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Abstract: Exogenous insulin administration and oral anti-diabetic drugs are the primary means of treating diabetes. 
However, tight glycaemic control, with its inherent risk of hypoglycaemia, is required to prevent the microvascular 
and macrovascular complications of the disease. While islet or pancreas transplantations offer a longer-term cure, 
their widespread application is not possible, primarily because of a lack of donor tissue, the burden of life-long im-
munosuppression, and eventual graft rejection. The rapid increase in the incidence of diabetes has promoted the 
search for alternative cell-based therapies. Here we review recent advances in the directed differentiation of both 
endocrine and non-endocrine progenitors towards an islet-like phenotype. 
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The need for cell-based therapies for diabetes

The pancreatic islet is a complex microorgan-
ism, secreting insulin under tight physiological 
control. Insulin deficiency due to disturbances 
of insulin production/action lies at the heart of 
diabetes. This disease is a growing global 
healthcare problem, with incidence currently 
estimated at 346M. Whilst exogenous insulin 
administration is the primary mechanism of 
controlling blood glucose levels in type 1 diabe-
tes, it is increasingly being introduced for those 
with type 2 diabetes where it has been shown 
to aid beta-cell survival and function [1]. 
However, the administration of exogenous insu-
lin does not restore the physiological regulation 
of hyperglycaemia. Furthermore, strict adher-
ence to the treatment regime is required to 
achieve a state close to glucose homeostasis 
and prevent many of the long-term complica-
tions of diabetes including cardiovascular dis-
orders, nephropathies, and diabetic retinopa-
thy. In addition, pharmacological induction of 
glycaemic control brings an inherent risk of 
hypoglycaemia. Thus, recent work in the field of 
diabetes research has focused on establishing 
cellular-based therapies that avoid the need for 
exogenous insulin delivery. Perhaps the most 

obvious approach is the replacement of pancre-
atic tissue or isolated islets by transplantation 
[2, 3]. However, a lack of donor material and the 
burden of immunosuppression, coupled with 
high levels of graft rejection, have meant that 
four decades after Ballinger and Lacy success-
fully transplanted isolated islets in rodents [4], 
islet transplantations are not routine [2, 3, 5]. 

This review discusses recent developments in 
the production of insulin-secreting beta-cells 
from progenitor cells and outlines the varied 
approaches that have been used to differenti-
ate both endocrine and non-endocrine progeni-
tors towards insulin-producing cells. 

Islet-cell development during embryogenesis

The pancreas arises from embryonic fusion of 
the dorsal and ventral primordial [6]. The endo-
crine portion of the adult pancreas is comprised 
of approximately 1 million islets of Langerhans 
that account for around 2-3% of pancreatic 
mass, but which receive approximately 30% of 
pancreatic blood supply [7]. Islets are anatomi-
cally complex microorgans comprised of hetero-
geneous cell types made up of insulin secreting 
beta-cells, glucagon-secreting alpha-cells, 
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somatostatin-secreting delta-cells and poly-
peptide-secreting PP cells [7]. The 3D architec-
ture of islets is important to normal function 
and is a crucial part of embryonic development. 
In the mature pancreas, islet architecture is 
maintained by cell adhesion molecules includ-
ing E-cadherin, but in the developing pancreas, 
the emergence of endocrine cells from the epi-
thelial trunk of the pancreas is dependent on a 
reduction in E-cadherin expression [8]. 

Endocrine progenitor cells co-express all endo-
crine hormones prior to final maturation into 
cells expressing a single hormone [6]. In rodent 
models, glucagon-secreting cells are initially 
detected, followed by insulin-producing cells 
which co-express glucagon. Mature insulin-
secreting beta-cells and glucagon-releasing 
alpha-cells are evident from embryonic day 14 
in mice [9, 10] and from the end of the first tri-
mester in humans [11]. Somatostatin secreting 
delta-cells develop soon afterwards, while 
PP-releasing cells are observed shortly before 
the end of gestation when clustering of cells to 
form 3D islets is also observed [9, 10]. 

Endocrine cells are derived from Pdx-1 (pancre-
atic and duodenal homeobox 1) positive pro-
genitor cells (Figure 1). Disruption of Pdx-1 
results in regression of the pancreas immedi-
ately after bud formation [12]. Similarly, loss-of-
function mutations causes maturity onset dia-
betes of the young (MODY) and pancreatic 
agenesis. During embryogenesis, both endo-
crine and exocrine progenitors are positive for 
Pdx-1, but on maturation, Pdx-1 is generally 
found in the beta-cell and delta-cells only [13]. 
The development of endocrine cells is regulat-
ed by the bHLH (basic helix loop helix) tran-
scription factor Ngn-3 (Neurogenin 3). Inhibition 
of Ngn-3 during embryonic development ham-
pers endocrine differentiation [14]. The further 
development of specific islet hormone express-
ing cells is regulated by an additional range of 
transcription factors [15]. In particular, beta-
cell differentiation is largely regulated by 
NKX2.2 (NK2 homeobox 2) [16]. However, very 
recent evidence suggests a role for Grg3 
(groucho-related gene 3, also known as Tle3), 
which encodes a member of the Groucho/TLE 
family of co-repressors and regulates differen-

Figure 1. Transcriptional regulation of endocrine development. All pancreatic cells originate 
from pdx-1 positive cells. The transcription factor Ngn-3 is required for differentiation into 
an endocrine phenotype. Further development into alpha, beta, or delta-cells cells is closely 
controlled by a range of transcription factors as indicated in the Figure.
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tiation of progenitors into mature cell types [8]. 
Metzger et al. [8] show that Grg3 is expressed 
in beta-cells and that Grg3-null mice display 
limited differentiation of endocrine cell types. 
This was attributed to delamination defects of 
early endocrine progenitors from the trunk epi-
thelium. Interestingly, Grg3 normally suppress-
es E-cadherin gene expression, thereby pro-
moting emergence of endocrine cells from the 
trunk epithelium [8]. These findings suggest an 
important role for Grg3 in beta-cell develop- 
ment. 

Production of beta-cells from endocrine pro-
genitor cells

The expansion of all endocrine cells from Pdx-1 
positive progenitors is Ngn-3 dependent [15]. 
Recent observations in mouse embryos sug-
gest that Ngn-3 expression occurs in two dis-
tinct phases at approximately E8.5−E11.0 and 
later, at E12.0. Ngn-3 expression correlates 
with the first and second transitions of endo-
crine development, which appear to be gov-
erned by post-transcriptional regulation [17]. 
Indeed, mice deficient in Ngn-3 die of hypergly-
caemia and related complications shortly after 
birth because of a total absence of endocrine 
islet cells [15]. Adult islet cells also express low 
levels of Ngn-3, which is thought to contribute 
to the much debated phenomenon of beta-cell 
replication [18].

Beta-cells respond to a plethora of hormones, 
neurotransmitters, nutrients, drugs and sec-
ond messengers [19]. Beta-cell activity 
responds to physiological requirements and 
conditions such as pregnancy and obesity, 
which are associated with altered beta-cell 
mass and insulin secretion, can have a pro-
found effect on normal beta-cell function [7, 
20]. Evidence from animal studies suggests 
that beta-cells can self-duplicate to redress 
physiological imbalances (see review by Gonez 
and Knight [21]). However, the mechanisms 
behind this process are poorly understood and 
widely debated. 

The promotion of beta-cell regeneration by 
existing beta-cells is supported by pancreatic 
ductal cells [22]. The junction between the duc-
tal epithelium and adjacent acinar cells houses 
centroacinar/terminal ductal cells (CA/TD). CA/
TD are negative for endocrine cell markers, but 
positive for progenitor cell transcripts including 

nestin and Sox9 and can spontaneously devel-
op into endocrine or exocrine phenotypes whilst 
retaining glucose-induced insulin secretion 
[23]. Moreover, it was suggested that these 
cells contribute to the preservation of tissue 
homeostasis in the murine pancreas [23].

The direct development of labeled pancreatic 
ductal cells into beta-cells over a 4 week period 
was confirmed after duct ligation in mice [24, 
25]. Contrastingly, other work suggests that 
ductal cells contribute to beta-cell neogenesis 
before, but not after, birth [26, 27] and debate 
continues as whether ductal cells are true pro-
genitors of pancreatic beta cells. The presence 
of true endocrine progenitors in the adult pan-
creas is therefore highly debatable. Limited 
expression of constitutive Ngn-3 in the adult 
pancreas implies that beta-cell neogenesis is 
reliant on existing beta-cells and that the endo-
crine pancreas has a limited ability to self-
renew. In a pioneering experiment, Dor et al. 
[28] used an innovative linage-tracing tech-
nique to label pre-existing beta-cells in mice 
with a tamoxifen-inducible transgene driving 
the expression of Cre recombinase under the 
control of the rat insulin promoter (RIP-Cre-ER 
mice). After breeding with a reporter mouse, 
the offspring were injected with tamoxifen. The 
labelling index remained constant with age sug-
gesting that de novo beta-cells originated from 
pre-existing labelled beta-cells. This study, 
along with a series of confirmatory reports that 
followed, suggests that beta-cell beget beta-
cells and that the adult endocrine pancreas has 
limited self-renewal capacities. 

However, in the same year, Seaberg et al. [29] 
reported the exciting discovery of rare single 
clonal-cells in adult mouse pancreatic tissue. 
The culture of endocrine islet cell clusters gave 
rise to a range of endocrine, exocrine and neu-
ral cells. In other words, these cells carried an 
intriguing capacity to differentiate into two dif-
ferent linages: pancreatic (insulin-, glucagon-, 
amylase-, and somatostatin-positive cells) and 
neural (neuron-like, astrocyte-like, and ligoden-
drocyte-like cells). These newly identified cells 
were called pancreas-derived multipotent pre-
cursor (PMP) cells. Importantly, PMP-derived 
insulin-positive cells exhibited glucose-depen-
dent calcium-responsiveness; a unique attri-
bute of pancreatic beta-cells. Insulin-positive 
PMP cells also expressed beta-cell markers 
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including GLUT2 and C-peptide [29]. This work 
provided the first evidence for the existence of 
an intrinsic progenitor population in the adult 
pancreas.

Smukler and colleagues [30] extended these 
findings to human tissue to successfully isolate 
PMPs. Using state-of-the-art genetic lineage-
tracing techniques, it was shown that PMP cells 
are of pancreatic and not neural origin. 
Transplantation of both mouse and [29] human 
PMPs into diabetic mice alleviated hyperglycae-
mia [30]. Immunofluorescent staining showed 
that PMP cells produced insulin in vivo. This 
observation may explain the discrepancies 
between the findings of Dor et al. and Seaberg 
et al. Since PMPs produce insulin, it is possible 
that the PMP cells were stained in the Dor et al. 
experiment upon injection of tamoxifen, 
remained in the pancreas and eventually differ-
entiated into beta-cells. Their differentiation 
from labeled PMP to labeled beta-cell would 
therefore, not alter the labeling index.

Other studies have also verified that beta-cells 
are not the only source of beta-cell neogenesis 
in the adult islet. After injection with strepto-
zotocin and 90% pancreatectomy, the rat pan-
creas was shown to regenerate [31]. 
Furthermore, Glucagon-like-peptide 1 (GLP-1) 
treatment of pancreatic ductal cells enhances 
beta-cell proliferation and reduces apoptosis, 
in vivo and in vitro [32]. Activation of the GLP-1 
receptor is thought to improve islet neogenesis 
and promote beta-cell proliferation through 
enhances Pdx-1 activity in ductal progenitor 
cells and may therefore be of interest in future 
regenerative therapies [32]. 

Directed differentiation on non-endocrine pro-
genitor cells towards a bet-cell phenotype

The ability of the liver to regenerate and prolif-
erate makes it an ideal source of material for 
cell-based therapies and is a particularly attrac-
tive source of cells for autologous transplanta-
tion. Furthermore, the liver and pancreas share 

Figure 2. The process of transdifferentiation. Transdifferentiation, also referred to as lineage reprogramming, de-
scribes the conformation of one cell to an entirely different phenotype. It differs from dedifferentiation, whereby a 
differentiated cell reverts to its predecessor.
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a common embryonic origin (See Figure 2) in 
the endoderm. After hepatectomy or loss of 
liver mass, the hepatocyte population rapidly 
expands to regenerate the liver. However, inhi-
bition of the normal proliferative processes in 
the liver results in the production of a well-doc-
umented hepatic progenitor cell population 
called oval cells which can be found in the por-
tal triads next to the canals of Hering [33-35]. 
While oval cells traditionally differentiate 
towards hepatocytes and cholangiocytes [35], 
they may be directed towards a pancreatic lin-
eage if cultured under specific conditions via a 
process known as transdetermination (Figure 
3) [36]. Culture of oval cells in high glucose 
medium [37] or in extracellular matrix proteins 
such as laminin or fibronectin [38] has been 
reported to produce islet cell phenotypes. 
Furthermore, chemical activation of oval cells 
by 3,5-diethoxycarbonyl-1,4-dihydrocollidine 
protects against streptozotocin-induced diabe-
tes by increasing endocrine islet cell prolifera-

tion and promoting the differentiation of oval 
cells to insulin-positive cells [39]. Additionally, 
islet-like cells have been reported in the biliary 
tree. The intrahepatic biliary epithelial cell pop-
ulations express insulin when transduced with 
Pdx1 or NeuroD1 [40], while downregulation of 
Ngn-3 leads to the appearance of islet-like cells 
all along the biliary tree [41, 42].

Hepatic expression of the Pdx-1 gene in the 
liver of streptozotocin-induced diabetic mice 
produces insulin-positive cells in the liver [43, 
44]. Pdx-1 is auto-inducing and promotes its 
own expression, which might account for the 
prolonged lifespan of liver-to-pancreas transdif-
ferentiated cells [45]. However, this approach 
limited by the toxicity associated with adenovi-
ral delivery of the Pdx-1 gene [43] and, second-
ly, by the high level of mortality associated with 
Pdx-1 expression in the liver which lead to 
hepatic dysmorphogenesis [34] and autodiges-
tion of hepatic cells which coexpressed exo-

Figure 3. Common embryonic origin of liver and pancreatic cells. Hepatic and pancreatic cells share a common 
embryonic origin in the endoderm making hepatic progenitor cells an ideal source of material for directed differen-
tiation towards a beta-cell phenotype.
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crine enzymes and insulin [44]. In an attempt to 
overcome this complication, Kojima and col-
leagues used a transcription factor located 
downstream of Pdx-1 called B2/NeuroD to 
induce the neogenesis of islet cells expressing 
all four major islet hormones in the liver [44]. In 
a similar vein, the adenoviral delivery of Ngn3 
in combination with a beta-cell growth factor 
called betacellulin to the liver of streptozotocin-
induced diabetic mice resulted in the produc-
tion of islet-like cells releasing insulin, gluca-
gon, somatostatin, and pancreatic polypeptide 
[46]. In both studies, the resulting islet-like 
cells were reported to display glucose-stimulat-
ed insulin secretion and, following in vivo trans-
plantation, reversed streptozotocin-induced 
diabetes for extended periods of time. 
Importantly, the beta-like cells derived follow-
ing viral transfection of Ngn3 and betacellulin 
were found to originate from liver oval cells by 
lineage tracing [44, 46]. Very recently, it was 
found that transcription factors found in adult 
pancreatic cells, most notably NKX6.1, which 
has been shown to be essential in alpha- and 
beta-cell development in a variety of organisms 
[47-49], promotes Pdx-1-induced liver to beta-
cell reprogramming, and such approaches may 
provide an alternative means of directing 
hepatic cells to a beta-cell phenotype [50].

Alternative strategies and future perspectives

The conversion of non-islet cells to islet hor-
mone-secreting cells is a difficult and daunting 
prospect. Significant advances have been 
made in recent years, but the move towards a 
cellular based therapy that would replace the 
need for exogenous insulin administration is 
still some way off. 

The potential sources of new cell-derived trans-
plantable material for the treatment of diabe-
tes are numerous. Although this review focuses 
on the use of progenitor cells, the therapeutic 
potential of Embryonic Stem Cells (ESC) has 
also received significant attention. From the 
landmark work of Lumelsky and colleagues 
[51] at the beginning of the last decade, the 
amount and intensity of research in this field 
has increased significantly. However, at pres-
ent, the differentiation of an ESC towards a true 
beta-cell phenotype, capable of de novo insulin 
secretion and glucose responsiveness, has not 
been achieved [24, 25]. Furthermore, the unac-
ceptable risk of teratoma formation [52] and 

widespread concerns about the use of embry-
onic material means that the therapeutic appli-
cation of ESC will remain elusive for some time. 

Induced pluripotent stem cells (iPSC) mimic 
ESC in terms of telomerase activity and meth-
ylation of gene promoters [53, 54]. However, 
iPSC have the theoretical advantages of posing 
a lesser risk of rejection since they can be iso-
lated directly from the patient themselves. 
Recent studies report the conversion of iPSC 
derived from fibroblasts to a beta-cell pheno-
type positive for insulin, C-peptide, GLUT2 and 
MafA [55]. Nonetheless, research into iPSC 
derived beta-cells is still in its infancy. Most of 
the resultant ‘beta-cells’ have been found to 
co-express glucagon simultaneously; a result 
reminiscent of immature beta-cells in the early 
stages of development. Furthermore, a uniform 
protocol has not been established, which is a 
common problem with all methods attempting 
to generate beta-cells from alternative sources. 
However, the differentiation of iPSC using cyto-
kines and small molecules has yielded differ-
ent percentages of insulin positive cells, rang-
ing from 0.4% to 16.9%.

Despite the shortcomings associated with 
stem cell-based approaches for islet-cell gen-
eration, the need for a genuine cell replace-
ment therapy for diabetes persists. The vast 
majority of research has focused on the pro-
duction of insulin secreting cells. Since homo-
typic cell interactions appear ample in the 
maintenance of normal patterns of insulin 
secretion [56-58], the production of pure beta-
cell populations may well prove sufficient to 
restore glucose homeostasis. Islet and whole 
pancreas transplantations are not a realistic 
large scale solution. Therefore, the directed dif-
ferentiation of non-islet cell types may offer the 
only large scale alternative to produce a viable 
cure. Recently however, the generation of pseu-
doislets from an electrofusion derived human 
beta-cell line has been reported [59], which 
may offer yet another potential approach to 
dealing with the lack of donor material.

While current progenitor-based protocols 
require development, this research field is still 
in its infancy and is rapidly expanding with new 
developments appearing on almost a monthly 
basis. Moreover, rapid advances in molecular 
and cellular biology provide the continual prom-
ise of exciting new mechanistic insights into 
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cell development, differentiation, and survival. 
Accordingly, stem cell-based approaches offer 
great potential for the future and, with perse-
verance, may ultimately provide a cure for dia-
betes [60]. 
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