawaguchi et al., 2002] and sufficient [Afelik et al.,
2006] for pancreatic specification within the posterior foregut endoderm. There are distinct
differences between dorsal and ventral pancreatic primordia, namely the indispensability of
HIxb9 expression for dorsal pancreas specification and the existence of a Pdx1*/Sox17*
pacreatobiliary progenitor in the posterior ventral foregut.

As pancreas differentiation proceeds, there is progressive fate restriction for the progenitors
of the endocrine and exocrine compartments. While both progenitor types arise from the
Pdx1*/Ptfla*™ multipotent population, exocrine progenitors maintain Ptfla expression
whereas endocrine progenitors are characterized by the expression of Ngn3, a bHLH TF [Gu
et al., 2002; Schwitzgebel et al., 2000]. Nng3 is important both for endocrine cell
specification [Gradwohl et al., 2000] and for migration of endocrine cells [Gouzi et al.,
2011] during development. Interestingly, duct-residing Ngn3* progenitors can be activated
in a partial duct ligation injury model of the adult mouse pancreas and have been reported to
give rise to hormone expressing cells, including B-cells [Xu et al., 2008b]. Another TF,
Rfx6, is also expressed in embryonic endocrine progenitors and is necessary for the
formation of all endocrine cell types except pancreatic polypeptide cells [Smith et al., 2010].

Signals from adjacent tissues specify and pattern the developing pancreas [Murtaugh, 2007].
Dorsally, notochord-secreted FGF2 and activin B act as permissive signals for pancreatic
development of pre-patterned posterior foregut endoderm through suppression of Shh
signaling [Hebrok et al., 1998; Kim et al., 1997]. Additionally, aortic endothelium induces
and maintains Ptfla expression within the specified dorsal pancreatic primordium
[Yoshitomi and Zaret, 2004]. On the contrary, ventral pancreas appears to be induced by
RA, BMP and activin signals derived from the mesenchyme [Kumar et al., 2003b]. Contrary
to hepatic progenitors, FGF2 signaling inhibits specification of prospective ventral
pancreatic progenitors; the correct positioning of the latter away from the FGF2-producing
cardiogenic mesoderm is mediated by Hhex and temporally controlled by TGF- signaling
[Bort et al., 2004; Wandzioch and Zaret, 2009]. Later in development, Notch signaling
blocks derivation of committed exocrine and endocrine progenitors from pan-pancreatic
Pdx1* progenitors by trapping the latter in the undifferentiated state [Murtaugh et al., 2003].

Chronic, debilitating diseases of posterior foregut endoderm organs such as end-stage liver
disease and diabetes mellitus type | are prime targets for cell replacement therapies,
potentially using cells exogenously derived from PSCs in vitro. Early attempts to produce
hepatocytes or pancreatic p-cells from ES cells did not include a DE formation step and
were characterized by low or artifactual expression of liver/pancreas markers [Abe et al.,
1996; Hansson et al., 2004; Rajagopal et al., 2003]. Further potential for misinterpretation of
data arose from the fact that several liver markers such as AFP are also expressed in
extraembryonic tissues. The realization that induction of DE with activin renders PSC
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derivatives competent to form downstream endodermal lineages led to the discovery
development of more systematic protocols that also recapitulated the specification stages of
pancreas and liver development [Agarwal et al., 2008; Cai et al., 2007; D’Amour et al.,
2006; Gouon-Evans et al., 2006; Hay et al., 2008; Touboul et al., 2010].

BMP4 was first identified as a potent inducer of hepatic fate in mouse ES cell-derived DE
by Gouon-Evans et al. [Gouon-Evans et al., 2006]. Bry*/Foxa2ni9h/c-kithidh cells were found
to give rise to hepatocyte-like cells through an AFP* intermediate post-BMP4 treatment. In
this system, FGF2 appeared to be required for expansion of the specified hepatic cell
population rather than for specification. More recent papers demonstrated the derivation of
AFP™* hepatoblasts from hES cells following treatment of ES-derived DE with FGF4 and
BMP2 [Cai et al., 2007], FGF4 and KGF [Agarwal et al., 2008] or Activin and WNT3A
[Hay et al., 2008]. In all instances, hepatoblasts were able to advance to more mature
hepatocyte-like cells when treated with maturation cocktails containing HGF, Oncostatin M
and Dexamethasone. Since the exposure to xenogeneic serum and feeder layers may limit
regulatory approval of PSC-derived hepatocytes for clinical use, chemically defined
protocols have also been developed and they have been successfully applied for
differentiation of patient-derived human iPS cells to hepatocyte-like cells [Rashid et al.,
2010; Touboul et al., 2010].

Commonly used in vitro hepatic progenitor markers are either secreted proteins such as AFP
or TFs such as HNF4a. Since cell surface markers can be particularly useful in the
purification and study of in vitro and in vivo derived hepatic progenitors, a number of such
markers have been identified in the developing liver [Nierhoff et al., 2007; Tanimizu et al.,
2003; Terrace et al., 2007]. DIk/Pref-1 is expressed both in early mouse and human liver
[Tanimizu et al., 2003; Terrace et al., 2007] whereas CD24 and Nope are co-expressed with
CDH1 (E-cadherin) in E13.5 murine liver [Nierhoff et al., 2007]. On the other hand, the
recent discovery of KDR (VEGFR?2), a receptor widely believed to be a mesodermal marker,
in a subset of endodermal progenitors upstream of the hepatoblast stage exemplifies the
pitfalls of “lineage-specific” markers [Goldman et al., 2013]. These progenitors are
KDR*CD31", i.e. they are distinct from both endothelial progenitors and hepatoblasts, and
can be found in both mouse and human fetal livers in vivo as well as in PSCs undergoing
hepatic directed differentiation in vitro. In the developing mouse liver, they appear to
differentiate robustly to DLK*AFP* hepatoblasts (30%-50% of the total population). Most
importantly, their progeny can be found in the adult liver and consists of both hepatocytes
and cholangiocytes.

Regarding PSC pancreatic differentiation, the initial protocols for derivation of pancreatic
lineages from ES cells were adapted from neuronal differentiation protocols [Hori et al.,
2005]. This was due to commonalities of endocrine B-cells and neuronal cells such as
expression of the TFs Ngn3 and Neurod1 and brain insulin expression is some species that
were attributed to a common embryonic origin [Alpert et al., 1988]. Since the endodermal
provenance of the pancreas is currently well established, more convincing demonstrations of
the derivation of -cell-like cells from hES cells, proceeded through important intermediates
such as PFE (for example through activation of RA and inhibition of SHH signaling at the
DE stage) and pancreatic endocrine progenitors (for example through inhibition of Notch
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signaling after derivation of PDX1* cells) [D’Amour et al., 2006]. Subsequent reports used
the same stepwise approach with factor variations and also included differentiation of
human iPS cells (reviewed in [Van Hoof et al., 2009]). Use of Noggin at the PFE stage
increased the derivation efficiency of PDX1* progenitors [Jiang et al., 2007; Kroon et al.,
2008; Zhang et al., 2009], putatively by blocking hepatic specification [Nostro et al., 2011].
Additionally, inhibition of Wnt signaling at the same stage, impaired intestinal
differentiation as indicated by reduced levels of CDX2 expression [Nostro et al., 2011]. EGF
has also been used to expand Pdx1* progenitors before downstream differentiation to
pancreatic endocrine cells [Zhang et al., 2009]. Inhibition of TGF-f signaling was important
post-pancreatic specification, since NGN3* cell derivation was enhanced by either TGF-B
inhibition [Rezania et al., 2011] or simultaneous TGF-/BMP inhibition [Nostro et al., 2011]
resulting in increased hormone production.

While the in vitro production yield of pan-pancreatic/endocrine progenitors from PSCs can
be further improved, the most important challenges now lie in subsequent maturation stages,
namely in the depletion of polyhormonal cells from the final cell product and in the
potentiation of the insulin response of PSC-derived p-cell-like cells.

As with all endodermal tissues, in vitro derivation of intestinal lineages will benefit patients
with ailments of the Gl tract both in cell therapies and disease modeling. The posterior parts
of the adult GI tract arise from the midgut and hindgut which are the most posterior domains
of the gut tube during development. Members of the Cdx family of TFs, especially Cdx2,
control both intestinal specification and development of mature intestinal lineages [Gao et
al., 2009; Zorn and Wells, 2009]. By E8.5 in mouse, non-overlapping Cdx2 and Sox2
expression mark the boundary between mid/hindgut and foregut, respectively [Sherwood et
al., 2009]. Inductive signals for midgut/hindgut specification come from lateral plate
mesoderm; the latter has posteriorizing effects as indicated by ectopic expression of CdxA,
when recombined with more anterior endoderm in chick embryo explants [Kumar et al.,
2003b]. Similar effects are observed upon overexpression of activated f-catenin in mouse
anterior endoderm, as shown by expression of ectopic Cdx2 and by Sox2 suppression
[Sherwood et al., 2011]. On the other hand, conditional ablation of Cdx2 in posterior mouse
endoderm expands the anterior foregut caudally as indicated by ectopic Sox2 and Pax9
expression [Gao et al., 2009]. Attempts to identify factors secreted from the adjacent
mesoderm that posteriorly patterns the endodermal gut tube have revealed FGF4 as an
important inductive factor that posteriorizes endoderm, as evidenced in mouse endoderm-
mesoderm recombinant explant cultures (Wells and Melton REF).

Differentiation of both human and mouse PSCs into intestinal lineages has been
demonstrated by recapitulation of developmental stages know to occur during in vivo
intestinal development. In a landmark study, Wells and colleagues [Spence et al., 2011]
were able to adapt their observation that secreted FGF4 could pattern the developing
posterior endoderm in mouse embryos, finding media supplemented with FGF4 also could
posteriorly pattern DE derived from human PSCs. For example, high levels (500 ng/ml) of
Wnt3a and FGF4 specified PSC-derived DE to CDX2™ intestinal progenitors which is turn
gave rise to functional differentiated cells expressing a diversity of mature intestinal marker
genes and forming self-organized intestinal spheroids. In other work, mouse ES cell
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differentiation to intestinal lineages has been reported similarly using Cdx2 as a marker of
intestinal progenitors [Cao et al., 2011; Sherwood et al., 2011]. Pharmacological activation
of Wnt signaling at the DE stage induced Cdx2 with high efficiency by simultaneously
suppressing anterior foregut fates [Sherwood et al., 2011]. A similar effect was shown when
DE was incubated with fibroblast conditioned media supplemented with Wnt3a [Cao et al.,
2011]. The ensuing cells were capable of forming intestinal organoids in culture and of
populating mouse colons after in vivo transplantation.

Future research directions

In the years ahead further advances in several emerging key research areas are likely to
provide a more detailed basic understanding of endodermal progenitor biology and
consequently should result in effective cell therapies and relevant cell culture systems for in
vitro disease modeling.

ES versus iPS cells

The advent of iPS cells and the possibility of individualized disease modeling and
autologous cell replacement therapy have created excitement among basic researchers and
clinicians. Since most directed differentiation protocols have been developed using ES cells,
the crucial questions are whether these protocols can successfully be applied for the
differentiation of iPS cells and whether the differentiated progeny of ES cells and iPS cells
are equivalent in genetic, molecular and functional terms. Extensive characterization of
human and mouse iPS cell lines has suggested that genetic and epigenetic differences
between ES cells and iPS cells may exist [Bock et al., 2011; Chin et al., 2009] and have
produced conflicting interpretations regarding whether iPS cells retain residual epigenetic
memory of their cell of origin or whether this memory is only transient [Kim et al., 2010;
Polo et al., 2010]. Importantly, several studies demonstrate that any detectable memory of
the somatic cell of origin found in reprogrammed progeny appears to be a transient feature
of early passage iPS cells since at late passages the genetic differences diminish [Chin et al.,
2009], the epigenetic memory is lost and the differentiation potential is indistinguishable
from that of ES cells [Polo et al., 2010]. In regard to the ability of iPS cells to differentiate to
DE, we have shown that syngeneic mES and iPS cells can form DE with very similar global
gene expression programs and can undergo hepatic differentiation with similar efficiencies
[Christodoulou et al., 2011]. This was also true for iPS cell clones with aberrant imprinting
of the DIk1-Dio3 gene cluster [Christodoulou et al., 2011; Stadtfeld et al., 2010]. Patient-
specific iPS cell lines have been created for a wide variety of diseases, including those
affecting endodermally-derived tissues [Inoue and Yamanaka, 2011; Somers et al., 2010].
Furthermore, disease modeling using iPS endoderm-derived cells has already been described
[Rashid et al., 2010]. In general, ES cells and iPS cells appear to have similar potential to
differentiate to endodermal lineages, such as self-renewing EPs [Cheng et al., 2012], lung
progenitors [Mou et al., 2012], hepatocytes [Rashid et al., 2010], p-cells [Nostro et al.,
2011], and intestinal lineages [Spence et al., 2011]. Although differences in differentiation
capacity to the same lineage for different iPS cell lines have been reported, these differences
do not appear to be a generalized feature of iPS cells but rather may reflect the inherent
variability ni differentiation potential that exists between PSC lines made from individuals
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of different genetic backgrounds [Osafune et al., 2008]. For example, it is well known that
different ES cell lines, made from human blastocysts of different genetic backgrounds have
variable competence to differentiate to particular target lineages [Osafune et al., 2008]. In
addition, when comparing the capacity of different iPS cell lines to differentiate to
mesodermal lineages, our group has found that different genetic backgrounds rather than
clone to clone variability within the same background is more responsible for the variability
in differentiation efficiency observed between iPS cell lines [Mills et al., 2013].

Meticulous screening of individual iPS cell lines regarding their differentiation propensity to
various endodermal lineages will be necessary in the future. This is particularly important
for diseased subject-derived iPS cells to make sure that defects in the differentiated progeny
are due to the disease phenotype and not to poor differentiation efficiency. The use of early
passage iPS cells from purified mature endodermal cells (e.g. hepatocytes) when the
epigenetic memory of the cell of origin is still retained may prove advantageous if iPS cell
differentiation to the same cell type is desired.

Bioprocessing of endodermal progenitors

The future use of PSC-derived lineages for cell replacement therapy is an important goal of
regenerative medicine and will signify a shift from the realm of basic research to the realm
of FDA-regulated therapeutics with the resultant requirements for cGMP (current Good
Manufacturing Practice) production, high purity and potency [Halme and Kessler, 2006].
The cell numbers likely to be needed (108-10° cells/patient in the case of diabetes) are
several orders of magnitude higher than those currently produced in a typical research
laboratory and will require the development of appropriate bioprocesses for the expansion
and differentiation of PSCs [Kirouac and Zandstra, 2008]. Hence “bioprocess” research and
development, or the development of methods for the production of biological materials for
manufacturing, scale-up, or commercialization, is likely to become increasingly required for
the successful clinical applications of PSC-derived cells. Current bioprocessing systems
involve mostly the use of benchtop stirred bioreactors where cells proliferate or differentiate
in suspension as aggregates, on microcarriers (solid or macroporous) or within alginate
microcapsules [Serra et al., 2012]. Regarding the bioprocessing of endodermal progenitors,
hES cells were expanded on Matrigel-coated microcarriers in spinner flasks and reached
confluency before initiation of endodermal differentiation by addition of activin and Wnt3a
[Lock and Tzanakakis, 2009]. More than 80% of the cells became FOXA2*/SOX17* and
the numbers of endodermal cells per unit area in microcarrier and static culture were similar,
indicating that microcarriers were more efficient in terms of produced cells/unit volume.

Static suspension systems have also been used for the scalable expansion and endodermal
differentiation of PSCs [Schulz et al., 2012; Ungrin et al., 2012]. Ungrin and co-workers
[Ungrin et al., 2012] used microwells to pattern human PSCs to aggregates of defined size
and introduced the optimization parameter L (targeted yield loss) to dissect the complex cell
dynamics of proliferation, death and differentiation during endodermal differentiation.
Combined expansion and DE differentiation under optimal conditions had an output of
approximately 65,000 C-KIT*/CXCR4* cells per input PSC and the resulting cells could
undergo pancreatic and hepatic differentiation. In a cGMP environment, Schulz et al.
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[Schulz et al., 2012] demonstrated that a single starting vial of hES cells could generate
more than 108 cells, and the expanded cells could repeatedly differentiate into clusters of
functional, glucose-responsive B cell-like cells.

The production-oriented nature of PSC bioprocessing research is likely to be harnessed for
both clinical use as well as basic science laboratory explorations. For example, scale-up
approaches that rely on optimized PSC bioprocessing can provide the large quantities of
cells that are often needed for high throughput screening of small molecule effectors of
differentiation, and purification and functional testing of large numbers of specific types of
differentiated cells.

Epigenetic networks

Recent studies of endodermal directed differentiation of PSCs indicate dynamic chromatin
modifications and activation of enhancers that are likely to regulate the genetic and
epigenetic networks that control cell fate decisions [Loh et al., 2014; Longmire et al., 2012;
Xie et al., 2013]. Understanding the dynamics of these networks is likely to be increasingly
important for precise control of PSC directed differentiation. For example, global mapping
of H3K4me3 (activatory) and H3K27me3 (inhibitory) histone modifications from the
undifferentiated state to functional endocrine cells during pancreatic differentiation of hES
cells revealed interesting correlations between chromatin remodeling and transitions
between differentiation stages [Xie et al., 2013]. In addition, derivation of DE required
removal of PcG-mediated repression of key DE genes such as EOMESand SOX17. Such
genes then reverted to bivalent state as cells moved to the PFE and pancreatic progenitor
stages whereas gradual de-repression of key regulators of latter took place. Of note, aberrant
retention of the H3K27me3 mark on genes highly expressed in functional endocrine cells
appeared to explain the impaired function of polyhormonal cells. In terms of cell fate
decisions between closely related endodermal lineages, the decision between a hepatic or
pancreatic fate is controlled in part by P300, a histone acetyltransferase, that is responsible
for liver-related gene activation and by Ezh2, a methyltransferase, that limits the ventral
pancreas specification of DE [Xu et al., 2011].

Detailed mapping of enhancers at the anterior PS, DE, AFE, PFE and midgut/hindgut
endoderm stages of human PSC endodermal differentiation revealed that mostly non-
overlapping sets of enhancers are activated at each stage [Loh et al., 2014]. At the DE stage,
both signaling effectors (SMAD2/3/4) and TFs, such as EOMES and FOXH1 occupied
active enhancers. The latter appeared to be associated with various chromatin marks before
DE specification, with H2AZ being the predominant one. In an in vitro model of lung
progenitor specification [Longmire et al., 2012], pre-specified DE cells demonstrated
bivalent histone modifications at the Nkx2-1 promoter area. The bivalent state was resolved
post-specification with Nkx2-1* cells having only the H3K4me3 modification and Nkx2-1-
negative cells exhibiting the H3K27me3 modification.

Whether the accruing knowledge of the epigenome during endodermal differentiation can be
translated to efficient and robust protocols is a question that will be answered by careful
perturbation studies of the epigenomic machinery.
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In vitro endodermal organogenesis

The in vitro derivation of endodermal progenitors with broad tissue-specific differentiation
repertoire is only the first step in the arduous quest for cell replacement therapies. For the
most part, directed differentiation protocols draw upon the concept of cell lineage and do not
recapitulate the structural relationships or morphogenetic mechanisms that characterize
embryonic development [Salazar-Ciudad et al., 2003]. As the important concepts of
emergent properties and self-organization ease their way in the fields of stem cell biology
and regenerative medicine [MacArthur et al., 2009], efforts to spatially and temporally
organize PSC-derived cells in vitro into functional organoids or complex 3D tissues is likely
to become increasingly important [Eiraku et al., 2011; Lancaster et al., 2013; Spence et al.,
2011; Suga et al., 2011]. Impressive work using neuroectodermal ES cell derivatives has
demonstrated the formation of functional adenohypophysis [Suga et al., 2011], of an optic-
cup-like structure composed of correctly positioned retinal pigment epithelium and neural
retina layers [Eiraku et al., 2011] and most recently of more complex cerebral organoids
with organized forebrain, hindbrain and midbrain domains [Lancaster et al., 2013].

The most striking example of 3D organization in endodermal directed differentiation is the
in vitro derivation of intestinal organoids from human PSCs that contained both villus-like
structures and crypt-like zones with the right cellular composition and in close contact with
a mesenchymal compartment [Spence et al., 2011]. The combined action of soluble factors
(WNT3A and FGF4), mesenchymal cells and a 3D matrix (Matrigel) was key to the
formation of these organoids where differentiati on and morphogenesis appeared to happen
in coordinated fashion.

A recently emerging platform with great potential for the generation of bioartificial organs is
the use of 3D ECM scaffolds derived from detergent-mediated decellularization of solid
organs[Ott et al., 2010; Ott et al., 2008]. Since the publication of the first proof-of-principle
heart decellularization-recellularization paper in 2008 [Ott et al., 2008], the list of
successfully decellularized organs has been expanding. Regarding organs with
endodermally-derived parenchyma, there have been reports of decellularization-
recellularization to engineer lung [Ott et al., 2010; Petersen et al., 2010], esophagus
[Totonelli et al., 2013], liver [Uygun et al., 2010], pancreas [Goh et al., 2013; Mirmalek-
Sani et al., 2013] and intestine [Totonelli et al., 2012]. As the native organ architecture and
most ECM proteins are retained post-decellularization, these scaffolds maintain the various
(e.g. parenchymal and vascular) organ compartments. To demonstrate the functional
potential of mouse ES cell-derived Nkx2-1* lung progenitors, we recellularized mouse lung
scaffolds with these progenitors [Longmire et al., 2012]. Most of the cells colonized the
distal lung and maintained Nkx2-1 expression while we also observed differentiation to
Nkx2-1~ cells expressing T1a, a marker of Type | alveolar epithelial cells. Detailed studies
of the ECM protein composition of and spatial distribution in the various endodermal
decellularized scaffolds, and of their mechanical properties have recently appeared [Booth et
al., 2012; Gilpin et al., 2014; Petersen et al., 2012] and are needed to understand PSC-
derived cell-matrix interactions and deduce principles for PSC-based organ engineering.
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Concluding remarks

Clinical applications of hepatocytes and p-cells derived from PSCs appear to be within reach
due to the existence of efficient directed differentiation protocols and the relative simplicity
of surgical procedures for delivering the cells into any compartment with access to
circulating blood, such as subcutaneous implantation. Recent advances in endodermal
progenitor biology have also opened up the exciting possibility of iPS cell-based therapies
for diseases affecting the Gl tract and anterior foregut-derived organs such as the lung,
thyroid, and the thymus. To realize this potential, it is necessary to make increasing use of
sophisticated tools at all biological scales. These include next generation sequencing to
understand cell fate decisions at the single cell level in vitro and in vivo and application of
self-organization principles to derive multi-lineage cell assemblies with organ properties in
vitro. Although cell/organ replacement therapies for lung, thymus and intestinal regeneration
may be many years away, disease modeling and drug screening in vitro using iPS cell-
derived progenitors is a realistic, attainable short-term goal that can produce both
mechanistic insights and promising drug candidates.
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Figurel.

A model of endodermal progenitor derivation through directed differentiation of pluripotent

stem cells.
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