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ABSTRACT

Diabetes mellitus (DM) is a chronic metabolic disorder characterized by elevated blood
glucose. According to WHO, more than 400 million people live with diabetes and the number
is expected to rise to 592 million by 2035. Improved glycemic control decreases the risk of
development of microvascular and macrovascular complication and disease progression. The
currently available treatments options are either associated with an increased incidence of
adverse effects or fail to prevent progression of diabetes-associated complication. As core
pathologic condition in diabetes is either B-cell destruction or insufficiency, recent research
focuses mainly on improving glucose homeostasis by regeneration of this key cell type. These
cellular based therapeutic approaches are focused on the transplantation of the islet cells or
B-cell, stimulation of human B-cell proliferation, in vivo B-cell regeneration and protect 3-cells
from apoptosis. However, none of these approaches are in clinical use due to a shortage of
donor; the inefficient technique of B-cell generation and B-cell in adult humans does not grow
sufficiently. This review focuses on current progress in B-cells regeneration approaches for the
treatment of diabetes mellitus.

Introduction categories: Type 1 diabetes (T1DM), Type 2
diabetes (T2DM), Gestational diabetes mellitus
(GDM) and other specific types of diabetes.
T1DM is characterized by complete destruction

Diabetes mellitus (DM) is a serious metabolic
disorder characterized by elevated blood glucose
level lting fi he ab f insuli
cvel resulting from the absenice OF IMSWUN e B cells due to an autoimmune attack on [
secretion, or insufficiency of insulin action. ) o .
cells, which leads to absolute insulin deficiency.
T2DM, which accounts for 90-95% of those

with diabetes, is a disorder characterized by

The raised blood glucose level if not managed
appropriately results in a damage and failure
of organs, such as the eyes, kidneys, nerves,
heart, and blood vessels [1]. The number of
people in the world with diabetes has increased
dramatically over recent years. According to
the latest WHO report more than 400 million
people live with diabetes [2]. This number may
rise to 591.9 million in 2035. The expected
increase in the number of adults with diabetes

insulin resistance and relatively insulin deficiency.
As the diseases progress B-cell function continues
to decline and insulin production decreases.
GDM is diabetes diagnosed in the second or
third trimester of pregnancy that is not clearly
either TIDM or type T2DM [1,4]. Other
specific types of diabetes occur due to various
is as follows; in low-income countries (108%), cz?uses such as gene:tlc defects of the f -Cel.l,
followed by lower middle-income countries diseases of the exocrine pancreas (such as cystic
(60%), upper middle-income countries (51%),
and high-income countries (28%) [3].

fibrosis), drug or chemical induced diabetes
(such as with glucocorticoid use, in the treatment
of HIV/AIDS), genetic defects in insulin action,
Diabetes is classified into the following general and infections [4,5]. Loss of B-cell number and
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function underlies much of the pathology of

diabetes [6,7].

Several approaches are presently available to
reduce the hyperglycemia in DM. Today, more
than 11 classes of diabetes drugs are available.
As described above the main future of T1IDM
is absolute loss of insulin and the mainstay of
therapy is, therefore, insulin replacement. For
T2DM treatment Metformin, sulfonylureas
(SU) and thiazolidinediones (TZD) are the
most widely used classes of drugs. Dipeptidyl
peptidase-IV (DPP-4) inhibitors, glucagon-like
polypeptide-1 (GLP-1) agonists are recently
included in the therapy of DM [6,8]. In
addition, several miscellaneous drugs have been
approved for clinical uses in DM management.
Despite this increase in a number of drugs,
DM continues to be associated with blindness,
kidney failure, cardiovascular complication and
nerve damage [9].

To overcome the shortcoming of current
diabetes therapy, restoring the functionality
of B cell ecither by islet transplantation or
by differentiated stem cells has attracted the
attention of many researchers and several articles
have been published in recent years [10-15].
These can be achieved by the (i) proliferation of
existing B-cells, (ii) neogenesis from non-beta
pancreatic cell precursors (iii) reprogramming
of non-pancreatic cells [14,15]. Although these
approaches seem feasible, many challenges
remain, including autoimmunity reaction, and
the need for the use of toxic immunosuppressive
drugs and B-cells for transplantation due to lack
of eflicient technique for B cell differentiation.
These areas of research are presently at its infancy
stage and this review primarily explore progress
has been made in P cells regeneration as an
option for diabetes therapy.

Pancreas development and cell
differentiation

The pancreas consists mainly of two organs in one:
the exocrine, which produces digestive enzymes,
and the endocrine [16] which constitutes just
1-2% of the adult pancreas, and includes insulin-
producing B-cells, glucagon-producing B-cells,
somatostatin-producing -cells, ghrelin-producing
B-cells and pancreatic polypeptide-producing PP-
cells [17]. These endocrine cells secrete hormones
into the bloodstream to regulate nutrient
metabolism and glucose homeostasis [18].

Diabetes Manag (2016) 6(6)

Pancreas organogenesis begins at about
embryonic day 9.0 in mice and 4 weeks into
human gestation and it consist of (i) formation of
the endoderm, (ii) specification of the pancreatic
primordium, (iii) differentiation of exocrine and
endocrine cell types, and (iv) specification of

endocrine cells lineage [19-21].

Pancreatic development begins with gastrulation
when blastula reorganizes into a three-layered
structure composed of the ectoderm, mesoderm,
and endoderm germ layers. Through the action
of transforming growth factor-B (TGF-B) such
as Nodal each layer gives rise to specific organs
in the developing embryo and the pancreas
develop from endoderm germ layers. Nodal
proteins play an evolutionarily conserved role in
initiating gastrulation and in driving endoderm
formation [22,23]. Wnt signaling is critical for
gastrulation and mouse embryos lacking Wnt3
fail to gastrulate [24]. The definitive endoderm
(DE) formed by the action of Nodal is marked by
expression of different receptors such as forkhead
box A2 (FOXA2), SRY (sex determining region
Y)-box 17 (SOX17) [25]. During early pancreatic
development, the FOXA2 transcription factor is
consistently expressed from week 4 forward in
human and act as a pioneer factor to regulate
Pdx1 (pancreatic and duodenal homeobox 1)
expression in mice [26,27]. Sox17 and FoxA2
are essential for the generation of endodermal
tissue and the gut tube that derives from it [28].
The primitive gut tube becomes re-patterned
along the anterior—posterior and dorsal-ventral
axes into broad foregut, midgut, and hindgut
domain. The pancreas originates from foregut
which also gives rise to the esophagus, trachea,
stomach, lungs, thyroid, liver, and biliary system
(pancreatic organogenesis sequence and involved
transcription factors are summarized in FIGURE
1[21,29-31].

= Pancreatic endoderm formation from
definitive endoderm

The pancreas originates from two separate
domains of the foregut endoderm, one dorsal,
and one ventral which form two separate buds;
dorsal pancreatic bud and ventral pancreatic
bud respectively. The dorsal pancreatic bud first
receives inductive signals from the mesoderm
during gastrulation, then permissive signals
from the nearby notochord, dorsal aorta, and
finally proliferative signals from the pancreas
mesenchyme [17]. For example, Fibroblast



growth factor (FGF) and (TGF-B) signaling
from the notochord suppress the expression
of sonic hedgehog (Shh) in the presumptive
dorsal pancreatic epithelium, resulting in
dorsal pancreatic bud formation [32]. Whereas
inhibition of Shh is required for early pancreas
specification, Hedgehog (Hh) activities are
required later in the expansion of the pancreatic
epithelium, and in the regulation of insulin gene
expression in the mature B-cells [33]. Similarly,
the ventral pancreas is patterned by distinct
sets of signals from the lateral plate mesoderm
and cardiac mesoderm such as FGF and bone
morphogenic proteins (BMP) signal [17,34,35].
FGFs from the

inhibit ventral pancreas development in favor

cardiogenic mesenchyme
of liver development [36]. Generally, these
signals activate transcription factors specific to
each organ domain. For details of transcription
factors mediating pancreatic organogenesis
and maturation, one could refer to a review by

Dassaye et al. [37].

Once the ventral and dorsal prepancreatic
domains are specified, several transcription
factors become specifically expressed in the
prospective pancreatic regions. Among the
earliest transcription factors that mark this
region are duodenal homeobox factor 1 (Pdx1),
and Pancreas transcription factor 1A (PtflA)
(38,39]. (TFs)

perform multiples roles at different stages of

These transcription factors

pancreas formation [40] and mutation in the
gene encoding for them resulted in pancreatic
agenesis and permanent neonatal diabetes
mellitus [41,42]. Pdx1 is required during both
early pancreas organogenesis and in maintaining
adult B—cell function and identity [43]. PDxI
is broadly expressed in human at around 4
weeks but earlier in mice with a high level of
expression being restricted later to endocrine
cells just before birth in the pancreas [44,45].
Ptf1A is also essential for the commitment and
proliferation of pancreatic progenitors as a recent
study identified mutations in the human Ptf1A
enhancer resulting in pancreatic agenesis [42].

After specification, pancreatic buds rapidly grow
into the surrounding mesenchyme, but not yet
acquired the macroscopic structure of the mature
organ, nor have they formed the differentiated
cell types necessary for pancreatic function.
Instead, they are almost entirely composed
of multipotent progenitor cells (MPCs). The

Recent advance in diabetes therapy REVIEW ARTICLE

ORI OO

ESC PGT PP
OCT 4 FOXA2 HNF
NANOG SOX 17 alpha 1

SOX 2

PDX 1

..Q;P)@

NGN3

Beta cej]

PDX1

NKX6'1

INS

Figure 1: An overview of pancreas development pattern and principal
transcription factors involved. ESC (embryonic stem cell), DE (definitive endoderm),
PGT (primitive gut tube), PP (pancreatic progenitor), EP (endocrine progenitor).

surrounding mesenchyme produces proliferative
signals such as fibroblast growth factor 10 (FGF-
10) [46,47]. FGF10 has been shown to regulate
Ptf1A and Sox9 expression in the epithelium
which explains why FGF10 deletion results in
a phenotype similar to that observed in either
Ptfla- or Sox9-deficient pancreas [48]. This MPC
is characterized by the expression of Pdx1, Ptf1A,
Gata4, Sox9, and Foxa2 and the interaction
between them reinforce the stable pancreatic
fate [49,50]. Sox9 is essential to maintain MPC
proliferation, survival and undifferentiated
[39]. Gata4/Gata6b mutant

exhibit severe pancreas agenesis and Pdxl

character mice
expression is reduced in multipotent pancreatic
progenitors suggesting the role of these TFs in
pancreatic organogenesis [51]. As a result of the
action of these TFs developing organ continues
to grow rapidly and the pancreatic epithelium
undergoes dynamic structural changes, resulting
in multiple protrusions that bud from the edges.
In addition to the changes in organ shape, the
formerly multipotent MPCs have taken the first
step toward lineage commitment [52].

m Onset of exocrine and endocrine
development

When the pancreatic epithelium undergoes a
significant process of expansion, branching, and
differentiation, MPCs segregate into spatially
distinct ‘tip’ and ‘trunk’ domains that generate
acinar progenitor cells, and bipotent (ductal/
endocrine) progenitor cells, respectively. The
pro-acinar tip cells and trunk cells separation are
mediated by the action of TFs [53, 54]. Ptf1A
is expressed exclusively in the tip cells whereas
Sox9, hepatocyte nuclear factor (Hnflp), and
Nkx6.1 are expressed in the trunk domain.
PTF1A and the NKX6.1/6.2 factors mutually
antagonize each other to specify an exocrine or
ductal/endocrine fate. Nkx6.1/6.2 promotes
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trunk identity and segregate to trunk cells,
and PtflA has an equivalent role in the tip
compartment [51].

Acinar cell development and expansion is
guided by the temporal activities of embryonic
signaling pathways, including Notch and Wnt
signaling [55,56]. Notch signaling assumes a
central role in the patterning of MPC into pro-
endocrine and pro-acinar progenitor lineages
[57]. Activation of Notch signaling in MPCs
promotes a ductal/endocrine progenitor fate.
Conversely, Notch signaling attenuation in the
early pancreatic epithelium results in an increase
in proacinar tip cells and diminished expression
of trunk-specific TFs such as Nkx6.1 and Sox9
[55]. Canonical Wnt signaling, mediated by
B-catenin, is essential for the development of
pancreatic acinar cells; sustained activation of the
pathway promotes acinar cell proliferation [56].

Whereas tip cells are fated to become acinar
cells which secrete a digestive enzyme, the trunk
domain is bipotential and produces ductal
and endocrine cells. In contrast to acinar cells,
which remain at the distal tips, endocrine and
duct progenitors segregate from their acinar
counterparts and form a 3-D network of tubules
lined by a single layer of polarized epithelial cells
[58,59]. Then the decision between endocrine
and duct lineage involves the regulation of
Neurogenin3 (Ngn3) levels. A subset of cells in
the progenitor cords that express TF Ngn3 marks
the onset of endocrine cell differentiation while
a trunk epithelial cells that do not activate Ngn3
eventually contribute to the ductal tree [60,61].
Concomitantly, Ngn3 a transcription factor
that is required for endocrine cell development
is transiently expressed. Its up-regulation results
in separation of endocrine cells from the duct
lineage.

Endocrine differentiation

Lineage tracing study has revealed that islet
endocrine cell types derive from Ngn3-positive
cells. According to Johansson et al Ngn3+
progenitor cells first differentiated into B-cells,
then B-and B-cells, and finally PP-cells in
mouse [62]. But B-cell is detected in human
first and followed by B-cells, B-cells, and PP-
cells respectively [29]. During differentiation
of Ngn3+ endocrine precursors into hormone-
producing cells, dynamic changes in gene
expression occur. This results in activation of
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Ngn3-dependent transcription factors (Pax4,
Arx, Rfx6, NeuroD1, Pax6, Nkx2.2, and
Nkx6.1) which allow endocrine precursor cells
to move toward a single hormone producing cell

fate [50,63].

The transcription factors Pax4, Pdx1, Nkx2-2 and
Nkx6.1 are involved in B-cell specification [37].
Several studies have shown the significant role of
these TFs. In particular, forced expression of Pax4,
Pdx1, or Nkx6.1 in endocrine precursors favors
the B-cell fate at the expense of B-cells [64,65].
Pdx1 deficient mice have shown to be glucose
intolerant [66] and Pdx1 deleted B cell is not
functional [67,68]. Furthermore, Pdx1-deleted 3
cell rapidly acquired structural and physiological
features of B cell, indicating that a robust cellular
reprogramming had occurred [43]. Similarly,
mice lacking Nkx6.1 display a diminished
number of B-cells while other endocrine cell
development unchanged [69]. Nkx2.2 null mice
also displayed severe hyperglycemia died from
it. There are also a decreased numbers of fB-cells
and PP-cells [70]. Pax4 mutant mice also display
a phenotype similar to Nkx2.2 mice and die a
few days postpartum [71,72]. Another factor
expressed in the B cell is NEUROD. Deletion
of Neurod1 resulted in severe glucose intolerance
and impaired insulin secretion [73]. Another TF
required for B cell development is MafA and
MafB. MafB is produced during development
and found to regulate potential effectors of
glucose sensing, hormone processing, vesicle
formation, and insulin secretion whereas MafA
is required to sustain expression in adults [74].
MafA mutant mice have no change in endocrine
development [75]. Arx is a key factor in B-cell
specification and appears to play a key role in this
process. Deficiency in Arx leads to a complete
loss of B-cells, concomitant with an increase in
B- and B-cells [76]. Both Pax4 and Nkx6.1 are

direct transcriptional repressors of Arx [64,72].

B-Cell regeneration approaches for diabetic
therapy

As described above both TIDM and T2DM
main feature is a defect in either B cells mass
or function [6,7]. TIDM results from the
complete destruction of pancreatic B-cells by
an autoimmune mechanism [4] whereas type
2 diabetes involves impaired B-cell function or
insulin resistance at the target cell. An autopsy
study found a reduction of more than 40%



of B-cells in type 2 diabetic patients, which
demonstrates that B-cell loss may also contribute
to insulin deficiency in T2DM [77]. As a result,
recent researches focus on improving blood
glucose regulation by preserving, expanding, or
replacing and then improving the function of the
B cell in a diabetic patient.

This method for the treatment of diabetes
is focused mainly on the transplantation of
the pancreas or islet cells and stimulation of
human B-cell proliferation to reconstitute the
insulin secreting functional B cells. However,
these approaches are hampered by several
factors such as the need for the use of toxic
immunosuppressive agents, and dormant nature
of B cells [78]. Other approaches are to protect
B-cells from apoptosis [6] and to reprogramme
[79] or transdifferentiate other cell types to
become insulin-producing cells [80]. Among
this approach here recent developments in -cell
regeneration is presented.

Several approaches have been designed to
produce insulin-producing B-cell. These include
producing B-cell from: (1) Embryonic Stem
Cells (ESCs) [81], (2) Induced Pluripotent Stem
Cells (IPSCs) [82], (3) Adult Mesenchymal
Stem Cells (MSCs) [83], (4) Reprogramming/
transdifferentiation of various none B-cell types,
and (5) Induction of replication of existing f3

cells [79,84].
m Embryonic pluripotent stem cells

Embryonic Stem Cells (ESC) are immortal
pluripotent cell lines that display a unique
capacity to differentiate into somatic cell types
of all 3 germ layers: endoderm, ectoderm, and
mesoderm [85]. Advance in techniques allowing
for isolation and subsequent differentiation of
ESCs into specific cell types has raised hope
that successful differentiation of ESCs into
functional B cells may provide a therapeutically
relevant strategy to replace B-cell loss in diabetic
patient. The first B-like cells from mouse ESCs
was reported in 2001 by Lumelsky et al. [86].
Their method was based on the production of
a highly enriched population of nestin-positive
cells from embryoid bodies. Another group later
reported that human ESCs also differentiated
spontaneously to generate insulin-expressing
cells [87]. Although these early results provided
important evidence for generation of insulin-
producing cells, the lack of a sufficient number of
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insulin-producing cells and low insulin content
of generated cells were the limitation to proceed
for further clinical studies.

The positive results of these early attempts and
advance in the understanding of embryonic
B cell development focused researchers on
driving ESC differentiation using a variety
of protocols. A team from a biotechnology
company, Viacyte, Inc. developed a method
resembling in vivo pancreatic organogenesis and
drove ESCs toward an endocrine phenotype i
vitro and obtained a cell with insulin content
approaching that of adult islets [88]. However,
the generated insulin-producing cells responded
to glucose minimally, failed expression of key
B-cell transcriptional factors such as NKX6-1
and abnormal polyhormonal phenotypes [89].
The combination of key TFs involved in B-cell
development, such as Pdx1, MafA, Ngn3, and
NeuroD, improved the efliciency of mouse ESC
differentiation into insulin-producing cells [90].
Pagliuca et al recently differentiated pancreatic
progenitor to glucose responsive B cells utilizing
several new small molecules. These P cells were
robustly responsive to glucose challenges with
levels of secreted human insulin similar to
primary islets [91]. Interestingly, their protocol
also describes a novel method of scaling in vitro
B cell production for the potential therapeutic
application.

In the absence of producing mature B-cells in
vitro, other groups sought to use the in wvivo
environment to induce maturation. For instance,
implantation of pancreatic progenitor cells into
streptozocin-induced diabetic mice was shown
to ameliorate diabetic hyperglycemia and results
suggest that the human ESC-derived cells have
the capacity to become glucose-responsive p-like
cells [92]. Viacyte, Inc has recently started
clinical trials to test the efficacy of encapsulated
and implanted pancreatic progenitors for the
treatment of T1DM [93].

m Induced pluripotent stem cells

Induced pluripotent stem cells (iPSCs) are
another potential source of B cells generation.
The B-cell differentiation potential of iPSCs has
been shown i vitro [94] and in vive [95]. Several
protocols have been reported for generation of
for iPSCs. Among these methods are retroviral
transductions of reprogramming factors to human
fibroblasts lines [96], by transient transfection
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of plasmid DNA encoding reprogramming
factors [97] and using a dox-inducible lentiviral
system carrying four Yamanaka factors [98]
are few to mention. iPSC generation was
carried out either by a retroviral gene delivery
system or using mRNA for reprogramming
[99,100]. iPSCs generated by transduction
with retroviruses would unavoidably result in
viral genome integration into a host cell which
may alter the expression of oncogenes and leads
to tumorigenesis, and the efficiency of using
mRNA has not been proved [101]. Recently
reprogramming with non-synthetic mRNA was
reported and we promise for safe generation of
iPSCs of human origin by this protocol [102].

Another alternative for generation of clinically
applicable human iPSCs requires the use of
technologies such as nanoparticle-mediated
technology to generate integration-free
iPSCs, and use of small molecules such as
valproic acid (an HDAC (histone deacetylate)
inhibitor), butyrate (an HDAC inhibitor),
CHIR99021 (a GSK3pB (glycogen synthase
kinase 3fB) inhibitor), forskolin (coleonol; an
adenylyl cyclase activator), tranylcypromine (a
monoamine oxidase inhibitor), and TTNPB
(arotinoid acid; an analog of retinoic acid

(RA)) were reported [103].

Despite the safety issue, iPSCs opened the
possibility of autologous cell therapy, thus
avoiding the complications of immune
rejection and also circumventing some ethical
issues with harvesting human ESC. Moreover,
the iPSC approach has been used to generate
disease-specific IPSCs and insulin-producing
cells from patients with diabetes. Thus, iPSCs
provide an additional advantage of generating
patient-specific cell therapy [104]. Indeed
induced pluripotent stem cells may be a
promising source of B cell for diabetes therapy.
For example, iPSCs have been converted to
islet-like clusters which produced insulin and
responded to glucose [105].

m Mesenchymal stem cells

Mesenchymal Stem  Cells (MSCs) are
multipotent progenitor cells that were first
described in 1967 by Friedenstein et al.,
who from bone marrow isolated adherent,
fibroblast-like clonogenic cells called colony-
forming unit-fibroblasts (CFU-F). Although
MSCs originally identified in the bone marrow,
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they are found in almost all tissues. But MSCs
from the bone marrow, adipose tissue, the
umbilical cord, fetal liver, muscle, and lung can
be isolated easily [106,107]. MSCs are a stem
cell with self-renewal potential [107]. MSCs
have well-characterized immunomodulatory
effect and tissue regenerative potential.
The combination of immunomodulatory
activity, their low immunogenicity, and tissue
regenerative potential remains a significant
scientific and clinical interest. MSCs are under
investigation for the treatment of many diseases
including diabetes, myocardial infarction,
liver cirrhosis, immunity disorder, and others
[107]. The potential uses of MSCs in diabetes
are a systemic injection of MSCs to suppress
autoreactive T cells [108]; co-transplantation
with islet allografts to enhance islet engraftment
in an immuno-privileged microenvironment;
and differentiation of MSCs into insulin-
producing cells [109-112]. MSC has also a
potential benefit in the treatment of diabetes
associated complication [110].

Several animal model studies and clinical trials
have proven the potential use of MSCs in
diabetes therapy [111,113-116]. For example,
MSC derived from different sources such as
dental pulp stem cell, placenta-derived MSCs,
amnion derived MSCs, umbilical cord blood
MSCs, Wharton’s jelly MSCs, were differentiated
into glucose responsive insulin producing cells
[117,118]. Similarly, studies aimed at the use of
MSC for the management of both macrovascular
complications and microvascular complications
were carried out in a different setting and showed
inspiring results [119].

MSCs offer a significant advantage compared
to other stem cells such as ESC or iPSCs.
Advantages of MSCs are as follows: (1) The
high proliferation and multiple differentiation
potentials of MSCs; (2) MSCs can minimize the
immune rejection reaction; (3) MSCs can avoid
the growth of tumors; (4) MSCs can also avoid
social and ethical problems [120].

Although it is known which MSCs can be used
for generation of B-cells, amongst these which
will be commercially viable and economic source
in terms of yield of deriving functional islets is a
need to be identified. In addition, the long term
stability of the MSC derived insulin-producing
cells has not been reported either in vitro or in
vivo.



Reprogramming/transdifferentiation of
various none 3-cell types

Another approach to differentiating B-cells in a
stepwise fashion from pluripotent stem cells is
the reprogramming of terminally differentiated
cell type. Yamanaka and colleagues were
demonstrated that terminally differentiated cells
could be reprogrammed to pluripotent stem cells
by the forced expression of transcription factors
[121]. Early examples are insulin-producing liver
cells have been generated by adenoviral delivery
of NeuroD + Betacellulin or a combination of
PDx-1 and Neuro D or N3 into mice [122].
More recently, Zhou et al. demonstrated that
mouse pancreatic exocrine cells forced to express
the combination of PDxI, MafA, and Ngn3
or Neuro D can be converted into insulin-
producing cells with an efficiency approaching
25% of infected cells [123]. Similarly other cell
types have been successfully reprogrammed into

B-cells.
m Acinar to (3-cell reprogramming

The acinar cell has been shown to
transdifferentiate into B-cells in vivo and in-
vitro with the generation of duct cells as an
intermediate step [10]. One example of this
reprogramming-based approach was the
conversion of mouse acinar cells to B-cells
in wvivo via viral expression of particular
genes [124]. Another is co-transplantation
of fetal pancreatic cells and acinar cells into
immunodeficient mice gave rise to endocrine
cells [125]. Furthermore, forced expression of
three key transcription factors, Pdx1, Ngn3,
and MafA, induced acinar to B-cell conversion
and rescued hyperglycemia in streptozotocin-
induced diabetic animals [126,127]. These
study reports suggest that B-cells can be derived
from the transdifferentiation of acinar cells
which support the possible reprogramming
of acinar cell to fully functional insulin-
producing cells.

m a-cell to B-cell reprogramming

o and B cells have closer lineage relationship
and express many of the same transcription
factors. This close lineage relationship among
them may provide an opportunity for eflicient
transdifferentiation among these cell types.
Furthermore, many genes that are part of the
B cell signature were bivalently marked in
differentiated o cells [128]. As a result, o cell
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reprogramming could be another attractive
option for B cell regeneration. Indeed, Formina
and co-workers have identified a small molecule
with a limited ability to induce insulin expression
by human a-like cells [129].

As described above in pancreas development
several TF play a critical role in differentiation of
pancreatic progenitor to specific pancreatic cells.
For example, Arx promotes the fate of a cell,
whereas Pax4 induces 3 cell lineages at last stage
cell differentiation [65,66]. Pdx1which isa marker
for pancreas has been used for reprogramming 3
cells in many studies. For example, Yang et al.
found that enforced Pdx1 expression from the
Ngn3+ endocrine commitment point onward
during the embryonic period resulted in increased
B cell allocation accompanied with reduced
o cell numbers [130]. Pax4 promotes alpha-
cell-neogenesis and the acquisition of beta-cell
features, and the resulting beta-like cells being
capable of counteracting chemically induced
diabetes [131]. Interestingly, in STZ-induced B
cell loss, Pax4-induced a cell conversion to 3 cells
and progressive normalization of hyperglycemia
was observed [132,133]. Recently, Sangon
et al. reported Hnf4P expression by a cells
suppressed glucagon expression, induced key
beta cell-specific markers (insulin, C-peptide,
glucokinase, GLUT2 and Pax4) and enabled
the cells to secrete insulin in a glucose-regulated
manner [134].

m Induction of replication of existing 3 cells

During adult life B-cell turnover is very slow and
this maintains B-cell mass (79). For example in
mice B cells replication decline from 20% per
day in mouse pups to over 10% at weaning, and
to 2-5% in young adults and 0.07% in one-year-
old mice [35]. However, under the conditions
of hyperglycemia the older mice B cell prolifera-
te more, which suggests that adult B cells have
the ability to replicate [135]. The intracellular
mediator of this compensatory mechanism is
recently identified to be activation of protein
kinase C B (PKCP). PKCP activation is a key
for early compensatory beta cell replication in
insulin resistance by regulating the downstream
signals mTOR and cyclin-D2 [136].

Several studies have shown proliferation in
primary B-cells following a variety of genetic or
pharmacologic interventions. For example, cdk6
have supported human B-cell proliferation
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and function in wvivo (138); aminopyrazine
compounds stimulated robust 3-cell proliferation
in adult primary islets and Aminopyrazine-
treated human islets retained functionality iz
vitro and after transplantation into diabetic mice
[137,138]; Harmine has been demonstrated to
stimulate an increase in proliferation of adult
primary human B cells [139]. The concept of
inducing rodent or human B cells to replicate
seems applicable but challenges of oncogenicity
as a result of manipulating specific mitogenic
or regenerative pathways and autoimmunity
remains a critical issue as without controlling or
protecting against autoimmunity new 3 cells loss
will occur.

m Transdifferentiation of other cells to 3 cells

Cellular reprogramming of other cells also has
been proven to be a potential source of new 3
cells. Hepatocytes, biliary cells, gastrointestinal
cells, neural cells, keratinocytes and pancreatic
ductal cells were transdifferentiated by different
technique to B cells. The majority of the
generated [ cells were glucose responsive. For a
recent review of these areas see the work of Wei

and Hong [140].

Conclusion and Future Perspectives

Although more treatment options are available
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for diabetes patients today than ever before, no
therapy in use can consistently halt, reverse, or
cure both type 1 and type 2 diabetes. Moreover,
current diabetes treatments have significant
limitation such as limited efficacy, unwanted side
effects, inconvenient dosing and do not eliminate
long-term complications associated with the
disease. As a result, alternative therapeutic
strategies are being investigated.

Recently, there has been a significant advance in
our understanding of pancreatic development.
Now it seems possible to derive insulin-
producing cells from stem cells. However, there
is a need for further development of methods
for differentiation and selection of completely
functional B cells. Furthermore, the key issues
like safety concerns, transplantation issues and
immunological reaction, and ethical issues
of ESCs limit their advance to clinical trials.
Nevertheless, the scientific advances enabled us
to produce insulin-secreting cells hopefully in
the future years may come up with the solutions
to use stem cells as a source of B cells to cure
diabetes.
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