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Diabetes is a major worldwide health problem which results
from the loss and/or dysfunction of pancreatic insulin-
producing B cells in the pancreas. Therefore, there is great
interest in understanding the endogenous capacity of g cells to
regenerate under normal or pathological conditions, with the
goal of restoring functional B cell mass in patients with
diabetes. Here, we summarize the current status of g cell
regeneration research, which has been broadly divided into
three in vivo mechanisms: 1. proliferation of existing B cells;
2. neogenesis of B cells from adult ductal progenitors; and
3. transdifferentiation of other cell types into B cells. We discuss
the evidence and controversies for each mechanism in mice
and humans, as well as the prospect of using these approaches
for the treatment of diabetes.
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Introduction

The pancreas is an endodermally derived organ consisting
of exocrine tissue that secretes digestive enzymes into the
stomach and duodenum, and endocrine tissue responsible
for producing hormones to maintain glucose homeostasis.
The endocrine cells are organized into distinct micro-
organs known as Islets of Langerhans and are embedded
within the exocrine tissue (Figure 1). The four main
endocrine cell types of the adult pancreas are «, B, 9,
and PP cells, which produce glucagon, insulin, somato-
statin, and pancreatic polypeptide, respectively. Of par-
ticular importance are the insulin-producing 3 cells; the
condition of insufficient functional B mass cells results in
diabetes mellitus, a disease which affects over 400 million
people worldwide and is currently increasing in incidence
[1]. There are two main types of diabetes: type 1 diabetes
(T1D) is caused by an autoimmune attack on the B cells,
whereas type 2 diabetes (T2D) results from B cell

dysfunction and/or peripheral insulin resistance and sub-
sequent insulin insufficiency. Complications associated
with long-term T1D and T2D include cardiovascular
disease, kidney disease, neuropathy, stroke and prema-
ture death [1]. Together, they pose a major public health
challenge and will continue to be an increasing burden on
the healthcare system and society in the future.

Current treatment options for diabetes include exogenous
insulin administration and transplantation using pancreas
tissue or islets isolated from cadaveric donors; however,
there are several caveats associated with these
approaches. Patients receiving exogenous insulin are
prone to wide-ranging fluctuations in blood glucose levels
and potentially life-threatening bouts of hypoglycemia,
although in recent years the development of continuous
glucose monitoring technology and closed loop insulin
pumps have greatly improved more consistent glucose
control [2]. Alternatively, patients can receive islet trans-
plantation; however, each recipient requires islets from at
least two donor pancreata and requires continuous treat-
ment with immunosuppressive drugs [3]. Furthermore,
islet transplantation only confers insulin-independence
for approximately five years, necessitating a life-long
supply of donor tissue [3]. Because of the challenges
associated with these current diabetes treatments, there
is immense interest in understanding whether pancreatic
B cells have the ability to regenerate under both normal
and pathogenic conditions. This knowledge could facili-
tate the development of unlimited sources of replace-
ment B cells, either through B cell regeneration ## vivo or
by generating new 3 cells using 7z vitro systems. In this
review, we will predominantly focus on research efforts
associated with 7z vivo B cell regeneration, which can be
broadly divided into three categories (1) proliferation of
existing B cells, (2) neogenesis: differentiation of new 3
cells from a progenitor population and (3) transdifferen-
tiation of non- cells into B cells (Figure 2). Researchers
have long debated whether these regenerative processes
normally occur in mice and humans, and whether they can
be activated under certain pathogenic conditions or in
response to exogenous stimuli (reviewed in [4,5]). Here,
we will review the recent advances, caveats and contro-
versies surrounding each of these mechanisms.

B cell proliferation

Self-renewal of existing B cells is an attractive approach
for generating new 3 cells for therapeutic purposes. B
cells normally proliferate in the developing (embryonic
and neonatal) mouse and human pancreas and can be
stimulated to replicate by a number of metabolic stressors
including pregnancy and obesity [6-8]. During the early
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Overview of pancreatic cell types.

The pancreas is composed of acinar, ductal and endocrine cells. The
endocrine cells represent 1-5% of the total pancreas area and form
clusters of hormone-producing cells known as islets, which are composed
of a, B, & and PP cells. Loss of functional B cell mass leads to diabetes.
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Three mechanisms of beta cell regeneration.

1. Existing beta cells can be stimulated to proliferate either in vivo or
in vitro. 2. Pancreatic duct cells can be induced to create a new
source of beta cells, potentially by re-activating developmental
programs initially used during embryogenesis for B cell specification.
3. Additional cell types, such as pancreatic acinar tissue, non-8
endocrine cells, and hepatocytes from the liver can be genetically
reprogrammed into functional B cells.

postnatal period, proliferation is the primary mechanism
of B cell expansion to generate sufficient B cell mass in an
organism [9,10]. However, B cell proliferation rapidly
declines early in life, and in adults the rate of 3 cell
division is very low [11,12]. To date, the identification of
molecules that can activate replication in adult 3 cells has
proven challenging, partly due to species-dependent
molecular differences between mouse and human {3 cells;
factors that can stimulate replication of mouse B cells do
not necessarily induce expansion of human cells [13,14].
Another impediment is due to the fact that adult B cells
are refractory to mitogens which are able to stimulate
proliferation in juvenile B cells from younger donors [15°].
Unlike juvenile B cells, adult B cells have increased
expression of cell cycle inhibitors such as pl16INK4a
and a reduction in cell cycle activators including FoxM1,
cyclins, and cyclin-dependent kinases that render them
resistant to proliferation [16-19]. Furthermore, it is
hypothesized that adult B cells are resistant to rapid
turnover to prevent hyperinsulinemia and thus, one valid
concern is that inducing unconstrained B cell growth in
people could lead to the formation of insulinomas and
potential lethality due to hypoglycemia.

"The search for factors that can activate replication in adult
B cells is further complicated by recent insight into 3 cell
heterogeneity. While it is clear that different subpopula-
tions of B cells exist within an islet, it is not known
whether all B cells have the capacity to proliferate
[20-22]. Flattop (Fltp), an effector of Wnt/planar cell
polarity signaling, was recently shown to mark a popula-
tion of mature B cells with greater functionality, but lower
proliferative potential, suggesting that there may be a
subset of B cells that have a greater ability to proliferate
than others [23°°]. Therefore, islets may contain hetero-
geneous populations of islets B cells representing a
continuum of functionality versus self-replication. The
identification of markers delineating cells with a higher
proliferative capacity would potentially allow researchers
to specifically target this population. However, § cell
proliferation often appears to occur at the expense of
insulin secretion, and replicating  cells tend to more
closely resemble immature  cells. For example, when
replication in adult mouse B cells was induced by exoge-
nously expressing c-Myc, these B cells displayed reduced
expression of genes important for glucose sensing and
insulin secretion (Glut2, PC1/3), as well as transcriptional
markers of mature B cells (Pdx1, MafA, Nkx2.2) [24].
Thus, the balance between proliferation and functionality
must also be considered when identifying new molecules
to expand 3 cell mass.

One promising target which has been recently shown to
reproducibly affect human {3 cell proliferation is the dual-
specificity tyrosine phosphorylation-regulated kinase 1A
(DYRK1A). Inhibitors of DYRK1A, including harmine, 5-
iodo-tubericidin (5-I'T), INDY and GNF4877, have been
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shown to increase proliferation of sorted human B cells 7
vitro as well as inducing proliferation of B cells trans-
planted into mice, apparently without inducing de-
differentiation [25°,26°,27,28]. Mechanistic studies sug-
gest DYRK1A inhibitors promote cell cycle progression in
part by stimulating activation of the nuclear factor acti-
vated in T cells (NFaT) signaling pathway [25°26°].
Furthermore, DYRK1A inhibitors appear to synergize
with inhibitors of the transforming growth factor-f super-
family (TGFBSF), which has by itself been shown to
regulate B cell proliferation [29°°,30]. The practical use of
DYRKI1A inhibitors in humans, however, is hindered by
the fact that they are not 3 cell specific and can enhance
proliferation of many other cell types, including pancre-
atic a and ductal cells [29°°,30]. Therefore, for therapeu-
tic purposes, it will be necessary to develop methods to
target these inhibitors specifically to B cells. A more
immediate use for DYRK1a inhibitors, may be in iz vitro
B cell culture systems to expand exogenous or stem cell-
derived B cells for transplantation purposes.

Neogenesis

Pancreatic B cells are initially formed during embryonic
development from an endocrine progenitor population
that lies within the pancreatic ductal epithelium and is
marked by the transcription factor Neurogenin3 (Ngn3).
In mice and humans, Ngn3+ endocrine progenitor cells
differentiate into all four adult endocrine cell types
during embryogenesis but decline in numbers upon birth
[31-34]. Ngn3 null mice lack all islet endocrine cells
indicating Ngn3 is absolutely required for endocrine
neogenesis during development [32]; whereas in humans,
the known NGN3 mutations variably contribute to dia-
betes [35,36]. Because endocrine cells originate from the
ductal epithelium during development, many researchers
have examined whether the embryonic endocrine differ-
entiation program can be re-activated in adult pancreatic
ducts to serve as a potential source of new B cells.
However, whether this occurs endogenously or under
certain pathological conditions remains controversial.
Several studies using pancreatic injury models, such as
pancreatic duct ligation or partial pancreatectomy have
shown the reappearance of Ngn3 positive progenitor cells
within the adult ductal epithelium and the presence of
small clusters of endocrine cells close to these ducts,
suggesting neogenesis can occur [37-41]. However, stud-
ies using similar approaches provide evidence that neo-
genesis does not occur, suggesting this mechanism is
difficult to activate or is relatively rare [42-45]. Genetic
lineage tracing experiments in mice using a Cre-lox
system to genetically label specific populations of puta-
tive ductal progenitor cells with B-galactosidase or fluo-
rescent reporter proteins also demonstrated contradictory
results. Lineage tracing of the ductal tree using an induc-
ible Cre recombinase (CreER) driven by a fragment of
the human carbonic anhydrase promoter provided evi-
dence that mature ducts can give rise to endocrine cells,
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whereas experiments using HnflCreER and Sox9CreER
showed evidence to the contrary [46-48]. Recent studies
in cultured pancreas and organoid systems also suggest
that mouse ductal cells can be induced to differentiate
into B cells under specific culture conditions indicating
that although the occurrence of 7z vivo B cell neogenesis
remains controversial, ductal cells could potentially serve
as a source of i vitro derived B cells [49].

In humans, obtaining proof of B cell neogenesis has also
been challenging. Potential evidence of ductal derived B
cells has been proposed based on the observation of islet
cell clusters that are adjacent or closely opposed to ducts
in donor pancreata [50,51]. Ductal cells positive for
immature B cell markers have also been detected in
samples from pregnant humans and individuals with
T'2D, and appear to increase in numbers in obese indi-
viduals. Furthermore, human ductal cells can be induced
to express pancreatic markers and insulin in ex vivo
culture systems [52,53]. Valdez er al., were also able to
demonstrate the induction of endocrine differentiation in
the human PANCI1 pancreatic ductal cell line down-
stream of NGN3 activation by proinflammatory cytokines
[54]. However, without the ability to perform genetic
lineage tracing of human ductal cells, it is difficult to
confirm that human {3 cell neogenesis appreciably occurs
in vivo.

Transdifferentiation from other cell types

While it remains unclear whether and under which con-
ditions ductal cells can be re-activated to differentiate
into B cells, there is mounting evidence that other dif-
ferentiated tissue types can be reprogrammed into 3 cells
in a process broadly referred to as transdifferentiation.
During embryonic development, the pancreas forms from
a region of foregut endoderm marked by pancreatic and
duodenal homeobox factor 1 (Pdx1) that is posterior to the
antral stomach, adjacent to the budding liver, and anterior
to the duodenum [55]. Because of their common devel-
opmental lineage, it is attractive to speculate that cells
from these closely related endodermal organs could be
reprogrammed into pancreatic endocrine cells. Indeed, a
number of studies have demonstrated that insulin posi-
tive cells can be induced /7 vive in the livers of mice by
the adenoviral transduction of one or a combination of key
pancreatic transcription factors, including Pdx1, Neu-
roD1, or a combination of Ngn3, Pdx1 and MafA (known
as the PNM factors) [56-59]. Furthermore, the ectopic B
cells that are generated in the liver are capable of secret-
ing insulin and these mice are resistant to chemically
induced diabetes [58,59]. More recently, the novel factor
TGIF2, a modulator of BMP/TGF-$ signaling that is
expressed in common hepatic and pancreatic endoderm
progenitors, but becomes restricted to the pancreas dur-
ing development, was shown to induce pancreatic pro-
genitor gene expression in the adult mouse liver [60°].
Currently, it is not known whether terminally
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differentiated hepatocytes or a more “stem cell-like”
population within the liver are capable of transdifferen-
tiating to insulin-expressing cells, and this may also
depend on the type of viral vector used and the method
of delivery.

T'wo groups also used genetically modified mice to express
the PNM factors within specific tissue compartments of
the gut, and identified ectopic insulin-expressing cells in
the intestinal crypts and antral stomach, suggesting that
several foregut endoderm tissues are intrinsically compe-
tent to be reprogramed into insulin-producing cells [61,62].
Downregulation of the transcription factor Foxol in Ngn3-
expressing gastrointestinal enteroendocrine cells in mice or
cultured organoids was also able to induce insulin expres-
sion, providing yet another potential source of insulin
producing cells [63,64]. However, whether these mecha-
nisms can be induced in human cells requires further
exploration.

Within the pancreas itself, terminally differentiated exo-
crine tissue has also been suggested as source of de #ovo
endocrine cells. In 2008, Zhou ez a/., found that adenoviral
delivery of the PMN factors into the pancreas of an adult
immune compromised mouse, could convert acinar cells
into insulin producing B cells [65]. However, the endog-
enous capacity of exocrine tissues to generate B cells
without adenoviral administration has been called into
question. Clayton e /., used an inducible transgenic
mouse model system to express the PMN factors in
pancreatic acinar cells and found that both the level of
PMN factor expression and inflammation influence repro-
gramming outcomes [66]. There have also been conflict-
ing results using genetic lineage tracing. Experiments
labeling acinar cells with Elastase-CreER demonstrated
that exocrine cells do not contribute to the endocrine
compartment under normal or several different injury
conditions, whereas a recent report using a similar Cre
line found that acinar cells could differentiate into B cells
following EGF and CNTF treatment after alloxan
induced-injury [67,68].

Recent attention has been also focused on understanding
whether other endocrine cell types within the islet have
the regenerative potential to convert into [ cells.
Although endocrine cells were once thought to be a
stable, terminally differentiated population, studies have
shown that they are considerably more plastic under stress
conditions or upon genetic manipulation [69-72]. In an
adult mouse model of extreme B cell killing and hyper-
glycemia, a cells began to co-express insulin, and some of
these bihormonal cells were shown through genetic line-
age tracing to become monohormonal insulin positive
cells over time [73]. Subsequent studies have shown that
reprogramming can occur throughout the mouse lifetime
in response to physiological stimuli such as multiple
rounds of pregnancy, and that & cells can also convert

to B cells in young mice after B cell injury [74,75].
Reprogramming of a cells to B cells has also recently
been suggested to occur normally without stimuli or
injury. A population of immature 3 cells identified by
the presence of insulin expression, but absence of the
maturity marker urocortin3 (Ucn3) were found at
the periphery of the islet, and are thought to be in a
transition state between mature « cells and B cells [76°°].
Lineage tracing confirmed that these cells once expressed
glucagon. In contrast to previous studies, which found no
contribution of other endocrine cell types to the B cell
pool throughout the lifetime of an islet, this study sug-
gests that there may be a dedicated population of cells, at
least in the mouse, which exhibit lineage plasticity.

Because of the inability to perform lineage tracing experi-
ments in humans, the question still remains whether
endocrine cells can transdifferentiate into B cells in
patients with pancreatic disease. Insulin and glucagon
double-positive cells have been detected in tissue sec-
tions from patients with T'1D and T2D [77,78]; however,
polyhormonal cells can also be detected in the human
pancreas during normal development [79]. Therefore, itis
not known whether these cells are undergoing de-differ-
entiation to a more embryonic-like state or whether they
are in the process of transdifferentiatiating to another
endocrine cell type. More broadly, the question of
whether the process of endocrine transdifferentiation in
humans or mice requires de-differentiation before repro-
gramming has not yet been answered definitively, as both
direct reprogramming and transdifferentiation associated
with dedifferentiation (with or without re-expression of
Ngn3) have been reported [77,80].

The molecular mechanisms underlying the process of
transdifferentiation of other endocrine cells to B cells
have not been fully elucidated. Ectopic expression of
the transcription factor Pax4 and inhibition of the a cell
gene Arx in mice appear to allow a cells to convert to 8
cells [81,82]. More recently, it was reported that the
deletion of the DNA methyltransferase, Dnmtl, together
with Arx is necessary for conversion of a cells to func-
tional B cells [77]. The expression of Pdxl and MafA
specifically in a cells using a genetic approach or through-
out the pancreas using a viral approach can also induce
insulin expression in a cells and, in the latter study could
rescue blood glucose levels in the non-obese diabetic
(NOD) model of autoimmune diabetes [83,84]. Interest-
ingly, a and PP cells sorted from human donor islets were
also able to be reprogramed into insulin secreting cells
when transduced with Pdx1 and MafA, indicating that
these factors are key regulators of the B cell fate [85].
Insight into the plasticity of a cells comes from a study
that profiled epigenetic histone marks of sorted human
endocrine cells. Compared to exocrine and 8 cells, the
pattern of histone marks in the genome of « cells more
closely resembles the pattern in pluripotent cells,
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suggesting « cells may be transcriptionally poised to
undergo lineage reprogramming [86].

There is also considerable interest in identifying small
molecules and drugs that can induce transdifferentiation
and enhance B cell mass in patients with diabetes.
Recently, the y-aminobutyric (GABA) signaling pathway,
activated either by GABA itself or by the anti-malarial
class of drugs artemisinins, including artemether and
artesunate, was reported to induce transdifferentiation
of a cells to B cells in # vitro and in vivo models in
rodents, human islets and zebrafish [87°,88°]. Long-term
GABA administration resulted in significant 3 cell hyper-
plasia which involved activation of a neogenic-like pro-
gram within the pancreatic ducts 88°]. However, several
recent studies demonstrated convincingly that neither
GABA nor artemether can induce a to 3 cell reprogram-
ming. Ackermann e a/., found that while islets from mice
treated with artemether or GABA had reduced expression
of Arx, there was no difference in the number of a cells
that had transdifferentiated to B cells [89°°]. In a similar
study, van der Meulen ez @/. showed that culturing mouse
islets with artemether also resulted in reduced expression
of a cell genes, but that these «a cells failed to transdiffer-
entiate into insulin-positive cells [90°°]. Furthermore,
data from these groups and others suggest that GABA
signaling may in fact reduce insulin expression and impair
B cell function [89°°,90°°,91]. The discrepancy between
the ability of GABA to induce transdifferentiation in
these studies could be partly due to technical differences
in the lineage tracing approaches used. Ackermann ez a/.
[89°°] and van der Meulen ez /. [90°°] used an inducible
glucagon-driven Cre line to mark mature a cells before
GABA or artesunate administration, whereas the studies
by Ben-Othman e7 a/. 88°] and Li e al. [87°] utilized a
constitutively active Cre recombinase driven by the glu-
cagon promoter which is active during development and
also labels immature cells or other endocrine cells which
have transitioned through a glucagon-expressing inter-
mediate. Thus, the role of GABA in a to B cell repro-
gramming remains uncertain.

Conclusions

The ultimate goal of pancreatic regeneration research is
to expand endogenous 3 cell mass without compromising
function, to prevent or treat diabetes. Although significant
advances have been made in each of the mechanisms
discussed in this review, many challenges associated with
stimulating B cell regeneration 7z vivo remain. These
issues are further compounded by our inability to assess
endogenous {3 cell mass or to track changes in B cell mass
in response to disease interventions. In light of the
challenges associated with iz viwo islet regeneration,
substantial research efforts are now focused on iz vitro
differentiation of pluripotent embryonic stem (ES) cells
or induced pluripotent stem (iPS) into insulin-producing
cells which could be used for transplantation. Although
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these protocols have made significant advances in gener-
ating glucose-responsive insulin-expressing cells, the pro-
cess remains inefficient and variable, and long-term sta-
bility of a  cell phenotype post-transplantation has not
been determined [92]. Furthermore, with the recent
identification of functional heterogeneity within the
cell population [20,23°°], questions arise regarding
whether multiple different types of B cells are necessary
for full optimal glucose control. If so, which intrinsic and
extrinsic pathways are required to generate and maintain
this heterogeneity?

Despite the many recent scientific advances, it remains
uncertain whether human pancreatic 8 cells possess
intrinsic regenerative capacity. However, there are exten-
sive data to suggest that — under the right conditions —
the potential for regeneration exists. With the advent of
novel technologies such as single cell RNA-sequencing,
there is renewed hope that a rare B cell subpopulation
with increased regenerative capacity will be identified.
The existence of such specialized B cells would overcome
many of the current challenges associated with 3 cell
expansion and could provide the basis for efficient 3 cell
regeneration on demand. Iz vitro islet generation from
human pluripotent stem cells also continues to be a viable
treatment option, and although this approach also pre-
sents its own unique challenges, the continual advances
in this technology has been remarkable. Overall, there is
great promise for both approaches, and a greater under-
standing of the mechanisms of regeneration holds the
potential to substantially improve the future of diabetes
treatment.

Conflict of interest statement
Nothing declared.

Acknowledgements

We thank members of the Sussel lab for critical reading of the manuscript.
We acknowledge support from the American Diabetes Association1-18-
PDF-107 (DSL) and N.I.LH.R01 DK082590, U01 DK072504, RO1
DK63016219, RO1 DK118155 (LS).

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. World Heatlh Organization.

2.  Role of continuous glucose monitoring in diabetes treatment.
Role of Continuous Glucose Monitoring in Diabetes Treatment.
2018. Arlington (VA).

3. Pepper AR, Gala-Lopez B, Ziff O, Shapiro AJ: Current status of
clinical islet transplantation. World J Transplant 2013, 3:48-53.

4. Baeyens L, Lemper M, Staels W, De Groef S, De Leu N,
Heremans Y, German MS, Heimberg H: (Re)generating human
beta cells: status, pitfalls, and perspectives. Physiol Rev 2018,
98:1143-1167.

5. Basile G, Kulkarni RN, Morgan NG: How, when, and where do
human B-cells regenerate? Curr Diabetes Rep 2019, 19:48.

www.sciencedirect.com

Current Opinion in Physiology 2020, 14:13-20


http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0010
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0010
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0010
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0015
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0015
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0020
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0020
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0020
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0020
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0025
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0025

18 Regeneration

6. Sorenson RL, Brelje TC: Adaptation of islets of langerhans to
pregnancy: beta-cell growth, enhanced insulin secretion and
the role of lactogenic hormones. Horm Metab Res 1997, 29:301-
307.

7. BaeyensL, Hindi S, Sorenson RL, German MS: B-Cell adaptation
in pregnancy. Diabetes Obes Metab 2016, 18(Suppl. 1):63-70.

8. Cox AR, Lam CJ, Rankin MM, King KA, Chen P, Martinez R, Li C,
Kushner JA: Extreme obesity induces massive beta cell
expansion in mice through self-renewal and does not alter the
beta cell lineage. Diabetologia 2016, 59:1231-1241.

9. DorY, Brown J, Martinez Ol, Melton DA: Adult pancreatic beta-
cells are formed by self-duplication rather than stem-cell
differentiation. Nature 2004, 429:41-46.

10. Meier JJ, Butler AE, Saisho Y, Monchamp T, Galasso R,
Bhushan A, Rizza RA, Butler PC: B-cell replication is the primary
mechanism subserving the postnatal expansion of 3-cell
mass in humans. Diabetes 2008, 57:1584-1594.

11. Perl S, Kushner JA, Buchholz BA, Meeker AK, Stein GM, Hsieh M,
Kirby M, Pechhold S, Liu EH, Harlan DM, Tisdale JF: Significant
human beta-cell turnover is limited to the first three decades
of life as determined by in vivo thymidine analog
incorporation and radiocarbon dating. J Clin Endocrinol Metab
2010, 95:E234-239.

12. Cnop M, Hughes SJ, Igoillo-Esteve M, Hoppa MB, Sayyed F, van
de Laar L, Gunter JH, de Koning EJ, Walls GV, Gray DW et al.: The
long lifespan and low turnover of human islet beta cells
estimated by mathematical modelling of lipofuscin
accumulation. Diabetologia 2010, 53:321-330.

13. Karakose E, Ackeifi C, Wang P, Stewart AF: Advances in drug
discovery for human beta cell regeneration. Diabetologia 2018,
61:1693-1699.

14. Aamodt KI, Aramandla R, Brown JJ, Fiaschi-Taesch N, Wang P,
Stewart AF, Brissova M, Powers AC: Development of a reliable
automated screening system to identify small molecules and
biologics that promote human beta-cell regeneration. Am J
Physiol Endocrinol Metab 2016, 311:E859-E868.

15. Dai C, Hang Y, Shostak A, Poffenberger G, Hart N, Prasad N,

. Phillips N, Levy SE, Greiner DL, Shultz LD et al.: Age-dependent
human beta cell proliferation induced by glucagon-like
peptide 1 and calcineurin signaling. J Clin Invest 2017,
127:3835-3844

A high throughput screen was used in human islets that were engrafted

into mice to test the efficacy of molecules in stimulating B cell proliferation

in juvenile and adult islets. These experiments demonstrated that GLP1
and Exendin-4 can stimulate proliferation in juvenile islets but that adult
islets are refractory to these mitogens.

16. Avrahami D, Li C, Zhang J, Schug J, Avrahami R, Rao S,
Stadler MB, Burger L, Schubeler D, Glaser B, Kaestner KH: Aging-
dependent demethylation of regulatory elements correlates
with chromatin state and improved beta cell function. Cel/
Metab 2015, 22:619-632.

17. Golson ML, Dunn JC, Maulis MF, Dadi PK, Osipovich AB,
Magnuson MA, Jacobson DA, Gannon M: Activation of FoxM1
revitalizes the replicative potential of aged B-cells in male
mice and enhances insulin secretion. Diabetes 2015, 64:3829-
3838.

18. Tschen SI, Zeng C, Field L, Dhawan S, Bhushan A, Georgia S:
Cyclin D2 is sufficient to drive beta cell self-renewal and
regeneration. Cell Cycle 2017, 16:2183-2191.

19. Fiaschi-Taesch NM, Kleinberger JW, Salim FG, Troxell R, Wills R,
Tanwir M, Casinelli G, Cox AE, Takane KK, Scott DK, Stewart AF:
Human pancreatic B-cell G1/S molecule cell cycle atlas.
Diabetes 2013, 62:2450-2459.

20. Dorrell C, Schug J, Canaday PS, Russ HA, Tarlow BD, Grompe MT,
Horton T, Hebrok M, Streeter PR, Kaestner KH, Grompe M:
Human islets contain four distinct subtypes of B cells. Nat
Commun 2016, 7:11756.

21. Zeng C, Mulas F, Sui Y, Guan T, Miller N, Tan Y, Liu F, Jin W,
Carrano AC, Huising MO et al.: Pseudotemporal ordering of
single cells reveals metabolic control of postnatal B cell
proliferation. Cell Metab 2017, 25:1160-1175.e11.

22. Benninger RKP, Hodson DJ: New understanding of B-cell
heterogeneity and in situ islet function. Diabetes 2018, 67:537-
547.

23. Bader E, Migliorini A, Gegg M, Moruzzi N, Gerdes J, Roscioni SS,
ee Bakhti M, Brandl E, Irmler M, Beckers J et al.: Identification of
proliferative and mature beta-cells in the islets of Langerhans.
Nature 2016, 535:430-434
This study demonstrated that B cells can be divided into two populations
based on the expression of Flattop, an effector of Wnt/PCP signaling, with
distinct molecular and functional properties. Fltp is expressed in mature,
highly functioning B cells and is absent from proliferating B cells. These
data suggested that different populations of B cells exist and that 3 cell
function and proliferation may be mutually exclusive.

24. Puri S, Roy N, Russ HA, Leonhardt L, French EK, Roy R,
Bengtsson H, Scott DK, Stewart AF, Hebrok M: Replication
confers beta cell immaturity. Nat Commun 2018, 9:485.

25. Dirice E, Walpita D, Vetere A, Meier BC, Kahraman S, Hu J,

. Dancik V, Burns SM, Gilbert TJ, Olson DE, Clemons PA et al.:
Inhibition of DYRK1A stimulates human p-cell proliferation.
Diabetes 2016, 65:1660-1671

Together with 26, these studies identified DYRK1A inhibitors as a class of

molecules which can stimulate human B cell proliferation in vitro and in

islets engrafted into mice. As very few compounds have been demon-
strated to stimulate proliferation in human B cells, these findings have the
potential to impact therapeutic treatments for diabetes.

26. Wang P, Alvarez-Perez JC, Felsenfeld DP, Liu H, Sivendran S,

. Bender A, Kumar A, Sanchez R, Scott DK, Garcia-Ocana A,
Stewart AF: A high-throughput chemical screen reveals that
harmine-mediated inhibition of DYRK1A increases human
pancreatic beta cell replication. Nat Med 2015, 21:383-388.

27. Shen W, Taylor B, Jin Q, Nguyen-Tran V, Meeusen S, Zhang Y-Q,
Kamireddy A, Swafford A, Powers AF, Walker J et al.: Inhibition of
DYRK1A and GSK3B induces human B-cell proliferation. Nat
Commun 2015, 6:8372.

28. Kumar K, Wang P, Sanchez R, Swartz EA, Stewart AF, DeVita RJ:
Development of kinase-selective, harmine-based DYRK1A
inhibitors that induce pancreatic human beta-cell
proliferation. J Med Chem 2018, 61:7687-7699.

29. Wang P, Karakose E, Liu H, Swartz E, Ackeifi C, Zlatanic V,

ee  Wilson J, Gonzalez BJ, Bender A, Takane KK et al.: Combined
inhibition of DYRK1A, SMAD, and trithorax pathways
synergizes to induce robust replication in adult human beta
cells. Cell Metab 2019, 29:638-652.e5

DYRK1A inhibitors were found to synergize with inhibitors of the TGF-B

superfamily to significantly increase replication of mouse and human 8

cells. Importantly, this combination of inhibitors could also enhance

proliferation and maintain the differentiated state of stem cell-derived

B cells and B cells from patients with type 2 diabetes.

30. Dhawan S, Dirice E, Kulkarni RN, Bhushan A: Inhibition of TGF-
beta signaling promotes human pancreatic beta-cell
replication. Diabetes 2016, 65:1208-1218.

31. Jensen J, Heller RS, Funder-Nielsen T, Pedersen EE, Lindsell C,
Weinmaster G, Madsen OD, Serup P: Independent
development of pancreatic alpha- and beta-cells from
neurogenin3-expressing precursors: a role for the notch
pathway in repression of premature differentiation. Diabetes
2000, 49:163-176.

32. Gradwohl G, Dierich A, LeMeur M, Guillemot F: neurogenin3 is
required for the development of the four endocrine cell
lineages of the pancreas. Proc Nat/ Acad Sci U S A 2000,
97:1607-1611.

33. Gu G, Dubauskaite J, Melton DA: Direct evidence for the
pancreatic lineage: NGN3+ cells are islet progenitors and
are distinct from duct progenitors. Development 2002,
129:2447-2457.

34. Schwitzgebel VM, Scheel DW, Conners JR, Kalamaras J, Lee JE,
Anderson DJ, Sussel L, Johnson JD, German MS: Expression of
neurogenin3 reveals an islet cell precursor population in the
pancreas. Development 2000, 127:3533-3542.

35. McGrath PS, Watson CL, Ingram C, Helmrath MA, Wells JM: The
basic helix-loop-helix transcription factor NEUROGS is

Current Opinion in Physiology 2020, 14:13-20

www.sciencedirect.com


http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0030
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0030
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0030
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0030
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0035
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0035
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0040
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0040
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0040
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0040
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0045
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0045
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0045
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0050
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0050
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0050
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0050
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0055
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0055
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0055
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0055
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0055
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0055
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0060
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0060
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0060
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0060
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0060
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0065
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0065
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0065
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0070
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0070
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0070
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0070
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0070
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0075
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0075
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0075
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0075
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0075
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0080
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0080
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0080
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0080
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0080
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0085
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0085
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0085
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0085
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0085
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0090
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0090
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0090
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0095
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0095
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0095
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0095
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0100
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0100
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0100
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0100
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0105
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0105
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0105
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0105
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0110
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0110
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0110
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0115
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0115
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0115
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0115
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0120
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0120
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0120
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0125
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0125
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0125
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0125
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0130
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0130
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0130
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0130
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0130
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0135
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0135
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0135
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0135
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0140
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0140
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0140
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0140
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0145
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0145
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0145
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0145
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0145
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0150
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0150
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0150
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0155
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0155
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0155
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0155
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0155
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0155
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0160
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0160
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0160
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0160
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0165
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0165
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0165
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0165
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0170
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0170
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0170
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0170
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0175
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0175

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

required for development of the human endocrine pancreas.
Diabetes 2015, 64:2497-2505.

Zhang X, McGrath PS, Salomone J, Rahal M, McCauley HA,
Schweitzer J, Kovall R, Gebelein B, Wells JM: A comprehensive
structure-function study of neurogenin3 disease-causing
alleles during human pancreas and intestinal organoid
development. Dev Cell 2019, 50:367-380.

Xu X, D’Hoker J, Stange G, Bonne S, De Leu N, Xiao X, Van de
Casteele M, Mellitzer G, Ling Z, Pipeleers D et al.: Beta cells can
be generated from endogenous progenitors in injured adult
mouse pancreas. Cell 2008, 132:197-207.

Van de Casteele M, Leuckx G, Baeyens L, Cai Y, Yuchi Y,
Coppens V, De Groef S, Eriksson M, Svensson C, Ahigren U et al.:
Neurogenin 3+ cells contribute to B-cell neogenesis and
proliferation in injured adult mouse pancreas. Cell Death Dis
2013, 4:e523.

Bonner-Weir S, Baxter LA, Schuppin GT, Smith FE: A second
pathway for regeneration of adult exocrine and endocrine
pancreas: a possible recapitulation of embryonic
development. Diabetes 1993, 42:1715-1720.

Li W-C, Rukstalis JM, Nishimura W, Tchipashvili V, Habener JF,
Sharma A, Bonner-Weir S: Activation of pancreatic-duct-
derived progenitor cells during pancreas regeneration in adult
rats. J Cell Sci 2010, 123:2792-2802.

Ackermann Misfeldt A, Costa RH, Gannon M: B-cell proliferation,
but not neogenesis, following 60% partial pancreatectomy is
impaired in the absence of FoxM1. Diabetes 2008, 57:3069-
3077.

Rankin MM, Wilbur CJ, Rak K, Shields EJ, Granger A, Kushner JA:
B-Cells are not generated in pancreatic duct ligation-induced
injury in adult mice. Diabetes 2013, 62:1634-1645.

Gregg BE, Moore PC, Demozay D, Hall BA, Li M, Husain A,
Wright AJ, Atkinson MA, Rhodes CJ: Formation of a human beta-
cell population within pancreatic islets is set early in life. J Clin
Endocrinol Metab 2012, 97:3197-3206.

Menge BA, Tannapfel A, Belyaev O, Drescher R, Mller C, Uhl W,
Schmidt WE, Meier JJ: Partial pancreatectomy in adult humans
does not provoke B-cell regeneration. Diabetes 2008, 57:142-149.

Cavelti-Weder C, Shtessel M, Reuss JE, Jermendy A, Yamada T,
Caballero F, Bonner-Weir S, Weir GC: Pancreatic duct ligation
after almost complete B-cell loss: exocrine regeneration but
no evidence of -cell regeneration. Endocrinology 2013,
154:4493-4502.

Inada A, Nienaber C, Katsuta H, Fujitani Y, Levine J, Morita R,
Sharma A, Bonner-Weir S: Carbonic anhydrase ll-positive
pancreatic cells are progenitors for both endocrine and
exocrine pancreas after birth. Proc Nat/ Acad Sci U S A 2008,
105:19915-19919.

Solar M, Cardalda C, Houbracken |, Martin M, Maestro MA, De
Medts N, Xu X, Grau V, Heimberg H, Bouwens L, Ferrer J:
Pancreatic exocrine duct cells give rise to insulin-producing
beta cells during embryogenesis but not after birth. Dev Cell
2009, 17:849-860.

Kopp JL, Dubois CL, Schaffer AE, Hao E, Shih HP, Seymour PA,
Ma J, Sander M: Sox9+ ductal cells are multipotent progenitors
throughout development but do not produce new endocrine
cells in the normal or injured adult pancreas. Development
2011, 138:653-665.

Azzarelli R, Rulands S, Nestorowa S, Davies J, Campinoti S,
Gillotin S, Bonfanti P, Gottgens B, Huch M, Simons B, Philpott A:
Neurogenin3 phosphorylation controls reprogramming
efficiency of pancreatic ductal organoids into endocrine cells.
Sci Rep 2018, 8:15374.

Dirice E, De Jesus DF, Kahraman S, Basile G, Ng RWS, El
Quaamari A, Teo AKK, Bhatt S, Hu J, Kulkarni RN: Human duct
cells contribute to B cell compensation in insulin resistance.
JCI Insight 2019, 4.

Butler AE, Janson J, Bonner-Weir S, Ritzel R, Rizza RA, Butler PC:
B-Cell deficit and increased B-cell apoptosis in humans with
type 2 diabetes. Diabetes 2003, 52:102-110.

Pancreatic 3 cell regeneration Guney, Lorberbaum and Sussel 19

52.

53.

54.

55.

56.

57.

58.

59.

60.

Suarez-Pinzon WL, Lakey JRT, Brand SJ, Rabinovitch A:
Combination therapy with epidermal growth factor and gastrin
induces neogenesis of human islet B-cells from pancreatic
duct cells and an increase in functional B-cell mass. J Clin
Endocrin Metab 2005, 90:3401-3409.

Yatoh S, Dodge R, Akashi T, Omer A, Sharma A, Weir GC, Bonner-
Weir S: Differentiation of affinity-purified human pancreatic
duct cells to B-cells. Diabetes 2007, 56:1802-1809.

Valdez IA, Dirice E, Gupta MK, Shirakawa J, Teo AKK, Kulkarni RN:
Proinflammatory cytokines induce endocrine differentiation in
pancreatic ductal cells via STAT3-dependent NGNS activation.
Cell Rep 2016, 15:460-470.

Guney MA, Gannon M: Pancreas cell fate. Birth Defects Res C
Embryo Today 2009, 87:232-248.

Ferber S, Halkin A, Cohen H, Ber |, Einav Y, Goldberg |, Barshack I,
Seijffers R, Kopolovic J, Kaiser N, Karasik A: Pancreatic and
duodenal homeobox gene 1 induces expression of insulin
genes in liver and ameliorates streptozotocin-induced
hyperglycemia. Nat Med 2000, 6:568-572.

Ber |, Shternhall K, Perl S, Ohanuna Z, Goldberg |, Barshack |,
Benvenisti-Zarum L, Meivar-Levy |, Ferber S: Functional,
persistent, and extended liver to pancreas
transdifferentiation. J Biol Chem 2003, 278:31950-31957.

Kojima H, Fujimiya M, Matsumura K, Younan P, Imaeda H,
Maeda M, Chan L: NeuroD-betacellulin gene therapy induces
islet neogenesis in the liver and reverses diabetes in mice. Nat
Med 2003, 9:596-603.

Banga A, Akinci E, Greder LV, Dutton JR, Slack JM: In vivo
reprogramming of Sox9+ cells in the liver to insulin-secreting
ducts. Proc Natl Acad Sci U S A 2012, 109:15336-15341.

Cerdéa-Esteban N, Naumann H, Ruzittu S, Mah N, Pongrac IM,
Cozzitorto C, Hommel A, Andrade-Navarro MA, Bonifacio E,
Spagnoli FM: Stepwise reprogramming of liver cells to a
pancreas progenitor state by the transcriptional regulator
Tgif2. Nat Commun 2017, 8:14127

This study found that forced expression of the TALE homeoprotein Tgif2
in adult hepatocytes can activate pancreatic progenitor markers and
identifiesTgif2 as a key regulator of pancreas versus hepatic cell fate.

61.

62.

63.

64.

65.

66.

67.

68.

Chen YJ, Finkbeiner SR, Weinblatt D, Emmett MJ, Tameire F,
Yousefi M, Yang C, Maehr R, Zhou Q, Shemer R et al.: De novo
formation of insulin-producing "neo-beta cell islets" from
intestinal crypts. Cell Rep 2014, 6:1046-1058.

Ariyachet C, Tovaglieri A, Xiang G, Lu J, Shah MS, Richmond CA,
Verbeke C, Melton DA, Stanger BZ, Mooney D et al.:
Reprogrammed stomach tissue as a renewable source of
functional beta cells for blood glucose regulation. Cell Stem
Cell 2016, 18:410-421.

Bouchi R, Foo KS, Hua H, Tsuchiya K, Ohmura Y, Sandoval PR,
Ratner LE, Egli D, Leibel RL, Accili D: FOXO1 inhibition yields
functional insulin-producing cells in human gut organoid
cultures. Nat Commun 2014, 5:4242.

Talchai C, Xuan S, Kitamura T, DePinho RA, Accili D: Generation
of functional insulin-producing cells in the gut by Foxo1
ablation. Nat Genet 2012, 44:406.

Zhou Q, Brown J, Kanarek A, Rajagopal J, Melton DA: In vivo
reprogramming of adult pancreatic exocrine cells to beta-
cells. Nature 2008, 455:627-632.

Clayton HW, Osipovich AB, Stancill JS, Schneider JD, Vianna PG,
Shanks CM, Yuan W, Gu G, Manduchi E, Stoeckert CJ Jr,
Magnuson MA: Pancreatic inflammation redirects acinar to
beta cell reprogramming. Cell Rep 2016, 17:2028-2041.

Desai BM, Oliver-Krasinski J, De Leon DD, Farzad C, Hong N,
Leach SD, Stoffers DA: Preexisting pancreatic acinar cells
contribute to acinar cell, but not islet beta cell, regeneration.
J Clin Invest 2007, 117:971-977.

Baeyens L, Lemper M, Leuckx G, De Groef S, Bonfanti P,
Stange G, Shemer R, Nord C, Scheel DW, Pan FC et al.: Transient
cytokine treatment induces acinar cell reprogramming and
regenerates functional beta cell mass in diabetic mice. Nat
Biotechnol 2014, 32:76-83.

www.sciencedirect.com

Current Opinion in Physiology 2020, 14:13-20


http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0175
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0175
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0180
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0180
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0180
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0180
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0180
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0185
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0185
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0185
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0185
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0190
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0190
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0190
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0190
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0190
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0195
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0195
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0195
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0195
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0200
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0200
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0200
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0200
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0205
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0205
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0205
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0205
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0210
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0210
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0210
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0215
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0215
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0215
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0215
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0220
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0220
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0220
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0225
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0225
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0225
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0225
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0225
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0230
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0230
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0230
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0230
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0230
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0235
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0235
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0235
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0235
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0235
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0240
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0240
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0240
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0240
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0240
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0245
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0245
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0245
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0245
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0245
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0250
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0250
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0250
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0250
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0255
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0255
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0255
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0260
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0260
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0260
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0260
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0260
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0265
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0265
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0265
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0270
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0270
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0270
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0270
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0275
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0275
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0280
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0280
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0280
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0280
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0280
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0285
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0285
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0285
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0285
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0290
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0290
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0290
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0290
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0295
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0295
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0295
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0300
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0300
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0300
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0300
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0300
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0305
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0305
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0305
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0305
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0310
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0310
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0310
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0310
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0310
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0315
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0315
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0315
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0315
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0320
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0320
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0320
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0325
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0325
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0325
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0330
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0330
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0330
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0330
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0335
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0335
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0335
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0335
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0340
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0340
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0340
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0340
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0340

20 Regeneration

69. Gutierrez GD, Bender AS, Cirulli V, Mastracci TL, Kelly SM,
Tsirigos A, Kaestner KH, Sussel L: Pancreatic beta cell identity
requires continual repression of non-beta cell programs. J Clin
Invest 2017, 127:244-259.

70. Ediger BN, Lim HW, Juliana C, Groff DN, Williams LT,
Dominguez G, Liu JH, Taylor BL, Walp ER, Kameswaran V et al.:
LIM domain-binding 1 maintains the terminally differentiated
state of pancreatic beta cells. J Clin Invest 2017, 127:215-229.

71. Papizan JB, Singer RA, Tschen SI, Dhawan S, Friel JM,
Hipkens SB, Magnuson MA, Bhushan A, Sussel L: Nkx2.2
repressor complex regulates islet beta-cell specification and
prevents beta-to-alpha-cell reprogramming. Genes Dev 2011,
25:2291-2305.

72. SwisaA, Avrahami D, Eden N, Zhang J, Feleke E, Dahan T, Cohen-
Tayar Y, Stolovich-Rain M, Kaestner KH, Glaser B et al.: PAX6
maintains beta cell identity by repressing genes of alternative
islet cell types. J Clin Invest 2017, 127:230-243.

73. Thorel F, Nepote V, Avril I, Kohno K, Desgraz R, Chera S,
Herrera PL: Conversion of adult pancreatic alpha-cells to beta-
cells after extreme beta-cell loss. Nature 2010, 464:1149-1154.

74. Ye R, Wang M, Wang QA, Spurgin SB, Wang 2V, Sun K,
Scherer PE: Autonomous interconversion between adult
pancreatic alpha-cells and beta-cells after differential
metabolic challenges. Mol Metab 2016, 5:437-448.

75. Chera S, Baronnier D, Ghila L, Cigliola V, Jensen JN, Gu G,
Furuyama K, Thorel F, Gribble FM, Reimann F, Herrera PL:
Diabetes recovery by age-dependent conversion of
pancreatic 3-cells into insulin producers. Nature 2014, 514:503.

76. van der Meulen T, Mawla AM, DiGruccio MR, Adams MW, Nies V,
ee Dolleman S, Liu S, Ackermann AM, Caceres E, Hunter AE et al.:

Virgin beta cells persist throughout life at a neogenic niche

within pancreatic islets. Cell Metab 2017, 25:911-926.e6
Urocortin3 (Ucn3) was identified as a marker of an immature population g
cells, located at the periphery of the islet, which originated from trans-
differentiated glucagon-expressing cells, rather than from B cell prolif-
eration. These findings suggest that « to B cell transdifferentiation may
occur endogenously within an islet without precipitating B cell loss or
metabolic stimuli.

77. Chakravarthy H, Gu X, Enge M, Dai X, Wang Y, Damond N,
Downie C, Liu K, Wang J, Xing Y et al.: Converting adult
pancreatic islet alpha cells into beta cells by targeting both
Dnmt1 and Arx. Cell Metab 2017, 25:622-634.

78. Md Moin AS, Dhawan S, Cory M, Butler PC, Rizza RA, Butler AE:
Increased frequency of hormone negative and polyhormonal
endocrine cells in lean individuals with type 2 diabetes. J Clin
Endocrinol Metab 2016, 101:3628-3636.

79. Riedel MJ, Asadi A, Wang R, Ao Z, Warnock GL, Kieffer TJ:
Immunohistochemical characterisation of cells co-producing
insulin and glucagon in the developing human pancreas.
Diabetologia 2012, 55:372-381.

80. Talchai C, Xuan S, Lin, Hua V, Sussel L, Accili D: Pancreatic 3 cell
dedifferentiation as a mechanism of diabetic $ cell failure. Cell
2012, 150:1223-1234.

81. Collombat P, Xu X, Ravassard P, Sosa-Pineda B, Dussaud S,
Billestrup N, Madsen OD, Serup P, Heimberg H, Mansouri A: The
ectopic expression of Pax4 in the mouse pancreas converts

82.

83.

84.

85.

86.

87.

progenitor cells into « and subsequently B cells. Cell 2009,
138:449-462.

Courtney M, Gjernes E, Druelle N, Ravaud C, Vieira A, Ben-
Othman N, Pfeifer A, Avolio F, Leuckx G, Lacas-Gervais S et al.:
The inactivation of Arx in pancreatic a-cells triggers their
neogenesis and conversion into functional B-like cells. PLoS
Genet 2013, 9:e1003934.

Xiao X, Guo P, Shiota C, Zhang T, Coudriet GM, Fischbach S,
Prasadan K, Fusco J, Ramachandran S, Witkowski P et al.:
Endogenous reprogramming of alpha cells into beta cells,
induced by viral gene therapy, reverses autoimmune diabetes.
Cell Stem Cell 2018, 22:78-90.e4.

Matsuoka TA, Kawashima S, Miyatsuka T, Sasaki S, Shimo N,
Katakami N, Kawamori D, Takebe S, Herrera PL, Kaneto H et al.:
Mafa enables Pdx1 to effectively convert pancreatic islet
progenitors and committed islet alpha-cells into beta-cells in
vivo. Diabetes 2017, 66:1293-1300.

Furuyama K, Chera S, van Gurp L, Oropeza D, Ghila L, Damond N,
Vethe H, Paulo JA, Joosten AM, Berney T et al.: Diabetes relief in
mice by glucose-sensing insulin-secreting human alpha-cells.
Nature 2019, 567:43-48.

Bramswig NC, Everett LJ, Schug J, Dorrell C, Liu C, Luo Y,
Streeter PR, Naji A, Grompe M, Kaestner KH: Epigenomic
plasticity enables human pancreatic « to § cell
reprogramming. J Clin Invest 2013, 123:1275-1284.

Li J, Casteels T, Frogne T, Ingvorsen C, Honore C, Courtney M,
Huber KVM, Schmitner N, Kimmel RA, Romanov RA et al.:
Artemisinins target GABA*receptor signaling and impair alpha
cell identity. Cell 2017, 168:86-100.e15

Both 87 and 88 demonstrated that activation of the GABA signaling
pathway is able induce B cell hyperplasia by stimulating « to B cell
transdifferentiation in mouse and zebrafish models.

88.

89.

(1]

Ben-Othman N, Vieira A, Courtney M, Record F, Gjernes E,
Avolio F, Hadzic B, Druelle N, Napolitano T, Navarro-Sanz S et al.:
Long-term GABA administration induces alpha cell-mediated
beta-like cell neogenesis. Cell 2017, 168:73-85 e11.

Ackermann AM, Moss NG, Kaestner KH: GABA and artesunate
do not induce pancreatic alpha-to-beta cell
transdifferentiation in vivo. Cell Metab 2018, 28:787-792.e3

Using a newly generated inducible glucagon-Cre line, the studies in
89 and 90 provide convincing evidence that artemisinin administration
does not induce transdifferentation of a cells to B cells. The Cre line
generated in this paper is also valuable tool for the field.

90.

91.

92.

van der Meulen T, Lee S, Noordeloos E, Donaldson CJ,

Adams MW, Noguchi GM, Mawla AM, Huising MO: Artemether
does not turn alpha cells into beta cells. Cell Metab 2018,
27:218-225 e214.

Shin J-S, Kim J-M, Min B-H, Chung H, Park C-G: Absence of
spontaneous regeneration of endogenous pancreatic p-cells
after chemical-induced diabetes and no effect of GABA on
a-to-B cell transdifferentiation in rhesus monkeys. Biochem
Biophys Res Commun 2019, 508:1056-1061.

Sneddon JB, Tang Q, Stock P, Bluestone JA, Roy S, Desai T,
Hebrok M: Stem cell therapies for treating diabetes: progress
and remaining challenges. Cell Stem Cell 2018, 22:810-823.

Current Opinion in Physiology 2020, 14:13-20

www.sciencedirect.com


http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0345
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0345
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0345
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0345
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0350
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0350
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0350
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0350
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0355
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0355
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0355
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0355
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0355
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0360
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0360
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0360
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0360
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0365
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0365
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0365
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0370
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0370
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0370
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0370
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0375
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0375
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0375
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0375
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0380
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0380
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0380
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0380
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0385
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0385
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0385
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0385
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0390
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0390
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0390
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0390
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0395
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0395
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0395
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0395
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0400
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0400
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0400
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0405
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0405
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0405
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0405
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0405
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0410
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0410
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0410
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0410
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0410
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0415
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0415
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0415
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0415
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0415
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0420
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0420
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0420
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0420
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0420
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0425
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0425
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0425
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0425
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0430
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0430
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0430
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0430
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0435
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0435
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0435
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0435
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0440
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0440
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0440
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0440
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0445
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0445
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0445
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0450
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0450
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0450
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0450
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0455
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0455
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0455
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0455
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0455
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0460
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0460
http://refhub.elsevier.com/S2468-8673(19)30159-2/sbref0460

	Pancreatic  cell regeneration: to  or not to 
	Introduction
	 cell proliferation
	Neogenesis
	Transdifferentiation from other cell types
	Conclusions
	Conflict of interest statement
	References and recommended reading
	Acknowledgements


