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Despite intensive research, a treatment for diabetic patients that completely restores normo-
glycemia for an indefinite period of time remains elusive. Although islet transplantation
temporarily confers normoglycemia to patients, the lack of a renewable source of insulin-
producing b cells hampers the use of this treatment option. Although significant hurdles
remain, recent advances in stem cell biology indicate that generation of fully matured b

cells from uncommitted progenitor cells, including human embryonic stem cells and
induced pluripotent stem cells derived from somatic cell populations, is becoming an
achievable goal.

With the advent of improved immunosup-
pressive regimens, islet transplantation

has become a feasible treatment option for dia-
betic patients (Shapiro et al. 2000; Posselt et al.
2010a,b). Unfortunately, the demand for cadav-
eric islets far outstrips the supply, thus posing a
significant obstacle for the ever-increasing list of
patients who would undoubtedly benefit from
transplanted islets to restore physiological nor-
moglycemia.

Over the last 15 years, stem cells that can
differentiate into all cell types of the human
body, including insulin-producing b cells, have
been identified. Here, I will review the efforts
undertaken to manipulate these cells to devise
strategies that allow generation of a reliable and
renewable supply of human b cells.

IDENTIFICATION AND ISOLATION OF
EMBRYONIC STEM CELLS

Following fertilization, mammalian embryos un-
dergo a series of cleavages to form the morula, a
ball-like aggregate of cells. Further cell divisions
convert the morula into the blastocyst, a cystlike
structure with an inner cavity surrounded by
cells. The cells at the outer edge of the blastocyst
differentiate into the trophoblast layer that con-
stitutes a large part of the placenta and sustains
nutrient supply to the embryo. In contrast, the
cells of the inner cell mass (ICM) located within
the interior of the blastocyst remain pluripotent
and give rise to extraembryonic tissue and all
cell types of the embryo proper. Seminal work
by Martin Evans and Matthew Kaufmann as
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well as Gail Martin in the early 1980s showed
that mouse ICM cells could be isolated and cul-
tured outside the body without losing their plu-
ripotency (Evans and Kaufman 1981; Martin
1981). Because of their ability to mimic the dif-
ferentiation capacities of ICM cells, the cultured
cells were called embryonic stem cells (ESCs).
The enormous potential of murine ESCs was
shown in subsequent work when it was demon-
strated that they could be reintroduced into host
blastocysts to give rise to chimeric animals car-
rying cells derived both from the injected ESCs
as well as the host ICM cells. Furthermore,
breeding of chimeric animals resulted in off-
spring carrying only the genetic material of the
cultured ESCs, thus indicating that ESCs can
contribute to the germline of host animals (Rob-
ertson et al. 1986). In 1998, Thomson and col-
leagues were able to isolate embryonic stem cells
(hESCs) from early human embryos (Thomson
et al. 1998), thereby setting the stage for subse-
quent efforts to generate distinct cell types for
cell replacement therapies in patients.

DIABETES MELLITUS AS A GOOD MODEL
SYSTEM TO TEST THE APPLICABILITY FOR
STEM CELL-BASED THERAPIES

Several aspects specific to diabetes suggest that
patients suffering from the disease would be
good candidates for cell replacement strategies.
In type 1 diabetic (T1D) patients, b cells are the
main target of an autoimmune attack that re-
sults in their destruction and elimination. As a
result, T1D patients depend on exogenous in-
sulin to regulate blood glucose, a taxing propo-
sition as optimal control normally present in
healthy individuals is hard to achieve. On the
other hand, the loss of only one cell type pro-
vides a unique opportunity as only this cell type
and not a whole organ has to be generated from
stem cells. In addition, the critical function of
insulin-producing cells is to release the hor-
mone directly into the bloodstream, a func-
tion they can fulfill even when not placed into
the original location of the pancreatic islet. Al-
though interactions with other endocrine cell
types in the pancreatic islet result in optimal
regulation of glucose levels, results from islet

transplantation studies show that transplanta-
tion of insulin-producing cells into several loca-
tions, including the liver through injection into
the portal vein, allow for efficient and rapid re-
lease of insulin into the bloodstream. Therefore,
and in contrast to diseases in which damaged
cells need to be placed into the correct context
of the affected organ, e.g., heart muscle cells or
neurons within the brain, cell therapy approach-
es aimed at restoring normoglycemia in diabetic
patients benefit from the fact that stem cell-de-
rived b cells can be inserted in surgically conve-
nient locations and not the pancreas.

STEM CELL TO b-CELL DIFFERENTIATION:
THE EARLY YEARS

Over the last decade, numerous groups have tried
to generate functional b cells from mammalian
stem cell populations. Early efforts focused on
mouse ESCs and culture conditions that would
guide them toward neural cell types (Lumelsky
et al. 2001). The pancreatic endocrine popula-
tion and neural cells coexpress a large number
of markers, suggesting that their function and
perhaps mechanisms of differentiation share
commonalities. However, a significant diver-
gence, despite the overlapping gene expression,
emerges when we consider the origin of these
cells within the embryo. Pancreatic cells develop
from the endodermal germ layer while neural
crest cells are of ectodermal origin. Therefore,
in hindsight, it was unlikely that exposing stem
cells to conditions that promote the ectodermal
lineagewould allow them to adopt a “true”b-cell
identity that possesses an obligate requirement of
passing through the definitive endoderm stage.
As a consequence of this strategy, the insulin-
producing cells generated by Lumelsky and col-
leagues did not result in the formation of bona
fide b cells but likely cells within the neuronal
lineage. Although such cells stained positive for
insulin, it was subsequently shown to be a result
of uptake of insulin from the culture medium
rather than owing to activation of robust insulin
transcription (Rajagopal et al. 2003).

Subsequent studies took advantage of the
fact that the transcriptional hierarchy of factors
regulating b-cell identity during embryogenesis
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had been well documented, prompting a num-
ber of groups to test whether forced expression
of such factors, including Pdx1, Pax4, and Nkx2-
2, was sufficient to drive ESCs toward the b

cell (Blyszczuk et al. 2003; Miyazaki et al. 2004;
Shiroi et al. 2005). Although these experiments
met with partial success, yielding cells with a
measurable level of insulin expression, evidence
demonstrating the equivalence of these cells to
matureb cells residing in human islets remained
lacking.

LESSONS LEARNED FROM EMBRYONIC
PANCREAS DEVELOPMENT: MIMICKING
ORGANOGENESIS IN CULTURE

In 2005, the landscape of hESC differentiation
into b cells was transformed by D’Amour and
colleagues (2005), who insisted that fully ma-
tured b cells can only be generated when the
culture conditions used replicate embryonic de-
velopment as closely as possible (Fig. 1). Taking
a stepwise approach, this group set out to first
differentiate hESCs toward definitive endo-
derm, a prerequisite for all pancreatic cell types.
The use of different model systems to under-
stand early embryonic development had shown
that nodal, a soluble molecule of the TGFb/
activin signaling family, was required for meso-
derm and definitive endoderm formation dur-
ing gastrulation, with higher levels of nodal pro-
moting endoderm specification (Conlon et al.
1994; Osada and Wright 1999; Lowe et al. 2001;
Vincent et al. 2003). Similarly, sound evidence
had been gathered to indicate that Wnt sig-
naling was required for appropriate germ
layer formation during gastrulation (Haegel
et al. 1995; Liu et al. 1999; Kelly et al. 2004).
Based on these observations, D’Amour and col-
leagues implemented a protocol in which
hESCs were exposed to distinct soluble signal-
ing factors. Activin A, another member of the
TGFb signaling family, was used together with
Wnt3a to generate cells expressing markers
of definitive endoderm (D’Amour et al. 2005,
2006). Furthermore, a critical aspect of these
culture conditions was the removal of serum
components present in hESC medium that
could induce the proliferative and renewal ca-

pacity of stem cells (McLean et al. 2007). The
approach of using embryonic signals to instruct
hESCs to definitive endoderm and subsequently
to b cells was validated by several other groups
using modifications of this procedure (Jiang
et al. 2007; Eshpeter et al. 2008; Mao et al. 2009).

During embryonic development, numerous
signaling cues aid in specification of the defin-
itive endoderm that is progressively segregated
into cells carrying distinct differentiation po-
tential along the anterior–posterior axis. Fibro-
blast growth factor signaling promotes the for-
mation of endodermal cells slated to give rise to
organs along the foregut, including the pancreas
that forms at the fore-midgut border. Adding
Fgf10 or Fgf7 to cultures of differentiating hESCs
promotes the formation of foregut endodermal
cells. Treatment with retinoic acid and inhibition
of Hedgehog signaling further defines the fore-
gut endoderm cells to assume a pancreatic fate.

Importantly, the differentiation state of
hESCs can be monitored via expression of tran-
scription factors that are expressed at distinct
stages during normal embryonic pancreas and
b-cell differentiation. For example, cells within
the foregut anlage destined to give rise to the
pancreas, termed the pancreas progenitors, ex-
press Pdx1, Foxa2, and Hnf6. Thus, by perform-
ing coimmunofluorescence analysis against a
combination of proteins, one can ensure that
hESC differentiation has proceeded as planned,
thereby allowing for the generation of endocrine
progenitor cells and eventually fully differenti-
ated hormone-producing cells. The validity of
this approach was shown when pancreas pro-
genitor cells were transplanted into recipient
immune-compromised mice. Somewhat sur-
prisingly, considering that hESC-derived pan-
creas progenitors are transplanted into differ-
ent, nonpancreatic host tissues, including the
fat pad and under the kidney capsule, the in
vivo conditions promote the maturation of the
progenitor cells into single hormone-positive
endocrine cells, including b cells, which pro-
duce and release insulin when stimulated with
glucose. Even more impressively, these in vivo
matured cells are capable of restoring normo-
glycemia in streptozotocin-treated, diabetic mice
and secreted insulin at concentrations similar
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to what was observed in control mice trans-
planted with human islets (Kroon et al. 2008).
Streptozotocin preferentially depletes murine b
cells as it is mainly taken up into cells via the
Glut2 glucose transporter expressed in mouse
insulin-producing cells. In contrast, human b

cells express GLUT1 as the main glucose trans-
porter and consequently are less susceptible to
streptozotocin (Eizirik et al. 1994; Hosokawa
et al. 2001; Yang and Wright 2002). This exper-
imental “trick” is quite effective as it generates a
scenario in which hESC-derived b cells can be
evaluated in animals for their ability to regulate
glucose levels under physiological conditions as
well as under stress, e.g., during a glucose chal-
lenge. Importantly, removal of the human cell

transplant in streptozotocin-treated mice re-
sults in rapid appearance of hyperglycemia
and diabetes, strongly supporting the argument
that normoglycemia in these animals was regu-
lated by the hESC-derived b cells (Kroon et al.
2008).

SHORTCOMINGS OF CURRENT
DIFFERENTIATION PROTOCOLS

Impressive as they are, the current protocols to
generate hESC-derived b cells do suffer from
several shortcomings. Most notably, the differ-
entiation of fully mature and functional b cells
under cell culture conditions has proven elusive
(Fig. 1). Implementing current protocols that
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Figure 1. Signaling pathways controlling embryonic pancreas development and hESC-b-cell differentiation. (A)
Depiction of signaling pathways that guide differentiation of pancreatic cells from inner cell mass (ICM) cells
present in the blastocyst stage. Pathways with positive activities at the indicated stages are shown in green.
Hedgehog signaling (Hh) impairs pancreas organogenesis and is depicted in red during the transition from
primitive gut to posterior foregut. (B) Signaling factors used to guide the differentiation from hESCs to
pancreatic b cells. Note that while b cells form on transplantation of pancreatic endoderm cells into recipient
mice, the factors required to promote full differentiation into functional b cells in cell culture have not been
identified. (C) Immunofluorescence images showing the expression of markers for the stages shown in B. The
efficiency of cell differentiation is reduced toward the later stages of the protocol with not all cells coexpressing
NKX6.1 and PDX1. Also note that the majority of insulin-producing cells derived under cell culture conditions
also express glucagon, indicating that they are not fully matured (modified from Guo and Hebrok 2009;
reproduced, with permission, from the author).
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rely heavily on principles of embryonic devel-
opment has yielded endocrine cells that appear
immature as the vast majority coexpress more
than one hormone, e.g., glucagon and insulin.
Considering the appearance of functional b

cells on transplantation in host animals, it is
likely that critical signals present in the in vivo
environment are missing in cell culture. For ex-
ample, it is well known that surrounding tissues
including pancreatic mesenchyme and inner-
vating neural cells regulate aspects of pancreas
organogenesis (Golosow and Grobstein 1962;
Nekrep et al. 2008; Landsman et al. 2011).
Therefore, the success achieved with generat-
ing essentially pure definitive endoderm popu-
lations from hESCs in the absence of cells de-
rived from the mesoderm and ectoderm germ
layers might prove detrimental for later stages
of pancreas endocrine differentiation. However,
the fact that hESC-derived pancreas progenitors
can develop into functional b cells on trans-
plantation shows their ability to respond to ap-
propriate cues that promote full differentiation
and maturation. Identifying and supplement-
ing these signals to cell culture protocols should
allow better replication of the in vivo process.

We must also consider interactions that exist
between the developing endocrine and support-
ing cells during normal islet formation. Pioneer-
ing work in Xenopus and mouse established the
requirement of endothelial cells in guiding pan-
creas formation and endocrine and b-cell spec-
ification (Lammert et al. 2001; Yoshitomi and
Zaret 2004; Nikolova et al. 2006). More recently,
Katsumoto and Kume (2011) extended these
findings by providing evidence that angioblasts
located within the lateral plate mesenchyme are
recruited to the endodermal layer to induce for-
mation of Pdx1-positive pancreas progenitors
at the onset of organ formation. In the mature
organ, a close interaction between pancreatic
endocrine cells and endothelial cells is a prereq-
uisite to guarantee efficient release of secreted
hormones into the bloodstream. Not surpris-
ingly, hESC-derived pancreas progenitor cells
are supported by ingrowing blood vessels on
transplantation. Currently, such supporting sig-
nals are missing in the in vitro cultures. Supple-
menting endothelial-derived signals or cocul-

turing hESCs with endothelial cells at specific
stages of differentiation during the culture peri-
od should be explored to optimize conditions.

Summarily, although current protocols that
allow efficient formation of pancreatic progen-
itors are a great improvement over the initial
attempts at generating b cells, critical signals
that promote the final stages of differentiation
are still missing.

VARIATIONS/MODIFICATIONS OF HESC
DIFFERENTIATION PROTOCOLS

Most of the protocols described above rely on
two-dimensional culture techniques in which
cells are grown as monolayers throughout the
differentiation process. However, other groups
have used three-dimensional (3D) methods in
which ESCs are first aggregated to form embry-
oid bodies (EB) that have the potential to give
rise to cells of all three germ layers, including the
endoderm that forms the pancreas (Ku et al.
2004; Kubo et al. 2004). Modifications of the
EB culture protocol include separation of cells
followed by fluorescence-activated cell sorting
(FACS) and reaggregation (Gadue et al. 2006;
Gouon-Evans et al. 2006), but the important
difference when compared to monolayer cul-
tures is the ability of differentiating cells to
interact in a 3D space in EB cultures. Thus, sig-
nals provided through cell–cell interactions or
via interactions with extracellular matrices are
likely more prominent under these conditions.
Extracellular interactions have been shown to
optimize b-cell functions and proliferation
(Hammar et al. 2005; Weber et al. 2008; Parnaud
et al. 2009). In addition, 3D culture conditions
are likely to strengthen interactions between b

cells and could enhance insulin secretory dy-
namics that may be directly affected by electri-
cal coupling between insulin-producing cells
(Speier et al. 2007). A direct comparison of
the two-dimensional (2D) monolayer culture
with the EB culture was recently performed
that revealed accelerated induction of mesendo-
dermal cells in the monolayer cultures compared
to the EB approach; however, modifications of
the culture conditions resulted in comparable
differentiation efficiencies under 2D and EB
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conditions (Nostro et al. 2011). Future experi-
ments will need to be performed to determine
whether 2D versus EB/3D conditions have
intrinsic benefits in generating fully matured b

cells from human stem cell populations. An
important part of these studies will be efforts
to control the size of endocrine clusters to
optimize culture conditions as recently report-
ed in a collaborative study between stem cell
biologists and bioengineers that showed
benefits of differentiating hESCs on microcon-
tact printed laminin patches (Van Hoof et al.
2011).

Many of the currently employed differenti-
ation protocols rely on the sequential activation
or inhibition of embryonic signaling pathways
through treatment with their respective ligands.
Alternative approaches have been undertaken
to identify biologically active small chemical
compounds that can functionally mimic cellu-
lar signaling molecules. Mouse ES cells (mESCs)
expressing a reporter driven by the Sox17 pro-
moter were used to assess the activity of com-
pounds to differentiate toward the definitive
endoderm lineage in the absence of activin
A (Borowiak et al. 2009). Two compounds,
termed IDE1 and IDE2, were identified under
these conditions, and their endoderm-inducing
activity was confirmed in hESC cells as well.
Molecularly, both compounds phosphorylate
Smad2, a critical mediator of activin signaling,
and their activity was blocked by the activin
receptorlike kinase (ALK) inhibitor SB43125.
Endoderm produced from mESCs via IDE1 or
IDE2 treatment did incorporate into the devel-
oping gut tube of early mouse embryos on
transplantation, providing additional evidence
for the normal differentiation capacity of these
cells. In addition, subsequent treatment of IDE-
treated cells with Indolactam V, another small
chemical compound that had been shown pre-
viously to induce the formation of PDX1þ cells
from hESCs (Chen et al. 2009), promoted pro-
gression toward the pancreas lineage. Thus,
sequential addition of small chemicals is suffi-
cient to direct ESC differentiation toward pan-
creas and can substitute for endogenous ligands
of signaling pathways. Importantly, similar
to the endogenous ligands, the chemical com-

pounds also work at specific stages of the pro-
cess by activating specific signaling pathways
critical for each stage.

REPLACING EMBRYONIC ESCs WITH
INDUCED PLURIPOTENT STEM CELLS:
THE SOMATIC STEM CELL SOURCE

The stem cell field has been taken by storm by
the demonstration that the mature state of so-
matic cells, including human cells, is not per-
manent but can be reversed toward a progenitor
state almost identical to that of ESCs (Takaha-
shi and Yamanaka 2006). Ectopic expression of
combinations of only four transcription fac-
tors, including cMyc, Oct4, Sox2, Klf4 or cMyc,
Oct4, Nanog, and Lin28, appeared to do the
trick; human-induced pluripotent stem cells
(hiPSCs) emerged on the stem cell horizon (Ta-
kahashi et al. 2007; Yu et al. 2007). Since then
many modifications of the original protocol
have been described, most notably efforts to
supplement transcription factors that have on-
cogenic potential either with chemical com-
pounds (Huangfu et al. 2008), the replacement
of viruses for infection with stable proteins
(Zhou et al. 2009), or the induction of repro-
gramming with synthetic, modified messenger
RNAs (mRNAs) (Warren et al. 2010).

The impact of the induction of pluripotency
in somatic cells is hard to overestimate. Not only
do these findings circumvent ethical consider-
ations related to the destruction of human em-
bryos for the generation of stem cell lines, they
also raise the hope of generating patient-specific
stem cells. In other words, by further optimiz-
ing the existing protocols to efficiently generate
hiPSCs without viral infection or the use of
oncogenic factors, it will be possible to generate
stem cell lines from patients suffering from a
variety of illnesses, including diabetes, which
can be redifferentiated toward desired cell types
for retransplantation. Considering that the re-
transplanted cells have the same genetic make-
up, including expression of major histocom-
patibility complex (MHC) molecules, such an
approach carries the potential to alleviate host
versus graft rejection. In proof-of-principle
experiments, hiPSCs have been generated from
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diabetic patients and differentiated toward the
pancreas lineage (Maehr et al. 2009), thus vali-
dating the feasibility of such an approach for
potential future treatments. However, although
promising, the current methods to generate
hiPSCs remain inefficient and expensive, thus
hindering the generation of large numbers of
patient-specific lines. In addition, recent results
indicate that hiPSCs generated from specific cell
types retain transcriptional memory of their
origin (Ohi et al. 2011). Finally, as has been
observed for hESC lines, hiPSC lines display
different capacities toward differentiation into
specific germ layers, e.g., endoderm versus me-
soderm or ectoderm. This may be in part owing
to the methods used to generate the lines, but
could also reflect intrinsic differences between

donors. Although hiPSC technology carries tre-
mendous promise to reshape human cell ther-
apy, additional efforts are required to develop
and standardize efficient, cheap, and safe pro-
tocols for hiPSC derivation and differentiation.

FATE PLASTICITY WITHIN THE PANCREAS:
THE ROLE OF STEM CELLS IN THE
DIFFERENTIATED ORGAN

In addition to studies using hESCs and hiPSCs,
recent work has shown that nonendocrine cells
within the pancreas can transdifferentiate or be
reprogrammed toward a b-cell fate, thus re-
vealing remarkable plasticity of adult pancreatic
cells (Fig. 2). Introduction of viruses coding for
three key transcription factors required during

Acinar

A

B

CIslet

Duct
Centro acinar

Xu et al. 2008

Ngn-3

Ductal injury

Direct acinar
fate change

+Pdx-1

+Ngn-3

+MafA

Zhou et al. 2008

β cells

β cells

Figure 2. Plasticity of adult pancreatic epithelial cells. (A) The adult mammalian pancreas harbors a number of
specialized cell types, including the enzyme-producing acinar cells, centroacinar and connecting duct cells, as
well as endocrine cells located within the islets of Langerhans. (B) On injury, e.g., duct ligation, duct or duct-
associated cells can reactivate Ngn3 and transdifferentiate toward a b-cell state. (C) Acinar cells are repro-
grammed toward a b-cell fate on ectopic expression of a set of three transcription factors, Pdx1, Ngn3, and
MafA. (Modified from Puri and Hebrok 2010; reproduced, with permission, from the author.)

Stem Cell Differentiation toward b Cells

Cite this article as Cold Spring Harb Perspect Med 2012;2:a007674 7

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg



the embryonic formation of pancreas (Pdx1),
endocrine (Ngn3), and b cells (MafA) convert-
ed mouse enzyme-producing acinar cells into
cells displaying key characteristics of b cells
(Zhou et al. 2008). The absence of progenitor
marker expression during the process of trans-
formation in this study was taken as evidence
that the underlying process is one of direct re-
programming, rather than a dedifferentiation
event. In contrast, acinar cells are believed to
dedifferentiate into a progenitorlike state when
pancreatic injury is induced by treatment with
caerulein, a cholecystokinin analog that leads to
precocious release of digestive enzymes from
acinar cells and thus mimics human pancreati-
tis. On caerulein treatment, acinar cells tran-
siently express Sox9, Foxa2, Pdx1, and Hes1
among others, markers that are abundant dur-
ing pancreas development but restricted to dis-
tinct nonacinar cell types in the adult organ
(Jensen et al. 2005; Morris et al. 2010). Intrigu-
ingly, dedifferentiated cells also express markers
of mature ducts, including CK19. In the absence
of sustained injury, dedifferentiated cells regen-
erate to fully functional acinar cells with normal
morphology and marker expression. Although
the dedifferentiation phenomenon is transient,
these findings show that on injury acinar cells
temporarily adopt properties of a progenitorlike
cell type normally absent in mature pancreas
tissue. The finding that activation of oncogenic
Kras signaling during pancreas injury reverts
dedifferentiated cells away from the acinar line-
age toward neoplastic transformation indicates
that the progenitorlike cells can permanently
transdifferentiate (Morris et al. 2010).

Evidence for facultative stem cells with en-
docrine differentiation potential in the mature
pancreas comes from studies in which pancre-
atic duct ligation results in the appearance of
Ngn3-positive endocrine and islet cells (Fig. 2)
(Inada et al. 2008; Xu et al. 2008; Li et al. 2010).
The exact location of the progenitor cells re-
mains unclear as more recent experiments failed
to confirm a location within the pancreatic
ductal tree (Solar et al. 2009). Considering the
above described transient dedifferentiation of
acinar cells toward progenitorlike cells with
some ductal characteristics, it will be interesting

to test whether acinar cells can give rise to fac-
ultative stem cells with endocrine differentia-
tion capabilities. Although exploratory at the
moment, further experiments could conceiv-
ably promote acinar to b-cell transdifferentia-
tion, an intriguing possibility that would make
use of the vast majority of cells currently dis-
carded from donor pancreata prepared for islet
isolation.

CONCERNS SURROUNDING STEM
CELL THERAPY

Although the use of human stem cells for the
generation of pancreatic b cells, and thus the
treatment of a large population of T1D and
T2D patients, is an exciting prospect, numerous
hurdles need to be overcome to ensure the effi-
ciency of the differentiation process and the
safety of the final product. For example, undif-
ferentiated ESCs form teratomas on transplan-
tation into immunocompromised animals,
which have been observed on transplantation
of hESC-derived pancreas progenitors cultured
for �12 d in vitro (Kroon et al. 2008). Interest-
ingly, when hESCs were differentiated under
similar conditions for an extended period of
time (20 d) (Jiang et al. 2007), no teratoma
formation was observed in host animals, sug-
gesting a greater degree of differentiated cells
and loss for neoplastic transformation. Thus,
the risk for teratoma formation can be reduced
either through elimination of undifferentiated
cells via purification methods or through effi-
cient promotion of differentiation.

Another critical aspect centers on the com-
plement of different cell types present at the
final differentiation stage. For example, trans-
plantation of pancreas progenitor cells also re-
sults in the development of exocrine pancreas
structures, e.g., acinar and duct cells, albeit at
much reduced frequency compared to endo-
crine cells (Kroon et al. 2008). In addition, other
endocrine cell types, including glucagon-pro-
ducing a cells, are likely to be generated as
well. Although the entire complement of endo-
crine cell types similar to that found in human
islets is likely beneficial for full function of these
structures, the presence of exocrine acinar cells
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that might release enzymes in an uncontrolled
manner is worrisome. Furthermore, as described
above, acinar cells can transiently or perma-
nently differentiate into cells with progenitor-
like activity under conditions of injury or in-
flammation, and even develop into neoplastic
lesions in the presence of oncogenic mutations
(Morris et al. 2010). Although the likelihood
of such scenarios is small, extensive tests need
to be performed to ensure that nonendocrine
cells do not compromise the function of the
hESC-derived endocrine cells or pose cancer-
related risks.

Other unresolved issues include the im-
mune response that will be directed against
hESC-derived cells on transplantation into im-
mune-competent T2D and autoimmune T1D
individuals. As addressed in detail elsewhere in
this collection, immunosuppressive regimens
have been developed over the last few years that
now provide significant and long-lasting protec-
tion against cadaveric islets that are transplanted
into diabetic patients (Posselt et al. 2010a,b). In
addition, improved encapsulation devices are
currently being developed to not only shelter
hESC-derived endocrine cells from the immune
insult of the host individual (Vaithilingam et al.
2008), but also prevent escape of potentially tu-
morigenic cells into the host body.

Finally, it will be critical to ascertain that the
hESC/iPSC-derived b cells are truly equivalent
to the endogenous counterparts. b cells are
highly specialized cells that not only produce
and secrete insulin, but do so in a tightly con-
trolled manner. Critical aspects of b-cell func-
tion thus include the sensing of physiological
glucose levels, the rapid release of stored insulin
vesicles, and the immediate cessation of insulin
secretion once glucose levels have been normal-
ized. This complex process requires optimal co-
ordination of multiple regulatory processes that
exist in endogenous b cells. Extensive efforts
need to be undertaken to ensure that the same
regulatory mechanisms are intact in stem cell-
derived insulin-producing cells to prevent un-
wanted complications stemming from hypogly-
cemia caused by inappropriate or prolonged in-
sulin release. Only when we have thoroughly
convinced ourselves that the stem cell-derived

cells are the true equivalent of the endogenousb
cells should transplantation into human diabet-
ic patients become a reality.

OUTLOOK AND CONCLUDING REMARKS

The last decade has seen tremendous efforts
and advances in development of protocols that
guide the differentiation of human stem cell
populations toward pancreatic b cells. In addi-
tion, the breakthrough findings that resulted in
the formation of human-induced pluripotent
stem cells from adult, somatic cells opened up
the possibility to generate either patient-specific
stem cells or to develop libraries of iPSC lines
cataloged for their differentiation capacity as
well as immunological makeup. For example,
human leukocyte antigen (HLA) typing could
be performed to increase the chances of en-
graftment and reduce the risk of host versus
graft reaction, one of the most common post-
transplant complications. Nonetheless, whereas
iPSC lines might reduce allograft rejections, ad-
ditional suppression of the immune system will
be required for T1D patients suffering from au-
toimmune defects. Finally, the success with re-
programming somatic cells to iPS cells through
activation of only a small set of critical regula-
tors raises the possibility that similar approach-
es could be used to directly reprogram either
stem cells or somatic cells into functionalb cells.
However, even under the best circumstances,
extensive testing of stem cell/somatic cell-de-
rived b cells will need to be performed to
show that these “designed” cells fully replicate
all functions of the endogenous insulin-produc-
ing cells found in the human pancreas. Al-
though we have taken enormous steps toward
generating such cells, significant work remains
to be done before cell transplantation of stem
cell-derived b cells becomes a reality.
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