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Abstract Diabetes mellitus is one of the most serious
public health challenges of the twenty-first century. Allo-
genic islet transplantation is an efficient therapy for type 1
diabetes. However, immune rejection, side effects of
immunosuppressive treatment as well as lack of sufficient
donor organs limits its potential. In recent years, several
promising approaches for generation of new pancreatic 3
cells have been developed. This review provides an over-
view of current status of pancreatic and extra-pancreatic
stem cells differentiation into insulin-producing cells and
the possible application of these cells for diabetes treat-
ment. The PubMed database was searched for English
language articles published between 2001 and 2012, using
the keyword combinations: diabetes mellitus, differentia-
tion, insulin-producing cells, stem cells.
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Introduction

Diabetes mellitus (DM) is a chronic disease affecting

nearly 350 million people worldwide. DM is classified into
two major types (American Diabetes Association 2011).
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Type 1 diabetes mellitus (DM1) results from autoimmune
destruction of insulin-producing B cells (Noguchi 2009).
DM1 is responsible for approximately 10 % of all DM
cases. Patients with DM1 require a long-life treatment with
regular insulin injections. Type 2 diabetes mellitus (DM?2)
is a heterogenous metabolic disorder, characterized by both
insulin resistance and relative insulin deficiency. This type
is responsible for more than 80 % of DM cases (Raslova
2010). The first main treatment for DM2 includes proper
diet and physical exercises.

There are a lot of studies indicating new methods of
treatment for patients with DM1. Currently, pancreas or
islet transplantation is considered as the best therapeutic
option for brittle type 1 diabetes. However, the low avail-
ability of organ donors limits the number of transplants
which could be performed. Alternative source of insulin-
producing cells could be zoonotic islets, but it creates a lot
of problems, like increased risk of graft rejection or viruses
transmission. Therefore, scientists are wondering whether
stem cells could differentiate into insulin-producing ones.
A number of studies indicated that it is possible. This opens
up new possibilities for treating patients who can get their
own autologous stem cells for therapy and avoid problems
associated with allo or xenotransplants.

Different types of stem cells were investigated to
determine which of them would be most useful in the
treatment of type 1 diabetes. Although stem cells were
isolated from pancreatic ducts, islets and exocrine tissue
the B-cell progenitors have not been identified (Baeyens
et al. 2005; Carlotti et al. 2010; Gao et al. 2003; Soria et al.
2005). Interestingly, B cells mass increases in vivo signif-
icantly after injury and during metabolic demand for
example pregnancy or obesity. Thus, it does seem that
there is a regeneration of pancreatic B cells, but it is not
clear whether it happens by self-replication or neogenesis
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(Dor et al. 2004). However, it should be emphasized that
progenitor cells isolated from diseased pancreas carry a
high risk of dysfunction. Therefore, there is great need for a
new sources of cells to generate insulin-producing cells
(IPCs). Here, we review the strategies that have been
applied to the generation of IPCs from stem cells.

Pancreas Development

Generation of IPCs in vitro requires understanding how 3
cells are formed in vivo. Pancreas development is a com-
plex process guided by numerous cascades of signaling
pathways and transcription factors that regulate cell dif-
ferentiation. Diffusible factors secreted from surrounding
tissues as well as cell-cell and cell-matrix interactions play
a critical role in this process. During embryonic develop-
ment, the pancreatic primordium is derived from definitive
endoderm that subsequently gives rise to the primitive gut
and posterior foregut. At this stage, formation of the pan-
creatic anlage is guided by retinoid signaling and depends
on inhibition of hedgehog signaling (Lau et al. 2006;
Stafford and Prince 2002; Stafford et al. 2004). The
developing pancreas is consists of epithelial progenitors
expressing: PdxI (Ipfl), Hnf6 (Onecut), HIxb9, Ptfla and
Nkx6-1 that will give rise to endocrine, exocrine and ductal
cells (Gu et al. 2002; Wilson et al. 2003). Further

Table 1 Main transcription factors involved in pancreas development

differentiation of pancreatic epithelium is regulated by
signals from the adjacent mesenchyme, such as Fgfl0
(Gittes 2009). Endocrine cell specification occurs by inhi-
bition of Notch signaling and expression of the pro-
endocrine gene Neurog3 (Ngn3) in some of the pancreatic
epithelial cells (Wilson et al. 2003). Ngn3 triggers the
expression of several transcription factors: Nkx2-2, Neu-
rodl, Nkx6-1, Pax-4, Pax-6 and Isl] that controls endocrine
cell differentiation. Nascent endocrine cells migrate from
the branched epithelium into surrounding mesenchyme and
form the islets of Langerhans (Gittes 2009; Guo and He-
brok 2009). Main transcription factors involved in pancreas
development are presented in Table 1.

Differentiation of stem cells to B cells in vitro cannot be
achieved in a single step, but requires a series of transition
steps replicating pancreatic organogenesis. Stem cells can
undergo differentiation through genetic manipulation as
well as epigenetic influences from media containing the
differentiating factors. Differentiating factors used to spe-
cific cell type differentiation are shown in Tables 2, 3.

Differentiation of Embryonic Stem Cells
Numerous studies have been performed to generate insulin-

producing cells through differentiation of embryonic stem
cells (ESCs). ESCs are cells derived from the inner cell

Transcription factors Abbreviation  Function References

NK?2 transcription factor related, Nkx2.2 Pancreatic endocrine development and Henseleit et al. (2005); Shiroi et al.
locus 2 differentiation into pancreatic f cells (2005)

NKG6 transcription factor related, Nkx6.1 Final differentiation of f§ cells Henseleit et al. (2005); Wang et al.
locus 6 (2011)

Neurogenin 3 Ngn3 Formation of pancreatic endocrine precursors, Habener et al. (2005); Kubo et al.
differentiation of pancreatic precursor cells (2011); Liang et al. (2011)
towards endocrine lineages

Paired box gene 4 Pax4 Formation of B cells and § cells, represses glucagon Collombat et al. (2005)
transcription

Paired box gene 6 Pax6 Formation of a cells, activates glucagon Lorenzo et al. (2011)
transcription

Neurogenic differentiation NeuroD Differentiation and islet growth, endocrine Artner et al. (2010)
differentiation in pancreatic progenitors

Avian musculoaponeurotic MafA Controls and activates insulin gene expression Artner et al. (2010); Kataoka et al.

fibrosarcoma oncogene homolog (2002)
Avian musculoaponeurotic MafB Formation of a cells and P cells, activates genes Artner et al. (2006, 2010)
fibrosarcoma oncogene homolog involved in mature endocrine function, including
those significant to glucose sensing, vesicle
maturation, Ca>* signaling, and insulin secretion
Pancreatic and duodenal homeobox  Pdx-1/Ipf-1 Early pancreatic development, formation of 3 cells Hui and Perfetti (2002); Kubo
(in human) and o cells, formation of exocrine tissue, et al. (2011)
important activator of insulin
Islet-1 Isl-1 Early endocrine cell differentiation May (2010)
Forkhead box A3 FoxA3 Endodermal marker, differentiation of pancreas Hori et al. (2005)
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Table 2 Differentiation factors and cell types

Cell type Differentiation factors

References

B27, nicotinamide, insulin, transferin, selenium, FN,
exendin-4, LY294002, activin-A, LAM, RA,
GLP-1, Nodal, IDEI1, IDE2, FGF-10,
cyclopamine, extendin-4, DAPT

Activin-A, conophyline, BTC-64, BTC,
nicotinamide, L-glutamine, FN, LAM, HGF,
extendin-4

Embryonic stem cells

BM-MSCs

Umbilical cord blood derived MSCs Glucose, RA, nicotinamide, epidermal growth
factor, exendin-4, B27

Adipose tissue-derived MSCs Glucose, nicotinamide, activin-A, exendin-4,

HGF, pentagastrin, BTC

Glucose, poly-L-ornithine, FN, apo-transferin,
L-glutamine, RA, nicotinamide, insulin-like
growth factor, matrigel, FGFR2IIIb, HGF, EGF

Progenitor cells

Bai et al. (2005); Boyd et al. (2008); Cho et al.
(2008); D’ Amour et al. (2006); Hori et al. (2002);
Kroon et al. (2008); Shi et al. (2005)

Hisanaga et al. (2008); Lin et al. (2010); Sun et al.
(2007)

Chao et al. (2008); Gao et al. (2008)
Timper et al. (2006)

Elghazi et al. (2002); Feng et al. (2005); Gao et al.
(2003); Hori et al. (2005); Suzuki et al. (2002)

DAPT N-[N-(3,5-difluorophenacetyl)-L-alanyl]-s-phenylglycine t-butyl ester, RA retinoic acid, BTC-04 betacellulin-deltad4, FN fibronectin, LAM

laminin, HGF hepatocyte growth factor, EGF epidermal growth factor

Table 3 Extrinsic factors promoting B-cell proliferation and differentiation

Extrinsic factors Abbreviation Function

References

Bai et al. (2005); Hardikar et al. (2002)

Cho et al. (2008); Li et al. (2004); Oh et al.
(2011); Shi et al. (2005); Sun et al. (2007)

Li et al. (2004); Shi et al. (2005); Sun et al.
(2007)

Wang et al. (2004)

Kelly et al. (2005); Schwindt et al. (2009);
Tureyen et al. (2005)

Kelly et al. (2005); Schwindt et al. (2009);
Tureyen et al. (2005)

Cho et al. (2008); Tang et al. (2004)

Chen et al. (2004)
Lin et al. (2010)

Lin et al. (2010)

Glucagon like peptide GLP-1 The most potent stimulator of oral glucose-induced
insulin secretion, GLP-1 is released in response to
meal intake and is rapidly metabolized and
inactivated by dipeptidyl-peptidase-4

Betacellulin BTC Plays an important role in regulating growth and
differentiation of pancreatic f cells

Activin-A Regulates neogenesis of B cells in vivo

Hepatocyte growth factor HGF Promotes B-cell proliferation and regeneration,
regulates the pancreatic islet differentiation

Endothelial growth factor EGF Promotes the proliferation of nestin-positive cells

Basic fibroblast growth bFGF Promotes the proliferation of nestin-positive cells

factor

Nicotinamide Promotes formation of fetal porcine islet-like cell
clusters and increases the rates of proinsulin
biosynthesis in these clusters

B-mercaptoethanol Increases the potency of nicotinamide

Laminin LAM Affects B cells differentiation, proliferation, and
insulin secretion

Fibronectin FN Affects B cells differentiation, proliferation, and
insulin secretion

Extendin 4 Promotes growth and maturation of B cells

Degn et al. (2004)

mass of the blastocyst, an early stage embryo. ESCs
demonstrate the capacity for differentiation into cells of all
three primary germ layers (ectoderm, mesoderm and
endoderm) (Wobus and Boheler 2005). Given this capacity
ESCs can differentiate into any desired cell types, includ-
ing B cells. Another advantage of ESCs is unlimited self-
renewal capacity, allowing generate large number of cells
for therapeutic purposes. However, directed differentiation
of ESCs toward specific cell types, such as IPCs is a

challenge, because it requires inhibition of the formation of
unwanted cell fates. Another limitation of undifferentiated
ESCs is potency of post-transplantation teratoma forma-
tion. More recently, it has been shown that transplantation
of differentiated ESCs also lead to teratoma formation
(Boyd et al. 2008). Moreover, using human ESCs for this
purpose raises many ethical and religious dilemmas.
Numerous multi-step protocols have been used to dif-
ferentiate of ESCs toward the pancreatic lineage. Primary
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research resulted in the production of cells that had some [-
cell characteristics, but fell short of being true fully
developed cells. Currently, there are two main approach for
differentiation of ESCs into IPCs: embryoid body forma-
tion and definitive endoderm formation.

The protocols involving embryonic body formation
comprises two phases: the embryoid body stage (4-5 days)
and the differentiation stage (30—40 days). Boyd et al.
(2008) compared three different protocols to differentiate
ESCs into IPCs using the embryoid body formation strat-
egy. This study indicated that the IPCs generated using
Blyszczuk protocol (Blyszczuk et al. 2004) exhibited
superior C-peptide expression and longer normoglycemic
rescue in diabetic mice when compared with the Hori’s and
Lumelsky’s protocols (Hori et al. 2002; Lumelsky et al.
2001). In protocol described by Blyszczuk the ESCs were
cultured in “handing drops” and in suspension for 5 days
to form embryoid bodies. Then, embryoid bodies were
plated in Iscove medium supplemented with 20 % fetal calf
serum (FCS), L-glutamine, non-essential amino acids and
a-monothioglycerol and cultured for 9 days for differenti-
ation into cells representing derivatives of all three primary
germ layers. In the next step, cells were re-plated onto
poly-L-ornithine/laminin-coated culture dishes into a pan-
creatic differentiation medium (N2 medium supplemented
with progesterone, putrescine, laminin (LAM), insulin,
sodium selenite, nicotinamide, transferrin, fibronectin
(FN), B27 media supplement, 15 % FCS) and cultured for
19 days (Blyszczuk et al. 2004). The Lumelsky’s protocol
involves serum-free ITSFn medium and basic fibroblast
growth factor (bFGF) treatments (Lumelsky et al. 2001).
The Hori’s protocol involves additionally treatment of
differentiating cells with PI3 kinase inhibitor LY294002,
but excludes B27 supplement (Hori et al. 2002). Real-time
polymerase chain reaction and immunofluorescence tech-
niques indicated that each of these protocols lead to
differentiation of ESCs toward pancreatic lineage.
Although Boyd et al. (2008) showed that IPCs generated by
each of this protocols released insulin in response to low
glucose concentration, but did not release insulin at higher
glucose concentration. This observation suggests that IPCs
may also be malfunctioning in their glucose-sensing
capacity in vivo. The potential of IPCs generated from
ESCs using embryoid body approach to normalize glucose
in streptozotocin-induced diabetes mice is very low. Sev-
eral reports indicated transient correction of blood glucose
level after IPCs transplantation (Blyszczuk et al. 2003;
Hori et al. 2002; Lumelsky et al. 2001). This may be due to
cell dying or dedifferentiation of transplanted IPCs.
Another problem regarding the ESCs differentiation into
IPCs using embryoid body strategy is teratoma formation
(Blyszczuk et al. 2003; Hori et al. 2002; Boyd et al. 2008).
A possible explanation for such a finding may be that IPCs
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are in fact a heterogenous mixture of undifferentiated
ESCs, IPCs and even differentiated cells of other lineages.

Employing knowledge of pancreatic development in
ESCs differentiation strategies lead to striking success in
IPCs generation. It has been reported that using five-stage
protocol that mimics pancreatic organogenesis and com-
prise the sequential phases of inducing a definitive
endoderm, primitive gut tube, posterior foregut, pancreatic
endoderm and cells that express endocrine hormones,
successfully converts ESCs to IPCs (D’ Amour et al. 2006).
The first step in differentiation of ESCs into IPCs is for-
mation of definitive endoderm. Two signaling pathways,
the Wnt and transforming growth factor (TGF)-f are cru-
cial to induce formation of the definitive endoderm.
Differentiation of ESCs into definitive endoderm can be
achieved via treatment with activin-A and Wnt3a and
confirmed by expression of endodermal markers, includ-
ing SOX17, FOXA2, GATA4, CXCR4, and cerberus
(D’Amour et al. 2006; Kroon et al. 2008). Nodal,
CHIR99021, IDE1 and IDE2 are another molecules that
induce development of the definitive endoderm (Borowiak
et al. 2009; Takenaga et al. 2007). The next step after for-
mation of definitive endoderm is induction of primitive gut
tube. Removing the activin-A and adding the FGF10 and
cyclopamine to the differentiation media lead to induction
of transcription factors HNF4o and HFN1 f3, genes generally
expressed in developing gut tube. The addition of cyclop-
amine, a plant alkaloid inhibits Hedgehog signaling
pathway and promotes pancreatic development. The next
step is reproduce the formation of the posterior foregut. It
could be reached by inhibition of the Hedgehog signaling
pathway and simultaneously induction of retinoic acid (RA)
signaling. In this stage cyclopamine and FGF10 are main-
tained and RA is added. Upon addition of RA cells began
express high levels of PDX1, HLXB9 and HNF6, markers of
posterior foregut (D’ Amour et al. 2006). During stage 4,
posterior foregut differentiates towards pancreatic endo-
derm and endocrine precursors. The addition of N-[N-(3,5-
difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester
(DAPT), a y-secretase inhibitor that blocks Notch signaling,
and extendin-4 lead to expression of NKX6-1, NGN3, PAX4,
and NKX2-2 markers of endocrine precursors. Finally,
during stage five precursor cells are differentiated into
hormone expressing cells. In this stage extendin-4 is
maintained, IGF1 and hepatocyte growth factor (HGF) are
added. After ~2 weeks of differentiation cells expressing
each of five pancreatic endocrine hormone are detected.
Many cells express more than one hormone. However, the
percentage of insulin-positive cells generated using this
protocol is relatively low around 7 % of total cell popula-
tion. Moreover C-peptide release by these cells is marginal
in response to glucose (D’ Amour et al. 2006). More recently
the same group reported more efficient strategy to
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differentiate ESCs into IPCs. This new protocol consists of
four stages instated of fives and requires only 12 days of
differentiation. In brief, during first stage (definitive endo-
derm formation) ESCs are treated with activin-A and Wnt3a
for 1 day followed by activin-A treatment alone for 2 days.
In the second stage (primitive gut tube formation),
cyclopamine treatment is eliminated and keratinocyte
growth factor is substituted for FGF10 for 3 days. In the
next stage (posterior foregut formation), differentiating
cells are treated with B27, KAAD-cyclopamine, all-trans
RA and Noggin instead of FGF10. In the fourth stage
(pancreatic endoderm formation), cells are cultured in the
absence of all factors except B27 for 3 days. Pancreatic
endoderm grafted into immunodeficient mice matures
in vivo for several months leading to the generation of
glucose responsive insulin secreting cells (Kroon et al.
2008). The question is in what way the immature endocrine
cells implanted into heterotopic environment, such as the
epididymal fat pads, subcutaneous tissue or under kidney
capsule differentiate into pancreatic cells.

Jiang et al. (2007a) differentiated ESCs into IPCs using
four-stage protocol. In the first stage, ESCs were differ-
entiated into definitive endoderm via treatment with
sodium butyrate and activin-A for 7 days. In the second
stage, the endoderm cells were differentiated into the
pancreatic endoderm in medium supplemented with B27,
bFGF, epidermal growth factor (EGF) and noggin for
14 days. The noggin was used to enhance PDX-1 expres-
sion. In the third stage, the pancreatic endoderm cells were
differentiated into pancreatic endocrine/exocrine cells. The
bFGF was removed and cells were cultured in medium
supplemented with B27, EGF and noggin for 7 days. In the
final, fourth stage cells were transferred into maturation
medium containing nicotinamide and IGF2 and cultured
for 5 days and without IGF2 for another 2 days to generate
IPCs. Flow cytometric analysis indicated that only about
4 9% of cells were positive for C-peptide (Jiang et al.
2007a).

Despite significant improvements in novel approaches
for generation of IPCs from ESCs, the final yield of IPCs is
still very low (0.8-7.3 % of the final heterogenous cell
population) (D’ Amour et al. 2006; Jiang et al. 2007a). In
addition, the amount of insulin secreted by IPCs is signif-
icantly lower as compared to native [ cells. The advances
in studies on ESCs differentiation using definitive endo-
derm formation strategy are encouraging, but requires
further investigations.

Another interesting way to generate IPCs is nuclear
reprogramming. As described above, B-cell differentiation
depends on cascade of transcription factors that function in
an exquisitely coordinated temporal and spatial manner in
the developing pancreas. The nuclear reprogramming has
been used to induce the expression of critical transcription

factor and guide differentiation of ESCs into IPCs. Shiroi
et al. (2005) used murine ESCs transfected with Nkx2.2
gene to find out whether they are able to differentiate into
IPCs in vitro. Nkx2.2 is NK-homeodomain gene expressed
in pancreatic progenitor cells. Nkx2.2 expression is required
for pancreatic endocrine development and differentiation of
B cells (Table 2) (Henseleit et al. 2005; Lin et al. 2007,
Shiroi et al. 2005). This study suggested that Nkx2.2 pro-
motes differentiation of ESCs into IPCs (Shiroi et al. 2005).
Kubo et al. (2011) reported that the overexpression of Pdx-1
and Ngn3 enhanced pancreatic differentiation. Pdx-1 is
involved in early pancreatic development. Ngn3 is enga-
ged in the formation of pancreatic endocrine precursors
(Table 1). Induced overexpression of Pdx-I led to upregu-
lation of insulin and other pancreatic genes. These studies
demonstrated that genetic engineering may be an important
tool in generation of insulin-producing cells. However,
forced expression of transcription factors at non-physio-
logical level on at inappropriate time points can lead to
generation of other than B-cell types or even non-pancreatic
cell types (Bernardo et al. 2009; Johansson et al. 2007).

Differentiation of Induced Pluripotent Stem Cells

Induced pluripotent stem (iPS) cells are somatic cells that
have been reprogrammed to an embryonic stem like-cell
state by introducing genes (like OCT4, SOX2, c-MYC,
KLF4 or others) important for maintaining the essential
properties of ESCs (Cai et al. 2011). iPS cells have been
generated from human somatic cells, like fibroblasts,
peripheral blood cells, keratinocytes, neural stem cells and
others (Aasen et al. 2008; Kim et al. 2009; Loh et al. 2009;
Lowry et al. 2008; Park et al. 2008; Takahashi et al. 2007;
Yu et al. 2007). These cells may provide an alternative
source of stem cells for the treatment of type I diabetes.
Unfortunately, genetic manipulation used to generate iPS
cells can cause unexpected effects in activation of onco-
gens, such as c-MYC and lead to cancer formation. In
addition, the viral vectors after integration with the host
may lead to unexpected genetic disorder (Okita et al. 2007;
Takahashi et al. 2007; Tateishi et al. 2008; Yu et al. 2009).
Therefore, new and improved methods of generating iPS
cells, including minimal or no genetic modification are
needed (Huangfu et al. 2008; Kaji et al. 2009; Okita et al.
2008; Stadtfeld et al. 2008; Woltjen et al. 2009; Yu et al.
2009; Zhou et al. 2009).

Tateishi et al. (2008) reported that iPS cells derived
from human skin fibroblast by retroviral expression of
OCT4, SOX2, c-MYC, and KLF4 have the potential to
differentiate into insulin-producing islet-like clusters
(ILCs). They indicated that iPS cells and ESCs exhibit
similar morphological and genetic changes during ILCs
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differentiation. Differentiation of ILCs was performed
according to four-stage protocol described previously by
Jiang et al. (2007b). The iPS-derived ILCs contained
C-peptide-positive and glucagon-positive cells and released
C-peptide upon glucose stimulation. Although the level of
insulin secreted by iPS-derived ILCs in response to high
glucose was significantly lower compared to ESCs-derived
ILCs (Tateishi et al. 2008).

A highly efficient step-wise pancreatic differentiation
strategy was proposed by Zhang et al. (2009a). iPS cells
were generated by transducing the lentivirus containing
OCT-4, SOX2 and KLF4 into human fibroblasts. In the first
stage human iPS cells were incubated with medium sup-
plemented with basal serum albumin (BSA), B27, N2,
activin-A and wortmannin for 4 days. In the second stage
the cells were treated with medium supplemented with
BSA, ITS, B27, RA, FGF-7 and NOGGIN for 4 days. In
the third stage the cells were cultured in the medium with
high glucose supplemented with BSA, N2, ITS and EGF
for 5 days. In the final fourth stage the cells were incubated
in medium with ITS, bFGF, nicotinamide, exendin-4 and
BMP4. IPCs obtained by this approach expressed most of
the crucial B cells transcription factors and functional
markers like: PDX1, MAFA, NKX6.1, NEUROD, ISL-1 and
GLUT?2. The cells co-expressed C-peptide, PDX1, NKX6.1
and MAFA as is characteristic for mature B cells (Zhang
et al. 2009a).

Kunisada et al. (2012) indicated that iPS cells treatment
with activin-A and a GSK3f inhibitor enhanced efficient
endodermal differentiation, and then combined treatment
with RA, a bone morphogenic protein inhibitor, and a
TGF-p inhibitor induced efficient differentiation of pan-
creatic progenitor cells from definitive endoderm. They
also found that forskolin, dexamethasone, and a TGF-f
inhibitor induced the differentiation of insulin-producing
cells from pancreatic progenitor cells. In this study
8-16.9 % of the cells became insulin positive (Kunisada
et al. 2012).

Differentiation of Mesenchymal Stem Cells

A number of studies reporting differentiation of mesen-
chymal stem cells (MSCs) into insulin-producing cells
(Chen et al. 2004; Tang et al. 2004). MSCs were isolated
from many organs and tissues, such as bone marrow, fat
tissue, umbilical cord blood, pancreas etc. (Hisanaga et al.
2008; Sun et al. 2007; Zhang et al. 2009b). Mesenchymal
stem cells are a heterogeneous population of cells capable
to multidirectional differentiation (Ding et al. 2011). MSCs
can be isolated from a diabetic patient, differentiated into
insulin-producing cells and then transplanted back. Using
MSCs do not raise ethical and religious problems.
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Differentiation of Bone Marrow Mesenchymal Stem
Cells

A simple method to induce differentiation of murine bone
marrow MSCs to insulin-producing cells was presented by
Hisanaga et al. (2008). To induce bone marrow mesen-
chymal stem cells (BM-MSCs) differentiation into
pancreatic endocrine cells, the cells were cultured in the
basic medium in the presence of activin-A, conophylline
and betacellulin-84 (Table 3). Insulin- containing secretory
granules were observed in differentiated cells but the
morphology of the granules was different compared to
granules found in B cells. Differentiated cells secreted
mature insulin and responded to glucose stimulation
in vitro. When these cells were transplanted to diabetic
mice, they markedly reduced the glucose concentration
(Hisanaga et al. 2008). Sun et al. (2007) reported that BM-
MSCs can be differentiated into IPCs by a three-stage
protocol. In the first stage MSCs were cultured in serum-
free high glucose medium supplemented with B-mercap-
toethanol. Cell treatment with bFGF, EGF, B27 and NEAA
resulted in expression of nestin, PDX-1, NGN3, PAX4,
insulin and glucagon (Table 1). Then, addition of B-cellu-
lin, activin A, B27 and nicotinamide enhanced expression
of PDX-1 and generated cells expressing endocrine hor-
mones including insulin and glucagon. The differentiated
cells secreted insulin depending on glucose concentration
(Sun et al. 2007). Zhang et al. (2010) demonstrated that
BM-MSCs derived from a human first-trimester abortus
can differentiate into pancreatic islet-like cell clusters fol-
lowing a four-step induction. Differentiation media
contains: B-mercaptoethanol, bFGF, EGF, B27, HGF,
nicotinamide, extendin-4, B-cellulin and zinc acetate. Dif-
ferentiated cells expressed a broad gene profile related to
pancreatic islet B-cell development. Immunofluorescence
assay indicated that nestin was strongly expressed after
second stage, NGN3, PDXI, NEURODI, and MAFA were
expressed after third stage and insulin and C-peptide after
fourth stage (Table 1). Islet-like cell cluster released high
levels of insulin and C-peptide in response to glucose
stimulation in vitro. Transplantation of islet-like cell clus-
ter to streptozotocine-induce diabetic mice returned
normoglycemia (Zhang et al. 2010). Karnieli et al. (2007)
demonstrated that PDX1 induces a profound change in
gene expression in human bone marrow MSCs cultured
in vitro and can drive its differentiation toward the B-cell
phenotype.

Differentiation of Adipose Derived Stem Cells
Adipose tissue is a easily accessible and abundant source of

MSCs (Rodriguez et al. 2005; Zuk et al. 2002). Timper
et al. (2006) noticed that human adipose derived stem cells
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(ADSCs) are able to adopt a pancreatic endocrine cell
phenotype ex vivo. ADSCs were induced to differentiate
into an insulin-producing cells by defined culture condi-
tions within 3 days. Every 24 h of three-day differentiation
procedure expression of ABCG2 (stem cell marker), IPF-1,
ISL-1, NGN3, PAX-6 and islet hormones was analyzed.
ABCG?2 and PAX-6 expression was found in proliferating
MSCs. Expression of ABCG2 was decreased and PAX-6
was no induced by the 3 days differentiation procedure.
Upregulation of pancreatic transcription factors IPF-1,
ISL-1, NGN3 and islet hormones was observed during the
differentiation period (Timper et al. 2006). Chandra (2009)
demonstrated three-step differentiation protocol of IPCs
from murine epididymal adipose stem cells (mE-ASCs).
The mE-ASCs were first converted into definitive endo-
derm (activin-A, sodium butyrate, B-mercaptoethanol),
then into pancreatic endoderm (taurine) and finally into
pancreatic hormone-expressing islet-like cell aggregates
(ICAs) (taurine, GLP-1, nicotinamide, NEAA). After
10 days ICAs showed positive staining for ditizone (zinc-
chelating agent known to selectively stain pancreatic
B cells) and coexpressed insulin, glucagon and somato-
statin. Moreover, matured ICAs exhibited expression of
Pdx-1, C-peptide, insulin, glucagon, somatostatin, pancre-
atic polypeptide and Glut-2. ICAs transplantation in
streptozotocine induced diabetic mice restored normogly-
cemia within 2 weeks (Chandra 2009). Similar three-step
differentiation protocol was able to differentiate the human
adipose tissue-derived stem cells into IPCs (Chandra et al.
2011). Kajiyama et al. (2010) reported that PDX-1 trans-
fected adipose tissue-derived stem cell can differentiate
into insulin-producing cells. The human PDX-] gene was
integrated with retrovirus and transducted into ADSCs.
Transplantation of PDX-1 transduced ADSCs into strep-
tozotocine-induced diabetic mice reduced the blood
glucose levels. In this study 25 % of the PDX-1-ADSCs
transplanted into pancreas of the streptozotocine treated
mice differentiated into insulin-producing cells (Kajiyama
et al. 2010).

Differentiation of Other Types of MSCs

Chao et al. reported that human MSCs-derived from
Wharton’s jelly of the umbilical cord can differentiate into
islet-like clusters through stepwise culturing in neuron-
conditioned medium. These islet-like clusters showed the
enhancement of insulin expression and pancreatic B-cell-
related genes, such as PdxI, Hixb9, Nkx2.2, Nkx6.1, and
Glut-2. They released insulin in response to glucose stim-
ulation in vitro and reduced hyperglycemia in streptozocin-
induced diabetic rats in vivo (Chao et al. 2008). More
recently, Kim et al. (2012) generated insulin-producing
cells from MSCs derived from periosteum (periosteum

derived progenitor cells). Cells were cultured for
2-3 weeks in high glucose level medium containing: nic-
otinamide, activin-A, extendin-4, HGF, B27 and N2
supplements. Periosteum-derived IPCs expressed genes
characteristic for B-cell development and responded to
glucose stimulation (Kim et al. 2012). Another authors
indicated that also endometrial MSCs can differentiate into
functional insulin-producing cells (Chang et al. 2007; Li
et al. 2010). Zanini et al. (2011) reported the ability of
human pancreatic islet-derived mesenchymal cells to dif-
ferentiate into pancreatic endocrine phenotype. Pancreas-
derived MSCs cultured for 21 days in a medium for
endocrine differentiation formed clusters that acquiring an
islet-like morphology and secreted insulin in response to
glucose stimulation (Zanini et al. 2011). Eberhardt et al.
(2006) isolated nestin-positive MSCs from human pan-
creatic islets and immortalized them with lentiviral vectors
coding telomerase and mBmi. Immortalized cells were
differentiated into islet-like clusters. Differentiated cells
expressed genes ISL-1, IPF-1, NGN3, PAX4, PAX6,
NKX2.2 and NKX6.1 as well as islet hormones insulin,
glucagon and somatostatin, related to pancreatic [-cell
development (Eberhardt et al. 2006). They indicated that
IPCs obtained from islet-derived MSCs are able to go
further along the endocrine pathway comparing with those
originated from BM-MSCs.

Several studies demonstrated the role of extracellular
matrix proteins in IPCs differentiation. It was indicated that
FN and LAM affected B-cell differentiation, proliferation,
and insulin secretion. These proteins enhanced pancreatic
differentiation from MSCs: stimulated insulin and GLUT2
gene expressions, increased proinsulin and insulin protein
levels. Moreover they enhanced insulin secretion in
response to glucose stimulation and accumulation of
insulin granules in IPCs (Table 3) (Lin et al. 2010). Gao
et al. (2008) have indicated that extracellular matrix gel
plays an important role not only in differentiation of human
umbilical cord blood derived MSCs into IPCs, but also in
maturation and formation of three dimensional structures.
This observations were confirmed by other authors (Chang
et al. 2008).

Based on the quoted studies it can be concluded that
MSC:s are able to differentiate into insulin-producing cells.
Many types of differentiation protocols have been devel-
oped, which ultimately led to achieve the desired results
confirming the presented theory (Gao et al. 2008; Lin et al.
2010; Oh et al. 2004).

Differentiation of Progenitor Cells

Hori et al. reported that brain-derived human neural pro-
genitor cells are able to differentiate into insulin-positive
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cells. They indicated that human neural stem cells have a
broad differentiation potential and that specific in vitro
culture conditions can differentiate them into insulin-pro-
ducing cells (Hori et al. 2005). Molecular analysis of
differentiated IPCs showed that they remain distinct from
mature pancreatic islet [ cells. Differentiated cells
expressed declined level of NGN3, increased or maintained
levels of ISL-1, FOXA3, and PDX1 and very low level of
insulin (Hori et al. 2005). Another study indicated that
progenitor cells-derived from adult human pancreatic ducts
(CK19-positive ductal epithelial cells) are able to differ-
entiate into insulin-producing ones. An in vitro-generated
islet buds released insulin in response to glucose nearly as
efficiently as native islets. Although, when transplanted
under the kidney capsule of nude mice, only one of five
grafts demonstrated further growth with foci of both
endocrine and exocrine differentiation (Gao et al. 2003).
Liver stem/progenitor cells are self-renewing capability
and multilineage differentiation potential (Suzuki et al.
2002). Feng et al. (2005) indicated that these cells could be
converted into insulin-producing cells under specific cul-
ture condition (medium supplemented with nicotinamide,
L-glutamine, B-mercaptoethanol and glucose). When these
cells were transplanted into alloxan-induced diabetic mice,
the non-fasting blood glucose level was reduced (Feng
et al. 2005).

Remaining Challenges and Conclusions

A number of challenges need to be overcome before based
on insulin-producing cell therapy will be utilized for dia-
betes treatment. One of the major problem to overcome is
full maturation of IPCs in vitro. Differentiated cells secrete
very low level of insulin, express multiple hormones and
show very little response to glucose stimulation. A possible
explanation for B cells maturation failure in vitro could be
absence of mesenchyma-epithelium interactions, that occur
during pancreatic embryogenesis (Kumar et al. 2003).
Another challenge is long term survival of IPCs grafts.
Immature IPCs transplanted extra-pancreatically could
dedifferentiate or even switch to another cell types. Murine
and human stem cells as well as pancreatic islets are dis-
similar in many aspects, therefore translation of research
evidences from animal to human requires extreme caution.
Although there are strong evidences which confirm that
generated in vitro IPCs reduce hyperglycemia in rodent, the
capability of IPCs to treat diabetic patients is still nebulous.
Generation of IPCs in large scale, realistic for clinical
application is another hurdle.

IPCs obtained from autologous cells of patient with
DM1 and transplanted back could be targeted by immune
system. Therefore, the challenge for a successful cell based

@ Springer

therapy in DM1 treatment is not only the functional f cells
generation but also blocking the autoimmune response.
Even though significant challenges remains, there are many
reasons to believe that B-cell replacement therapy may
became a clinical reality for the treatment of patients with
DM.
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