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■ Abstract

gence of functional beta-cells. In doing so, we identify key
factors common to many such protocols and discuss the
proposed action of these factors in the context of cellular
differentiation and ongoing development. We also compare
strategies that entail transplantation of progenitor populations with those that seek to develop fully functional hormone expressing cells in vitro. Overall, our survey of the
literature highlights the significant progress already made in
the field and identifies remaining deficiencies in developing
a pluripotent stem cell based treatment for type 1 diabetes.

Human embryonic stem cells have been advanced as a
source of insulin-producing cells that could potentially replace cadaveric-derived islets in the treatment of type 1 diabetes. To this end, protocols have been developed that promote the formation of pancreatic progenitors and endocrine
cells from human pluripotent stem cells, encompassing both
embryonic stem cells and induced pluripotent stem cells. In
this review, we examine these methods and place them in
the context of the developmental and embryological studies
upon which they are based. In particular, we outline the
stepwise differentiation of cells towards definitive endoderm,
pancreatic endoderm, endocrine lineages and the emer-
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hESC differentiation in vitro to therapeutically
relevant cell types, such as insulin-producing pancreatic beta-cells that could potentially replace cadaveric derived islets for the treatment of type 1
diabetes. This review examines protocols designed
to differentiate pluripotent stem cells (PSCs) towards pancreatic endocrine cells and discusses
how these methodologies relate to the developmental principles upon which they are based.

Reprint from

1. Introduction
mbryonic stem cells (ESCs) are immortal,
pluripotent cells derived from the inner cell
mass of the pre-implantation embryo that retain the capacity to differentiate into extraembryonic and embryonic derivatives of all three
germ layers [1, 2]. The isolation of human ESCs in
1998 [3] and their subsequently demonstrated
broad differentiation capacity [4] provided an opportunity to develop in vitro models of postimplantation stages of early human development.
Furthermore, the ability of hESCs to be differentiated towards specific cell types raised the possibility that hESC-derived cell types could form a platform for cell-based therapies in the future. This
possibility has heightened interest in directing
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2. Embryonic stem cell differentiation
to beta-cells
A number of studies have reported protocols for
the derivation of pancreatic endoderm from differentiating human PSCs (hPSCs). One such protocol,
published by D’Amour et al., incorporated combi-
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nations of growth factors that had been implicated
in normal pancreatic development [5]. In this
method, hESCs were guided from their undifferentiated state to insulin-expressing cells via a series
of obligate intermediate cell types identified
through developmental studies. Following this,
many other groups have published methods for the
generation of pancreatic cells from hPSCs. In general, these protocols follow the same ontogenybased approach articulated by D’Amour and colleagues. Figure 1 summarizes features common to
many of these protocols and provides an overview
of the important developmental milestones as cells
exit pluripotency and differentiate towards pancreatic endoderm.

3. Step 1: formation of definitive endoderm from pluripotent stem cells
The first steps in the process of making pancreatic cells from hPSCs involve the generation of
mesendoderm and its subsequent differentiation
towards definitive endoderm. Both in vitro and in
vivo, mouse mesendoderm cells are marked by the
expression of the transcription factors Mixl1 and
Brachyury [6-8]. The commitment of this population into definitive endoderm is accompanied by
the upregulation of three other transcription factors, Gsc, Sox17, and FoxA2 [9-12]. Mouse ESC differentiation experiments indicated that definitive
endoderm can also be identified by the coexpression of two cell surface receptors: E-cadherin
(Cdh1) and CXCR4 [13]. However, an important
caveat with endoderm-associated markers is that
their ability to identify definitive, as opposed to
primitive endoderm is predicated on the earlier
transit of cells through a stage where they express
primitive streak (mesendoderm) genes, such as
Mixl1 and Brachyury. This same progression is
thought to occur in both human development and
during human PSC differentiation.
In the majority of differentiation protocols, induction of definitive endoderm involves treating
cells with high concentrations of activin A, a transforming growth factor beta (TGFβ) family member
used in place of nodal, the endogenous driver of
anterior mesendoderm formation within the developing embryo [14]. The use of activin A to mimic
nodal signaling during hPSC differentiation is
based upon a number of observations from in vivo
and in vitro studies. Gene targeting experiments
in mice demonstrated that nodal-null embryos
failed to form a primitive streak, the morphological
structure transiently present during gastrulation
from which definitive endoderm and mesoderm are
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Abbreviations:
BMP4 - bone morphogenetic protein 4
Cdh1 - E-cadherin
CXCR4 - chemokine (C-X-C motif) receptor 4
EMT - epithelial-mesenchymal transition
EphB3 - ephrin receptor B3
ESC - embryonic stem cell
FGF10 - fibroblast growth factor 10
FoxA2 - forkhead-box protein A2
GCG - glucagon
GFP - green fluorescence protein
GHRL - ghrelin
Gsc - goosecoid
GSIS - glucose stimulated insulin secretion
Hes1 - hairy and enhancer of split 1
hESC - human embryonic stem cell
HGF - hepatocyte growth factor
Hnf6 - hepatocyte nuclear factor 6
hPSC - human pluripotent stem cell
IDE1/2 - inducer of definite endoderm 1/2
IGF - insulin-like growth factor
INS - insulin
MafA - v-maf musculoaponeurotic fibrosarcoma oncogene
homolog A
MEF - mouse embryonic fibroblast
Mixl1 - Mix-like 1 homeodomain protein
Ngn3 - neurogenin 3
Nkx6.1 - Nk6 homeobox protein 1
Oct4 - octamer binding transcription factor 4
PDX1 - pancreatic and duodenal homeobox 1
PI3K - phosphatidylinositide 3 kinase
PP - pancreatic polypeptide
PSC - pluripotent stem cell
RA - retinoic acid
RALDH - retinaldehyde dehydrogenase
SHH - sonic hedgehog
SOM - somatostatin
Sox17 - sex-determining region Y box 17
SST - somatostatin
TGFβ - transforming growth factor beta
Wnt3a - wingless-type MMTV integration site family member 3a

generated (reviewed in reference [15]). A series of
experiments performed by Lu and Robertson
showed that nodal played a crucial role in the establishment of the global antero-posterior axis,
and that the level of nodal expression correlated
with anteriorization of the mesendoderm [16].
Early work with mouse ESCs examined the induction of mesoderm and definitive endoderm by
TGFβ family members. Kubo et al. evaluated the
ability of activin A to induce mesoderm and endoderm in embryoid bodies using a serum-free differentiation system. They concluded that different
concentrations of activin A induced different developmental outcomes: low concentrations of activin A favored ventral mesodermal fates, whereas
high concentrations favored more dorsal mesoderm
and endodermal lineages [17].
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Figure 1. Generation of pancreatic cells in vivo and in vitro. Upper lines show the comparative time frames of mouse and
human pancreatic development in vivo, and the approximate time line of human pluripotent stem cell differentiation towards
pancreatic lineages in vitro. Key morphogenetic events and developmental milestones corresponding to each time point are
shown. Specific genes marking the above developmental milestones are boxed in blue. Green boxes indicate factors commonly used to promote differentiation of cells for each of the indicated steps. Note the juxtaposition of mesoderm and endoderm throughout several key stages of pancreatic development. Red bars indicate instances where signaling pathways need to
be blocked to permit pancreatic development. Abbreviations: BMP4 - bone morphogenetic protein 4, CXCR4 - chemokine (CX-C motif) receptor 4, DAPT - N-(N-(3,5-difluorophenacetyl)-L-alanyl)-S-phenylglycine t-butyl ester, EGF - epidermal growth
factor, FGF10 - fibroblast growth factor 10, FoxA2 - forkhead-box protein A2, GLP1 - glucagon-like peptide 1, HGF - hepatocyte growth factor, Hnf6 - hepatocyte nuclear factor 6, Isl1 - insulin gene enhancer protein 1, MafA - v-maf musculoaponeurotic fibrosarcoma oncogene homolog A, MafB - v-maf musculoaponeurotic fibrosarcoma oncogene homolog B, Mixl1 - Mixlike 1 homeodomain protein, Ngn3 - neurogenin 3, Nkx2.2 – Nk2 homeobox protein 2, Nkx6.1 - Nk6 homeobox protein 1,
Oct4 - octamer binding transcription factor 4, Pax6 - paired box gene 6, Pdx1 - pancreatic and duodenal homeobox 1, RA retinoic acid, SHH - sonic hedgehog, Sox2 - sex-determining region Y box 2, Sox17 - sex-determining region Y box 17,
Wnt3a - wingless-type MMTV integration site family member 3a.

Subsequent studies demonstrated that PI3K
signaling must be suppressed for hESCs to respond optimally to activin/nodal [18]. Compounds
such as wortmannin, which inhibits PI3K signaling, promoted definitive endoderm formation [18],
and have been used in conjunction with activin A
to form definitive endoderm from hESCs [19]. Because of the expense and batch-to-batch variability
associated with preparations of activin A, researchers have also sought to discover small mole-
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cule alternatives that promote hESC differentiation towards definitive endoderm. Borowiak and
colleagues identified two such molecules, IDE1 and
IDE2, which induced endoderm (in the presence of
serum) with similar efficiencies to activin A. The
specific target molecule for the compounds was not
identified, although experiments indicated that activation of TGFβ signaling may be involved [20].
Many protocols also incorporate other factors
that have also been implicated in fate decisions in
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the early embryo. For example, Wnt3a is frequently included during the earliest stages, presumably to enhance mesendoderm formation (see,
for example, references [5, 21]). In these circumstances, Wnt3a is probably acting as a surrogate
for Wnt3, a molecule expressed in the proximal
epiblast prior to gastrulation, and then later in the
primitive streak. Mice lacking Wnt3 fail to undergo gastrulation and blocking canonical Wnt
signaling during ESC differentiation also blocks
mesendoderm formation [22-24]. In this context,
Bone and colleagues found that 1m, a small molecule inhibitor of the Wnt signaling suppressor,
GSK-3, induced differentiation of hESCs towards
definitive endoderm [25].
Another member of the TGFβ superfamily that
is critical for mesendoderm formation is BMP4,
which is expressed in the amnion, extra-embryonic
mesoderm and posterior primitive streak during
mouse development [26]. Mouse embryos lacking
BMP4 fail to express mesendoderm-associated
genes such as Brachyury and die during gastrulation, at approximately embryonic day (E) 6.5 [26].
A number of studies have reported the inclusion of
low concentrations of BMP4 to enhance the endodermal differentiation effects of activin A (for example: [27-29]).
An alternative approach in many differentiation protocols is the inclusion of low levels of fetal
calf serum during the mesendoderm induction regime. The role played by serum is unclear, but
may relate to either its positive affect on cell survival [30], or the presence of growth factor activities, such as, but not limited to, BMP-like effects
[31] or activin A [32].

4. Step 2: definitive endoderm to foregut/pancreatic endoderm
Following the induction of definitive endoderm
by high levels of activin A, protocols then incorporate factors to direct this endoderm towards a pancreatic fate; a differentiation step marked by the
expression of the pancreatic transcription factor
PDX1. This is frequently achieved by treating cultures for a number of days with retinoic acid (RA)
(Figure 1).
It has been demonstrated that RA plays an essential role in the morphogenesis and organogenesis of a number of organs, including the pancreas
(reviewed in reference [33]). Within the embryo,
RA is synthesized from circulating retinol in a twostep reaction involving specific alcohol dehydrogenases and aldehyde dehydrogenases, known as
retinaldehyde dehydrogenases (RALDHs) [34].
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During gastrulation, Raldh2 is expressed in the
mesendoderm before becoming localized to the lateral plate and paraxial mesoderm during segmentation [35]. Gain- and loss-of-function studies indicate that retinoid signaling is required for pancreatic specification in the zebrafish, Xenopus, quail,
and mouse [34, 36, 37]. In zebrafish, for example,
it has been shown that retinoid signaling is required for pancreas and liver specification, and
that treatment with exogenous RA induces ectopic
expression of pancreatic and liver markers [36]. In
Xenopus, inhibition of retinoid signaling at the
gastrula stage resulted in the loss of dorsal pancreas but had little effect on ventral pancreas development [38]. Further studies demonstrated
that, whilst RA was sufficient to induce pancreatic-specific genes in the dorsal pancreas, it failed
to do so in the ventral pancreas [39]. Similarly, in
the quail, it was shown that RA deficient embryos
lacked a dorsal pancreas. Additionally, in mice, it
was demonstrated that RA signaling was sufficient
to induce Pdx1 expression in anterior endoderm
[34].
Based on such developmental studies, a number
of groups showed that addition of exogenous RA
could also promote the differentiation of mouse
ESCs to Pdx1+ endoderm [40-42]. This finding was
subsequently reproduced in human ESCs, where it
was demonstrated that RA was required to convert
posterior foregut endoderm to pancreatic endoderm [5]. The addition of exogenous RA to differentiating hESCs was also shown to up-regulate
the subsequent expression of pancreatic-associated
genes such as NEUROGENIN3 (NGN3), and hormones including INSULIN and GLUCAGON [5].
At ~E9.5 in the mouse, the splanchnic mesenchyme merges with the dorsal foregut evagination
to form the dorsal pancreatic bud. A similar process is repeated with the ventral evaginations, resulting in the formation of a ventral pancreatic
bud [43, 44]. At ~E16.5, gut rotation brings the
ventral pancreas rudiment into juxtaposition with
its dorsal counterpart, leading to fusion of the
anlage [44, 45].
It is believed that the pancreas forms in a similar manner in the human embryo. Following gastrulation, the endoderm forms a flat sheet which
then rotates to form a primitive gut tube. Following specification of the pancreatic endoderm
within the regionalized gut tube, the dorsal bud
appears at ~26 days of development and grows
into the dorsal mesenchyme, opposite the hepatic
diverticulum. The ventral bud appears several
days later, and begins to grow into the ventral
mesenchyme, just caudal to the gallbladder [46].

Rev Diabet Stud (2014) 11:6-18
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Table 1. Studies reporting on the differentiation of human ES cells to pancreatic endoderm and their subsequent transplantation
Differentiation conditions

Endocrine hor- Human
mones
C-peptide

GSIS

Transplantation site

Adherent monolayer
on MEFs

INS, GCG, SST,
PP, GHRL

Adherent monolayer
on matrigel

Amelioration of hyper- Reference
glycemia

Yes

In vivo

Epididymal fat pad

Yes

Kroon et al., 2008 [47]

INS, GCG, SST

Yes

Marginal in
vitro; in vivo

Kidney capsule

Yes

Jiang et al., 2007 [93]

Suspension

INS, GCG, SST

Yes

In vivo

Kidney capsule

Yes

Shim et al., 2007 [94]

Suspension

INS, GCG, SST

Yes

In vivo

Epididymal fat pad

Yes

Schulz et al., 2012 [95]

Adherent monolayer
on matrigel

INS, GCG, SST,
PP

Yes

In vivo

Kidney capsule

Yes

Rezania et al., 2012 [21]

Legend: GCG - glucagon, GHRL - ghrelin, GSIS - glucose stimulated insulin secretion, INS - insulin, MEF - mouse embryonic fibroblast, PP pancreatic polypeptide, SST - somatostatin.

The epithelial cells forming both buds then continue to proliferate and branch, invading the surrounding mesenchyme. By week (W) 5, the ventral
bud has commenced migrating posteriorly around
the duodenum and by early in W6, lies adjacent to
the dorsal pancreatic bud. The two pancreatic buds
fuse a few days later [46].
In some studies, researchers have differentiated hESCs to a stage equivalent to the pancreatic
endoderm before transplanting the cells into mice,
to produce functional beta-cells at a later date in
vivo. This strategy was first employed by Kroon
and colleagues, who differentiated hESCs in vitro
for 12 days to form PDX1+ pancreatic endoderm,
prior to transplantation into immunodeficient nondiabetic mice. It proved necessary to allow the
grafts to develop in vivo for a further 90 to 140
days post-transplant prior to selective ablation of
the mouse beta-cells with streptozotocin (STZ), to
determine whether the engrafted human pancreatic endoderm had differentiated into functional
beta-cells. Not only did the engrafted cells secrete
human insulin, but they also maintained normoglycemia until surgical graft removal, up to 88
days post-STZ treatment [47]. A number of other
groups have subsequently followed a similar approach, as summarized in Table 1.
Recently, Rezania and colleagues demonstrated
that hESC-derived pancreatic progenitors could
ameliorate diabetes in both diabetic mice and immunodeficient rats [21]. This is the first time that
PSC-derived pancreatic cells have been shown to
function in non-mouse animal models, an important proof of principle for future efforts to translate this approach into a clinical setting.

Rev Diabet Stud (2014) 11:6-18

5. Step 3: pancreatic endoderm to endocrine precursor cells
Although the commitment of pancreatic endoderm to endocrine precursor cells is an obligate intermediate step during beta-cell formation, most
differentiation protocols have not yet incorporated
factors specifically designed to either promote or
enhance this process. The transcription factor neurogenin 3 (Ngn3), is required for the development
of endocrine cells in the pancreas [48]. However,
this key gene is only expressed transiently, making it difficult to use as a marker to identify cells
committing to an endocrine fate.
There are hints from developmental studies
concerning which signaling pathways may need to
be modulated to control endocrine precursor formation. In mouse experiments, impaired Notch receptor activation or signaling resulted in profound
upregulation of Ngn3 gene expression, leading to
premature endocrine cell differentiation at the expense of pancreatic progenitor expansion and exocrine cell differentiation [49, 50]. In contrast, active Notch signaling most likely maintains cells as
undifferentiated progenitors that can contribute to
proliferation, morphogenesis, and later differentiation events. In this sense, the function of Notch
signaling during this process is analogous to its
function during early mammalian neurogenesis
[51, 52].
Other factors recently identified as playing key
roles in controlling the balance between proliferation and differentiation include TGFβ2 and TGFβ3.
Work from Guo et al. suggests that, in the mouse,
TGFβ ligands can increase the number of pancre-
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atic progenitors via a mechanism that is critically
dependent of the duration of ligand signaling [53].
Whilst a short burst of TGFβ signaling promoted
upregulation of Ngn3 and endocrine differentiation, prolonged TGFβ signaling led to continued
expansion of the progenitor pool and attenuation of
endocrine development [53].
As noted above, Ngn3 expression is a prerequisite for endocrine commitment. In the mouse,
Ngn3 has a bimodal expression pattern with the
first wave observed between E8.5 and E11. A second wave of expression is initiated at E12 and
reaches its peak at E15.5 before rapid downregulation by E17.5 [54, 55]. Studies in the chick and
mouse have shown that Ngn3 plays an essential
role in the epithelial-mesenchymal transition
(EMT) [56] associated with endocrine cell development, during which delaminating cells are
marked by the expression of EphB3 [57]. Endocrine specification begins at ~E16.5 in the mouse,
with the induction of Ngn3 in response to the repression of Notch signaling [49].
The mesenchyme associated with the developing mouse pancreas has also been shown to play a
role in regulating both Ngn3 induction [58] and
pancreatic epithelial cell proliferation [59]. Mouse
knock-out studies have identified mesenchymally
produced FGF10 as a key growth factor in this
process, since FGF10-null mice exhibit severe pancreatic hypoplasia because of a striking reduction
in the proliferation of the pancreatic epithelial
progenitor cells [59]. In contrast, transgenic mice
over-expressing FGF10 display pancreatic hyperplasia resulting from reduced differentiation and
associated expansion of pancreatic progenitor cell
numbers [60, 61]. A similar proliferative effect of
FGF10 on pancreatic progenitor cells has been also
been demonstrated in vitro in both isolated rat [62]
and mouse [63] pancreatic epithelia. The addition
of FGF10 to E10.5 mouse pancreatic epithelium
increased the proliferation of pancreatic progenitors. Furthermore, this study also showed that
FGF10 treatment maintained expression of Hes1,
a downstream target of Notch1 signaling. Confirming this link between the FGF10 and Notch pathways, Miralles et al. showed that the inhibition of
Notch signaling downregulated both Hes1 expression and decreased pancreatic progenitor cell proliferation in FGF10-treated epithelium. These results strongly suggest that Notch is required as a
downstream mediator of FGF10 signaling in pancreatic progenitors [63]. A more recent study, performed by Sneddon et al., demonstrated the influence of pancreatic mesenchyme on progenitor cell
proliferation [64]. In this study, the authors co-
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cultured mESC-derived Ngn3+ endocrine progenitor cells with mouse mesenchymal cell lines, observing a co-culture specific expansion of progenitor cells, without evidence of cell differentiation,
following 6 days of culture, which was not seen
when cells were cultured on either extra-cellular
matrix or fibroblasts [64].
In addition to effects on pancreatic progenitor
cell proliferation, it has also been shown that
FGF10 enhanced expression of Ngn3 and increased the number of Ngn3+ pancreatic epithelial
cells in the absence of mesenchyme [58, 65]. This
regulatory circuit involving FGF10 and pancreatic
mesenchyme is hypothesized to allow the maturation of the epithelial cells prior to Ngn3 expression, making cells competent to respond to downstream signals [58]. This hypothesis was supported by a study that used a conditional FGF10
gain-of-function model to demonstrate that the
timing of FGF10 expression affects the competence
of pancreatic progenitor cells to differentiate to different pancreatic lineages [66].
As noted above, mouse Ngn3 is expressed in a
biphasic pattern – with the first wave of expression between E8.5 and E11, and a second wave beginning at E12 [55]. These two waves of expression
correspond with the so-called primary and secondary transitions, events that represent two separate waves of endocrine cell differentiation. It has
been postulated that only endocrine cells specified
during the secondary transition form the definitive
single-hormone positive cells in the adult pancreas
[67]. In contrast, endocrine cells specified during
the primary transition are not thought to contribute to the adult pancreas, instead playing a role in
embryonic pancreatic function [68]. However, this
paradigm is not supported by all studies of pancreatic cell development, some of which have demonstrated that endocrine cells (or their progenitors) formed during the primary transition can
contribute to the adult pancreas [54].
During human pancreatic organogenesis,
NGN3 expression is observed as early as W8,
where it is co-expressed with other transcription
factors such as PDX1, as well as the hormones INSULIN and GLUCAGON. As development proceeded, NGN3 expression was seen to decrease
gradually, although it was still observable at W21
[69]. In contrast to the mouse, a biphasic expression pattern of NGN3 has not been reported. This
may indicate that distinct primary and secondary
transition events do not occur during human pancreatic organogenesis, or may simply reflect difficulties in obtaining appropriately staged human
fetal tissues.
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(PP)-expressing cells [73]. A proportion of these early hormoneexpressing cells are polyhormonal. At
W8, insulin-expressing cells have
been reported to co-express glucagon
at frequencies ranging from 10% to
92% [72-74], and to co-express somatostatin at frequencies ranging from
less than 10% to 97% [72, 74]. Trihormone expressing cells have also
been observed at varying frequencies
at this time.
Cells expressing more than one
hormone have frequently been observed during hPSC differentiation in
vitro, with the proportion of cells expressing insulin alone or in conjunction with glucagon or somatostatin
varying between studies (Figure 2).
Experiments by D’Amour et al. and,
more recently by Basford and colleagues, demonstrate that these in
vitro derived polyhormonal INSUFigure 2. Co-expression of endocrine hormones during pluripotent
LIN+ cells are functionally immature
stem cell differentiation and fetal development. Polyhormonal cells
and lack the capacity for glucoseare observed during both human embryonic stem cell differentiation
stimulated insulin release [5, 28].
and embryogenesis. A, B: INSULIN and GLUCAGON, as well as INSULIN and SOMATOSTATIN co-expression is observed in embryoid
In contrast, PP-cells have only
bodies following 25 days of human ESC differentiation. C, D: Simibeen observed as single-hormone exlarly, INSULIN and GLUCAGON, as well as INSULIN and SOMApressing cells during human fetal deTOSTATIN are co-expressed in approximately week 10 fetal pancreas.
velopment [72]. Endocrine cells that
Arrows identify cells co-expressing the hormones indicated in each
co-expressed more than one hormone
panel. Nuclei are identified by staining with DAPI (blue).
decreased in frequency after W9 [72]
and were not detected in preterm infant pancreata at W22 [75]. The vari6. Step 4: commitment of endocrine able proportion of hormone co-expressing cells observed in the developing human fetal pancreas
precursors to beta-cells
may reflect difficulties in accurately staging fetal
material, or inherent variability between the difThe factors controlling the last step of differenferent regions of the pancreas analyzed. In terms
tiation, in which endocrine precursor cells are conof hESC pancreatic differentiation protocols, it is
verted to insulin-expressing cells, are still incomat this stage―where hormone expression, specifipletely characterized. Although some protocols incally insulin expression, has been observed―that
corporate factors implicated from developmental
some researchers have chosen to transplant cells
studies, most rely on the presence of nicotinamide,
a small molecule shown to promote endocrine difto test for functionality. The reported outcomes are
ferentiation of fetal pancreatic precursors [70] and
summarized in Table 2.
to increase expression of both insulin and the betaWhilst the expression of insulin in the absence
cell-associated transcription factor, MafA [71].
of other hormones remains a defining characterisIn the human embryo, scattered insulintic of beta-cells, the ability to regulate insulin reexpressing cells appear at W8. One study suggests
lease in response to glucose challenge is the key
that, at this point in development, expression of
criterion that determines functionality. The transiother hormones, such as glucagon or somatostatin,
tion from insulin expression to functionality is
has not been initiated [72]. At W8.5, the first gluthought to require the expression of transcription
cagon- and somatostatin-expressing cells are obfactors such as Nkx6.1, MafB and MafA. Nkx6.1
served, followed at W10 by pancreatic polypeptide
expression is observed in most pancreatic epithe-
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Table 2. Studies reportingon the differentiation of hESCs to insulin-expressing cells and their subsequent transplantation
Differentiation conditions

Endocrine
hormones

Human
C-peptide

GSIS

Transplantation site

Amelioration of hy- Reference
perglycemia

Suspension

INS, GCG, SST

Yes

Marginal in
vitro

Intraperitoneal injection

No

Phillips et al., 2007
[96]

Adherent monolayer
on matrigel

INS, GCG, SST

Yes

Moderate in
vitro

Kidney capsule

No

Eshpeter et al., 2008
[97]

Adherent on gelatin

INS, GCG, SST

Yes

Not detected

Kidney capsule; subcutaneous

Suspension, then adherent on gelatin

INS, GCG, SST

Yes

Not detected in
vitro

Mammary fat pad

Only when fasting Mao et al., 2009 [98]
No, as only GCG
cells observed

+

Basford et al., 2012
[28]

Legend: GCG - glucagon, GSIS - glucose stimulated insulin secretion, INS - insulin, SST - somatostatin.

lial cells in the mouse pancreas at E10.5 [76]. This
broad expression is maintained until the start of
the secondary transition at E13, after which expression becomes restricted. By E15.5, Nkx6.1 is
only present in insulin-expressing cells and scattered ductal cells. In the adult, Nkx6.1 is exclusively found in insulin-expressing cells [77].
Nkx6.1 plays an important role in beta-cell specification and Nkx6.1-/- mice show a deficit in beta-cell
numbers that can be observed as early as E14 [77].
In vitro, overexpression of Nkx6.1 in isolated rat
islets resulted in an improvement in glucose
stimulated insulin secretion (GSIS) and an increase in beta-cell replication [78]. Studies such as
those described above have implicated Nkx6.1 as a
marker of definitive beta-cells. However, in vivo, it
has been demonstrated that Nkx6.1 overexpression cannot enhance either beta-cell GSIS or proliferation under either diabetic or non-diabetic
conditions [79]. A similar expression pattern of
NKX6.1 was observed during human pancreatic
development. NKX6.1 was broadly expressed
throughout the pancreatic epithelium from W9,
and expression decreased in non-insulin expressing cells by W13. Similar to the mouse, NKX6.1
expression was restricted to beta-cells of the adult
human pancreas [80].
Few groups who have differentiated human
PSCs towards a beta-cell fate have analyzed their
cultures for the expression of NKX6.1. Two early
studies reported NKX6.1 RNA [81] and protein [5]
expression from approximately day 15 of differentiation. However, neither report demonstrated coexpression of NKX6.1 with other markers of betacell differentiation. More recently, a number of
groups have demonstrated the co-expression of
NKX6.1 with either C-PEPTIDE [19], PDX1 [19,
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82-84], or INSULIN [85]. However, despite coexpression with these other pancreatic genes, the
differentiated cells either showed limited functionality [19], or functionality was not examined [8385]. It is therefore unclear whether NKX6.1 coexpression with either PDX1 or C-PEPTIDE is sufficient to generate fully functional beta-cells.
MafB and MafA are transcription factors expressed in the pancreas in a temporospatially
regulated fashion, in both mouse and human. In
the mouse, MafB expression is first observed at
~E10.5 in the epithelium of the pancreas [86].
MafB expression is found in both insulin+ and glucagon+ cells during the primary transition, as well
as in Ngn3+ pancreatic progenitor cells, before becoming restricted to the adult glucagon+ (alpha)
cells [86, 87]. In contrast, MafA expression is observed later during development, at ~E13.5. The
spatial distribution of MafA expression also differs
from MafB, as expression of MafA is only observed
in the insulin+ cells specified during the secondary
transition [88]. Additionally, MafB and MafA play
different functional roles during beta-cell differentiation. Only MafB is required for beta-cell development in the mouse; beta-cell numbers are not
affected in mice lacking pancreatic MafA expression. However, it is possible that MafB is able to
compensate for loss of MafA in this context [87].
By comparison, MafA has been shown to control
the glucose-responsive transcription of insulin and
other associated genes in definitive beta-cells [89,
90]. The impaired glucose tolerance and defects in
insulin secretion in MafA-/- mice emphasize the
importance of MafA in maintaining an appropriate
GSIS [91].
In contrast to the similarities between the expression patterns of transcription factors such as

Rev Diabet Stud (2014) 11:6-18

14

Special Edition

The Review of DIABETIC STUDIES
Vol. 11 ⋅ No. 1 ⋅ 2014

NKX6.1 in mice and humans, the patterns of
MAFA and MAFB expression in the human differ
to those in the mouse, both spatially and temporally. In a study by Riedel and colleagues, MAFA
expression was observed throughout the developing pancreatic epithelium, including in the developing endocrine cells, from W9 [80]. In INSULIN+
cells, strong nuclear expression of MAFA was observed, whereas, weaker expression was seen
throughout the remaining epithelium. From W13,
MAFA expression was downregulated, with weak
expression restricted to the INSULIN+ cells followed by loss of MAFA expression by W21. However, nuclear localized beta-cell specific MAFA expression was observed again in the adult human
pancreas, similar to that observed in the mouse
[80]. In contrast to these findings, another study
found MAFA transcripts increased from W9, with
expression maintained until at least W23, albeit at
levels lower than those found in the adult [92].
Collectively, these two studies raise the possibility
that expression of MAFA may be modulated at
both the transcriptional and post-transcriptional
level during human pancreatic development.
In the study by Riedel and colleagues, the expression pattern of MAFB resembled that of
MAFA at W9 in both the INSULIN+ cells and in
the developing pancreatic epithelium. However, by
W14, expression of MAFB had become restricted to
INSULIN+ and GLUCAGON+ cells. This pattern
was then maintained throughout development
with expression of MAFB retained in the both alpha and beta-cells in the adult [80]. In contrast,
MafB expression has not been observed in insulin+
cells of the adult mouse islet [86].
It remains to be seen whether the expression of
these transcription factors in differentiating PSCs
will be the key to generating functional beta-cells
in vitro. Alternatively, it is possible that unrelated
post-transcriptional and post-translational events
are the critical determinants of beta-cell maturation. In either case, further investigation into the
regulation of beta-cell maturation in vivo will be
required to design rational strategies for generating functional beta-cells from PSCs in vitro. Indeed, further study of the processes and mechanisms controlling pancreatic ontogeny are still
likely to provide the best road map for optimizing

all of the steps required to direct pluripotent stem
cells to become pancreatic beta-cells.

7. Summary
Over the past 7 years, a number of thematically
related methods for the generation of pancreatic
progenitor cells have been reported. Many of these
protocols derive pancreatic progenitors in vitro and
then subsequently transplant these progenitors to
allow the further development of functional betacells that display glucose-stimulated insulin release. The use of pancreatic progenitors as a platform for the treatment of type 1 diabetes has a
number of advantages over the use of more differentiated INSULIN+ cells. The first and foremost of
these is that cues required for the final steps of differentiation do not need to be identified, or understood, to achieve a therapeutic endpoint.
In contrast to the studies with pancreatic progenitors, insulin-expressing cells derived wholly
from in vitro cells do not generally display an ability to release insulin in response to glucose in vivo.
In fact, several groups have reported the loss of insulin+ cells following transplantation and their replacement with alternative cell types (Table 2).
The fact that adult islets maintain a stable phenotype following transplantation suggests that INSULIN+ cells generated in vitro require further instructions before they achieve functionality akin to
that of mature beta-cells.
Ultimately, the question whether progenitors or
fully differentiated and functional beta-cells are
the optimal approach for a cell-based therapy in
type 1 diabetes can only be answered when such
cell populations are transplanted into humans. In
the interim, efforts to refine further the generation
of both progenitors and fully functional beta-cells
will remain an area of intense ongoing research.
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