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Abstract Human pluripotent stem cells (hPSCs), including human embryonic stem cells and induced pluripotent
stem cells, are defined by their abilities to self-renew and to
differentiate into any cell type of the human body. Due to
these unique properties, hPSCs represent a potentially unlimited source of cells/tissues for cell replacement therapies. Use of these cells may also revolutionize the way
drugs are discovered, designed, and tested. Furthermore,
the study of how cells differentiate can also change our
understanding of complex human biology and disease. For
these reasons, scientists have dedicated significant time
and effort to generate specific cell types from hPSCs with
therapeutic potential, including cells derived from the definitive endoderm germ layer such as liver cells (hepatocytes) and pancreatic β cells. In this review, we will focus
broadly on the most advanced differentiation strategies
currently employed to differentiate hPSCs to endodermal
lineages such as the liver, pancreas, and intestine as well as
the principles of developmental biology around which
these protocols were designed. This will be followed by a
brief discussion of the vast potential of these systems as
suitable in vitro models for human embryonic development
and disease.
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Introduction
Within the last two decades, research involving human pluripotent stem cells (hPSCs), which encompass both human
embryonic stem cells (hESCs) and induced pluripotent stem
cells (hiPSCs), has progressed at an extraordinarily rapid pace.
Since the first demonstration of culturing blastocyst-derived
hESCs in 1998 [1], the field has seen many influential milestones such as the development of protocols to differentiate
these cells towards different therapeutically relevant cell lineages [2], the ability to induce pluripotency in human somatic
cells via delivery of reprogramming transcription factors [3],
and the first clinical trials involving stem cell-based therapies.
Driving this progress is the underlying belief that the study
and use of hPSCs hold immense potential for regenerative
medicine-based therapies as well as for facile human cell
models for drug testing and discovery.
This review will discuss the recent progress of efforts to
study and generate cell types of the definitive endoderm
germ layer using hPSCs. The definitive endoderm is one
of the three primary germ layers during early embryonic
development and gives rise to the diverse lineages of the
respiratory and gastrointestinal systems including the thymus, lung, liver, pancreas, as well as the small and large
intestine. Many chronic human diseases result from the
impairment or dysfunction of definitive endoderm-derived
organs, several of which have been shown to be treatable by
organ transplantation or cell replacement. Specific examples
include cystic fibrosis, type 1 diabetes, and liver diseases,
such as chronic hepatitis and alpha1 antitrypsin deficiency
[4–7]. Transplant therapies, however, are limited due to the
lack of donor organs and tissues making the in vitro generation of these cell types and organs from hPSCs highly
desired, as they represent a possibly unlimited source of
transplantable cells. Thus, numerous approaches have been
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taken to derive these clinically relevant endodermal cell
types from hPSCs. The most successful of these methods
are inspired by decades of developmental discoveries using
model organisms such as mouse, frog, and zebrafish. These
approaches involve the "guiding" or "driving" of undifferentiated cells through appropriate developmental stages,
mimicking those observed during fetal development. The
first critical step in the generation of endoderm-derived cells
and organs from hPSCs is the efficient generation of the
definitive endoderm germ layer itself.

Generation of definitive endoderm
During gastrulation, the vertebrate embryo organizes itself
into the three primary germ layers, specifically definitive
endoderm, mesoderm, and ectoderm. During this process,
the mesoderm and endoderm germ layers are specified though
a common mesendoderm progenitor cell population [8–11].
Furthermore, studies from multiple animal models have demonstrated that Nodal signaling through the transforming
growth factor beta (TGF-β) pathway is required for mesoderm
and endoderm specification at this time [12–16]. Specifically,
high levels of Nodal specify the endoderm, whereas lower
levels promote mesoderm [17–20]. Hence, manipulation of
the TGF-β pathway has demonstrated a high rate of success in
efficiently differentiating hPSCs into definitive endoderm in
vitro [21]. It has now become a standard procedure to promote
the differentiation of hPSCs to definitive endoderm by treatment with high concentrations of Activin A, a potent ligand of
TGF-β that mimics the effects of endogenous Nodal (Fig. 1).
This treatment results in cells that express the definitive endoderm markers FOXA2, SOX17, and CXCR4, but not genes
characteristic of extraembryonic endoderm such as SOX7.
Furthermore, this in vitro treatment promotes definitive endoderm through an apparent mesendoderm precursor population
as indicated by the transient expression of genes such as
BRACHYURY (T) and MIXL1 consistent with what is
thought to occur during gastrulation in vivo [21].
A variety of other factors have been applied in conjunction
with Activin A to increase the efficiency of FOXA2, SOX17,
CXCR4 triple positive definitive endoderm formation in vitro
(Fig. 1.). Because active phosphatidylinositol 3-kinase (PI3K)
signaling is thought to antagonize hPSC endodermal differentiation, PI3K inhibitors, such as LY294002 and Wortmannin, have been added to protocols to increase efficiency of
endoderm formation [22, 23]. Modulation of the Wnt pathway is also common in many differentiation protocols accomplished by the addition of recombinant Wnt3a to cultures
or the inhibition of the kinase GSK-3-β (an antagonist of
Wnt signaling) [24–27]. Consistent with its observed role
during vertebrate gastrulation [15], activation of the Wnt
pathway is thought to amplify and further potentiate

Fig. 1 Manipulations of signaling pathways during in vitro differentiation of human pluripotent stem cells to definitive endoderm. Activin
A mimics endogenous Nodal signal to promote definitive endoderm
formation via stimulation of the TGF-β signaling pathway. Modulation
of the WNT signaling pathway through treatment with recombinant
WNT3a and the GSK3β inhibitor 1 m have also been demonstrated to
promote definitive endoderm formation and are thought to function
upstream of Nodal. BMP4 has been suggested to modulate WNT
signaling in this context. PI3K signaling inhibits definitive endoderm
formation in vitro. Thus, inhibitors of this pathway, such as Wortmanin
and LY294002, are frequently added in definitive endoderm differentiation protocols. hESC human embryonic stem cell, hiPSC human
induced pluripotent stem cell, TGF-β transforming growth factor beta,
BMP bone morphogenic protein

Nodal/TGF-β signaling during the transition of hPSCs
to definitive endoderm.
In addition to optimizing differentiation efficiency, investigators have dedicated significant efforts to enrich for or
isolate as well as expand the hPSC-derived definitive
endoderm population. The chemokine receptor CXCR4 is
commonly used to enrich for definitive endoderm using
fluorescence-activated cell sorting (FACS) [21]. Recently,
FACS using transcription factors has been reported with
high success in hESC-derived definitive endoderm using a
combination of the SOX17 and GATA4 transcription factors
along with CXCR4 [28]. Furthermore, gene expression profiling of an enriched definitive endoderm population using a
SOX17-GFP reporter hESC line identified CD49e, CD141,
and CD238 as potential surface markers for use in endodermal purification/isolation strategies [29]. The establishment
of the aforementioned protocols and technologies allowed
researchers to further develop in vitro differentiation strategies to generate endoderm-derived cell types. Three of the
more successful approaches that have been reported are for
hepatocytes, pancreatic cells, and intestinal tissue.

Derivation of hepatocyte-like cells from hPSCs
Diseases that result in liver dysfunction are emerging as a
critical issue for human health illustrated by the fact that
over 40,000 deaths in the USA annually can be attributed to
liver failure [30]. The most successful treatment option for
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end-stage liver diseases, such as hepatitis B and C, alpha1
antitrypsin deficiency, and hepatocellular carcinoma, is
orthotopic liver transplantation [31–34]. hPSCs represent a
potentially unlimited source of transplantable hepatic tissue.
Furthermore, since the liver plays a key role in xenobiotic
metabolism, hPSC-derived hepatocytes could also be used
for in vitro drug testing and toxicity screens [35].
There has been multiple reports of the efficient in vitro
derivation of cells with characteristics of hepatocytes, commonly referred to as hepatocyte-like cells, from hESC and
hiPSC-derived definitive endoderm. The majority of these
approaches involve two stages: hepatic specification followed by maturation (Fig. 2). Multiple groups have reported
protocols to accomplish in vitro hepatic specification which
includes treatment of hPSC-derived definitive endoderm
with chemicals thought to modify acetylation of histones
such as DMSO [26, 36] and the addition of signaling factors
implicated in anteroposterior patterning of the gut endoderm, including retinoic acid (RA) [37]. The most common
approach is to activate the fibroblast growth factor (FGF)
and bone morphogenic protein (BMP) signaling pathways.
This strategy is directly derived from examination of hepatic
specification in the vertebrate embryo. During in vivo embryonic development, FGF signals from cardiac mesoderm
and BMP signals from the nearby septum transversum induce the hepatic lineage from the ventral foregut endoderm
while suppressing the pancreatic lineage, partly through
induction of sonic hedgehog (SHH) [38–40]. Elegant work
utilizing mouse foregut endoderm ex vivo cultures demonstrated this process, showing that treatment of mouse foregut explants with exogenous FGF2 or FGF4 and BMP2 or
BMP4 induced expression of the liver marker albumin,
suggesting hepatic specification [41–45]. Inspired by these
experiments, treatment of hPSC-derived definitive endoderm with intermediate concentrations of FGF2 or FGF4
in combination with high concentrations of BMP2 or BMP4
induced markers characteristic of the hepatic lineage, such
as alpha-fetoprotein (AFP), alpha1 antitrypsin (A1AT), and
hepatocyte nuclear factor 4-α [41–45].
To generate mature cell types of the liver, these hPSCderived “hepatic progenitors” are subsequently subjected to
an in vitro maturation step. For this stage, cells are generally
grown in media previously optimized for the culture of
primary hepatocytes with the addition of factors thought to
promote the maturation and/or proliferation of hepatocytes
during liver development. These factors include oncostatin
M, dexamethasone, hepatocyte growth factor (HGF), FGF4,
and epidermal growth factor (EGF) [26, 36, 37, 41–45].
Oxygen tension has also been reported to promote hepatocyte maturation [44]. During this maturation step, cells
begin to acquire the polygonal morphology associated with
primary hepatocytes and express hepatic markers including
ALB, TAT, and CYP7A1. Furthermore, they gain hepatocyte-
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specific activities, such as albumin production, glycogen storage, p450 metabolic activity, and uptake and excretion of
indocyanine green [41–45]. These hepatocyte-like cells have
also been reported to populate the mouse liver while maintaining their hepatic characteristics [36, 43, 44, 46, 47].

In vitro generation of pancreatic endocrine cells
Diabetes mellitus is a metabolic disorder that affects over
150 million people worldwide and is characterized by absolute insulin deficiency due to autoimmune destruction of
pancreatic insulin-producing β cells (type 1) or relative
insulin deficiency due to defective insulin secretion or decreased insulin sensitivity (type 2). Given that type 1 diabetes results from the loss of a single cell type, the generation
of a renewable source of transplantable insulin-producing β
cells from hPSCs remains a major hope as a cure for this
disease. For this reason, there have been numerous attempts
to develop in vitro protocols to derive functional β cells
from hPSCs with varying degrees of success [23, 24, 27,
48–54]. The most significant breakthrough in the development of such a protocol came from a report by D’Amour et
al. in 2006 [24]. This distinct approach resulted in the
generation of pancreatic insulin-producing cells and was
largely influenced by principles gleaned from developmental biology. This now widely used protocol has since been
revised by the same group [27] and inspired the development of additional protocols from fellow scientists in the
field [51, 54]. Despite some differences, these approaches
all share the general strategy published by D’Amour
et al.: a stepwise in vitro differentiation protocol that
mimics the stages of in vivo pancreatic development by
introducing appropriate developmental cues at critical
stages during differentiation (Fig. 2). During this protocol, hPSCs are guided through multiple “developmental”
stages, namely definitive endoderm, primitive gut tube,
posterior foregut, pancreatic progenitor, and finally pancreatic endocrine cells.
To promote the initial stage transition from definitive endoderm to primitive gut tube, hPSC-derived definitive endoderm is often cultured with FGF7 or FGF10 resulting in cells
expressing FOXA2, HNF4A, and HNF1B. This follows developmental findings, as FGF7/10 signaling through
FGFR2IIIb has been shown to be critical for formation of
multiple endodermal lineages during vertebrate development
[55–57]. Low levels of Wnt3a have also been added to certain
protocols at this stage in order to pattern the gut tube to a more
foregut-like identity [54].
Differentiation to the next stage, primitive gut tube to
pancreatic foregut endoderm, is often accomplished by treatment with the pancreatic lineage-specifying factors RA,
Noggin (an inhibitor of BMP signaling), and Cyclopamine
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Fig. 2 Summary of approaches to derive hepatic, pancreatic, and
intestinal cells from human pluripotent stem cells (hPSCs). hPSCderived definitive endoderm can be differentiated towards the pancreatic lineage by treatment with pancreas specifying factors, such as
FGF10, retinoic acid (RA), Noggin, and cyclopamine (Cyc). When
implanted into mice, these hPSC-derived pancreatic cells can differentiate into glucose-responsive insulin-secreting cells. However, when
cultured in vitro, they differentiate into nonfunctional polyhormonal
endocrine cells. The hepatic lineage can be specified by treatment with
FGF2 or 4 and BMP2 or 4, resulting in cells with characteristics of
hepatic progenitors. Subsequent culture in the presence of a variety of
growth factors results in the generation of cells with some hepatocyte-

like characteristics. Treatment of hPSC-derived definitive endoderm
with FGF4 and WNT3a generates hindgut and subsequent commitment
to the intestinal lineage. Growth of these cells in 3D culturing conditions results in the formation of intestinal organoids. hPSC human
pluripotent stem cell, FGF fibroblast growth factor, Dorso dorsomorphin, BMP bone morphogenic protein, RA retinoic acid, Cyc cyclopamine, HGF hepatocyte growth factor, EGF epidermal growth factor,
Dex dexamethasone, OSM oncostatin M, Ex4 exendin-4, IGF insulin
growth factor, GSIX γ-secretase inhibitor, AFP alpha-fetoprotein, ALB
albumin, TAT tyrosine amino transferase, CYP7A1 cytochrome superfamily p450 member 7a1, INS insulin, GLU glucagon, SS somatostatin

(a potent inhibitor of SHH) resulting in cells expressing pancreatic genes such as PDX1, PROX1, HNF6, and SOX9.
Development of this pancreatic lineage-inducing step is derived from studies of pancreas development in multiple model
organisms. RA is added to the differentiating cultures to
promote commitment to the pancreatic lineage, following
observations that RA is required for proper pancreas specification in mice, frogs, and zebrafish [58–61]. Furthermore, it
has also been suggested that RA biases pancreatic progenitors
towards the endocrine lineage, which is the first step towards
generating the therapeutically desired β cell [62–64].
In pancreas differentiation protocols, RA treatment is
combined with the addition of Noggin and Cyclopamine
during posterior foregut patterning to suppress alternative
foregut fates, such as the hepatic lineage. As mentioned,
ventral pancreas and liver emerge from a common cell
population during embryonic development. Liver is specified by BMP and FGF signaling [40], while the pancreas
emerges from a SHH negative domain. Thus, in contrast to
hepatic specification, induction of the pancreatic lineage
requires suppression of BMP and SHH signaling by Noggin
and Cyclopamine, respectively. The importance of this hepatic
lineage suppression step for the development of protocols

aimed at generating pancreatic β cells was demonstrated by
multiple groups using different hESC lines [51, 54]. These
studies showed variant propensities of different hESC lines in
favoring hepatic over pancreatic lineage induction and that
efficient pancreatic differentiation of some hESC lines
requires the addition of Noggin or other inhibitors of BMP
signaling, such as dorsomorphin, even earlier during the transition of definitive endoderm to primitive gut tube [51, 54].
The exact mechanisms of how these two closely related lineages emerge from a common multipotent embryonic progenitor during human development remain a fascinating
biological question that is particularly relevant to the refinement of these pancreatic differentiation protocols.
Even less is known about how to efficiently induce
further development of posterior foregut endoderm towards
the pancreatic endocrine lineage. In some protocols, this
transition is carried out without adding specific signaling
factors to the differentiating cultures [27]. However, other
studies have shown that the addition of FGF10 has beneficial effects [54], mimicking in vivo development during
which mesenchymal FGF10 signaling stimulates proliferation
of pancreatic progenitors [56]. Also still unresolved is how to
efficiently instruct multipotent pancreatic progenitors in vitro
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to adopt endocrine cell characteristics while suppressing
alternative exocrine pancreatic fates. Though the signals
mediating this fate decision are still unknown, studies in
developing mouse embryos have shown that endocrine
specification requires induction of the transcription factors
Nkx6.1 and Ngn3 and concomitant repression of Ptf1a
[65, 66]. Thus, NKX6.1 and NGN3 serve as markers to
identify correctly specified endocrine precursors during in
vitro differentiation.
The final step of pancreas differentiation protocols is the
transition of pancreatic progenitors into mature pancreatic
endocrine cells, including glucose-responsive insulinsecreting β cells. This final step, however, remains to be
achieved in vitro. Current protocols have only resulted in
the generation of non-glucose-responsive cells that simultaneously express multiple hormones and lack expression of
key β cell genes, such as NKX6.1 and MAFA [24]. Given the
relevance of this step for therapeutic applications, many
attempts are underway to generate proper endocrine cells in
vitro. Inspired by studies of murine endocrine differentiation
[67], γ-secretase inhibitors (GSIX) have been added to the
cultures to promote endocrine cell formation by suppression
of Notch signaling activity [24]. Recently, beneficial effects
have been reported by adding the inhibitors of TGF-β signaling Noggin and SB431542 [54]. In addition, investigators
have tried to promote β cell formation by treatment with a
wide variety of factors thought to be involved in β cell
maturation, such as exendin-4 (Ex4), HGF, Nicotinamine,
and IGF1 [23, 24, 27, 48–54]. While these treatments may
influence the efficiency of differentiation towards immature
multihormonal cells, they do not result in the generation of
glucose-responsive β cells.
The only reported method to successfully promote proper
differentiation and maturation of in vitro-derived pancreatic
progenitors into glucose-responsive insulin-producing cells
involves in vivo engraftment of these cells into mice [27].
Several weeks posttransplantation, implanted progenitors
begin to display insulin secretory properties and glucose
responsiveness and can restore glucose homeostasis in diabetic mouse models similar to engrafted adult human islets.
In contrast to the endocrine cells generated in vitro, these
cells express the β cell markers PDX1, NKX6.1, and
MAFA. Little is known, however, about the mechanisms
that underlie proper differentiation and maturation of these
cells in vivo. Further studies are warranted to better understand how pancreatic endocrine cells differentiate and mature in vivo and how to mimic this process in vitro. This is
an important goal as the generation of glucose-responsive β
cells in vitro promises therapeutic applications beyond cell
replacement therapies. These cells would also be extremely
useful for high throughput screens to identify drugs that
stimulate insulin secretion or promote β cell expansion for
novel treatments of both type 1 and type 2 diabetes.
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Intestinal tissue from hPSCs
Human diseases associated with intestinal dysfunction or
diseases requiring surgical removal of the small bowel, such
as short bowel syndrome, are initially treated by total parenteral nutrition (TPN) therapy (intravenous feeding).
However, if these patients fail to respond to TPN, they
become candidates for intestinal transplantation [68–70].
The paucity of donor organs remains a critical issue that
could be alleviated by the in vitro generation of intestinal
tissue from hPSCs.
Recently, principles of developmental biology have been
instructive in the development of a novel protocol for the
generation of intestinal tissue from hPSCs [71] (Fig. 2). This
study applied observations in mouse and chick that FGF4
and Wnt/β-catenin signaling actively promotes hindgut patterning and subsequent formation of the intestinal lineage.
Accordingly, culture of hPSC-derived definitive endoderm
in high concentrations of FGF4 and WNT3A preferentially
induced the hindgut/intestinal marker CDX2, while at the
same time repressing the markers for the pancreatic and
hepatic lineages PDX1 and ALB, respectively. Remarkably,
these cultures began to undergo morphogenetic changes
similar to those observed during hindgut formation in mouse
embryos, resulting in the formation of CDX2-expressing
“spheroids.” These spheroids were then placed in threedimensional culture conditions permissive to intestinal development, where they formed intestinal "organoids" that
expressed the intestinal markers CDX2, SOX9, and KLF5 and
displayed columnar organization with villus-like structures
similar to embryonic intestine. After prolonged culture,
crypt-like structures arose expressing genes characteristic of
adult intestinal stem cells, such as LGR5 and ASCL2, which
subsequently generated intestinal tissue containing crypts,
villi, and all differentiated cell types of the intestinal epithelium. To date, this protocol comes closest to completely
recapitulating the development of an organ by directed differentiation of hPSCs in vitro.

Modeling human endodermal development and disease
In addition to the frequently discussed therapeutic applications for cell/organ replacement, hPSC differentiation platforms have emerged as exceptionally powerful for modeling
human embryonic development and disease in vitro. These
platforms allow for detailed investigation of human biology
previously not feasible due to the lack of appropriate cells
or tissues that could be cultured and studied in vitro.
Importantly, there exists a genetic component for multiple
diseases associated with endoderm-derived organs, such as
alpha1 antitrypsin deficiency, inflammatory bowel disease,
and aforementioned type 1 and type 2 diabetes [72–76].
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"Disease in a dish" models using patient-derived hPSCs
could provide novel insight into disease mechanisms as
well as drive the development of novel treatments.
The application of efficient endodermal lineage differentiation protocols, such as the ones described in this review,
already provides remarkable mechanistic insight into human
development. A recent study by Teo et al. [77] employed
protocols to differentiate hPSCs into definitive endoderm
and combined this approach with in vivo mouse experiments
to dissect the transcription factors that regulate endoderm
specification. It was shown that NANOG acts upstream of
EOMES, which subsequently associates with SMAD2 and 3
to initiate definitive endoderm formation. Other examples of
the use of endodermal differentiation protocols to understand
human biology include the recent report showing that HNF4A
is required for specification of the hepatic lineage in humans
[78] and the demonstration that NGN3 is necessary for enteroendocrine formation during human intestinal development
[71]. The latter finding is of particular significance because the
function of NGN3 might not be entirely conserved between
mice and humans. While Ngn3 deletion in mice causes both
pancreatic endocrine and intestinal dysfunction [65, 79],
NGN3 mutations in humans are associated with congenital
malabsorptive diarrhea, but rarely diabetes [80–82].
hPSC differentiation systems are also emerging as platforms to study the role of chromatin modifications in human
development. For example, a recent report demonstrated that
the chromatin of critical definitive endoderm gene loci is
poised for future activation by depositing both the repressive
H3K27me3 and the activating H3K4me3 modification in
undifferentiated hESCs [83]. Upon definitive endoderm formation, the repressive H3K27me3 mark is removed, resulting
in activation of endodermal genes. Future studies of this kind
will prove informative for dissecting the role of epigenetic
modifications for the formation of endodermal organs and
tissues as well as the diseases associated with these organs.
Genetic variants associated with both type 1 and type 2
diabetes identified by genomewide association studies often
occur in noncoding parts of the human genome [73–75]. Thus,
epigenetic profiling could provide insight into the functional
significance of many of these variants.
Patient-derived hiPSC technology has recently allowed
scientists to generate in vitro models for studying a “disease
in a dish.” To gain a better understanding of diseases associated with endoderm-derived tissues, a recent landmark
study isolated hiPSCs from patients diagnosed with A1AT
deficiency [84]. This study first demonstrated that these
hiPSCs were deficient in the synthesis and secretion of A1AT
when differentiated towards hepatocytes, and subsequently
employed Zinc Finger Nucleases as a genome editing technique to correct the mutation causing the disease. The corrected
cells properly synthesized A1AT when differentiated into
hepatocyte-like cells, and populated the liver in mice while

J Mol Med (2012) 90:763–771

maintaining their hepatocyte-like characteristics. This study
demonstrates how disease mechanisms can be dissected in vitro
and provides proof-of-principle that genetically corrected
patient-derived hiPSCs maintain functional properties in vivo.

Perspectives and conclusions
The approaches for differentiating hPSCs towards the hepatic, pancreatic, and intestinal lineage, as discussed in this
review, reveal both the remarkable progress that has been
made as well as the many challenges that persist. One
conclusion to be drawn from current studies is that properly
differentiated mature human cells can only be derived by
closely mimicking normal development in the culture dish.
Indeed, all methods discussed in this review involve the
addition of soluble agonists or antagonists for signaling
pathways known to control corresponding developmental
steps in vivo. A key difference in the approaches for generating hepatic and pancreatic cells compared to intestinal
cells is that hepatic and pancreatic protocols aim to differentiate a specific cell type in two-dimensional cultures,
while intestinal protocols generate an entire intestinal crypt
comprising multiple cell types by differentiating cells in 3-D
space. Because in vivo development of the pancreas, liver,
and other endodermal organs does occur within a 3-D epithelium, 3-D culture conditions could help generate functional hepatocytes and β cells in vitro. Additionally, the in
vitro culturing conditions described in this review also lack
other cell types or tissues present in developing organs in
vivo, such as mesenchymal and endothelial cells. Given
their importance during hepatic and pancreatic development
[85–88], co-culture with endothelial and mesenchymal cells
should be considered for maturing cells in vitro.
Methods for endodermal differentiation from hPCSs are
rapidly evolving with frequent publications reporting novel
methodologies. For example, although not detailed in this
review, the generation of lung and airway progenitors from
hiPSCs derived from patients with cystic fibrosis has recently
been reported [89]. The rapid progress has fueled great enthusiasm for this emerging field with the hope of utilizing in
vitro-derived human cell types for cell therapies as well as
disease modeling and drug testing. Although at present, evidence for clinical efficacy of any of the in vitro-derived cell
types is still missing, the immense therapeutic potential of this
research warrants even more intense efforts in years to come.
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