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Abstract

The generation of functional endodermal lineages, such as hepatocytes and pancreatic endocrine
cells, from pluripotent stem cells remains a challenge. One strategy to enhance the purity, yield
and maturity of endodermal derivatives is to expand endoderm committed stem or progenitor cell
populations derived from pluripotent stem cells prior to final differentiation. Recent studies have
shown that this is in fact a viable option both for expanding pure populations of endodermal cells
as well as for generating more mature derivative tissues, as highlighted in the case of pancreatic
beta cells.

Introduction

Human pluripotent stem cells (PSC)s, including embryonic stem cells (ESC)s and induced
pluripotent stem cells (iPSC)s, hold tremendous promise for both the study of and treatment
of a wide variety of diseases due to virtually unlimited proliferative capacity and their
potential to differentiate into any cell type in the body. The in vitro differentiation of ESCs/
iPSCs seems to mimic the process of development that occurs during embryogenesis. PSC
populations proceed down developmental intermediaries with successively restricted
potential until mature cell types are generated, recapitulating the events that occur in vivo
(reviewed in [1,2]). This review will focus on the generation of expandable endodermal
populations from PSCs.

During embryonic development the process of gastrulation leads to the formation of the
primary germ layers, ectoderm, mesoderm, and endoderm (reviewed in [3,4]). Definitive
endoderm (DE) is generated as epiblast cells migrate through a transient structure termed the
primitive streak and form an epithelial layer. This sheet of DE then folds to form the
primitive gut tube that comprises three major domains along the anterior posterior axis: (1)
the foregut, eventually giving rise to esophagus, trachea, lungs, thyroid, parathyroid,
thymus, stomach, liver, biliary system and pancreas; (2) the midgut, eventually forming
intestines; and (3) the hindgut, which forms the colon. These domains are further patterned
into specific regions that contain organ-specific progenitor populations, from which the
rudiments of various endoderm organs are formed (reviewed in [4,5]).
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Various endodermal tissue-specific stem cell populations that are expandable ex vivo have
been identified in adult animals, including: (1) adult hepatic stem cells [6]; (2) lung multi-
potent bronchioalveolar stem cells [7]; (3) basal cells for airway epithelium ([8], and
reviewed in [9]); (4) mammary gland stem cells [10-12]; (5) gastric Lgr5+ pyloric stem cells
([13], and reviewed in [14]); (6) Lgr5+ intestinal stem cells [15]; and (7) clonal multi-potent
endoderm stem cells isolated from mouse liver [16]. These populations will not be discussed
as they have been reviewed elsewhere.

Endodermal Derivatives from PSCs: Promises and Obstacles

The generation of endoderm-derived tissues in vitro, including lung, liver, pancreas, and
intestine, represent an incredibly powerful system for studying basic biology, disease
modeling, drug testing, and as a future source of tissue for cellular therapies. It is possible to
generate DE and its derivative lineages from PSCs in vitro through sequential exposure to
growth factors that induce this developmental maturation [17-21]. In this manner, lung,
hepatic, pancreatic and intestinal cells can be produced from ESCs and iPSCs that have
differentiated to the DE stage [22-38]. While these studies highlight the promise of PSC-
derived endodermal tissues, several obstacles remain. Endodermal cells generated from
PSCs tend to display immature phenotypes and in many instances are not fully functional.
For example, pancreatic beta cells generated directly from human ESCs express other
endocrine hormones in addition to insulin and are not responsive to glucose stimulation in
vitro [28,38]. In addition, the pluripotent nature of ESCs and iPSCs results in the production
of multiple cell types from different germ layers in most differentiation protocols. Thus, it is
problematic to produce pure cultures of a desired cell type [2,39], making it difficult to
dissect the interactions between germ layers during differentiation. Finally, undifferentiated
ESCs and iPSCs are tumorigenic and therefore must be completely removed from their
derivative tissues to be used for transplantation studies [39].

To address these issues, it is desirable to generate germ layer/tissue-specific stem cells from
PSCs, which proliferate in vitro and are capable of differentiating into mature lineages (see
figure 1). For example, neuronal stem cells and mesenchymal stem cells have both been
generated from human PSCs (reviewed in [40] and [41]). Such cells have several
advantageous over using PSCs directly. First, because these cells have more restricted
differentiation potentials, they should be devoid of teratoma forming ability. Second, being
developmentally “closer” to the desired mature cell type than PSCs, differentiation should
be more efficient. Third, their restricted developmental potential enables experimentation
with pure cell populations that are not contaminated with cells from other germ layers. This
in turn provides a system to study various cell-cell interactions during differentiation; for
example, mesoderm derived mesenchyme patterning of the gut tube.

Expandable PSC-derived Endodermal Populations

An early study done by Nishikawa and colleagues [19] utilized a Gsc-GFP reporter mouse
ESC line to purify DE cells that could be expanded in serum containing media for more than
6 months while maintaining the expression of endodermal markers. When transplanted into
immune-deficient mice, these cells did not give rise to tumors. However, differentiation of
the expanded endoderm to more mature lineages was not observed either in vivo or in vitro.
In an attempt to isolate and maintain foregut endodermal cells, Morrison et al [42] used a
Hex reporter mouse ESC line to purify endodermal cells that could be maintained and
expanded in serum free conditions for an expansion of ~2000 fold. These cells expressed a
series of anterior DE markers and could be induced into Pdx1+ pancreatic or AFP+ Albumin
+ hepatocyte-like cells in vitro. When transplanted into adult mice, they did not generate
teratomas, and endodermal ductal epithelial structures were observed in the transplants at
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low frequency. These two sets of studies, using distinct reporter mouse ESC lines to purify
DE, demonstrated that the in vitro expansion of DE was possible. A more recent study
performed by Kahan et al [43] demonstrated the generation of a Pdx1+ population that was
able to expand continuously for over 7 months and expressed a repertoire of genes indicative
of posterior foregut endoderm. To generate this population, purified DE cells derived from
mouse ESCs were transplanted into immune-deficient mice and the resulting nodules
explanted in culture. The differentiation potential of these putative posterior foregut
progenitors is still to be determined.

In the human system, studies have also identified endodermal populations with proliferative
potential. In an attempt to generate DE directly, Rossant and colleagues [44] ectopically
expressed SOX17, a critical regulator of endoderm development [45], in human ESCs. The
constitutive expression of SOX17 in human ESCs resulted in the generation of a population
of cells that expressed a panel of DE markers and could be expanded for more than 50
passages. The fact that these cells expressed ESC markers, including OCT4 and NANOG,
suggested that they were not endoderm committed, which was confirmed by their ability to
give rise to both endodermal and mesodermal but not neuro-ectodermal lineages. Human DE
derived populations with more restricted differentiation potential have also been identified.
Deng and coworkers [46] have shown that an N-cadherin+ endodermal population can be
purified from hepatocyte differentiation cultures of human ESCs, and these cells could be
expanded and passaged for more than 3 months when co-cultured with murine embryonic
stromal cells. These cells were able to further differentiate into hepatocyte-like cells as well
as cholangiocyte-like cells, suggesting that they represented a hepatic stem/progenitor cell
population. In addition, Spence et al [22] demonstrated that intestinal organoids derived
from human ESCs could be expanded ~100,000 fold over 140 days. These organoids
contained LGR5+ progenitor cells along with many differentiated progeny including
enterocytes, goblet cells, enteroendocrine cells, and Paneth cells.

Self-renewing PSC-derived Endoderm Stem Cells

Recently, the establishment of endoderm-committed stem cell lines generated from human
ESCs and iPSCs has been described [47] and figure 1. These cells, termed endodermal
progenitor (EP) cells, display extensive self-renewal in culture (1016 expansion) using a
defined serum-free culture media containing VEGF, EGF, FGF2, and BMP4 and plated on
matrigel with a low density mouse embryonic fibroblast (MEF) feeder layer. EP cells do not
generate mesodermal or ectodermal derivatives in vitro or in vivo and do not form teratomas
when transplanted into immune-deficient mice. These cells maintain the ability to
differentiate into endodermal lineages including liver, pancreas, and intestine, though it is
unknown if these cells also have the potential to form more anterior endoderm lineages such
as the thymus, thyroid and lungs (figure 1). An important finding is the ability of EP cells to
generate mono-hormonal and glucose responsive pancreatic beta-like cells in vitro. Single
cell derived sub-clones displayed a similar proliferative and developmental potential.

More recently, a second report demonstrated the ability to expand DE cells derived from
both mouse and human ESCs by using a co-culture system with mouse mesenchymal cells
in serum-containing media [48]. This study showed that these cells had extensive
proliferative capacity (108) while maintaining the ability to generate pancreatic cells that
upon transplantation in vivo could spontaneously mature into glucose responsive insulin+
cells. In addition, mouse ESC derived Ngn3+ cells could also be expanded several fold
utilizing a similar co-culture system but with a different set of mesenchymal cells. The full
developmental potential and the ability for clonal expansion of these populations remain to
be tested.
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A comparison of these studies may uncover common themes important for the appropriate
development of endodermal derivatives. First, both of these studies required the use of a
feeder layer for expansion of the DE cells, MEF cells in the case of Cheng et al [47] and
mouse mesenchyme for the case of Sneddon et al [48]. MEF cells were unable to support
expansion in the Sneddon report, suggesting that other culture components including
matrigel and growth factors used in the Cheng report may act in concert with the supporting
cells. It is interesting to note that in an earlier study limited expansion of mouse ESC derived
DE used cultures lacking a feeder cell population [42]. It will be essential to determine the
signals provided by these supporting cells to enable expansion in defined serum free culture
systems. It will also be important to compare these expandable DE cells and ask if they have
the same developmental potential? For example, EP cells when differentiated into pancreatic
endocrine cells are able to generate mono-hormonal insulin+ cells that are glucose
responsive in vitro. Using similar differentiation protocols with ESCs and iPSCs has
consistently resulted in the generation of poly-hormonal, non-functional cells [28,38] and
required in vivo transplantation of progenitors to mature into glucose responsive cells [25].
One hypothesis for this difference is that the expansion of cells at the endoderm stage of
development is critical for establishing transcriptional and epigenetic networks necessary for
appropriate differentiation. Examination of DE cells expanded using different
methodologies will enable this hypothesis to be tested. It is also possible that these
populations may represent distinct developmental intermediaries as exemplified by mouse
ESCs and epiblast stem cells. ESCs and epiblast stem cells are two closely related stem cell
types with similar developmental potentials, but require very different culture conditions for
maintenance of the undifferentiated state and display some functional differences (reviewed
in [49]). For example, ESCs when injected into a host blastocyst will contribute to a chimera
while epiblast stem cells do not.

Future Directions: Direct Reprogramming to Generate Endodermal Stem

Cells

Cellular reprogramming offers a complementary method to generate endodermal derived
tissues both in vivo and in vitro (reviewed in [50,51]). This technology has proven very
successful to generate a number of cellular lineages directly from mouse fibroblasts in vitro,
including endodermal lineages such as hepatocytes [52,53] and insulin+ cells have been
induced from mouse pancreatic exocrine cells in vivo [54]. While this technology has the
potential to be used to generate many endodermal derivative cell types, there are challenges
that need to be overcome. The first issue is the efficiency of reprogramming, as terminally
differentiated cells have limited expansion potential. Human fibroblasts have a finite
proliferative capacity requiring the procurement of additional primary cells. This can be
extremely difficult in the case of patient specific samples, limiting the usefulness of direct
reprogramming in disease modeling with patient material. Next is the issue of cellular
memory that has been described in iPSCs. It has been shown that early passage mouse and
human iPSCs can have differences in gene expression, epigenetic marks and in the ability to
differentiate into particular lineages, depending on the reprogrammed cell of origin [55-57].
While these issues may be resolved in some clones by passaging the iPSC lines [56,57], this
is not an option in the direct reprogramming field where a non-proliferative terminally
differentiated cell type is generated. Work examining the reprogramming of hepatocytes into
neurons did find low-level expression of some hepatocyte genes in the induced neurons,
suggesting that epigenetic memory may be an issue in direct reprogramming as well [58].

Many of the problems associated with direct reprogramming could be overcome if
reprogramming was performed not to a terminally differentiated cell type, but to a more
restricted stem or progenitor cell population with proliferative capacity. The progenitor cell
would be developmentally closer to terminally differentiated lineages of interest, and as such
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should be easier to differentiate than starting from iPSCs. The efficiency of reprogramming
would also not be critical as rare clones could be expanded, as is the case in iPSC
generation. Induced progenitor cells could be passaged in culture, hopefully bypassing
memory effects. Recent studies performed by several laboratories have demonstrated that
this is feasible with the generation of induced neuronal stem cells in both mice and humans
[59-62]. EP cells and intestinal stem cells are two endodermal populations amendable to
such a strategy, both of which can be expanded robustly in culture [47,63].

The ability to generate endodermal stem cell types that can be expanded in culture either
from PSCs or through direct reprogramming provide new tools to study endoderm biology.
Studies reporting the ability to expand endodermal cell types derived from PSCs are
summarized in table 1. These cell populations provide a powerful system to study and model
human diseases in vitro, as well as generating a source of cells for transplantation.
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Figure 1. Expandable Stem Cell Populations Derived from Pluripotent Stem Cells

A schematic illustration of the generation of germ layer specific stem cell populations from
pluripotent stem cells is shown. While neural stem cells and mesenchymal stem cells have a
relatively limited differentiation capacity, EP cells are capable of differentiating into cells of
many endodermal organs including liver, pancreas and intestine that in vivo are derived
from the fore-, mid- and hindgut. It is currently unknown if EP cells have the potential to
give rise to all endodermal derivatives including the thymus, thyroid and lungs. (ESC:
embryonic stem cell, iPSC: induced pluripotent stem cell; EP cell: Endodermal progenitor
cell)
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