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Abstract

The diabetes pandemic incurs extraordinary public health and financial costs that are projected to
expand for the foreseeable future. Consequently, the development of definitive therapies for
diabetes is a priority. Currently, a wide spectrum of therapeutic strategies, from implantable
insulin-delivery devices to transplantation-based cell replacement therapy, to -cell regeneration,
focus on replacing the lost insulin-production capacity of diabetics. Among these, -cell
regeneration remains promising but heretofore unproven. Indeed, recent experimental work has
uncovered surprising biology that underscores the potential therapeutic benefit of -cell
regeneration. These studies have elucidated a variety of sources for the endogenous production of
new B-cells from existing cells. First, B-cells, long thought to be post-mitotic, have demonstrate
potential for regenerative capacity. Second, the presence of pancreatic facultative endocrine
progenitor cells has been established. Third, the malleability of cellular identity has availed the
possibility of generating -cells from other differentiated cell types. Here, we will review the
exciting developments surrounding endogenous sources of -cell production and consider the
potential of realizing a regenerative therapy for diabetes from adult tissues.

Introduction

The incidence of diabetes, a disease of disrupted glucose homeostasis, is increasing at an
alarming rate. Auto-immune Type 1 diabetes (TLDM) has doubled over the past 20 years
and continues to grow annually by 2-4% worldwide.12 Simultaneously, the obesity

epidemic has led to widespread insulin resistance and Type 2 diabetes (T2DM). Indeed, the
health consequences of diabetes cannot be overstated: by the year 2050, an astounding 25%
of Americans will be diabetic, diabetes-related costs will exceed $336 billion annually, and
for the first time, life expectancy in the United States may shorten because of increased
cardiovascular disease complications.3> The rapid growth of this life-shortening, intensely
disruptive, and potentially curable condition highlights the urgent need to develop definitive

treatments.®

Although the pathogenic mechanisms of TIDM and T2DM are distinct, they share the
common end-point of decreased p-cell mass, i.e. loss of insulin production capacity.
Presently, treatment strategies for diabetes rely upon the chronic administration of
exogenous insulin, pharmacologic stimulation of insulin production or insulin sensitivity,
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and rarely, the transplantation of pancreatic islets or whole pancreas.”:8 Regrettably, these
strategies are short-lived and/or fail to sufficiently recapitulate the function of endogenous
insulin production. Despite the therapeutic potential of a method to restore adequate insulin
production by safely increasing an individual's 3-cell mass, no such approach has been
established. Consequently, a major goal of current research is to identify methods to either
expand the existing B-cell mass or generate new f-cells (Figure 1A). On the one hand,
because of the virtually unlimited growth potential of embryonic stem cells and induced-
pluripotent stem cells, there has been considerable interest in defining a method for
generating new pB-cells from stem cells through a sequential process of directed
differentiation. This technique relies upon the in vitro recapitulation of the normal
developmental process, which has been extensively dissected (Figure 1B). Currently, our
ability to produce functional p-cells efficiently and safely remains a challenge.® On the other
hand, strategies for generating new B-cells from adult tissues have received considerably less
attention. While these approaches rely upon cells with limited replication capacity, they
have the potential to be utilized in situ and, perhaps, carry a reduced risk for introducing
neoplastic disease. Here we will consider the multitude of competing regenerative
approaches for generating new p-cells from adult tissues.

Fixed or Flexible?

The capacity for humans and rodents to increase their p-cell mass has been recognized for
several decades. The earliest observations of -cell mass expansion were maladaptive in
nature. In 1926, Warren observed hyperplastic adenomas of the islands of Langerhans in
several post-mortem samples.10 Subsequently, the syndrome of hypoglycemia and
hyperinsulinemia was recognized to result from the growth and metastasis of insulin-
producing cells.11 More recently, investigators have noted that an adaptive increase in p-cell
mass is associated with pregnancy and obesity. An early finding made by Green and Taylor
showed that islet size is increased during pregnancy in rats, an observation that was
confirmed in humans.1213 Importantly, the increase in islet mass results from a combination
of hypertrophy and hyperplasia.l* Obesity is also associated with an increase in p-cell mass
in both rodents and humans.1>-17 Studies in humans have documented a 30-60% increase in
islet mass in non-diabetic obese individuals that is primarily attributed to hyperplasia rather
than hypertrophy of islet cells; however, direct evidence of increased B-cell replication is not
consistently observed.18-20 Consequently, the source of new B-cells under conditions of
adaptive growth is an essential question in the field of regenerative medicine.

Genetic studies in rodents have highlighted the enormous growth and regenerative capacity
of islets. A remarkable observation made by Bruning et al., was that the combined
haploinsufficiency for insulin receptor (IR) and Insulin-Receptor Substrate-1 (IRS-1) caused
an impressive 10-fold increase in B-cell mass and a 20-fold increase in insulin secretion.?!
These mutations cause a modest defect in insulin signaling that mimic the insulin-resistant
state of obesity. In a complementary approach, Kulkarni and coworkers generated mice that
were insulin resistant as a result of entirely lacking insulin receptor expression in their
hepatocytes (LIRKO, Liver Insulin Receptor Knockout).22 The consequences of this
mutation on B-cells were equally profound: B-cell replication rates were increased by 8-fold
and islet mass by 27-fold. These studies highlight the ability of rodent B-cell mass to adapt
to peripheral insulin resistance. Taking another tact, Nir et al. asked whether the $-cells of
young mice have the capacity to regenerate after near-total ablation.23 Using the inducible
expression of diphtheria toxin specifically within mouse B-cells, these investigators caused
an acute injury that caused a 75% loss of -cells and then observed whether 3-cell mass
could recover. Indeed, B-cell volume and glucose homeostasis recovered to near-normal
levels in a matter of weeks as a result of B-cell regeneration. Furthermore, the regenerative
capacity of islets is also maintained by very old mice.24 Importantly, the post-ablation
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regenerative capacity of rodent islets has been confirmed in a variety of experimental
models.25-27 The demonstration that f-cell mass can be regenerated has led to a profound
interest in defining pharmacologic approaches to therapeutically control g-cell growth and
mass.

Although the regenerative capacity of rodent islets is firmly established, the potential of
human islets to recover after injury is less clear. Despite evidence of human B-cell mass
expansion in the settings of obesity and pregnancy as well as the occurrence of insulinomas,
the majority of -cell generation, as determined by BrdU incorporation, Ki-67 staining

and 14C-DNA content of B-cells, occurs within the first years of life and is nearly
undetectable beyond the third decade.28-31 At first blush, the low rate of B-cell generation in
adults (<0.1% per day) presents a potentially insurmountable barrier to therapeutically
expanding B-cell mass. However, there are several reasons to believe that therapeutic p-cell
regeneration might be achieved. First, occasional adult individuals demonstrate up to 7%
Ki-67-positive B-cell staining, suggesting a wide spectrum of -cell regenerative capacity.
Secondly, the proliferative machinery of mature human B-cells remains intact as indicated
by the proliferation observed in islets transplanted into rodents.32-34 Finally, modest genetic
manipulation e.g., overexpression of cMyc, ChREBP, NKX6.1, Cdk6 or FoxML1 is sufficient
to promote substantial levels of human B-cell replication in vitro.35-39 Notably, one must be
cautious to use multiple markers for cellular replication such as Ki-67, BrdU, PCNA and
phospho-histone-3 (PH3) to confirm p-cell division in order to counterbalance the
limitations of any single replication marker.*? Overall, the therapeutic potential of
harnessing the latent growth potential of mature human p-cells for the treatment of diabetes
exists; however, it must be emphasized that at present a clinically viable strategy does not
exist.

Whereas most researchers recognize a robust -cell regenerative capacity in rodents and the
potential for B-cell regeneration in humans, the source of new B-cells has remained
controversial. Presently, potential sources for new B-cells include self-duplication or
expansion (B-cells from B-cells, Figure 2A), neogenesis from exocrine progenitor cells
(facultative tissue stem-cells located among the ductal, acinar or centroacinar cells, Figure
2B) and transdifferentiation from other mature cell-types (e.g. a-cells, Figure 2C). While
only some of these sources may be natural reservoirs for new p-cells, any origin may be
made therapeutically useful through targeted manipulation. Here we will consider the
evidence that has been acquired to support the various natural and synthetic origins for new
B-cells (Table 1).

B-Cells From B-Cells

In 2004, Dor and Melton published a landmark paper which established pre-existing p-cells
rather than specialized progenitor cells as the primary and usual source of new B-cells in
adult rodents.#! Using mice engineered to express a tamoxifen-dependent Cre recombinase
only within insulin* mature p-cells, these authors performed an in vivo pulse-chase
experiment to follow the fate of existing B-cells and assess the source of new B-cells. Mice
treated with tamoxifen indelibly activated the production of alkaline phosphatase within
mature B-cells. Subsequently, when animals were allowed to age up to one year, the source
of new B-cells was revealed to be previously existing p-cells (alkaline phosphatase*) rather
than non-B-cells which would give rise to alkaline phosphatase™ 3-cells. Similar
observations were made when partial pancreatectomy (PPY) was used to stimulate 3-cell
regeneration. Interestingly, the authors observed no evidence of islet neogenesis, as all
insulin* cell clusters contained alkaline phosphatase™ B-cells and recently generated B-cells
(determined by BrdU labeling) were also alkaline phosphatase* (new B-cells came from
dividing old B-cells). Caveats to this work are that (a) tamoxifen-induced recombination was
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limited to 30% of the B-cell population and (b) tamoxifen-independent recombinase activity
is an established problem in the mice used for these experiments.*2 Despite these
limitations, the primary role of $-cell duplication in -cell regeneration was established. And
perhaps more importantly, B-cells were confirmed not to be post-mitotic and therefore a
potential resource for therapeutically expanding an individual's 3-cell mass.

The conclusions that (1) new B-cells come from old B-cells and that (2) specialized
progenitor cells or a “proliferative compartment” do not substantially contribute to B-cell
regeneration in mice have been established by a variety of other rodent studies. Notable are
those performed by Teta et al. and Nir et al., which used innovative DNA double-labeling
experiments and a genetic -cell ablation-regeneration systems, respectively, to trace the
origins of new B-cells and demonstrate the equally distributed replicative capacity of mature
B-cells.#3:23 Unlike the case of rodents, the question of whether human p-cells regenerate—
and if so, whether they arise from pre-existing -cells—remains unresolved. However, the
cotemporaneous increase in -cell mass and B-cell replication that occur in early life without
islet neogenesis (increasing islet size but stable islet number), indicates that the predominant
source of new B-cells in humans are previously existing B-cells, i.e. self-duplication.1®

The identification of self-duplication as the primary mechanism for p-cell growth and
regeneration has heightened the interest in finding methods to therapeutically stimulate -
cell growth. This interest is furthered by the results of human genome wide association
studies (GWAS) that implicate growth-associated loci as contributors to the hereditary risk
of T2DM, e.g. CDKN2A/B and CCND2.#4 Consequently, a variety of strategies for
promoting B-cell duplication are being pursued. These include the identification of (1)
growth-factors that are produced in the setting of insulin resistance and/or pregnancy, (2)
factors that stimulate neonatal p-cell growth, (3) small molecules that drive mature p-cell
replication, and (4) the establishment of a glucose responsive p-cell line for transplantation.
Importantly, any therapeutically viable growth-promoting strategy must have a reversible
effect on B-cell growth and be highly selective for -cells to avoid neoplastic transformation.

Circulating factors that stimulate B-cell regeneration—A strong stimulant for p-cell
replication is the insulin resistant state. Insulin resistance is defined by a loss of insulin
potency that results in an increased requirement for insulin to achieve euglycemia.*> The
connection between insulin resistance and p-cell replication is well illustrated by the LIRKO
mouse model which fails to suppress hepatic gluconeogenesis in response to insulin and
thereby models the insulin resistant state. The inability to suppress hepatic glucose
production causes a massive hyperinsulinemia (>20-fold at 2 months) and a robust
compensatory p-cell expansion (>6-fold at 2 months).2246 Presently, the underlying
mechanism of insulin-resistance-dependent -cell replication remains only partially
elucidated.

From a teleological perspective, glucose is a logical controller of f-cell mass: insulin
production capacity should match insulin needs. Indeed, glucose has been recognized as a
stimulant for p-cell replication in vitro and in vivo for many decades.*’48 However, the
observation that B-cell replication is increased in islets transplanted into euglycemic insulin
resistant animals has led some to suggest that a circulating factor other than glucose is
responsible for driving B-cell replication.#® This notion was challenged by Porat et al., who
demonstrated that -cell replication is triggered by “B-cell work,” i.e. the metabolic activity
of the B-cell and not by hyperglycemia per se.?0 Interestingly, the B-cell's ability to monitor
its workload is connected to its ability to generate the calcium channel-dependent action
potentials that trigger insulin secretion: calcium channel antagonists such as nifedipine
inhibit B-cell replication and insulin release. Indeed, compounds which increase -cell work
by (a) promoting glucose metabolism (glucokinase activators) or (b) triggering B-cell
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depolarization (sulfonylureas and calcium channel activators) are sufficient to increase p-cell
replication.051 The integral connection between B-cell work (metabolic flux), insulin
secretion and B-cell replication may explain why molecules that amplify insulin secretion,
e.g. glucagon like-1 peptide (GLP-1), do not prevent B-cell failure: medications that
augment insulin secretion also increase the B-cell workload which, already hyper-active in
the setting of hyperglycemia, might accelerate p-cell failure rather than prevent it.
Consequently, we propose that therapeutically viable stimulants for 3-cell growth must
function without increasing the $-cell workload. Such a stimulant might work by controlling
the B-cells’ perception of its workload without actually increasing the metabolic demands
placed upon the cell or via workload independent pathways. Consideration of the first
strategy leads to an important and unresolved question: how does the f-cell measure its
workload over time? In other words, how does a -cell know how hard it has worked and
when it should divide? Although the answer to this question is not known, intracellular
calcium-dependent signaling and autocrine insulin signaling are two candidates for further
investigation,52:22

Despite mounting evidence that f-cell work controls B-cell replication in the insulin resistant
state, investigators have continued to look for additional circulating factors that promote
adaptive p-cell replication. Recently, a $-cell growth factor was found in the serum of
LIRKO mice which can promote rodent and human B-cell replication independent of
glucose.>3 Subsequently, the Melton laboratory identified a p-cell selective secreted growth
factor, ANGPTLS / Betatrophin, that is up-regulated in mouse models of insulin resistance
(infusion of an insulin receptor antagonist) and during pregnancy in mice.>* This work raises
the extraordinary possibility of a $-cell selective growth factor of terrific therapeutic
potential. Whether Betatrophin increases B-cell work, has off-target effects, and/or promotes
human B-cell replication, are questions that remain to be answered. Additionally, mouse
studies have shown that B-cell mass may be regulated by osteocalcin (OCN), a bone-derived
hormone that stimulates p-cell replication.>%°6 OCN is stored in an inactive form in the bone
matrix until it is released and activated by bone resorption.>” Interestingly, hyperinsulinemia
enhances bone resorption and, consequently, B-cell replication via bone-derived OCN.
Therefore, a feed-forward bone to B-cell loop provides a potential mechanism for insulin
demand and insulin production capacity (B-cell mass) to be aligned.

In addition to insulin resistance, pregnancy has been identified as a metabolic state that
triggers B-cell mass expansion. Work by the Sorenson group identified lactogens (prolactin
and placental lactogen) as key promoters of adaptive -cell growth during pregnancy in
rodents.24 Indeed, transgenic mice that express placental lactogen in their islet B-cells (Rip-
mPL1) demonstrate an increased islet area and an augmented p-cell replication rate despite
being hypoglycemic.>8 Conversely, prolactin receptor deficiency leads to a non-progressive
defect in p-cell mass in male and female mice, indicating an in utero role for lactogens in -
cell mass establishment in addition to its effect on maternal B-cell mass expansion.>® Recent
rodent studies have suggested that lactogens promote B-cell replication via the action of
FOXML1 by down-regulating Menin and, consequently, the cell-cycle inhibitors p18 and
p27.60.61 Surprisingly, the enhanced B-cell replication that is observed during pregnancy
peaks around gestational day 14 and then returns toward baseline despite persistently
elevated lactogen levels. Recent work from the German laboratory may connect the transient
proliferative effect of lactogens during pregnancy with serotonin signaling- a driver for 8-
cell replication.52 These investigators, through global islet gene expression analysis during
pregnancy, noted a dramatic lactogen-dependent increase in the islet's ability to synthesize
(Tphl, Tph2) and respond (Htr2b) to serotonin during the gestational period that is
associated with enhanced B-cell replication. However, the expression of Htrld, a negative
regulator of serotonin signaling, is induced in late gestation. These results raise the
possibility of preventing gestational diabetes by therapeutically manipulating p-cell mass
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during pregnancy with medications that enhance serotonin signaling; such medications are
available and have been safely used by pregnant women.

Small Molecule Stimulation of B-cell Replication—An alternative to finding
endogenous factors that promote p-cell replication is to identify small molecules that
stimulate B-cell growth. This approach was first published using a reversibly transformed
rodent B-cell line that retains some of the functional properties of B-cells.531 Initially, the
molecules found to stimulate B-cell replication were nonselective growth promoters (wnt
agonists and phorbol esters) and p-cell depolarizing agents (L-type calcium channel
activators), which have limited therapeutic potential. However, follow-up work using the
same screening platform identified a small molecule (WS6) that binds to Erb3 binding
protein-1 (also called PA2G4, EBP1) and promotes rodent and human p-cell proliferation.54
Whether this molecule is suitable for in vivo use is unknown. To overcome the limitations of
using an immortalized cell line, which exhibit unlimited growth potential and altered
metabolic behavior, we performed small molecule screening with primary rodent islet
cultures.®5 These studies led to the surprising identification of adenosine kinase inhibitors
(ADK:is) as novel p-cell growth promoting factors. Importantly, ADKis stimulate the growth
of p-cells, in vivo and in vitro, but not a spectrum of other cell types (a-cells, hepatocytes or
myocytes). Using a zebrafish model of diabetes, Andersson et al. confirmed the ability of
ADKis to promote B-cell regeneration.56 These findings suggest a conserved role for ADK
in controlling B-cell growth and regeneration. Future studies will need to address whether
ADKis promote human p-cell replication and have therapeutic potential. To date, primary
human islet-cell-based screens have been hampered by the limited availability, variability,
and high cost of human islets as well as their very low basal replication rate.5”

A B-cell Line for Transplantation—Given the limitations of mature human p-cell
replication, alternative strategies for generating large quantities of glucose-responsive
insulin-producing cells are being pursued. Recently, Ravassard and co-workers established a
functional human B-cell line from human fetal pancreatic cultures.®® Although these cells are
transformed, expressing SV40LT and TERT, they secrete insulin in response to elevated
glucose levels and can rescue diabetes in mice. These cells set the stage for the development
of a renewable source of insulin-producing cells that might be used for transplantation. In
the future, human B-cell lines might be reversibly transformed and encapsulated for
transplantation to remove oncologic risks. Alternatively, fetal B-cells retain substantial
growth potential and therefore may be expanded ex vivo before being used for
transplantation.59 A major limitation to the use of an allogeneic f-cell transplantation
strategy is the need for immunosuppression. Consequently, an effective strategy of
expanding the endogenous B-cell mass may require a pharmacologic mechanism for
alleviating f-cell selective growth-suppressive signals, e.g. the inhibition of Menin.”0
Despite the absence of a method to treat diabetes by expanding an individual's 3-cell mass,
many promising strategies are advancing through pre-clinical stages. The potential to
stimulate clinically relevant levels of adult human B-cell replication is bolstered by reports
of nesidioblastosis developing after gastric-bypass surgery in some patients.”! However, a
major challenge to the strategy of stimulating f-cell growth is whether an acceptable safety
profile can be achieved- optimism may be rooted in the hope that a transient therapeutic
period may be all that is required.

Islet Neogenesis

Potential endogenous sources of new (3-cells are previously existing B-cells, a facultative
progenitor cell population that can give rise to new islets (neogenesis), and other mature
cells that can be coaxed into becoming p-cells (trans-differentiation). As the evidence for
cell-type plasticity increases, the distinction between neogenesis and transdifferentiation is
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increasingly blurred. For the purposes of this discussion, B-cells generated through a process
that recapitulates development is considered neogenesis (Figure 2B) and all other non--
cell-derived pathways are considered to be transdifferentiation (Figure 2C). As discussed
above, while the primary postnatal source of new B-cells are previously existing p-cells,
there is mounting evidence that supports the existence of facultative progenitor cell
populations within the pancreas. Given that adult B-cells may have a limited replicative
capacity, identifying a method for expanding a -cell progenitor population may be
important. Currently, it is probable but not definitively shown that endocrine progenitor cells
exist within the adult pancreas. Although there are several studies supporting the existence
of such cells, there is also an opposing body of literature. How these apparently
diametrically opposed experimental observations will be cohesively integrated is an exciting
and ongoing mystery.’2

An extensive body of literature has defined the developmental origins of $-cells and
established the identity of multi-potent progenitors present during development.® This work
has revealed the importance of several master transcription factors that define pancreatic
progenitor cells. The pancreas duodenal homeobox gene, PDX1, is the earliest such marker
and is required to maintain all of the pancreatic cell populations (endocrine, exocrine and
duct cells) in mice and humans.”3:74 Additionally, the transcription factor neurogenin 3
(Neurog3) has been established as the master regulator of endocrine cell formation in
mice.’®76 During development, Neurog3* cells are found in duct-like structures that give
rise to all endocrine cell lineages. However, Neurog3™ cells are transient progenitors as they
beget a very restricted population of daughter endocrine cells (possibly at a 1:1 ratio), are
nearly gone by E16.5, and are rarely found in the islets and exocrine/duct cells of adult
animals.”” These results suggest that NEUROGS3 is a marker of islet progenitor cells which,
if retained in the adult animal, have only a limited capacity to support islet neogenesis.
Consequently, a therapeutically useful adult endocrine progenitor cell must be capable of
continuously producing new NEUROG3™* cells. Interestingly, Zhou et al. have identified a
population of cells (tip cells, PDX1*PTF1la*Cpal*) in mice that give rise to all pancreatic
epithelial lineages including NEUROG3*-ductal cells during development.’8 These cells are
believed to terminally differentiate into exocrine cells by E14 but could represent the origin
of a facultative progenitor cell population if they persist in the adult pancreas.

Pancreatic Facultative Endocrine Progenitor Cells: In Vivo—Following pancreatic
injury, PPY and pancreatic duct ligation (PDL), numerous investigators have found evidence
for islet neogenesis from precursor cells located within pancreatic ducts of rodents.”® Based
upon the proximity of insulin*-cells to pancreatic ductules within regions of high
proliferation (termed foci of regeneration), the source of the new islets has generally been
identified as precursor cells located within the ductal epithelium. In the rat PPY model, foci
of regeneration appear to give rise to new islets and new pancreatic lobes within one week .80
Importantly, studies of the human pancreas have yielded similar observations: increased
ductal cell proliferation and duct-associated insulin*-cells are observed in association with
obesity, type 1 diabetes, and type 2 diabetes in humans.81:82 These data, while inconclusive,
raise the possibility of identifying a pancreatic progenitor cell that may be leveraged for
therapeutic purposes.

Recently, increasingly rigorous experiments in rodents have yielded conflicting evidence for
the presence of endocrine progenitor cells located within the pancreatic ducts. Using PDL to
stimulate pancreatic regeneration and transgenic Neurog3 reporter mice to identify
endocrine progenitor cells, Xu et al. found facultative progenitor cells located within the
pancreatic ducts of mice.2” As seen previously, PDL caused acinar cell apoptosis, pancreatic
duct proliferation, and a two-fold B-cell mass expansion that plateaued within 7 days.
Interestingly, these authors also observed a 50-fold induction of the Neurog3 transcript and
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identified insulin™ Neurog3*-cells located within the pancreatic ducts of injured pancreata
that expressed a variety of endocrine progenitor cell markers (PDX1, Ptfla, Sox9,
HNF6).27:83 Furthermore, based upon the perdurance of the Neurog3-LacZ reporter,
NeurogG3™* cells were found to become hormone*-cells after migrating away from the duct
and into islet structures.2’ This observation was confirmed in vitro where NEUROG3*
insulin™-cells formed functional islets when injected into an embryonic Neurog3~/~
pancreatic bud which cannot autonomously generate mature endocrine cells. Given the
transient nature of Neurog3*-cells and the continued expression of Neurog3 for >1 month,
one might expect persistent endocrine cell generation and islet expansion; however, islet
mass does not expand beyond 7 days. Experimental data addressing this apparent
conundrum has not been obtained.

In contrast to Xu et al., several lineage tracing experiments performed post-pancreatic injury
in mice failed to identify a source of new B-cells other than previously existing p-cells.41: 43
Using an identical PDL protocol as Xu et al., Rankin and coworkers confirmed a 70% loss
of distal pancreatic mass, increased ductal proliferation and the induction of Neurog3
expression but failed to identify an increase in B-cell mass or replication.?4 Similarly, Xiao
et al. failed to identify new B-cells that arise from non--cells after PPY or PDL.8° These
scientists used an inventive reporter system that relies upon insulin promoter-dependent Cre
expression to switch cells from expressing membrane-targeted Tomato (red) to membrane-
targeted EGFP (Green). Consequently, new fB-cells (yellow) can be identified by the
overlapping presence of red and green fluorescent proteins. Indeed, yellow cells were found
during development but not beyond P5. To determine whether acinar cells might harbor
facultative endocrine progenitor cells, Desai et al. subjected mice that harbor elastase-
CreERT2 and Rosa26-lox-stop-lox-LacZ cassettes to a variety of pancreatic injury models
(cerulien-induced pancreatic injury, PPY, and PDL).86 Indeed, these mice provided no
evidence that new B-cells arise from acinar cells within the examined time frame of 1 week.
Similar results were obtained when mice harboring a pancreatic duct-specific lineage marker
(HNF1B dependent Cre-ER expression) were challenged with PDL or alloxan-dependent 3
cell ablation.8” These lineage tracing experiments compellingly support the conclusions that
pancreatic injury models, e.g. PDL, cause increased ductal cell proliferation and induction of
Neurog3 within ductal cells but did not support the differentiation of Neurog3* cells into -
cells.

However, the findings of Xu et al. are bolstered by several lineage tracing experiments in
rodents that support the existence of facultative stem cells within the pancreatic ducts or
acinar tissues. First, Inada et al. used human carbonic anhydrase Il (CAll)-driven CRE-ER
expression to show that ductal cells can give rise to mature endocrine cells in the PDL
mouse model.8 Although the faithfulness of the CAII reporter system is imperfect, the
conclusions are not easily dismissed. Second, Van de Casteele et al. have used a Neurog3-
Cre-ER reporter system to demonstrate that some of the new f-cells that arise after PDL
descend from non-B-cells that activate Neurog3 expression.8? It is noted by the authors that
similarly to the CAII reporter system, the induction of Neurog3 promoter activity within
mature B-cells that are stressed by the inflammation associated with PDL could not be
excluded. Third, Pan et al. have used indelibly marked exocrine cells (PTFla-Cre-ER) and
the PDL model to demonstrate that insulin*-cells can descend from exocrine cells which
dedifferentiate and transiently acquire a duct cell-like progenitor phenotype that is
reminiscent of the developmental tip cells described by Zhou et al.”890 Notably, these
insulin*-cells are primarily located within ducts and arose >30d post-injury. While these
results are very different from the dramatic post-PDL islet neogenesis that occurs within one
week, it is reminiscent of the staining occasionally found on human pancreatic sections.82
Fourth, and perhaps most compelling, is the observation that the misexpression of PAX4
within adult a-cells leads to continuous transdifferentiation of a-cells to B-cells (discussed
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below) and the mobilization of a NEUROG3* ductal cell population that attempts to
replenish the unstable a-cell population.®? Amazingly, and contrary to prior published work
with the same reporter mice, these authors utilize HNF1a-Cre-ER to indelibly label duct
cells and demonstrate their ability to express NEUROG3, undergo EMT, and become
endocrine cells (B-cells).87:91 In aggregate, these experiments strongly suggest that under
some experimental circumstances, facultative progenitor cells capable of giving rise to
insulin*-cells do exist in rodents.

Pancreatic Facultative Endocrine Progenitor Cells: In Vitro—Whether pancreatic
facultative progenitor cells have therapeutic potential remains uncertain. However, a first
step toward realizing their utility might be the establishment of an in vitro method for -cell
generation from a facultative progenitor cell population. Prior efforts have indicated that
purified mouse ductal cells contain rare (=1/8,500) pancreas-derived multipotent precursors
(PMP) that express neural and pancreatic markers and generate cell types of both lineages
including p-cells.%2 Interestingly, these authors subsequently determined that PMP cells
express low levels of insulin.93 While this finding might explain why Dor et al. found new
B-cells (insulin*-cells) to arise exclusively from pre-existing B-cells (insulin*-cells), it
contradicts other studies showing that all B-cells (insulin*-cells) are equally likely to
undergo cellular replication and that no highly replicative insulin* progenitor is present.43:94
Recently, Rovira et al. demonstrated that murine centroacinar/terminal duct cells, located at
the junction between ducts and acinar cell clusters, represent a distinct endocrine progenitor
population capable of in vitro clonal expansion, self-renewal, and mature endocrine cell
generation.?® These cells express Aldh1, a progenitor cell marker, as well as additional
progenitor cell markers not characteristic of PMPs (Sca-1, SDF1, c-Met, Nestin and sox9).
Interestingly, adult human pancreatic epithelial cells (ductal and exocrine cells), depleted of
mature endocrine cells, and placed into tissue culture, can subsequently give rise to mature
endocrine cells when transplanted into mice in conjunction with human fetal endocrine
progenitor cells or pancreatic stromal cells, or are maintained under three-dimensional
culture conditions.%-% These results indicate that mammalian facultative endocrine
progenitor cells may exist within the pancreas but require specific environmental conditions
to realize their potential of endocrine cell differentiation. Perhaps it is the stringency of the
required conditions that has, to date, prevented the reproducible isolation and identification
of pancreatic endocrine progenitor cells.

B-Cells From Mature Non-B-Cells

Cellular identity, once thought to be highly stable, is now viewed as highly mutable. This
paradigm shift was partially driven by the work of Yamanaka and colleagues who
demonstrated that terminally differentiated cells could be reprogrammed to pluripotent stem
cells by the forced expression of transcription factors.%® Indeed, the related phenomenon of
transdifferentiation (lineage conversion between mature cell types) has also received
increasing attention as a method for generating mature cell types that are of short supply,
e.g. p-cells.190 The principle behind directed transdifferentiation is that certain transcription
factors act as “master regulators” and have a dominant effect on cellular identity.

This principle was first applied to -cell generation by Ferber et al., who demonstrated that
mouse liver cells could be converted into insulin-producing cells via the forced expression
of PDX-1.101 Similarly, insulin-producing liver cells have been generated by adenoviral
delivery of NeuroD +/- Betacellulin or a combination of PDX-1 (modified with VP16 to
enhance transcriptional transactivation) and NeuroD or NEUROGS3 into mice.102:103
Although these in vivo studies presumed insulin*-cells arose from hepatocytes, Sox9* bile
duct cells might have been the origin.1%4 More recently, Zhou et al. demonstrated that mouse
pancreatic exocrine cells forced to express the combination of PDX1, MafA, and Neurog3 or
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NeuroD, can be converted into insulin-producing cells with an efficiency approaching 25%
of infected cells.10

While a variety of in vivo strategies for generating p-cells by transdifferentiation in mice
have been successful, ex vivo transdifferentiation has been more challenging, as
demonstrated with human liver cells.19 However, recent progress has been made by Lima
et al. through the combined use of transcription factors (Pdx1, Neurog3, MafA, Pax4),
culture medium supplements (betacellulin, exendin-4 and nictoninamide), and compounds
aimed at preventing human exocrine cells from undergoing epithelial to mesenchymal
transdifferentiation (EMT) (serum-free media, SB43152, Y27632, 5-
AZA-2'deoxycytidine).107 To realize the therapeutic potential of manipulating cellular
identity, the protocols for transdifferentiation will need to be made scalable, reproducible,
and safe.

B-Cells From a-Cells—The close lineage relationship among the pancreatic endocrine
cell types (a-,-,6- and PP-cells) may provide an opportunity for efficient
transdifferentiation among these cell types. Indeed, it has been observed that a-cell-specific
deletion of the tumor suppressor gene Menin, the molecular basis for the multiple endocrine
neoplasia syndrome 1 (MEN1), in adult mice gives rise to both glucagonomas and a-cell-
derived insulinomas.198 Recent studies have suggested a similar capacity for
transdifferentiation between pancreatic endocrine cells in humans. Genome wide analysis of
the epigenetic landscape (activating H3K4me3 and repressive H3K27me3 modifications) of
human a- and p-cells identified a preponderance of bivalent loci in a-cells.19° The presence
of bivalence is characteristic of progenitor cells and might indicate that a-cells carry a more
plastic epigenetic state that is susceptible to lineage conversion. Given the pathogenic role of
glucagon in the progression of diabetes, a method for simultaneously decreasing a-cells and
increasing f-cells by directed lineage conversion is a therapeutically attractive strategy.
Indeed, Formina-Yadlin and co-workers have identified a small molecule with a limited
ability to induce insulin expression by human a-like cells.110

The observation that constitutive removal of Pax4 in mice prevents the development of -
and §-cells while causing a corresponding increase in the a-cell population raised the
possibility that forced expression of Pax4 in a-cells might have the reciprocal effect.111
Amazingly, Pax4 expression in adult murine a-cells causes the predicted conversion of a-
cells to B-cells, and as discussed above, the futile de novo generation of a-cells from
facultative progenitor cells located within the pancreatic ducts.112 Furthermore, forced a-
cell-specific expression of Pax4 in mice leads to a large increase in islet size (10x after 20
months) and supports multiple rounds of f-cell regeneration following f-cell ablation.%! The
ability of Pax4 to trans-differentiate murine a-cells to -cells may relate to the antagonistic
functions of Pax4 and Arx in maintaining B-cell and a-cell identity, respectively.113 The
repression of Arx by Dnmt1-dependent methylation is required to maintain p-cell identity in
mice, and forced expression of Arx is sufficient to transdifferentiate 3-cells to a-cells and 8-
cells.114115 These studies suggest that cell-type specific transcription factors act as master
regulators to maintain cellular identity and that perturbation of these transcriptional
programs is sufficient to destabilize differentiated cellular phenotypes.

The potential utility of a-cell to 3-cell conversion has been boosted by the observation that
environmental cues (e.g. extreme B-cell destruction, as opposed to genetic manipulation) are
sufficient to direct a change in cellular identity.26 Using a murine genetic model to ablate
>99% of the B-cell mass in mature animals, the authors were able to follow the recovery of
insulin producing cells and determine the origin of the new B-cells. Surprisingly, the B-cell
population was replenished by a-cell transdifferentiation rather than by B-cell proliferation,
which had been observed previously in a similar -cell ablation study in mice.23 However, a
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third mouse study which used a combination of PDL and Alloxan treatment to ablate p-cells
noted both a-cell to -cell conversion (based upon the presence of insulin and glucagon
double positive cells) and increased B-cell proliferation.116 Presently, the bases for these
discrepancies are unknown.

B-Cells From De-differentiated B-Cells—The difficulty of expanding mature p-cells
has led to an interest in an alternative strategy that circumvents the growth-inhibited state of
differentiated mature B-cells. In 2004 Gershengorn and colleagues suggested that human
insulin-expressing cells that are maintained in adherent culture conditions in the presence of
serum undergo de-differentiation, initiate the expression of mesenchymal cell markers such
as vimentin (EMT), undergo exponential expansion, and retain the ability to return to a
hormone™ state when grown as clusters in serum-free media.1” Subsequently, similar
experiments performed with lineage-marked murine p-cells replicated the de-differentiation
of B-cells but failed to demonstrate that these cells have a substantial proliferative
capacity.118 In contrast, lentiviral-based lineage tracing with human p-cells confirmed the
proliferative potential of de-differentiated human B-cells and emphasized the possibility of
species-specific cellular behavior.119

Recently, pancreatic B-cell de-differentiation to a progenitor-like state has been highlighted
as an event that may contribute to the pathogenesis of type 2 diabetes (e.g. B-cell failure) in
murine disease models.118 Whereas loss of the transcription factor FoxO1 in Neurog3-
expressing gut progenitor cells leads to the potentially beneficial ectopic generation of
insulin*-cells, loss of FoxO1 expression in mature B-cells causes a predisposition to
metabolic stress and de-differentiation.12! Interestingly, de-differentiated p-cells might be
used to reconstitute a functional p-cell mass by expanding these “progenitor-like” cells and
then re-differentiating them. While this strategy is intriguing, many hurdles remain. First,
the contribution of B-cell de-differentiation to human disease remains to be established.
Second, the therapeutic benefit of B-cell rest has been explored for several decades with
mixed success.122 The ability of B-cell rest to remedy de-differentiation remains
unsubstantiated. Third, a method for in vivo re-differentiation must be established. Recent
work based on cultured human islet cells identified the role of Notch pathway inhibition in
facilitating the reestablishment of -cell identity of de-differentiated -cells. Perhaps this
provides a starting point for realizing the goal of maintaining p-cell identity and preventing
B-cell failure.123

Conclusion

The exploding incidence of diabetes in the U.S. and abroad has made the disease one of the
world's top public health burdens. While the projected economic and human costs are
increasing, the concurrent boom in regenerative medicine offers hope for a sustainable,
scalable treatment. Diabetes is a disease of $-cell degeneration, and is ideally suited for
treatments aimed at regeneration. Recently, there has been a seismic shift in our
understanding of cellular identity: under appropriate conditions one cell type may become
any other cell type. Consequently, B-cells, which usually have limited growth potential, may
be cajoled toward an identity of exponential growth capacity or reverted to a progenitor-like
state for expansion. Alternatively, non-f-cells, whether they are considered to be facultative
stem cells or terminally differentiated, may be tapped as a vast reservoir for new p-cells. The
extraordinary potential of manipulating cellular identity for therapeutic purposes has just
begun to be explored. Presently, the future is undifferentiated.
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Figure 1. Theoretical Sourcesof Insulin

(A) Seven strategies for restoring insulin production. Current research focuses on four
methods to restore insulin production through expansion of p-cell mass: 1) directed
differentiation of 3-cells from human stem cells (hESC or hiPS), 2) transdifferentiation of
existing pancreatic cell types to a p-cell fate, 3) generation of new p-cells from existing
progenitor cells in the mature pancreas (neogenesis), 4) expansion of f-cell mass from
existing p-cell pools (in vitro or in vivo). Three additional strategies may restore insulin
production: 5) xenogeneic transplantation, e.g., porcine islets, or 6) allogeneic cadaveric
transplantation, and 7) Glucose control devices may be implanted into humans to restore
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euglycemia. (B) The B-cell differentiation pathway. 3-Cell differentiation is directed by the
temporally regulated expression of master-regulator transcription factors, shown beneath the
arrows. Recapitulation of the normal differentiation pathway is used to direct stem cells
toward a p-cell fate. Currently, the full complement of factors required to generate mature,
glucose-responsive beta cells from insulin-positive endocrine progenitor cells are unknown.
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Figure 2. Potential Sources of New Beta Cells

Three distinct pathways of achieving p-cell mass replenishment have been defined: B-cell
expansion, B-cell neogenesis and transdifferentiation of non-f-cells to B-cells. These
processes which may occur in-vivo or in-vitro are illustrated within the context of the
endocrine and exocrine pancreas. (A) Expansion of pre-existing p-cells may occur directly
through beta cell division, or through a mesenchymal cell intermediate produced via an
epithelial to mesenchymal transition (EMT). (B) Facultative progenitor cells insulated
among non-endocrine epithelial cell populations have the potential to repopulate the
endocrine cell population through neogenesis. (C) Pancreatic cells (alpha, duct, and acinar
cells), liver cells (hepatocytes and bile ducts), and gut cells (enteroendocrine cells) may be
induced to become mature B-cells through a variety of genetic and pharmacologic
manipulations.
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Pathway

Physiologic Conditions

Environmental Triggers

*
Biologic Factors

*
Small Molecules/Transcription Factors

f3-Cell Expansion

Pregnancy!?14
Obesity15-20

Insulin Resistance?!-22
Development28-30

B-Cell Ablation3-27
Partial Pancreatectomy*!

Glucose#™48
GLP-1
Betatrophin®*
Serotonin®?
Lactogens!458-62
Osteocalcin®8-59

*%

cMyc, ChREBP, NKX6.1, Cdk®6,
FoxM135-39
Glucokinase activators, Sulfonylureas®
L-type calcium channel agonists, phorbol
esters, Wnt agonists®®
WS654
Adenosine agonists®
Adenosine Kinase Inhibitors (ADK I's)85-66

f3-Cell Neogenesis Development Pancreatic Duct Ligation/ - Pax487.91
Partial
Pancreatectomy?7.79-83,88-91
B-Cell Trans-differentiation | - B-Cell Ablation?3116 - Pdx110t
NeuroD +/- Betacellulinl02
Pdx1+NeuroD/Ngn3103

Pdx1+MafA+Ngn3/NeuroD10®

*%

Combinatorial Culture Conditions0”
BRD7389%10
FoxO1!18

*
Biologic factors and small molecules listed are limited to those discussed in the review

** B
In-vitro
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