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Abstract

The loss of beta cells in Type | Diabetes ultimately leads to insulin dependence and major
complications that are difficult to manage by insulin injections. Given the complications
associated with long-term administration of insulin, cell-replacement therapy is now under
consideration as an alternative treatment that may someday provide a cure for this disease. Over
the past 10 years, islet transplantation trials have demonstrated that it is possible to replenish beta
cell function in Type | Diabetes patients and, at least temporarily, eliminate their dependency on
insulin. While not yet optimal, the success of these trials has provided proof-of-principle that cell
replacement therapy is a viable option for treating diabetes. Limited access to donor islets has
launched a search for alternative source of beta cells for cell therapy purposes and focused the
efforts of many investigators on the challenge of deriving such cells from human embryonic and
induced pluripotent stem cells. Over the past five years, significant advances have been made in
understanding the signaling pathways that control lineage development from hPSCs and as a
consequence, it is now possible to routinely generate human insulin producing cells from both
hESCs and hiPSCs. While these achievements are impressive, significant challenges do still exist,
as the majority of insulin producing cells generated under these conditions are polyhormonal and
non functional, likely reflecting the emergence of the polyhormonal population that is known to
arise in the early embryo during the phase of pancreatic development known as the “first
transition’. Functional beta cells, which arise during the second phase or transition of pancreatic
development have been generated from hPSCs, however they are detected only following
transplantation of progenitor stage cells into immunocompromised mice. With this success, our
challenge now is to define the pathways that control the development and maturation of this
second transition population from hPSCs, and establish conditions for the generation of functional
beta cells in vitro.

1. Introduction

Diabetes Mellitus represents a heterogeneous group of disorders characterized by
hyperglycemia resulting from deficiencies in insulin production and/or insulin
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responsiveness. Two major types of diabetes exist. The first, known as juvenile or Type |
diabetes is most commonly diagnosed in children or young adults and accounts for 10-20%
of reported cases of the disease. Type | diabetes results from autoimmune destruction of the
beta cells, an event that is thought to be genetically and/or environmentally triggered. Type
Il diabetes is the more prevalent form of the disease (80-90% of cases) and is typically
diagnosed in adult life. Type Il diabetes is characterized by a deficiency in insulin secretion,
followed by the lack of proper response to insulin by peripheral tissues, resulting in a
condition known as insulin resistance.

While Type Il diabetes can be managed by combinations of drugs, weight control, diet and
exercise [1], insulin administration remains the only treatment for Type | patients. Despite
dramatic improvements in insulin administration, precise regulation of blood glucose levels
is very difficult to achieve with exogenous insulin, resulting in states of hypo- or hyper-
glycemia in the patient. Dysregulation of blood glucose, in particular hyperglycemia, over
the long-term can lead to severe complications in organ function, resulting in conditions
such as retinopathy, nephropathy and neuropathy.

Transplantation of the entire pancreas or isolated islets has been shown to restore
physiologically regulated insulin secretion in patients with Type | diabetes, demonstrating
that replacement of functional beta cells may provide an effective treatment for this form of
the disease. Although pancreas transplantation requires major surgery, it is effective as
patients remain insulin-independent for more than 10 years [2]. Islet transplantation, on the
other hand, is a relatively simple procedure and involves injection of donor-derived islets
into the portal vein of patients. With the establishment of the “Edmonton protocol” in 2000,
islet transplantation has improved substantially [3]. The success of this protocol is based on
transplantation of an average of one million donor-derived islets per patient using a steroid-
free immunosuppressive regimen. However, in contrast to whole pancreas transplantation,
the function of the islet grafts appears to decline over a period of five years [4, 5]. This
decline in function could be related to a suboptimal site of transplantation, the
immunosuppressive regimen and/or the method of islet isolation.

A major obstacle in optimizing and expanding islet transplantation therapy for the treatment
of Type | diabetes is the limited availability of donor islets. Current strategies for increasing
the supply of donor material for transplantation include the use of islets from other species
including the pig (xenografts) and the generation of human beta cells in vitro.
Xenotransplantation is controversial and not allowed in many countries due to the potential
risk of transfer of disease across species. Despite this controversy, a clinical trial, endorsed
by JDRF, is ongoing in New Zealand, where patients with Type | diabetes are transplanted
with encapsulated porcine islets (DIABECELL). The trial will be completed by 2013 and its
outcome could provide new information on issues relating to islet supplies and the
requirement for immunosuppression and lead to a novel transplantation approaches to treat
Type | diabetes (ClinicalTrials.gov Identifier: NCT00940173).

While xenografting does overcome limitations of islet supply, transplantation of human-
derived cells is clearly more desirable, as it significantly reduces the risk of unknown
pathogens and eliminates any issues related to differences in beta cell function between

Semin Cell Dev Biol. Author manuscript; available in PMC 2015 April 17.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nostro and Keller

Page 3

species. Generation of beta cells in vitro could be achieved through the following
approaches: (1) differentiation of human pluripotent stem cells (hPSCs), including both
embryonic (hESCs) and induced pluripotent stem cells (hiPSCs); (2) transdifferentiation of
other types of cells, such as hepatic cells, acinar or alpha cells; (3) differentiation of
pancreatic progenitor cells and (4) expansion of existing beta cells.

Currently, the generation of beta cells from hPSCs holds the most promise, as significant
progress has been made in directing the differentiation of both hESCs and hiPSCs to a
pancreatic fate. Moreover, in addition to providing a potential unlimited supply of cells for
transplantation therapy, the ability to generate functional beta cells from hPSCs would
establish a platform for modeling disease in vitro and for screening drugs and molecules that
could impact proliferation and/or function of the insulin-producing target cell population.

In this report, we reviewed recent progress on the generation of beta cells from hPSCs and
refer the reader to other excellent reviews discussing alternative ways to derive beta cells in
vitro[6-10].

2. Directed Differentiation of hPSCs to the pancreatic lineage

Studies over the past decade have clearly demonstrated that the most efficient and
reproducible method to generate a given lineage or cell type from hPSCs is to recapitulate
embryonic development in the petri dish (Murry and Keller, 2008). To achieve this, stem
cell biologists have translated findings from studies on model organisms including xenopus,
zebrafish, chick and mouse to the hPSC model. This approach has been very successful and
revealed that many of the signaling pathways that play a role during organogenesis in lower
organisms are conserved in the human, allowing for the first time the study of human
development in vitro.

2.1 Induction and specification of endoderm in the embryo: a blueprint for hPSC
differentiation

In the mouse, the pancreas develops from definitive endoderm, which is generated during
gastrulation in response to Wnt and high concentration of Nodal signaling (reviewed in
McCracken and Wells, this issue). Once induced, the endoderm epithelium closes to form a
tube that consists of three regions: foregut, midgut and hindgut. The foregut can be divided
into anterior foregut, which gives rise to the thymus, thyroid, parathyroid and lung, and the
posterior foregut, that generates the liver, stomach and ventral pancreas. The junction
between posterior foregut and midgut is the region that gives rise to the dorsal pancreas.
Midgut and hindgut will form small intestine and large intestine, respectively [11].

The earliest indication of pancreatic development is the upregulation of expression of the
homeobox gene Pdx1 at E8.5 in the region of the gut tube fated to form the pancreas and
duodenum. Shortly following the onset of PDX1 expression, distinct buds form on the
endodermal epithelium, demarcating the site of pancreatic development [12-14].

The mature pancreas consists of exocrine and endocrine components. The exocrine pancreas
is composed of acinar and ductal cells that secrete and transport enzymes into the intestine
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(reviewed in Cleveland, Sawyer...Leach, this issue). The endocrine pancreas is made up of
islets of Langerhans that that consist of alpha (glucagon™), beta (insulin*), delta
(somatostatin®) and PP (pancreatic polypeptide™®) cells that release hormones into the
bloodstream to maintain proper glucose homeostasis. Both the exocrine and endocrine
pancreatic cells arise from a common progenitor in the pancreatic epithelium [15-18]. This
pancreatic progenitor has been characterized by the co-expression of four transcription
factors: pdx1, ptfla, sox9 and nkx6.1 [16, 17, 19-21]. Ptfla expression is subsequently
restricted to the exocrine lineage, whereas pdx1 and nkx6.1 are expressed throughout beta
cell development and maturation [12] and (reviewed in Rieck, Bankaitis and Wright, this
issue).

The first hormone-producing cells are detected by E9.5 in the mouse and are predominantly
glucagon-expressing cells. A subpopulation of these glucagon positive cells is polyhormonal
and co-express insulin [12, 24]. As glucose homeostasis is under maternal control at this
stage, the function of these embryonic hormone positive cells is unclear. Originally, it was
hypothesized that the poly-hormonal cells could represent progenitors of the adult beta cells
[24]. This interpretation was, however, refuted by lineage tracing studies that showed that
glucagon-expressing cells do not give rise to the adult functional beta cells [25, 26]. These
findings have led to the notion that there are two phases of pancreatic development, the first
transition, leading to the generation of polyhormonal cells and the second transition, giving
rise to functional endocrine cells, including beta cells (reviewed in Rieck, Bankaitis and
Wright, this issue). Support for the concept of two transitions of hormonal cells has come
from gene targeting studies that showed that nkx6.1 null mice contain the early developing
polyhormonal, but lack functional beta cells. These findings also highlighted the absolute
requirement of nkx6.1 for the generation of adult beta cells during the second transition [27].
The signaling pathways regulating the development of the first and second transitions are
currently not known

Taken together, the findings from these studies provide a multistage model of beta cell
development that involves the induction of definitive endoderm, patterning this endoderm to
a pancreatic-competent epithelium, induction of PDX-1 progenitors and generation of the
first and second transition-derived endocrine lineages (Fig. 1).

2.2 Differentiation of hPSCs: successes and challenges

Based on this developmental scheme, the initial steps of pancreatic development from
hPSCs should involve a loss of pluripotency, the formation of definitive endoderm, the
development of the equivalent of the primitive gut tube and the specification of pancreatic
endothelium. Under optimal conditions, these developmental steps should proceed at the
expense of the other germ layers (mesoderm and ectoderm), and of the other endoderm
lineages. Further differentiation along the pancreatic pathway will involve specification of
the first and second transition populations and ultimately the development and maturation of
the beta cell lineage. By manipulating appropriate signaling pathways in a step wise fashion,
D Amour and colleagues were able to recapitulate many aspects of this developmental
program in hESC differentiation cultures and in doing so generated the first pluripotent stem
cell-derived human pancreatic hormone-producing cells in vitro [28]. Analyses of the insulin
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expressing cells produced in these cultures revealed that they were polyhormonal and
nonfunctional, suggesting that the conditions had promoted the development of human cells
equivalent of the first transition population. In a subsequent study, this group went on to
demonstrate that functional beta cells could be generated in vivo in immunocompromised
mice, following the transplantation of progenitor stage cells [29]. The interpretation of these
findings is that progenitors of the second transition were also generated in the hESC
differentiation cultures, but that the culture conditions used did not support their maturation
to functional beta cells in vitro.

The protocol developed by D Amour and colleagues has been reproduced and modified by
others to more accurately reflect the regulation of pancreatic development. Using a variety
of modifications, different groups have reported on the generation of pancreatic lineage cells
from a range of different hESC and hiPSC lines [30-41]. Collectively, the findings from
these studies have provided the following insights into pancreatic development from hPSCs.
First, the majority of the insulin producing cells that develop in the differentiation cultures is
polyhormonal, regardless of the protocol or the hPSC line used. Second, functional
monohormonal beta cells do not mature in vitro under any conditions reported to date.
Third, cell lines vary in their ability to generate insulin-positive cells with a given protocol.
This variability is caused in part, by different levels of expression of endogenous factors,
such as BMP-4 that can influence the efficiency of pancreatic development. Fourth, stage
specific inhibition of pathways is as important as activation of pathways for the directed
differentiation of hPSCs to a pancreatic fate. Fifth, the pathways that regulate the
development of the second transition population, defined by the emergence of
PDX-1*NKX6.1*SOX9*PTF1a* progenitors and the development of monohormonal
insulin-positive cells are poorly understood.

Given that functional beta cells develop from PDX-1*NKX6.1*SOX9*PTF1a* progenitors,
the challenge that we now face is to define and characterize the regulatory networks that
control their development in the differentiation cultures. With this information, it will be
possible to design protocols that promote the specific and efficient differentiation of this
progenitor population from different hPSCs. Access to PDX-1*NKX6.1*SOX9*PTFl1a*
progenitors will enable detailed analyses of the pathways that promote their differentiation
to a beta cell fate. As specification of this population may occur early in development, it
may be necessary to revisit the strategies used for endoderm induction and patterning, as
well as those for pancreatic specification to establish optimal conditions.

In this review, we will summarize approaches used to date for the directed differentiation of
hPSCs to the pancreatic lineage, highlighting future directions for the generation of
functional beta cells. We will focus on the following four specific developmental stages: 1)
definitive endoderm formation, 2) endoderm patterning, 3) pancreatic epithelium
specification and finally 4) endocrine commitment.

2.2.1 Definitive Endoderm Formation—As efficient endoderm induction is essential
for optimal pancreatic development in hPSC differentiation cultures, it is important to
accurately recapitulate this aspect of embryonic development in vitro. Studies with mouse
ESCs were the first to demonstrate that the pathways that regulate primitive streak (PS)
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formation and endoderm induction in vivo, namely Wnt and Nodal, were also required for
the generation of these populations in the differentiation cultures (Gadue et al., 2006, Kubo,
2004). Using mouse reporter ESCs, it was shown that the combination of Wnt and high
concentrations of Activin A (a Nodal surrogate) were required to promote the development
of the equivalent of the anterior primitive streak (APS) population. Additional Activin A/
Nodal signaling led to the induction of definitive endoderm from the APS. The requirement
for these pathways is conserved in the human, as activation of both is required for PS and
definitive endoderm development in hPSC cultures {D’Amour, 2006 #1052}. A recent
report by Xu and colleagues suggests that additional factors may be required for optimal
endoderm induction and provided evidence that the combination of Activin A, BMP4 and
FGF2 induces endoderm more efficiently from hESCs than Activin A alone or the
combinations of Activin A/IFGF2 and Activin A/BMP4 [40]. Although Wnt was not used in
this study, it is likely that endogenous levels of WNT signaling were sufficient to promote
PS and definitive endoderm formation as shown in previous studies [42, 43]. This study also
demonstrated that the addition of insulin to the culture media favored mesodermal
development through stimulation of the PI3K pathway. This observation supports earlier
studies demonstrating that inhibition of the PI3K pathway, with either LYY294002 or
wortmannin in combination with Activin A, was more efficient at inducing endoderm
compared to Activin A alone [41, 44]. Taken together, these findings highlight the
importance of defining the signaling pathways that control the earliest stages of pancreatic
development and indicate that components such as insulin, found in most commercial
serum-free media, can dramatically influence the efficiency of differentiation.

2.2.1.1 Definitive Endoderm Markers: To ensure efficient and reproducible
differentiation, it is essential to identify markers that allow one to monitor endoderm
development. While expression of genes such as FOXA2 and SOX17 is used to demonstrate
the presence of definitive endoderm, flow cytometric analyses of surface markers allows for
rapid quantitative assessment of the efficiency and kinetics of differentiation. This approach,
however, is dependent on the availability of high quality antibodies to markers that are
preferentially found on the endoderm lineage. One such marker, the chemokine receptor
CXCR4, was identified by microarray analysis to be specifically up-regulated in mouse
definitive, but not visceral, endoderm [42, 45, 46]. A recent study, using a SOX17-GFP
reporter hESC line confirmed that CXCR4 is expressed on SOX17* definitive endoderm
[47]. Other surface markers found on endoderm include EPCAM (Sherwood et al., 2007)
and the receptor tyrosine kinase ¢c-KIT (Gouon-Evans et al., 2006). Given that none of these
markers is endoderm specific, combinations of antibodies are required to monitor the
efficiency of endoderm induction and to identify contaminating lineages within the culture.
For instance, co-staining with CXCR4 and EPCAM can be used to quantify the proportion
of endoderm (CXCR4*/EPCAM") and undifferentiated ES cells (CXCR4/EPCAM™)
whereas the combination of PDGFRa and/or KDR allows one to monitor mesoderm
contamination [38, 48-50]. While these antibody combinations are routinely used, the
identification or generation of an endoderm specific antibody would be important, as it
would provide an easy single step method for monitoring induction of this germ layer and a
method for isolating large quantities of pure endoderm through cell sorting. Purification at
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the definitive endoderm step may be important for clinical translation, as it would provide an
enriched cell product free of contaminating PSCs, mesoderm and ectoderm.

2.2.1.2 Definitive Endoderm Yield: Most studies using hPSC lines report that between
52% and 95% CXCR4™ cells can be generated in vitro following 3 days to 5 days of
differentiation either in a monolayer or embryoid body (EB) format [28, 31, 38, 41].
Although efficiency of differentiation can be very high, the total cell yield is often very
poor. In some cases a four-fold increase from undifferentiated hPSC to d5-endoderm has
been reported [44], but in the majority of cases we are faced with a loss of cells during the
differentiation of pluripotent cells to definitive endoderm [51]. Several efforts are underway
to generate bioreactor platforms that would allow expansion of the endoderm population, so
that we will be able to scale-up this process for the future use of endoderm-derived cells in
clinical studies and/or for drug testing. In a recent study, Ungrin and colleagues identified a
novel approach to generate higher yield of definitive endoderm from hPSCs by optimizing
the formation of size-specific aggregates at the start of the differentiation. The aggregates
are generated in the presence of ROCK inhibitor, maintained in individual wells and allowed
to differentiate under serum-free conditions in the presence of Activin A, bFGF, VEGF and
low levels of BMP. By using this approach, the authors were able to achieve a 23-fold
expansion over five days of differentiation using the HES2 cell line and an average of 5-fold
expansion using H9, H1 and 38-2 IPS lines. This approach is scalable and should allow the
generation of cells in therapeutically useful quantities [51].

2.2.2 Patterning definitive endoderm in hPSC cultures

2.2.2.1 Manipulating Nodal signaling: In addition to its pivotal role in primitive streak
formation and endoderm induction, Nodal signaling is also involved in antero-posterior
patterning of the gut tube. Findings from studies on mice carrying a Nodal hypomorphic
allele suggest that high levels of signaling are required for the formation of the foregut
endoderm, whereas lower levels promote the development of hindgut endoderm and
mesoderm [52]. Similarly, using mouse and human PSCs, it has been shown that low levels
of Activin A will induce mesodermal cells, while higher concentrations generate anterior
primitive streak-derivatives. Whether or not low levels of Activin A are also adequate to
induce intestinal derivatives has not been established in vitro using the hPSC model.

Together with levels of signaling, the timing of TGF-f signaling also appears to play a role
in patterning definitive endoderm [53]. Evidence in support of this is the observation that the
precursors of Anterior Definitive Endoderm (ADE) upregulate expression of the TGF-p3
inhibitors Leftyl and Cerberus-like immediately after their induction, suggesting that Nodal
signaling is only required for a narrow period of time to induce anterior foregut endoderm
[54]. By translating this information to hESC differentiation cultures, Green et al.
demonstrated that it is possible to induce an anterior foregut fate by inhibiting TGF-
signaling immediately following endoderm induction [48]. On the other hand, sustained
TGF- signaling, following definitive endoderm induction, promotes posterior foregut and
hepatic development (Ogawa manuscript in preparation, [55]). A restricted period of Activin
A signaling followed by activation of the WNT and FGF (FGF4) signaling pathways
induces a posterior phenotype allowing intestinal differentiation [55] (Fig. 2).
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Studies on pancreatic development have shown that the duration of Nodal (Activin A)
signaling dramatically impacts the level of endocrine cell development and that this effect is
influenced by the culture format used for differentiation [38]. CXCR4*¢c-KIT* endoderm
generated through five days of EB differentiation requires additional Activin A/Nodal
signaling for optimal pancreatic development, as measured by the production of insulin-
producing cells. The duration of signaling is, however, critical as endoderm treated for 72
hours gave rise to significantly fewer insulin-producing cells than that treated for 48 hours.
If, on the other hand, the endoderm is induced in a monolayer format (3 days of
differentiation), additional Activin A signaling is not required for pancreatic commitment.
Indeed, prolonged signaling under these conditions significantly decreases pancreatic
development. These observations clearly indicate that optimal levels of Activin A/Nodal
signaling are required for patterning the hESC-derived definitive endoderm to a “pancreatic-
competent” fate. This timing is, however, influenced by the method used for induction of the
definitive endoderm and possibly by the hESC line used. Given this variability, the
identification of cell surface and/or molecular markers to further define this “pancreatic-
competent” stage would represent an important step forward, as it would allow for rapid
optimization of pancreatic development from different hPSC lines.

These findings reinforce the concept that endoderm induced at different times will display
different potential, similar to temporal differences associated with mesoderm induction [56,
57]. By monitoring the kinetics of endoderm induction in detail, it should be possible to
identify subpopulations that display enhanced pancreatic potential and reduced potential to
generate other derivatives. Future experiments will be required to better define how
temporal aspects of endoderm development impact derivation of endodermal lineages from
hPSC cultures.

2.2.2.2 FGF and WNT signaling: Both FGF and WNT have been shown to play a role in
patterning the gut tube in vivo (reviewed in McCracken and Wells, this issue), as well as in
hPSC differentiation cultures [30, 38, 55, 58, 59]. FGF7 and FGF10 are expressed in human
embryonic pancreatic mesenchyme and can induce proliferation of human pancreatic
explants [60]. In the mouse embryo, fgf10 has been shown to play a role in promoting the
proliferation of pancreatic progenitors most likely through notch activation [61-65]. In
hPSC differentiation cultures, members of the FGF family, in particular FGF7/KGF and
FGF10 are routinely added to the cultures prior to PDX1 induction to pattern the definitive
endoderm to the equivalent region of the primitive gut tube that is competent to form the
pancreatic epithelium [28, 29, 38, 39]. The importance of this patterning step has been
recently reinforced by the studies of Kelly and colleagues [66] that showed that PDX1*/
NKX6.1* second transition progenitors do not develop if FGF7 is omitted from the culture.
A requirement for FGF signaling during endoderm patterning, has also been demonstrated
by studies showing that the addition of inhibitors of this pathway, including SU5402,
LY294002 and U1026, will block the formation of PDX1 progenitors [30, 36]. The role for
FGF signaling in pancreatic development extends beyond the patterning step, as the addition
of FGF4 to hPSC differentiation cultures during the retinoic acid (RA) mediated PDX1
induction step increases PDX1 expression, likely through enhancement of progenitor cell
survival [34]. These observations suggest that FGF10 and/or FGF7 act at two different
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stages: prior to PDX1 induction to pattern the primitive gut and following PDX1 induction
to stimulate proliferation of the pancreatic progenitors.

While the requirement for FGF7 or FGF10 for patterning hPSC-derived endoderm is well
established, the underlying molecular mechanisms involved in the generation of pancreatic
competent endoderm are not well understood. One change that is associated with this
transition is a reduction in the levels of the transcription factor SOX17. Although sox17 is
broadly expressed in the primitive gut tube in the mouse embryo, as patterning proceeds it is
not expressed in the dorsal pancreatic bud and its expression is downregulated immediately
after the onset of pdx1 expression in the ventral pancreatic bud [67]. These findings suggest
that sox17 expression must be downregulated to allow pancreatic development to take place.
This interpretation is supported by gain-of-function studies showing that enforced
expression of sox17 from the pdx1 promoter impairs pancreatic development [67]. In hPSC
cultures, a decrease in SOX17 expression is observed following the addition of FGF10 to the
endoderm population, suggesting that this signaling pathway may play a role in the
regulation of expression of this transcription factor [28, 38]. Future gain- and loss-of-
function experiments will be required to formally document this regulatory pathway.

Canonical Wnt signaling has been shown to play a role during endoderm patterning in
xenopus embryo, where it functions to establish a posterior phenotype [59] (reviewed in
McCracken and Wells, this issue). A similar posteriorizing role for this pathway has been
shown in hPSC cultures. Activation of the pathway in hESC-derived endoderm promotes a
posterior fate as demonstrated by the upregulation of expression of the posterior marker
CDX2 and the subsequent generation of intestinal lineage cells [38, 55]. Inhibition of WNT
signaling, on the other hand, significantly reduced CDX2 expression. In addition to its role
in establishing an anterior-posterior gut tube axis, low levels of Wnt signaling also appear to
be required for the generation of insulin-expressing cells, indicating that this pathway, like
many others, plays a role at multiple stages of development [38] (reviewed in Serup, this
issue).

2.2.2.3 BMP signaling: Recent studies indicate that Bmp signaling is not active in the
dorsal pancreatic bud, prior to or after pdx1 induction, suggesting that it is not required for
establishment of this lineage [68]. Findings from hPSC differentiation studies are consistent
with these observations as BMP is not included in many of the induction protocols. In fact,
most observations indicate that BMP is inhibitory to pancreatic development, as the pathway
needs to be blocked at multiple stages to promote PDX1 induction and endocrine
development [31, 32, 36, 38]. We recently demonstrated that inhibition of the pathway
during the patterning step was required for some, but not all of the hPSC lines tested (Table
1). Without addition of BMP inhibitors at this step, differentiation proceeded along a hepatic
rather than a pancreatic fate. Inhibition at later stages, during the PDX1 induction and
endocrine specification steps was required for all cell lines tested. These observations
indicate that hPSC-derived endoderm produces BMPs and that the levels of endogenous
factor vary between cell lines. High levels of endogenous BMP at the patterning step
promote hepatic rather than pancreatic development, consistent with the well described role
of this pathway in hepatic development [69]. Different levels of endogenous BMP signaling
may be one factor that contributes to the well-established heterogeneity in differentiation
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potential of different hPSCs [70-73] and a likely explanation for the difficulty in achieving
efficient differentiation with different cell lines with a single protocol.

2.2.3 Specification of the pancreatic epithelium—The earliest stage of pancreatic
development is marked by the emergence of distinct buds comprised of PDX1 positive
progenitors at two independent regions of the gut tube; the ventral foregut and the foregut to
midgut junction [11]. While progeny from both regions contribute to pancreatic
development, they are patterned through different regulatory pathways. The generation of
pdx1 expressing cells in the murine dorsal pancreas requires the presence of RA and the
inhibition of bmp and shh signaling [68, 74-78]. Low BMP signaling originating from the
septum transversum is, however, likely to play a role during PDX1 induction in the ventral
foregut [68]. These differences could be one explanation as to why different groups have
been able to generate hPSC-derived PDX1-expressing cells using combinations of a variety
of cytokines and small molecules, including FGF2, FGF7, FGF10, FGF4, EGF, NOGGIN or
Dorsomorphin, RA, Cyclopamine and SB431541 (Table 2). As there are few markers that
distinguish dorsal and ventral pancreas, it is difficult to determine which is induced under a
given set of conditions in the hPSC cultures. Most protocols likely promote the development
of the dorsal population as RA is used to induce PDX1 in the hPSC-derived endoderm [31,
34], while BMP inhibitors are added to block hepatic development [31, 36, 38]. Depending
on the protocol, RA is added either following [28, 29, 37-39] or during a patterning step
[31, 34-36, 41] and is maintained in the cultures for anywhere between 2 and 8 days (Table
2). While all permutations result in the generation of PDX1* progenitors, it is not known if
these progenitors display similar capacity to differentiate to endocrine lineage cells. In some
studies induction of PDX1 has been reported in absence of the addition of RA and BMP
inhibitors [30, 40]. Under these conditions, a source of RA (retinol) may be provided as a
component of the media and the cells may express very low levels of endogenous BMP or
the equivalent of a ventral pancreas is generated.

In addition to activation of the RA pathway, inhibition of Shh in the region of the primitive
gut tube that gives rise to the pancreas is essential for pancreatic specification during mouse
development. This has been best demonstrated by studies showing that enforced expression
of Shh from the pdx1 promoter inhibits the development of the pancreas [78, 79]. Based on
these studies, the SHH inhibitor cyclopamine is routinely added to the differentiation
cultures during the RA induction step. Although most protocols do include a SHH inhibitor,
the levels of endogenous SHH signaling and the requirement for inhibition of this pathway
has not been formally tested in the hPSC differentiation cultures. Other regulatory pathways
may also play a role at this step as the addition of Indolactam V, a potent activator of protein
kinase C (PKC), has also been used to improve PDX1, NGN3, NKX2.2 and NKX6.1
expression following RA treatment [80-82]. Given the importance of endothelial and
mesenchymal cells during PDX1 progenitors formation and expansion [83], future
experiments should investigate the effect of co-culturing hPSC-derived primitive gut tube
with endothelial and mesenchymal cells, in order to clarify whether cellular interactions
could impact the generation and proliferation of the pancreatic epithelium in vitro.
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2.4 Endocrine Lineage commitment

The pathways regulating the commitment and maturation of the endocrine lineages from the
PDX1 progenitors are not completely understood, and as a consequence the efficiency of
generating insulin-producing cells varies widely between labs. Studies on the early mouse
embryo have shown that Notch signaling does play an important role at this stage, as
activation of the pathway blocks transcriptional activity of the ngn3 promoter, and as a
consequence, inhibits differentiation towards the endocrine lineage [84] (reviewed in Serup,
this issue). Targeting of different components of the Notch pathway including hes1, delta
like ligand 1 (dll1) and rbp-ji in knock-out mice results in the up-regulation of ngn3 and
endocrine differentiation, supporting the interpretation that activation of the pathway arrests
differentiation at the progenitor stage [61, 64, 85]. Given these observations, Notch
inhibitors (DAPT, Compound E or L-685,458) are often included in the hPSC differentiation
cultures following the induction of the PDX1 progenitor population. However, even under
these conditions, differentiation to insulin expressing cells is inefficient and variable
between different hPSC lines.

Based on the observations in the mouse embryo that pancreatic development proceeds
normally in the absence of smad4 (BMP and TGF-B) signaling following PDX1 induction
[86], we examined the effect of inhibiting BMP and TGF-p/Activin A/Nodal at this stage in
the differentiation cultures. Inhibition of both pathways led to a 60-fold increase in the levels
of insulin expression and 3.5 fold increase in the total number of cells [38]. Analyses of each
pathway independently revealed that inhibition of BMP signaling was primarily responsible
for the increase in insulin expression, whereas inhibition of TGF-p/Activin A/Nodal led to
an increase in cell numbers, likely promoting the survival and expansion of the newly
formed endocrine cells. Inhibition of these pathways was required for efficient endocrine
development from all cell lines tested. Using a screening approach, Rezania and colleagues
also found that inhibition of TGF-B was important at this stage and identified the inhibitor
ALKS kinase inhibitor 11 as a factor that improves the efficiency of endocrine cell
development from PDX1* progenitors [39]. However, given that all of their studies were
carried out in the presence of the BMP inhibitor Noggin, they were unable to segregate the
effect of inhibiting BMP from that of inhibiting TGF-B/Activin A/Nodal. Kunisada and
colleagues also used a screening approach to identify molecules that could enhance the
generation of insulin expressing cells from PDX1 progenitors [35]. From this screen, they
identified forskolin (an adenylate cyclase activator), dexamethasone and the ALKS5 inhibitor
I as compounds that could increase the levels of insulin expression. The fact that
differentiation in their hands progressed to the stage of insulin expression in the absence of
BMP inhibition suggest that the iPSC lines they used do not produce high levels of
endogenous BMP and/or that the conditions (media) used do not induce endogenous
expression. Similarly, it is possible that the Cythera lines, particularly Cyt203, used for the
pancreatic differentiation studies reported by D Amour and colleagues [28] have very low
levels of endogenous BMP and Activin A/Nodal/TGF-B activity and, as a consequence,
generate insulin positive cells without the requirement for inhibitors of these pathways.

Taken together, the findings from these studies have moved us one step closer to elucidating
the regulatory pathways that regulate the specification and maturation of the endocrine cells
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from the PDX1 progenitor population (Fig. 3). It is worth emphasizing that different
strategies uncovered the same pathway inhibitors as molecules that promoted the generation
of insulin positive cells. These observations highlight the importance of stage specific
inhibition of pathways for the directed differentiation of hPSCs to a particular lineage.

3. Characterization of the insulin-producing cells generated in vitro

The majority of insulin positive cells generated by most protocols are polyhormonal, often
co-expressing glucagon and insulin or glucagon, insulin and somatostatin. Very few ghrelin
and pancreatic polypeptide-expressing cells are detected in the differentiation cultures.
Analyses of these cells in many different labs have failed to demonstrate insulin secretion in
response to high glucose stimulation, indicating that they are unable to function as a mature
beta cell. The development of a reporter hESC line in which the green fluorescent protein
(GFP) cDNA is targeted to the INSlocus has enabled the isolation and detailed
characterization of these cells [37, 38, 87]. Molecular profiling of these isolated cells
confirmed their poly-hormonal nature and revealed that they express high levels of ARX an
alpha cell specific transcription factor and lack expression of the beta cell transcription
factor NKX6.1.

While polyhormonal cells represent the predominant cell type in the differentiation cultures,
some monohormal cells are generated. Electrophysiological analysis of the INS:GFP* cell
populations induced with our protocol revealed that 40-50% of the cells display beta cell
characteristics including Katp activity, glucose-mediated CaZ* uptake and nifedipine-
resistant Cay currents. However, despite these properties, glucose responsive insulin
secretion was not detected, suggesting a deficiency in glucose sensing, metabolism, insulin
processing and/or exocytosis [38, 87]. Kunisada and colleagues demonstrated that the
combination of the ALKS inhibitor I1, forskolin, dexamethasone and nicotinamide gave rise
to a higher percentage of mono-hormonal c-peptide*/glucagon- cells, compared to treatment
with ALKS inhibitor Il alone. However, although the cells are monohormonal, they lack
glucose responsiveness, indicating that the combination of forskolin, dexamethasone,
nicotinamide and ALKS inhibitor Il is not sufficient to induce beta cell maturation [35].

Although the early developing population does express insulin, three different transplant
studies suggest that they may in fact, represent alpha cell progenitors. When transplanted
into the mammary fat pad of immunocompromised mice, we showed that the purified INS-
GFP* cells generated islet-like grafts that consist of glucagon positive cells that no longer
expressed insulin [87]. Rezania and colleagues transplanted unfractionated differentiated
populations and similarly showed the development of large grafts of alpha-like cells that
were able to secrete glucagon in vivo [39]. In the third and most recent study, Kelly and
colleagues demonstrated that the poly-hormonal cells expressed CD318 and that populations
enriched for this marker give rise to alpha-like cells in vivo [66].

The observation that the hPSC-derived polyhormonal cells give rise to alpha cells in vivo is
consistent with studies in the mouse embryo which suggest that the insulin-expressing cell
population generated during the first transition might generate a small percentage of adult
alpha cells [26]. Recent studies have identified a similar polyhormonal population in human
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fetal tissues [88, 89] further supporting the interpretation that these cells represent a normal
stage of pancreatic development, possibly the first alpha cells progenitors [89].

As lineage tracing studies indicate that glucagon-expressing cells do not give rise to the
mature beta cells [26], it is likely that this early developing population is unable to generate
functional beta cells. However, given the observation that over-expression of the beta cell
transcription factor PAX4 within the alpha cell lineage is sufficient to induce an alpha-to
beta conversion [90], it may be possible to direct the differentiation of the polyhormonal
cells to a beta cell fate. Support for this interpretation comes from studies showing that in
conditions of complete beta cell ablation, alpha cells retain some level of plasticity and are
able to transdifferentiate to beta cells through activation of a beta cell program [91, 92].
Identifying the signaling pathway that are able to instruct an alpha cell to transdifferentiate
to a beta cells represents an exciting possibility for generating new beta cells in vitro and
ultimately in vivo.

4. First and second transition: implications for hPSC directed

differentiation

The consensus from most studies is that the endocrine cells generated in vitro from hPSCs
likely represent the “first transition” of pancreatic development, a stage during which
hormone-producing cells are generated. These early developing insulin positive cells do not
contribute to the adult islets of Langherans and most likely give rise to a small percentage of
adult alpha cells [26]. If human pancreatic development is similar to that of the mouse,
functional beta cells will be generated during a second transition that will be defined early
by the expression of the transcription factor NKX6.1. A recent study by Kelly et al. [66] has
identified a putative hESC-derived second transition NKX6.1* progenitor population, based
on expression of the surface marker CD142. Isolated CD142* cells were found to co-express
NKX6.1 and PDX-1 and to give rise to functional beta cells five months following
transplantation into Scid-beige mice. In addition to beta cells, the CD142* population gave
rise to other hormone-producing cells, exocrine and ductal cells, suggesting that it may
contain multipotential pancreatic progenitors. CD142 is not, however, specific for the
second transition progenitor population, as it is expressed on other populations that develop
in cultures generated in suboptimal conditions [66]. Nevertheless, these findings represent
an important step forward, as the identification of surface markers such as CD142 will
ultimately enable us to easily monitor the emergence of the second transition population in
PSC differentiation cultures and in doing so, define the signaling pathways that regulate the
generation of these progenitors. It is worth emphasizing that the signaling pathways driving
the generation of the progenitor of the second transition still eludes us. The Cythera hESC
lines, CytT49 and CyT203, used by Kelly and colleagues generate 45.7% and 25.7%
CD142*PDX1*NKX6-1* cells, respectively. However, using the same differentiation
strategy, the hESC line MEL1 only gives rise to 6.25% CD142*PDX1*NKX6-1" cells.
These findings highlight important and interesting differences in the propensity of hPSCs to
generate second transition cells and the requirement for a reliable approach that could be
broadly used to differentiate any hPSC line to pancreatic endocrine cells. To this end, the
identification of additional markers that distinguish first and second transition populations is
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an important goal to enable the widespread use of flow cytometric approaches to monitor
beta cell differentiation and for the isolation of defined populations for teratoma-free
transplantation.

5. Conclusions and future directions

In the recent years our knowledge and understanding of hPSC-differentiation and lineage
commitment have grown exponentially and, as a consequence, we are now able to efficiently
and reproducibly generate pancreatic cell populations from different hESC and hiPSC lines.
These advances are truly remarkable and have brought us an important step closer to
developing novels sources of human beta cells for transplantation therapy and drug
discovery. However, important challenges remain, as the pathways regulating the
development of the progenitors of the second transition beta cell and their maturation to
functional cells in vitro are not well understood. As with the early stages of differentiation,
developmental biology will continue to inform the stem cell biologists and as a
consequence, it will be important to continue to translate findings from the embryo to the
hPSC cultures. Insights may also come from comparisons of cell lines, such as CyT49 and
CyT203 that do generate the second transition population with current protocols to cells
lines that do not. In particular, epigenetic and expression profiling of the different PSCs
could provide novel information on their “pancreatic propensity” and on signaling pathways
that regulate the generation and maturation of beta cell-progenitors in vitro. Once we
achieve these goals, our efforts can shift to the expansion, survival and immune protection
of the cells generated in vitro in order to fully realize the goal of hPSC-driven regenerative
medicine.
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Figure 1. Schematic representation of the developmental steps leading to beta cells development
Insulin-producing cells are generated in two distinct phases during embryonic development,

known as the first and second transition. The cells produced during the first transition, are
predominantly poly-hormonal and do not contribute to the adult islets of Langherans. During
the second transition, adult beta cells arise from a multipotent progenitor that expresses
pdx1, nkx6-1, sox9 and ptfla. In the absence of nkx6.1 adult beta cells are not generated.
Using hPSCs to model pancreatic development, we have recapitulated the steps leading to
the formation of 15t transition pancreatic progenitors (highlighted in red). Signaling
pathways leading to the generation of the progenitors of the second transition and beta cells
in vitro still remain to be elucidated (highlighted in orange).
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A. Foregut P. Foregut
Midgut

Figure 2. Three-dimensional representation of the signaling requirements for germ layer
induction from hPSCs

Endoderm (red blocks) arises in the presence of high concentration of Activin A and low
levels of canonical WNT signaling [42, 43]. Short exposure to Activin A and WNT (in the
absence of BMP, not in the figure) will lead to the formation of the anterior foregut
endoderm (A. Foregut) [48]. A longer period of Activin A signaling will induce posterior
foregut endoderm (P. Foregut), whereas intermediate exposure together with increasing
canonical WNT signaling will give rise to midgut and hindgut endoderm (Ogawa in
preparation)[38, 55]. Lower levels of Activin A signaling will induce anterior (A.
Mesoderm) and posterior mesoderm (P. Mesoderm) (orange and yellow blocks) [43].
Ectoderm is induced in the absence of Activin A, WNT (and BMP, not in the figure) (green
block) [93].
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Figure 3. Schematic representation of the signaling pathways that regulate the development of
first transition endocrine cells from hPSCs

Pancreatic lineage specification from hPSC-derived definitive endoderm requires stage
specific inhibition of the BMP, SHH, TGF-$ and NOTCH pathways. BMP inhibition is
required throughout the differentiation while FGF signaling and SHH inhibition are required
during endoderm patterning (Definitive Endoderm, DE to Primitive Gut, PG) and pancreatic
specification (PG to the Pancreatic Progenitor of the first transition 15t PP). Canonical WNT
is required to pattern definitive endoderm to a pancreatic-competent epithelium (DE to PG)
and RA is important for pancreatic specification (PG to 15t PP). Endocrine lineage
commitment is achieved in the presence of BMP/TGF-B/NOTCH inhibition and forskolin
treatment (15! PP to Pancreatic Endocrine, PE).
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Table 1

Requirement for BMP inhibition prior to PDX1 induction is cell line-dependent

Cell Line BMP Inhibition at stage 2

H1 [31, 32, 38, 41] R
N*[39]

H9 [31, 32, 38, 41] Y
H7 [32] %
HES2 [38] N
HES3 [38] %
38-2 IPS [38] N
VUBO01, 02, 07, 14, 17 [36] Y
HSF6 [36] Y
Cyt25, 49 203 [28] N
BG02, BGO1 [28] ?

BMP inhibition is not required prior to PDX1 induction in this protocol
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Table 2
Specification of the pancreatic epithelium
F— Stage 2 Stage 3
Contribution Endoderm Patterning PDX1 Induction
RA @ stage 3

D’Amour 2006

FGF10+Cyclo 2-4days

RA+Cyclo+FGF10 2-4days

Kroon 2008

FGF7+ 2%FBS 4days

RA+NOG+Cyclo 3days

Rezania 2011

FGF7+Cyclo 2days

RA+NOG+Cyclo+FGF7 4days

Nostro 2011 FGF10+Wnt +/- Dorsomorphin 3days RA+NOG+Cyclo+FGF10 3days
Micallef 2011 NOG 3 days RA 3 days RA+GLP1+Nicotinamide 7 days
RA @ stage 2+3
Cai 2007 FGF7+RA 6days
Johannenson 2009 FGF4+RA 7days

Zhang 2009

FGF7+RA+NOG 4days

EGF 5days

Mfopou 2010

RA*+NOG+CycI0 +FBS™* 8days Endogenous FGF signaling

FGF10+EX4+ Compound E 4days

Kunisada 2011

RA+Dorsomorphin+SB 7days

No RA
Jiang 2007 FGF2, EGF, NOG 14 days EGF NOG 7days
Ameri 2009 FGF2 6-8 days
Xu 2011 MEF CM+FGF2 14 days

*
In some instances RA treatment was postponed by two days.

*

*
FBS was used for the first four days only.

Semin Cell Dev Biol. Author manuscript; available in PMC 2015 April 17.

Page 25



