
MINI-REVIEW

Sources of beta cells inside the pancreas
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Abstract The generation of beta(-like) cells to compensate for
their absolute or relative shortage in type 1 and type 2 diabetes
is an obvious therapeutic strategy. Patients first received grafts
of donor islet cells over 25 years ago, but this procedure has not
become routine in clinical practice because of a donor cell
shortage and (auto)immune problems. Transplantation of dif-
ferentiated embryonic and induced pluripotent stem cells may
overcome some but not all the current limitations. Repro-
gramming exocrine cells towards functional beta(-like) cells
would offer an alternative abundant and autologous source of
beta(-like) cells. This review focuses on work by our research
group towards achieving such a source of cells. It summarises a
presentation given at the ‘Can we make a better beta cell?’ sym-
posium at the 2015 annual meeting of the EASD. It is accom-
panied by two other reviews on topics from this symposium (by
Amin Ardestani and Kathrin Maedler, DOI: 10.1007/s00125-
016-3892-9, and by Heiko Lickert and colleagues, DOI: 10.
1007/s00125-016-3949-9) and a commentary by the Session
Chair, Shanta Persaud (DOI: 10.1007/s00125-016-3870-2).
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Abbreviations
CNTF Ciliary neurotrophic factor
E Embryonic day

EGF Epidermal growth factor
ERα Oestrogen receptor α
LIF Leukaemia inhibitory factor
M-CSFR Macrophage colony-stimulating factor receptor
MAPK Mitogen-activated protein kinase
MS MAPK and STAT3
NGN3 Neurogenin 3
PDL Partial duct ligation
STAT3 Signal transducer and activator of transcription 3

Shifts in differentiated cell fate, also referred to as trans-
differentiation, are generally rare, but spark curiosity in many
cell biologists. Although experimental evidence for the basic
concept of this phenomenon was provided long ago [1, 2], it is
only over the last decade that it has appeared centrestage of
cell therapy design [3, 4]. This short overview focuses on our
own achievements in the area of pancreas cell trans-
differentiation and the generation of beta cells, and discusses
their potential impact on the development of potential diabetes
therapies (see also [5]) (Fig. 1).

Fifteen years ago we started to evaluate the possibility
of human pancreatic exocrine-to-beta cell reprogramming
[6]. Duct cells of adult human pancreas were transduced
with recombinant adenoviral vectors that constitutively
expressed neurogenin 3 (NGN3), a basic helix-loop-helix
transcription factor essential for development of the endo-
crine pancreas [7, 8]. Ectopic expression of Neurog3 in-
duced a number of key proteins for beta cell formation
and function, including insulin, albeit in few cells and at a
level far insufficient to be clinically relevant [6]. Indeed,
genome-wide transcriptome analysis showed that less than
10% of full duct to endocrine cell conversion was
achieved [9]. Co-expression of Pdx1, Ngn3 and MafA, a
combination shown to transdifferentiate exocrine to beta
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cells when applied to mouse pancreas [10, 11], delivered
no improvement over Ngn3 alone after transduction into
adult human pancreatic duct cells [9].

To gain more insight into the cells and factors needed for
pancreas cell transdifferentiation, we used two experimental
models: partial duct ligation (PDL) [12, 13] and growth factor
therapy [14].

Partial duct ligation to identify cells and signals
for beta cell generation

PDL is a microsurgical technique [15] in which the main pan-
creatic duct is ligated, whereafter acinar cells disappear and
both beta and alpha cell mass doubles. Endocrine cell genera-
tion results from the differentiation of non-beta cells (facultative
progenitor cells) and proliferation of pre-existing and newly
formed endocrine cells [12, 13, 16]. Stressful conditions caused
by severe tissue damage such as PDL may thus increase cell
plasticity and result in the interconversion of differentiated cell
types (reviewed in [17]). In part due to the complexity of the
surgical technique, outcome variability complicates the model,
leaving room for controversy (reviewed in [18]). However,
confirmation of our data by supplementary techniques, includ-
ing optical projection tomography and by independent scien-
tists encouraged us to further dissect the signals that drive en-
docrine cell generation in PDL pancreas. Given the massive
recruitment of immune cells (especially monocytes and macro-
phages) to the PDL pancreas, and because macrophages have
been shown to promote beta cell proliferation in PDL pancreas
[19], we assessed their diversity and the factors driving myeloid
cell dynamics in normal and PDL pancreas [20]. While tissue-
resident MHC class II+ macrophages predominated in naive
and sham-operated pancreas, PDL induced massive monocyte

infiltration followed by macrophage differentiation and matu-
ration. Monocyte recruitment was dependent on C-C chemo-
kine receptor 2 (CCR2) and macrophage colony- stimulating
factor receptor (M-CSFR), as well as on the local proliferation
of macrophages under the influence of M-CSFR signalling.
Tissue-resident macrophages rather than monocyte-derived
ones produced beta cell mitogens. Continued research on mac-
rophage function in pancreas may thus uncover the mecha-
nisms underlying their roles in beta cell protection during pan-
creatitis, the enhancement of beta cell activity and their contri-
bution to the control of beta cell proliferation and regeneration
following beta cell injury (reviewed in [21]). The identification
and characterisation of macrophage subtypes and their
secretome might contribute to the development of new thera-
peutic strategies for diabetes. The possibility that myeloid cells
other than macrophages and/or lymphoid cells play a role in the
regulation of beta cell proliferation and facultative progenitor
cell activation cannot be excluded.

While performing cell lineage tracing studies in PDL pan-
creas using tamoxifen-mediated induction of fluorescent report-
er gene expression in (promotor-defined) specific cell popula-
tions, we observed a strong reduction in beta cell proliferation
as compared with mice that did not receive tamoxifen [22].
When applied to pregnant mice, which show elevated beta cell
proliferation to meet the increased insulin needs (reviewed in
[23]), tamoxifen blocked beta cell cycling and thus antagonised
oestrogen signalling. Loss- and gain-of-function studies con-
firmed the role of oestrogen signalling for beta cell proliferation
in PDL pancreas. Indeed, administration of oestradiol to in-
crease circulating levels further increased beta cell proliferation,
while injection of aromasin, an inhibitor of aromatase that ca-
talyses the rate-limiting step of oestradiol synthesis, blunted the
PDL-induced increase in beta cell proliferation. Moreover, nu-
clear translocation of oestrogen receptor α (ERα) was
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prevented by tamoxifen-treatment, and Esr1-/- mice showed no
increase in beta cell proliferation following PDL [22].
Oestradiol levels were below the detection limit in sham-
operated male mice but were clearly present in the circulation
of male mice with PDL pancreas. Preliminary data point to
adipose tissue as a principal oestrogen source. Indeed, a distinct
population of autofluorescent cells with low density that stained
with Oil Red O could be isolated from PDL pancreas but not
from naive or sham-operated pancreas. In addition, adipocyte-
specific transcripts, such as those for adiponectin, leptin and
fatty acid synthase, were highly abundant in the ligated part
of the pancreas and were strongly reduced by tamoxifen (Y.
Yuchi, M. Van de Casteele, H. Heimberg, unpublished data).
Importantly, we also analysed the influence of ERα signalling
during the development of the endocrine pancreas, at embryon-
ic day (E)15.5 and E18.5, when endocrine progenitor activation
peaks and the proliferation rate of newly formed beta cells is
high, respectively. Not only was the number of NGN3+ endo-
crine progenitor cells considerably decreased by tamoxifen and
ESR1 knockout, so was beta cell proliferation. We therefore
concluded that ERα signalling regulates beta cell formation
during pancreas development and following injury [22] and
we are currently investigating the beta cell specificity of the
above-mentioned processes using mice with beta cell-specific
deletion of Esr1. If our investigations are successful, we will
examine whether oestrogen conjugated to glucagon-like pep-
tide-1 (GLP-1) to allow targeted delivery to beta cells [24] is
able to specifically (hyper)stimulate beta cell proliferation in
PDL pancreas and of engrafted human beta cells.

Growth factor therapy for beta cell generation

Because rat acinar cells can be transdifferentiated into func-
tional beta(-like) cells when exposed to epidermal growth
factor (EGF) and leukaemia inhibitory factor (LIF) [25], a
mouse model was developed to investigate whether this
in vitro finding is translatable to mice with long-term
hyperglycaemia. Mice that were injected with alloxan, a
relatively beta cell-specific toxin, rapidly became
hyperglycaemic. Four weeks later, when the mice had been
diabetic for one-third of their lifetime, a mini-osmotic pump
containing EGF and ciliary neurotrophic factor (CNTF)
was implanted into the peritoneum. Like LIF, CNTF is a
member of the IL-6 family of growth factors, but unlike
LIF, it did not cause an elevated mortality rate. EGF and
CNTF were released from the pump during 1 week and,
within this period, glycaemia significantly decreased in
65% of mice [14]. The speed and efficiency of the process
are remarkable, but it still is unclear why 35% of the mice
did not respond to the combination of EGF and CNTF.
Based on careful cell-specific lineage tracing and
cell-specific loss-of-function experiments, we concluded

that EGF and CNTF can restore glycaemia to near normal
levels for an extended period of time in mice with chronic
hyperglycaemia, mainly by cell-autonomous signal trans-
ducer and activator of transcription 3 (STAT3)-mediated
acinar cell transdifferentiation but also through an interme-
diary cell type in which Ngn3 (re-)expression is pivotal
[14]. Interestingly, the crucial role of NGN3 in this regen-
eration process suggests the dedifferentiation of a subpop-
ulation of acinar cells, possibly towards a facultative beta
cell progenitor phenotype. Increased knowledge of the epi-
genetic changes that control the transdifferentiation of aci-
nar cells into beta-like cells will be needed if potential ther-
apies are to be developed, since the two growth factors have
associated side effects. Moreover, any potential drugs
should optimise the efficiency of the process.

To provide a proof of concept with regard to the transla-
tion of growth factor therapy from mice to man, human
exocrine pancreas cells were exposed to EGF and LIF or
CNTF. Unfortunately, there was no shift in their differentia-
tion status towards endocrine cells. Because we
hypothesised that the ligands were not able to signal, and
because intracellular signalling by EGF and CNTF occurs
through mitogen-activated protein kinase (MAPK) and
STAT3 (MS), adult human exocrine cells were transduced
with recombinant lentiviral vectors that expressed constitu-
tively active forms of MS (MSCA). Interestingly, 1 week
after transduction, 40% of the MSCA-transduced exocrine
cells expressed high levels of NGN3, while only few
contained insulin [26]. When these cells were grafted under
the kidney capsule of immunocompromised mice for
42 days, the number of insulin-positive cells slightly in-
creased, while NGN3 completely disappeared. However,
transplantion beyond 90 days resulted in increasing amounts
of circulating human C-peptide. Since human beta(-like)
cells are insensitive to alloxan as a result of low or absent
expression of glucose transporter type 2 [27], treatment of
these mice with alloxan resulted in ablation of the endoge-
nous beta cells, while the human beta(-like) cells of the graft
were spared. As a result, there was a rapid increase in the
blood sugar level that was countered by a sudden boost of
human insulin released by the grafted cells [26]. Research is
ongoing to explore the use of alternatives for virus-mediated
delivery of MSCA to exocrine cells following unlimited ex-
pansion. Since the expansion protocol selects for adult bi-
potent facultative progenitors in the mouse [28] but also in
humans (W. Staels, Y. Heremans, H. Heimberg, unpublished
data), their translational potential for routine transplantation
in diabetes patients warrants further investigation.
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