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ABSTRACT

It is well-established that insulin-producing pancreatic beta cells are central in diabetes. In type 1
diabetes, beta cells are destroyed by an autoimmunemechanism, whereas in type 2 diabetes, there
is a decrease in functional beta-cell mass. In this context, studying beta cells is of major importance.
Beta cells represent only 1%of total pancreatic cells and are found dispersed in the pancreatic gland.
During the past decades,many tools and approaches have beendeveloped to study rodent beta cells
that efficiently pushed the field forward. However, rodent and human beta cells are not identical,
and our knowledge of humanbeta cells has not progressed as quickly as our understanding of rodent
beta cells.Webelieve that one of the reasons for this inefficient progress is the difficulty of accessing
unlimited sources of functional human pancreatic beta cells. Themain focus of this review concerns
recent strategies to generate new sources of human pancreatic beta cells. STEM CELLS TRANS-
LATIONAL MEDICINE 2013;2:61–67

INTRODUCTION

In mammals, insulin is the only physiological hy-
poglycemic hormone. Insulin is produced in the
pancreas by highly specialized cells named beta
cells. In the pancreas, beta cells are found asso-
ciated in small clusterswith other endocrine cells
(alpha, delta, PP, and epsilon cells, which pro-
duce glucagon, somatostatin, pancreatic poly-
peptide, and ghrelin, respectively). These micro-
organs are named the islets of Langerhans. There
are approximately 1,000 islets in a mouse pan-
creas and 1 million islets in a human pancreas.
Each islet of Langerhans contains 1,000–3,000
cells, with 50%–80% being beta cells. We can
thus estimate that a mouse pancreas contains
106 beta cells (1 mg of beta cells) and a human
pancreas contains 109 beta cells (1 g of beta
cells). Such cells play a major role in pathophysi-
ology. Beta cells are destroyed by an autoim-
mune process in patients with type 1 diabetes,
and the functional beta-cellmass is insufficient in
patients with type 2 diabetes.

During past years, many studies have aimed
at understanding how beta cells develop, func-
tion, grow, and die. Themajority of these studies
were performed in rodent models either in vivo
or in vitro. In the case of in vitro experiments,
both rodent islets and cell lines havebeenused in
a recurrent fashion during the past 40 years. On
the other hand, work on human beta cells suf-
fered both from the paucity of available human
islet preparations and the lack of functional hu-
man beta-cell lines.

In 2011, two groups developed new human
beta-cell lines [1, 2]. This reviewwill focus on the
search for unlimited sources of functional pan-
creatic human beta cells as a tool to better study
this specific cell type.

SIMILARITIES AND DIFFERENCES BETWEEN

RODENT AND HUMAN INSULIN-PRODUCING
PANCREATIC BETA CELLS

The major tasks of pancreatic beta cells are to
produce, store, and finally secrete insulin in re-
sponse to increased glycemia. Beta cells are
highly specialized cells acting as factories that
produce a huge amount of insulin. For example,
20% of the mRNA mass in beta cells represents
insulin mRNA [3], and total human pancreatic in-
sulin content is approximately 10mg (1%of beta-
cell weight) [4], which corresponds to 10 days of
secretion by healthy people [5]. Although rodent
and human beta cells share many similarities, a
number of data also indicate marked differences
between species. First, two genes encode insulin
in rodents (rats and mice), although there is only
one insulin gene in humans [6]. Second, in mu-
rine islets, beta cells are found as a core sur-
rounded by alpha and delta cells. On the other
hand, in human islets alpha, beta, and delta cells
are dispersed throughout the islet [7] (Fig. 1), an
anatomical pattern with functional implications
[8]. Third, rodent and human beta cells share
many common transcription factors, but some
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differences are observed. For example, the transcription factor
MAFB is present in alpha but absent from adultmouse beta cells,
whereas in humans, it is found at equal levels in adult human
alpha and beta cells [9]. Fourth, there are a number of subtle
functional differences between rodent and human beta cells. As
an example, human beta cells differ from rodent cells in several
important aspects of voltage-gated ion channels [10], and hu-
man beta cells have a lower set point for glucose-stimulated
insulin secretion compared with rodent beta cells [11]. Finally,
there are major species differences between humans and ro-
dents in the susceptibility to pancreatic beta-cell injury [12].

Taken together, we have learned a lot during the past years
on rodent beta cells. It is also clear that human beta cells are not
identical to rodent beta cells. If the objective is to attempt to
translate fundamental data to patients with diabetes, it is crucial
to findways to further study humanbeta cells. In this context, we
are asking here the following questions: (a) How did the field
efficiently progress in our understanding of rodent beta cells? (b)
Why did we not progress as quickly with human beta cells? (c)
What are the different strategies to efficiently progress with hu-
man beta cells?

HOW DID THE FIELD EFFICIENTLY PROGRESS IN OUR
UNDERSTANDING OF RODENT BETA CELLS?

We really know a lot now about rodent beta cells, and this is due
to many reasons. First, access to rodents is easy. Second, many
years ago protocols were described about how to prepare and
culture large quantities of rodent islets in a robust fashion [13].
This is important because islets of Langerhans are small micro-
organs, a few thousand cells each, dispersed in the pancreatic
gland. Third, many genetically modified mouse models have
been developed fromwhich islets were analyzed, giving rise to a
better understanding of islet physiology. Fourth, technologies to
efficiently purify rodent beta cells from islets started more than
30 years ago [14], allowing the separation and analysis of beta
cells in the absence of other islet cell types. Finally, a number of
rodent beta-cell lines have been developed as described below
in more detail.

Rodent Beta-Cell Lines
Over the past decades, research in the beta-cell field profited
from the establishment of insulin-secreting cell lines. The first

lines were generated from adult rats and hamsters. RIN lines
[15] have been derived from a rat insulinoma induced follow-
ing sublethal irradiation [16]. Although insulin gene expres-
sion decreased with passages and glucose-stimulated insulin
secretion was limited, this line remains in use more than 30
years after its publication. For example, a recent work used
RIN cells as a tool to link connexins and cell cycle [17]. By
following specific culture conditions, other cell lines were
next derived from the same rat insulinoma, such as the widely
used INS-1 cell line [18]. This line was found to be stable with
time, insulin contents were high, and glucose induced insulin
secretion. Again, more than 20 years after its first publication,
this line remains widely used by the scientific community. As
an example, INS1 cells were recently used in mechanistic
studies aiming at further characterizing the expression of can-
didate genes for type 1 diabetes [19]. At the same time as RIN
cells were developed, hamster insulinoma cells (HIT cells)
were characterized [20]. This line has been widely used and
was, for example, important to determine the concept of
beta-cell glucotoxicity [21].

More recently, a number of independent mouse pancreatic
beta-cell lines were established by targeted oncogenesis from
transgenic mice expressing large-T antigen of simian virus 40
(SV40T antigen) under the control of the insulin promoter. The
basis of this approach was the demonstration that insulinomas
develop in transgenic mice expressing SV40T under the control
of the rat insulin promoter [22]. With this approach, S. Efrat and
colleagues developed a number of lines named �-TCs [23–25].
Since then, such lines have been widely used for examples in
experiments aiming at analyzing the beta-cell function of specific
transcription factors such as Dachshund1 [26]. A few years later,
other lines such as Min6 cells have been produced using the
same approach [27]. Min6 cells and its subclones, such as
Min6B1 [28], have been shown to represent useful experimental
tools to dissect the function of cell-cell contact in insulin secre-
tion [29].

Summary

Many in vivo and in vitromodels have been developed during the
past years. Each model by itself surely has some limitations, but
by combining such different models, we have now in hand a fine

Figure 1. Comparative organization of
endocrine cells in rat and human islets.
Pancreatic sections from adult rat (A) and
human (B) pancreases were immuno-
stained with antibodies against insulin
(red) and glucagon (green). The nuclei
were stained with Hoechst 33342 fluores-
cent stain (blue). Note that in rat islets,
glucagon-positive cells surround insulin-
positive cells, which is not the case in hu-
man islets. Scale bars � 12.5 �m.
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description of rodent beta cells that will be further sharpened in
coming years.

WHY DID WE NOT PROGRESS AS QUICKLY ON HUMAN

BETA-CELL CHARACTERIZATION AND FUNCTION AS COMPARED
WITH RODENT BETA CELLS?

As described above, although the function of rodent and human
beta cells is similar (secretion of insulin upon glucose stimula-
tion), rodent and human beta cells are not identical. We clearly
knowmore about rodent beta cells than about human beta cells
for a number of reasons.

First, access to human pancreas is difficult because it derives
from human deceased donors. Second, although an automated
method for isolation of human pancreatic islets was described
quite a long time ago [30], human islet preparation remains chal-
lenging. The technique is still more traditional than industrial
[31], and beta-cell purity varies from one preparation to the
other, even in the most professional laboratories [32]. Third, hu-
man islets are difficult to handle in culture. In vitro, the prolifer-
ation rate of adult human pancreatic beta cells is extremely low
(as is the case in vivo) [33], islets are quite difficult to keep alive in
vitro for very long [34], and their genetic manipulation remains
challenging. Fourth, although it is possible to efficiently purify
rodent beta cells from other pancreatic cell types based on au-
tofluorescence-activated cell sorting [14], this approach is less
efficient for human beta cells. Of interest, an innovative ap-
proach based on cell type-specific surface-reactive antibodies
was recently developed that allowed purification by fluores-
cence-activated cell sorting and performance of gene expression
on human pancreatic endocrine cell populations [9]. It will be
interesting to determine whether functional analysis will be fea-
sible on such efficiently sorted cells. In conclusion, at this stage, it
remains extremely difficult to get access to large quantities of
pure human beta cells.

STRATEGIES TO EFFICIENTLY PROGRESS WITH HUMAN BETA
CELLS

Humanpancreatic beta cells are scarce anddifficult to prepare to
homogeneity. To efficiently progress in the characterization of
human beta cells, alternative, large, and reproducible beta-cell
sources are urgently needed, and some of such sources are de-
scribed below.

Beta Cells Derived From Human Embryonic Stem Cells
Human-Induced Pluripotent Stem Cells as Alternatives
It has been postulated for many years now that unlimited
amounts of functional human beta cells could be derived from
human embryonic stem cells (hESCs), taking advantage of the
infinite proliferation capabilities of such hESCs. However, since
the first claims of beta-cell generation from hESCs [35], the field
did not progress as quickly as expected. The first major break-
through appeared when a California biotech company (ViaCyte,
San Diego, CA, http://www.viacyte.com) developed a procedure
to convert hESCs into insulin-producing beta cells by mimicking
in a tissue culture plate the major steps that take place in vivo
during pancreatic organogenesis. With this approach, the team
generated pancreatic progenitors that were first claimed to be
able to further differentiate in vitro into fetal beta cells [36], but

some years later, the interpretation of this last claim remains
challenging. However, by further following their approach, the
team was able to demonstrate that upon transplantation into
immuno-incompetent SCIDmice, pancreatic progenitors derived
from hESCs could give rise to functional beta cells [37, 38]. This is
a big step for the field. Although the hESCs used for such exper-
iments seemed to have been very scarcely distributed, recent
experiments using independent hESC clones demonstrated the
reproducibility of the approach [39]. However, one limitation of
such protocols is that human beta cells derived from hESCs are
only produced in vivo in the animal and cannot be used for in
vitro purposes such as drug discovery. Interestingly, a number of
attempts also aimed at generating functional human beta cells
from induced pluripotent stem cells (iPSCs). Although data sug-
gest the feasibility of the process, the in vitro efficiency of the
process was extremely low, and more work is needed to gener-
ate functional human beta cells from iPSCs [40–42].

Beta Cells Derived From Human Liver or Pancreatic
Acinar Cells as Alternatives
In 2000, a work was published that was the first to demonstrate
that in mouse, adenovirus-mediated gene transfer of Pdx1, a
beta-cell-specific transcription factor, into the liver gave rise to
beta-cell formation in this organ [43]. This work was highlighted
and viewed as a new approach for diabetes [44]. Interestingly,
independent groups were able to reproduce in vitro this type of
experiment using human liver cells [45, 46]. It will now be inter-
esting to carefully compare such cells with primary human beta
cells and to determine how/whether such cells will be used for in
vitro experiments. Interestingly, Melton’s group recently identi-
fied a specific combination of three transcription factors that
reprogram in vivo mouse pancreatic acinar cells into beta cells
[47]. It will now be interesting to define whether this approach
can be reproduced in vitro and to test it with human pancreatic
cells.

Beta Cells Derived From Human Beta Cells Themselves
as an Alternative
It is established that the proliferation rate of adult human beta
cells is extremely low [33]. Although a number of publications
demonstrated that virus-mediated gene transfer of cyclins plus
cyclin-dependent kinases induces human beta cells to enter the
first phase of the cell cycle [48], more recent work indicates that
cell cycle entry could not be sufficient to promote pancreatic
beta-cell expansion in human islets [49]. It is thus difficult to
imagine that direct amplification of human beta cells will be the
solution, as long as the cause of this poor human beta-cell pro-
liferation remains unknown. Unexpectedly, epithelial-to-mesen-
chymal transition could generate proliferative human islet pre-
cursor cells that next give rise to nearly unlimited amount of beta
cells [50]. Such results were highly debated but followed by ex-
periments based on lineage-tracing approaches that strongly
suggested that in vitro, human beta cells can dedifferentiate,
expand, and redifferentiate into functional beta cells [51, 52].
Beta-cell purification, followed by further characterization of
redifferentiated cells and comparison with adult human beta
cells, will be important for determining the extent of differenti-
ation induced by this type of approach.
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Human Beta-Cell Lines as an Alternative
Wehave learned a lot about rodent beta cells using the different
rodent beta-cell lines that were developed during the past 30
years. In comparison, knowledge in the field of human pancre-
atic beta-cell line production is by far less complete, with some
examples of human beta-cell lines derived either from adult or
from fetal pancreatic tissue.

Human Beta-Cell Lines Derived From Adult Pancreatic
Tissue
Beta-lox5 is an example of a cell line derived from purified hu-
man adult beta cells following virus-mediated gene transfer of
oncogenes such as SV40T and H-ras [53]. However, further ex-
periments indicated that this line progressively dedifferentiated
in culture and lost insulin gene expression [54]. NAKT15 cells are
another interesting example [55] that when published seemed
to have pushed the field forward [56]. This cell line was gener-
ated by oncogene transfer into adult pancreatic beta cells using
Moloney-based retroviral vectors. Based on many criteria, this
line seemed to resemble primary human beta cells. However,
since its publication,we are aware of a limited number of original
reports using this line [57]. Of note, our group was unable to
generate human insulinomas or to derive human beta lines from
human adult islets, even using lentiviral vectors that efficiently
transduced human beta cells [1]. Recently, an interesting ap-
proach based on cell electrofusion was used to generate new
human beta-cell lines. Briefly, the authors performed electrofu-
sion between human islets and a proliferating human pancreatic
epithelial cell line, PANC-1, that does not express insulin. They
next selected cell hybrids that grew and secreted insulin [2]. In-
sulin content was stable for at least 40 passages but quite low
when compared with primary beta cells. Specifically, we can as-
sume that primary beta cells contain 10 �g of insulin per million
cells, whereas the new lines contain approximately 4 ng per mil-
lion cells, that is, 2,500 times less than primary beta cells. Inter-
estingly, in such new lines some level of regulation of insulin

secretion by glucose and by a number of secretagogues could be
observed [2]. Thus, by developing and using an innovative elec-
trofusion approach, the authors were able to generate human
beta-cell lines from adult islets.

Human Beta-Cell Lines Derived From Fetal Pancreatic
Tissue
Quite a long time ago, a number of attempts were performed to
generate human beta-cell lines from human fetal pancreases.
However, selected clones expressed low levels of insulin that
was rapidly lost with passages [58, 59]. We, however, reasoned
that fetal tissue is frequently more plastic than adult tissue and
thus possibly more prone to be transformed and to give rise to
cell lines. Interestingly, excellent rodent beta-cell lines had been
generated following the transfer into fertilized mouse eggs of
SV40T under the control of the rat insulin promoter [23, 27].
Gene transfer into human fertilized egg is not feasible for obvi-
ous reasons. Thus to attempt tomimic the strategy used forMin6
or �-TC cell development, we took advantage of a model we had
previously validated. Briefly, we had shown that when human
fetal pancreas is transplanted into immuno-incompetent SCID
mice, the human tissue grows, and endocrine cells differentiate
by a mechanism that recapitulated physiological development
and mature enough to control the glycemia of mice deficient in
endogenous beta cells [60, 61]. In parallel, we developed tools
for lentivirus-mediated gene transfer into fetal pancreas [62, 63].
By combining this model of human pancreatic development and
expertise in gene transfer, we attempted to develop and validate
an alternative transgenic-like approach by performing somatic
oncogene transfer into pancreatic progenitors that will develop
into beta cells (Fig. 2). Because the expression of the oncogene is
under the control of the insulin promoter, insulinoma should
develop in transplanted SCID mice and could be explanted and
cultured. We first validated this approach using rat fetal pancre-
ases [64] and next transferred each step of the procedure to

Figure 2. Schematic analysis of the procedure recently used to generate beta cells from human fetal pancreases [1]. Immature human fetal
pancreases were transduced with lentiviral vectors that expressed SV40T under the control of the insulin promoter. Transduced pancreases
were next transplanted under the kidney capsule of immunoincompetent SCID mice where insulinomas developed, from which human
beta-cell lines were derived. Abbreviations: LTR, long terminal repeat; Ins, insulin; SV40T, large-T antigen of simian virus 40.
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generate human beta-cell lines. We were successful in generat-
ing a number of lines, for example, EndoC-�H1 [1]. This line
grows slowly, as expected, for differentiated cells, and the dou-
bling time is in days. The cells express insulin and many other
beta-cell-specific markers in a stable fashion for more than 60
passages. Insulin gene expression and content are high when
compared with other human beta-cell lines. Insulin gene expres-
sion is, for example, 100 times higher than the levels found in
human beta-cell lines recently developed by electrofusion [2].
On the other hand, expression remains 10–20 times lower than
the one found in primary human beta cells. The beta-cell bottle is
thus half full or half empty. Finally, the cells secrete insulin upon
glucose stimulation and upon treatment with different secreta-
gogues. One question is whether EndoC-�H1 cells that derived
from fetal aremature beta cells. This is important because in pig,
for example, immature fetal beta cells respond poorly to glucose
[65], whereas beta-cell maturation occurs after birth [66]. We
found that glucose induces a two- to threefold increase in insulin
secretion by EndoC-�H1, which is in the same range as what has
been described by some groups for human islets [67]. It will,
however, be important to further study EndoC-�H1 maturity.

The Future in the Field of Human Beta-Cell Lines
By definition, humanbeta-cell lines are proliferating cells and are
thus different from primary human beta cells that proliferate
inefficiently. This is also true in the case of rodent beta-cell lines.
In this last case, Efrat’s laboratory developed conditionally trans-
formed pancreatic beta-cell lines that expressed SV40T under
control of the tetracycline gene regulatory system. They showed
that when tetracycline is added to the culture medium, cell pro-
liferation stopped, insulin content increased, and beta-cell func-
tionwasmaintained for at least 4weeks [68]. This type of cell line
was recently used for important purposes such as screens and
characterization of small molecules and peptides that regulate
beta-cell proliferation [69, 70], but they seem to be used less
frequently than could have been expected. We believe that the
development of conditionally transformed human pancreatic
beta-cell lines will be largely beneficial for the field, and our pre-
liminary data suggest that these types of lines could be gener-
ated from human fetal pancreas.

UNLIMITED SOURCES OF FUNCTIONAL PANCREATIC HUMAN BETA
CELLS: FOR WHICH PURPOSE?

Taken together, the scientific community has now in hand a
number of new tools that should be useful, either independently
or in combination, to further dissectwhat a human beta cell is; to
progress in signals that regulate human beta-cell proliferation,
function, and survival; and to maybe one day develop cell ther-
apy for diabetics.

Human Pancreatic Beta Cells for Cell Therapy of
Diabetes
Cell therapy for type 1 diabetic patients is now a reality [71, 72].
However, human pancreas donors are scarce, and preparing hu-
man islets remains difficult, expensive, and time-consuming. Re-
cipients have to be treated with cocktails of immunosuppressive
drugs that in some cases could bedeleterious for beta cells them-
selves [73]. Thus, major improvements are needed, and each

new source of human beta cells could pave the way for such
advances. Here are some examples and ideas.

The most advanced new source of human beta cells is repre-
sented by beta cells derived from hESCs. The ViaCyte team has
shown that development of functional beta cells from hESCs is
feasible [37]. However, they also showed that some ducts and
acinar cells developed in parallel, which can give rise to cyst for-
mation and risks of peritonitis [74]. In this context transplanta-
tion of pure human beta cells would be safer than progenitor
transplantation. Moreover, such protocols based on differenti-
ated cells derived from hESCs give rise to teratomas from undif-
ferentiated cells, and this seems to be quite frequent even when
lownumbers of cells are transplantedwhen comparedwithwhat
will be needed for transplantation in humans [37, 39]. Thus, ma-
jor progress has been made during recent years, but more work
is needed to further enhance beta-cell differentiation.

Human Pancreatic Beta Cells as a Model for
Regenerative Medicine
Data fromGershengorn’s and Efrat’s laboratories suggest that in
vitro, human beta cells can be amplified following dedifferentia-
tion, growth, and redifferentiation [50–52]. Whether this pro-
cess takes place in vivo and can be modulated remains to be
demonstrated. However, screening in vitro for molecules that
could reproduce this process of amplification would be of major
importance. Another application of the above-describedmodels
would be to use pancreatic progenitor cell cultures derived from
hESCs [37] to screen for factors that can amplify such a pool of
progenitors. Indeed, many arguments suggest that in rodents,
the beta-cell mass that develops is dependent on the number of
progenitors [75–77], and indirect arguments suggest that it
should be the same in humans. Some level of human beta-cell
amplification could also be obtained by activation of the prolif-
eration of human beta cells as is also the case for rodent beta
cells [48, 78]. In this context, it should be interesting to use con-
ditionally transformed human pancreatic beta-cell lines when
available both in screens to search for signals that activate their
proliferation but also as a model to understand why such cells
have a poor proliferation potential.

New Assays to Study Human Beta Cells and to Protect
Them From Destruction
As described above, rodent and human beta cells are not com-
pletely similar in terms of function [11], and more molecules
remain to be discovered that regulate insulin secretion in hu-
mans. In this context, functional human beta-cell lines should be
useful [1, 2]. Moreover, it is well-established that in type 1 dia-
betic patients, beta cells are destroyed by an autoimmunemech-
anism [79], but the exact mechanism of destruction is not fully
defined [80]. This is at least in part due to the lack human beta-
cell sources. We believe that newly developed human beta cells
will be useful to better understand human beta-cell destruction
and to develop assays to discover new molecules that can pro-
tect beta cells. We also believe that new sources of human beta
cells will be useful to design preclinical protocols. As an example,
it will be interesting to use conditionally transformed human
pancreatic beta cells, when available, in protocols where cells
are encapsulated before transplantation [81] and follow their
survival and function.
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CONCLUSION
During the past years, we have learned a lot about rodent pan-
creatic beta cells, and new information is also appearing con-
cerning humanbeta cells.Webelieve that such additional knowl-
edgewill represent a strong basis for developing new treatments
for diabetic patients.
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66 Kühl C, Hornnes PJ, Jensen SL et al. Gas-

tric inhibitory polypeptide and insulin: Re-
sponse to intraduodenal and intravenous glu-
cose infusions in fetal and neonatal pigs.
Endocrinology 1980;107:1446–1450.

67 Lukowiak B, Vandewalle B, Riachy R et al.
Identification and purification of functional hu-
man beta-cells by a new specific zinc-fluores-
cent probe. J Histochem Cytochem 2001;49:
519–528.
68 FleischerN, Chen C, SuranaMet al. Func-

tional analysis of a conditionally transformed
pancreatic beta-cell line. Diabetes 1998;47:
1419–1425.
69 Wang W, Walker JR, Wang X et al. Iden-

tificationof small-molecule inducers of pancre-
atic beta-cell expansion. ProcNatl Acad Sci USA
2009;106:1427–1432.
70 Klinger S, Poussin C, Debril MB et al. In-

creasing GLP-1-induced beta-cell proliferation
by silencing the negative regulators of signal-
ing cAMP response element modulator-alpha
and DUSP14. Diabetes 2008;57:584–593.
71 Keymeulen B, Gillard P, Mathieu C et al.

Correlation between beta cell mass and glyce-
mic control in type 1 diabetic recipients of islet
cell graft. Proc Natl Acad Sci USA 2006;103:
17444–17449.
72 Shapiro AM, Lakey JR, Ryan EA et al. Islet

transplantation in seven patients with type 1
diabetes mellitus using a glucocorticoid-free
immunosuppressive regimen. N Engl J Med
2000;343:230–238.
73 Nir T, Melton DA, Dor Y. Recovery from

diabetes in mice by beta cell regeneration.
J Clin Invest 2007;117:2553–2561.
74 Schulz TC, Young HY, Agulnick AD et al. A

scalable system for production of functional
pancreatic progenitors fromhumanembryonic
stem cells. PLoS One 2012;7:e37004.
75 AttaliM, Stetsyuk V, Basmaciogullari A et

al. Control of beta-cell differentiation by the
pancreatic mesenchyme. Diabetes 2007;56:
1248–1258.
76 Stanger BZ, Tanaka AJ,Melton DA. Organ

size is limited by the number of embryonic pro-
genitor cells in the pancreas but not the liver.
Nature 2007;445:886–891.
77 Rachdi L, Aiello V, Duvillie B et al. L-Leu-

cine alters pancreatic beta-cell differentiation
and function via the mTor signaling pathway.
Diabetes 2012;61:409–417.
78 Nir T, Dor Y. How to make pancreatic

beta cells: Prospects for cell therapy in diabe-
tes. Curr Opin Biotechnol 2005;16:524–529.
79 Mathis D, Vence L, Benoist C. Beta-cell

death during progression to diabetes. Nature
2001;414:792–798.
80 Brezar V, Carel JC, Boitard C et al. Beyond

the hormone: Insulin as an autoimmune target
in type 1 diabetes. Endocr Rev 2011;32:623–
669.
81 O’Sullivan ES, Vegas A, Anderson DG et

al. Islets transplanted in immunoisolation de-
vices: A review of the progress and the chal-
lenges that remain. Endocr Rev 2011;32:
827–844.

67Scharfmann, Rachdi, Ravassard

www.StemCellsTM.com


