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This review considers the role of a-cells in B-cell generation
and regeneration. We present recent evidence obtained from
lineage-tracing studies showing that a-cells can serve as
progenitors of B-cells and present a hypothetical model how
injured B-cells might activate a-cells in adult islets to promote
B-cellregeneration. B-cells appear to arise by way of their trans-
differentiation from undifferentiated o progenitor cells, pro-a-
cells, both during embryonic development of the islets and in
the adult pancreas in response to B-cell injuries. Plasticity of
a-cells is endowed by the expression of the gene encoding
proglucagon, a prohormone that can give rise to glucagon and
glucagon-like peptides (GLPs). The production of glucagon
from proglucagon is characteristic of fully-differentiated
a-cells whereas GLP-1 becomes a product of undifferentiated
a-cells. GLP-1, a cell growth and survival factor, is proposed to
promote the expansion of undifferentiated pro-a-cells during
development. B-cells arise from pro-a-cells by a change in the
relative amounts of the transcription factors Arx and Pax4,
master regulators of the a- and B-cell lineages, respectively.
A paracrine/autocrine model is proposed whereby injuries
of B-cells in adult islets induce the production and release of
factors, such as stromal cell-derived factor-1, that cause the de-
differentiation of adjacent a-cells into pro-a-cells. Pro-a-cells
produce GLP-1 and its receptor that renders them competent
to trans-differentiate into B-cells. The trans-differentiation
of pro-a-cells into B-cells provides a potentially exploitable
mechanism for the regeneration of B-cells in individuals with
type 1 diabetes.

Introduction

The functions of a-cells in the pancreatic islets have remained
somewhat of an enigma.! They are known to produce the hor-
mone glucagon in the post-absorptive state to maintain plasma
glucose levels by stimulating hepatic glucose production. Based
on recent studies, however, a-cells have been assigned a new
role in the islets as direct progenitors of B-cells. In conditions of
injury or depletion of B-cells, a-cells that lie adjacent to B-cells in
the islets trans-differentiate into B-cells. This new role of a-cells
to protect and to generate new 3-cells might be their most impor-
tant one.
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Historically, the a-cells were discovered by virtue of the iden-
tification of a hyperglycemic factor in pancreas extracts whose
actions appeared before the hypoglycemic actions of insulin.?
This factor subsequently proved to consist of the hormone glu-
cagon. The development of antisera to glucagon allowed for the
immunocytochemical identification of a-cells as a subpopulation
of endocrine cells in the islets distinct from the insulin-produc-
ing B-cells.> Seminal observations of the endocrine cells in early
mouse pancreas development detected glucagon-positive cells
as the earliest endocrine cells to appear at the onset of pancreas
organogenesis in the rat.* These prescient findings suggested that
the secreted products of these early glucagon-positive endocrine
cells might have a function in early embryogenesis such as the
regulation of growth and differentiation of embryonic endocrine
cells.*

The generally recognized function of glucagon is the stimula-
tion of hepatic glucose production during periods of fasting to
maintain plasma glucose levels in the post-absorptive state. The
actions of glucagon are counter-regulatory to those of insulin,
which are to promote glucose uptake and to lower plasma glu-
cose levels. Glucagon, unlike insulin, however, is not essential
for the general health of mice.’ Loss of, or impaired, glucagon
signaling in humans is not lethal.® In contrast to glucagon the
near absence of insulin results in severe metabolic derangements
resulting in lethality. Somewhat paradoxically, in the absence of
glucagon signaling glucose homeostasis appears to be maintained
in the absence of insulin. Mice lacking glucagon signaling, either
by disruption of the glucagon receptor’ or by lacking glucagon
itself due to depletion of a-cells in islets by the disruption of Arx
expression,’ remain relatively healthy and do not develop diabetes
in response to near complete ablation of B-cells by the adminis-
tration of streptozotocin.” These observations of the benignity
of the mouse phenotype in the absence of glucagon signaling
suggests the existence of additional functions for a-cells, such as
serving as guardians and progenitors for B-cell health, survival
and regeneration.

In this review we discuss the evidence supporting the notion
that a-cells are progenitors of B-cells, both in embryological
development and in the regeneration of new (-cells in the adult
pancreas. We present a hypothesis, the B > A > B hypothesis,
supported by new experimental findings, that a-cells in the
adult islets have a latent capacity to de-differentiate, expand,
and switch-on the production of GLP-1, a known growth and
survival hormone for B-cells. The de-differentiated pro-a-cells
serve as progenitor cells for the formation of new B-cells. The
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Figure 1. Proglucagon expression in o cells. Alternative cleavages of
proglucagon to glucagon and GLP-1. The relative levels of expression of
the pro-hormone covertases PC2 and PC1/3 determine the production
of glucagon or GLP-1, respectively. Glucagon is a metabolic (gluco-
neogenic) hormone produced in fully differentiated a-cells and GLP-1

is both an insulinotropic (insulin-releasing) hormone and a growth

and survival peptide produced in undifferentiated pro-a-cells. GRPP,
glucagon-related polypeptide. GLP-2, glucagon-like peptide-2 involved
in intestinal growth.

production of GLP-1 by a-cells is initiated by factors secreted
by B-cells in response to injuries. GLP-1 so produced and
secreted feeds back in a local paracrine fashion on its consti-
tutively expressed receptor in (-cells to promote their survival
and regeneration. In conditions of severe B-cell injuries the de-
differentiated pro-oa-cells, resembling developmental endocrine
progenitor cells, trans-differentiate into B-cells, recapitulating
the ontologic development of the islet endocrine cells. Further
evidence points to stromal cell-derived factor-1 (SDF-1) as one
of the factors, produced in B-cells in response to their injury,
that acts on adjacent a-cells to promote the production of

GLP-1.

a-Cells Express the Proglucagon Gene (Gcg)

Encoding a Prohormone Alternatively Cleaved
to Glucagon and Glucagon-Like Peptides
by the Actions of Prohomone Convertases

Since the discovery of a-cells as the source of glucagon it was
found that glucagon production in a-cells occurs by way of
selective proteolysis of a prohormone, proglucagon, encoded by
a single gene (Gceg), that also contains other peptides such as
glucagon-like peptides (GLPs) in addition to glucagon (Fig. 1).
The regulation of the production of either glucagon or GLPs
depends on the actions of the prohomone convertases PC2 or
PC1/3, respectively. GLPs are growth factors and do not directly
modulate glucose production per se. GLP-1 is a glucoincretin
hormone with at least two distinct functions: the augmenta-
tion of glucose-dependent insulin secretion and the promotion
of B-cell proliferation and survival.5'" GLP-2 is a growth factor
for intestinal epithelium.? It should be noted that paradoxically
GLP-1 receptor agonists do not appear to stimulate the prolifera-
tion of human B-cells' as they do so in the rat' and mouse'¢

B-cells.
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In fully differentiated o-cells of the adult pancreas GLP-1
is not normally produced in meaningful amounts. Glucagon
instead is the hormone produced by the enzymatic cleavages of
proglucagon. In contrast to mature a-cells, immature, undiffer-
entiated a-cells, herein designated as pro-a-cells, produce GLP-
1. Because proglucagon is constitutively expressed in a-cells, the
potential exists for the production of GLP-1 as well as glucagon
in the mature adult islet.”'® Thus, a-cells appear to be endowed
with an unusual plasticity in their ability to switch between the
production of glucagon and GLP-1 depending on the relative
levels of the prohormone convertases PC2 and PC1/3, respec-
tively. The plasticity of a-cells resides with these two convertase
switches in which fully-differentiated a-cells express only PC2
and produce glucagon, whereas undifferentiated pro-o-cells
express PC1/3 as well as PC2 and produce GLP-1 in addition to
glucagon.

a-Cells as Progenitors of 3-Cells

Several lines of evidence indicate an important role for o-cells
as direct progenitors of B-cells both in the embryonic develop-
ment of the islets and in the regeneration of islets in the adult

pancreas'”*’

Here we review the evidence for a-cell progenitors
in islet development (ontogeny), evidence derived from studies
of islet tissues and embryonic stem cells in vitro, and in geneti-
cally altered mouse models using disruption and overexpression
of key factors in a- and B-cell lineage commitment, lineage trac-
ing approaches.

Ontogeny of islet cells. The pancreas arises during embryonic
development from a nest of undifferentiated duct-like epithelial
cells in the primitive foregut at mouse embryonic day €8.5 to
€9.5. The endocrine cells destined to become islets differenti-
ate from the undifferentiated epithelium at about el0-ell dur-
ing the primary transition involving lineage commitment from
undifferentiated cells (reviewed in ref. 21). The endocrine lin-
eage becomes distinct from that of the exocrine acinar tissue. The
selective commitment of the undifferentiated epithelium into
endocrine pancreas and the endocrine cells into the specific hor-
mone-producing cells during development depends on the tem-
poral and spatial expression of numerous transcription factors.?
In brief, the undifferentiated duct-like epithelium expresses the
transcription factor Pdx-1, a marker of cells committed to the
pancreatic lineage (Fig. 2). The earliest endocrine cells that arise
from the Pdx-1 positive duct-like epithelium express the endo-
crine specific transcription factor Ngn3* induces a population
of cells that immunostain positive for glucagon (or proglucagon)
and as such are designated to have an a-cell phenotype.”? Some
of these glucagon-positive cells co-express insulin but not Pdx-1,
and are Ngn3 negative because the expression of Ngn3 in the
mouse model used is under the control of the Pdx-1 promoter.
Note that antisera to glucagon often cross react with the gluca-
gon contained in the proglucagon precursor and are silent as to
whether glucagon or GLP-1 peptides are the final products pro-
duced by cleavages of proglucagon in the cell. The co-expression
of PC1/3 and proglucagon in cells would provide an indication
that the cells are producing GLP-1.>* The importance of Ngn3
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for the programming of pancreas progenitor cells into a pro-
endocrine lineage was demonstrated by the forced expression of
Ngn3 in undifferentiated neonatal pig pancreas precursor cells
resulting in their conversion into a-cells.” Additional support is
provided by the findings that forced overexpression of Ngn3 in
mice under the control of the Pdx-1 promoter drives early ecto-
pic differentiation of an islet precursor population to a predomi-
nantly a-cell population.’® These findings are consistent with a
model in which pro-a-cells are the earliest islet endocrine phe-
notype to arise during development and are likely to be precur-
sors of B-cells. During the late stages of the primary transition
marking the beginning of the endocrine cell lineage (e8.5-¢12.5)
and into the early proliferation phase of the second transition
(e11.5-14.5) the separate lineages of a, 3, & and PP cells arise
from Ngn3* cells by selective lineage commitment.?

Numerous transcription factors are involved in the sequen-
tial derivation of the o- and B-cell lineages from Ngn3* progeni-
tors.”! Certain of the transcription factors stand out as master
switches of cell phenotype. Master switch factors are defined
as those whose removal results in a cessation of further lineage
development. As indicated above, Pdx-1 marks the early pancre-
atic lineage in the undifferentiated duct-like epithelium. Ngn3
marks the early pro-endocrine lineage as does the expression of
proglucagon, PC1/3, and the GLP-1 receptor. The key transcrip-
tion factors that appear to define the fully differentiated B-cell
phenotype are Pdx-1, Pax4, Nkx 2.2, Nkx 6.1 and MafA. The
differentiated a-cell phenotype is determined by the expression
of Arx, Pax6, Brn4, Irx2 and the absence of Pdx-1, Pax4, PC1/3
and the GLP-1 receptor. The relative ratios of the factors Arx and
Pax4 in endocrine progenitor cells appears to be critical for their
commitment to an a- or 3-cell fate, respectively?®* (see below).

Whether or not B-cells are direct descendents of a-cells or
arise independently from undifferentiated epithelial progenitor
cells as distinct cell lineages remains controversial. One school of
thought is based on lineage tracing experiments in mice showing
that a- and B-cells arise independently as distinct lineages.”” The
other school of thought, based on sequential immunostaining
of endocrine cells during embryonic development, showing co-
expression of glucagon and insulin, and glucagon and somatosta-
tin, suggests that a-cells differentiate into B-and 8-cells."*3!
Cells expressing glucagon (proglucagon) appear during the initial
formation of the pancreatic diverticulum in the rat embryo at the
20-25 somite stage.® At this early time of development the lev-
els of glucagon in the diverticulum are 100-1,000 times higher
than that of insulin suggesting that the glucagon-expressing cells
might have a role in the growth and differentiation of endocrine
cells.® The two schools of thought are not necessarily mutually
exclusive. As discussed below, the recent evidence obtained from
genetic manipulations and lineage tracing approaches in mice
demonstrates a proof-of-concept that a-cells can give rise to
B-cells in the adult pancreas. These findings are consistent with a
developmental model in which a-cells might in some cell devel-
opmental lineages serve as obligate progenitors of 3-cells.

Embryonic stem cells (ESCs). Remarkably, GLP-1 and
its receptor (GLP-1R) are expressed in embryonic stem cells
(ESCS) %+% raising the possibility that cell to cell signaling
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Figure 2. Simplified model of the embryological development of islet
endocrine cells (reviewed in ref. 21). Stem/progenitor (Stem/Prog) cells
arise from the primitive undifferentiated epithelium of the gut tube and
express the transcription factor Pdx-1, a master regulator of pancreas
development. The endocrine lineage appears soon after and is char-
acterized by the pro-endocrine transcription factor Ngn3. The earliest
endocrine cells, pro-a-cells, identified in early development express the
proglucagon gene and the prohormone convertase PC1/3 resulting in
the production of GLP-1. The division of lineages into a- and B-cells is
determined by the relative expression levels of the transcription factors
Arx and Pax4. Mature a-cells express PC2 resulting in the production

of glucagon. Fully-differentiated 3-cells express the insulin gene and
produce insulin. GLP-1 is proposed to be a growth factor important for
the expansion of pro-a-cells Glucagon, produced late in a-cell develop-
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ment, is proposed to inhibit the growth of pro-a-cells.

might occur via the GLP-1/GLP-1R axis and be involved not
only in the expansion and differentiation of islet endocrine cells
during development but also might have a role in the modula-
tion of embryonic stem cell expansion and differentiation. The
derivation of what appear to be fully-differentiated functional
glucagon-producing a-cells from human ESCs in vitro has been
accomplished providing a clear demonstration of a transition
from stem cells to a-cells.*** Moreover, the cells derived from
the ESCs expressed high levels of the Arx transcription factor
and also produced GLP-1 suggesting that they are undifferen-
tiated pro-a-cells in transition to fully-differentiated a-cells.
These cells transiently co-expressed insulin along with progluca-
gon further supporting the remarkable plasticity of a-cells and
their possible latent potential to be progenitors for 3-cells as well
as a-cells.

The finding of PC1/3 expression in developing endocrine cells
suggests that the GLPs might be the major peptides expressed
from the cleavage of proglucagon in the a-cell phenotype dur-
ing embryonic development, and as such, these cells represent
pro-a-cells. Since GLP-1/GLP-1R signaling in islets cells has
been shown to involve the Wnt signaling pathway consisting of
B-catenin and Tcf71.2,577 it is tempting to speculate that Wnt
signaling, driven in part by GLP-1 receptor activation in embry-
onic stem cells and in proglucagon-expressing endocrine progeni-
tor cells, might be involved in the modulation of the development
of endocrine progenitor cells.
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Genetically altered mouse models. Studies accomplished in
mice programmed with cell lineage tracing markers in vivo have
revealed a remarkable plasticity of islet endocrine cells. o-cells
trans-differentiate into B-cells and vice versa. Following severe
injuries of B-cells in transgenic mice by diphtheria toxin® in
mice with disruption of the multiple endocrine neoplasia-1 (Men
1) gene,* and overexpression of Pax4 in the pancreas lineage,!
newly regenerated B-cells contain a lineage tracing marker of
a-cells. The appearance of the a-cell-specific lineage marker in
B-cells of these mouse models of B-cell generation and regen-
eration provides convincing evidence that the B-cells arose from
progenitors of the a-cell phenotype. In addition to the lineage
tracing studies, a mouse model in which neogenesis is stimulated
by pancreatic duct ligation and B-cells are severely ablated by
alloxan, shows a stepwise transition of o-cells to bihormonal
cells (cells co-expressing glucagon and insulin) to B-cells.”” In
this study B-cells formed from a-cells by direct conversion with
and without intervening cell division, suggesting that the asym-
metric cell division is not required for a- to B-cell conversion,
although some a-cells division appears necessary to maintain the
pool of a-cells.*” Remarkably, lineage tracing studies using mice
with a marked B-cell lineage, instead of a marked a-cell lineage,
show trans-differentiation of 3 into a-cells in response to the
forced expression of Arx,* or the de-repression (activation) of Arx
expression in B-cells.” Collectively, the lineage tracing and the
pancreatic duct ligation/alloxan studies in mice, combined with
the studies demonstrating the transient co-expression of proglu-
cagon and insulin genes in early endocrine progenitor cells dur-
ing islet development, provide proof-of-principle evidence that
a-cells beget B-cells.*

Arx and Pax4, master determinants of the a and 3 pheno-
types. Of particular relevance to understanding the mechanisms
responsible for the transition of a to B-cells, and vice versa, are
the two transcription factors Arx and Pax4.?° These factors appear
to act in a reciprocal fashion in the early Ngn3 positive endocrine
progenitor cells.?” High expression of Arx relative to Pax4 pro-
motes the a-cell phenotype and low expression of Arx relative
to Pax4 drives differentiation to the B-cell phenotype. In geneti-
cally altered mouse models with either overexpression of Arx** or
disruption of expression of Pax4 # result in excessive numbers of
a-cells and a deficiency of B-cells. Likewise, the overexpression

of Pax4 *! or the disruption of the expression of Arx*

leads to a
deficiency of a-cells and an increase in B-cells. The expression
of Pax4 is low in fully mature adult B-cells suggesting that the
role of this transcription factor is to program Ngn3* progenitor
cells into the B-cell lineage pathway.”” The lineage model emerg-
ing from current investigations is one in which Ngn3 is a key
regulator of the undifferentiated endocrine progenitor cell. Pax4
is a key factor in the commitment of progenitor cells to a B-cell
phenotype. Once committed to the B-cell phenotype expression
of Pax4 defervesces and other transcription factors such as PDX-1
and MafA assume control of the adult mature 3-cell.

Severe depletion of B-cells results in the trans-differentiation
of a- to B-cells without proliferation. It is important to appreci-
ate that in the studies of B-cell ablation by diphtheria toxin,*® or
alloxan in combination with partial pancreatic duct ligation to
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stimulate neogenesis,” the regeneration of new p-cells, although
only ~20% efficient, occurred by their direct trans-differentia-
tion from preexisting a-cells without evidence of replication of
B-cells.?®* In both studies the ablation of B-cells was extreme; >
99%. These mouse models of extreme injury of B-cells appears
to differ from other models of less severe B-cell injuries in which
a-cell hyperplasia is a hallmark and (3-cell replication is involved
in regeneration. 6482

Intriguing new evidence, however, obtained from lineage trac-
ing studies in mice support the existence of stem/progenitors in
islets as an alternative mechanism for B-cell renewal in addition
to replication.®® Tamoxifen pulse-labeling of mice expressing the
insulin gene reported by a tamoxifen-inducible lineage tracing
marker (alkaline phosphatase) revealed that by 12 mo of age
most new [3-cells replacing senescent (3-cells lost by aging during
these 12 mo contained the alkaline phosphatase lineage marker.
These cells had initiated the production of insulin during aging.
In addition, the majority of regenerated -cells two weeks after
treatment of the mice with the B-cell toxin streptozotocin, con-
tained the lineage tracing marker indicating the regeneration of
new P-cells occurred by their differentiation from progenitor
cells as well as by proliferation of existing 3-cells.”® An interesting
aspect of these studies is that the linage-tracing marker was pro-
grammed by the insulin promoter, indicating that the lineage-
marked cells at one time expressed insulin. These findings are
consistent with similar lineage-tracing studies showing that adult
mouse and human islets contain multipotent-progenitor cells
marked by their expression of the insulin gene.*

In studies of the neogenic response to alloxan with pancreatic
duct ligation a prompt expansion of a-cells occurred followed by
their efficient conversion to B-cells.” Although lineage tracing
was not used in these experiments, the time-course of the appear-
ances of bihormonal and B-cells supports a trans-differentiation
model.*” Notably, pancreatic duct ligation alone without ablation
of B-cells by alloxan, produced the previously demonstrated duc-
tal neogenesis involving the formation of glucagon-positive a-like
progenitor cells from undifferentiated ductal epithelium®>® but
no transformation of a- to B-cells was detected.?”” These findings
raise the possibility that the severe injury of B-cells (streptozoto-
cin or alloxan) and resulting very severe loss of B-cells might be
in some way responsible for the absence of proliferation of the
endocrine cells. Perhaps the loss of a growth factor produced by
mature B-cells and not by the new regenerated B-cells derived
by the trans-differentiation of a-cells, is required for prolifera-
tion. The loss of insulin in response to extreme injury of B-cells
might be considered to be a factor in stimulating the proliferation
of a-cells because of the known paracrine-mediated suppressive
actions of insulin on a-cells.”””> However, this scenario seems
unlikely because a-cell-specific disruption of insulin signaling in

061 The loss of insulin

mice does not lead to a-cell hyperplasia.
signaling on a-cells does result in an age-dependent trans-differ-
entiation of a small number of a- into B-cells, suggesting that the
release of insulin inhibitory influences on a-cells might in some
circumstances render them competent to become -cells.!
Glucagon inhibits the expansion of Ngn3* a-like endo-

crine progenitor cells. Either ectopic overexpression of Pax4 *!
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or disruption of Arx expression ° in the pancreas lineages of
mice results in a severe depletion of a-cells and a corresponding
decrease in the production of glucagon. In both of these cir-
cumstances of a-cell depletion, B-cell mass is greatly increased.
Pax4 overexpression rapidly converted a-like progenitors into
B-cells and thereby increased B-cell mass by 8-fold and drasti-
cally depleted the pool of a-cells resulting in a deficiency of
glucagon.”! The systemic administration of glucagon to these
mice reduced the production and expansion of progenitor cells
and correspondingly reduced the enlargement of B-cell mass.
These observations raise the possibility that glucagon, the prod-
uct of mature, fully-differentiated o-cells, exerts negative feed-
back inhibition on the formation of the a-like progenitor cells
and their subsequent differentiation into B-cells (Fig. 2). This
feed-back mechanism might then modulate the mass of B-cells
and prevent the over-production of B-cells (B-cell hyperpla-
sia), in circumstances in which the a- and B-cell compart-
ments of the islets are fully-formed and are balanced to meet
physiological
homeostasis.

demands required to maintain nutrient

Role of a-Cells in the Regeneration of 3-Cells
in the Adult Pancreas

o-cell hyperplasia. An understanding of the mechanisms leading
to the growth of a-cells, and consequent development of a-cell
hyperplasia, in adult islets might provide insight into approaches
to increase the progenitor cell pool for the formation on new
B-cells. Adaptive a-cell hyperplasia occurs in circumstances of
deficient glucagon signaling resulting in a loss of glucagon func-
tion on hepatic gluconeogenesis resulting in persistent hypogly-
cemia. Paradoxical a-cell hyperplasia occurs in response to injury
of B-cells and a corresponding reduction in insulin production
resulting in hyperglycemia.

Adaptive hyperplasia due to defective glucagon signaling.
Alpha-cell hyperplasia develops in response to states of defec-
tive glucagon signaling. These states include glucagon deficiency
due to the absence of the prohormone convertase, PC2, required

62-64 disruption of

for the cleavage of proglucagon into glucagon,
the expression of the proglucagon gene,® or glucagon resistance
induced in mice by transient®® or complete,”*7 disruption of
the glucagon receptor, and impairment of hepatic glucose produc-
tion by liver-specific disruption of the expression of Gs o required
for glucagon receptor signaling in the liver.® An intriguing aspect
of these studies in mice with impaired glucagon signaling is that
a-cell hyperplasia is invariably accompanied by increased plasma
levels of GLP-1 (and glucagon) and an increased production of
GLP-1 in the islets.¢¢%7377

Adaptive a-cell hyperplasia might be viewed of as a response
of the islets to produce more glucagon to counteract glucagon
resistance in order to increase hepatic glucose production to cor-
rect the chronic hypoglycemia, much as 3-cell hyperplasia devel-
ops in response to insulin resistance in order to produce more
insulin to correct the hyperglycemia. Notably, the administration
of glucagon to PC2 knockout mice restores euglycemia and ame-
liorates a-cell hyperplasia.®
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The mechanism(s) responsible for a-cell hyperplasia in condi-
tions of impaired glucagon signaling are unknown. A speculative
possible mechanism is a loss of inhibition of a-cells by insu-
lin.>7”¢! Mice with impaired glucagon signaling have modestly
decreased B-cell mass and/or pancreas insulin content”®*”® and
plasma insulin levels tend to be lower compared with wild-type
mice.®”®727378 These mutant mice manifest increased whole-
body insulin sensitivity,”>”” decreased B-cell mass, and impaired
glucose-stimulated insulin secretion.” These findings are con-
sistent with a lesser requirement for insulin in the absence of
the insulin-counter-regulatory actions of glucagon. In support
of this model of compensatory adaptation of insulin demands
is the report that mice lacking the glucagon receptor remain
euglycemic and insulin sensitive in conditions of near complete
absence of insulin.” A lower requirement for insulin might result
in a decreased intra-islet paracrine inhibitory signaling to a-cells.
An argument against a lack of suppressive insulin signaling on
a-cell growth, per se, is the finding that targeted ablation of the
insulin receptor on a-cells did not result in a phenotype of a-cell
hyperplasia.®!

Another possible mechanism for the development of a-cell
hyperplasia in the absence of effective glucagon signaling is the
loss of autocrine negative feedback inhibition of a-cells. Glucagon
is predicted to inhibit glucagon secretion by o-cells.®® Further,
as mentioned earlier, glucagon inhibits the expansion of Ngn3-
expressing progenitors in the pancreas of mice overexpressing the
transcription factor Pax4.% Since a small subpopulation (9%) of
8" and an additional
small population (3%) express the endocrine stem cell transcrip-

adult a-cells express the glucagon receptor,

tion factor Pdx-1,% it is tempting to speculate on the possibility
that a subpopulation of a-cells in adult islets are undifferentiated
pro-a-cells and they are the cells that expand in mice rendered
defective in glucagon signaling.

Paradoxical o-cell hyperplasia, a hallmark of B-cell injury.
Paradoxically, a-cell hyperplasia also occurs in conditions of
insulin deficiency and hyperglycemia resulting from injury of
B-cells. a-cell hyperplasia is a hallmark manifestation in mice
given the B-cell toxins streptozotocin’##5¢ or alloxan follow-
ing pancreatic duct ligation,” in baboons with inborn islet amy-
loidosis,®” diet-induced obese mice with insulin resistance and
impaired B-cell function®® or autoimmune destruction of B-cells
in NOD mice.® A study of a type 2 diabetes model in mice using
low dosage streptozotocin found a maintenance of a-cell mass
compared with a 75% loss of 3-cell mass.”

Pancreases obtained from humans with autoimmunity type
1 or type 2 diabetes show an overall maintenance of a-cell mass
displaying a large extent of heterogeneity among donors. An
extensive study of pancreases from 47 donors with type 1 dia-
betes showed over all a slight reduction in total a-cell mass per
pancreas with some pancreases showing either no change or a
marked increase in a-cell mass compared with non-diabetic, age-
matched controls.”! In pancreases from type 2 diabetes donors
a-cell mass appears to be maintained on average.”* In another
study islets composed nearly entirely of a-cells are described.”
Studies of islet cell replication in pancreases from donors with
recent-onset type 1 diabetes reveal rates of replication of both
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a- and B-cells that are 10-fold greater than control islets from
non-diabetic donors.”* These studies suggest that in diverse con-
ditions of B-cell injuries in animals and humans a-cell mass is
either preserved or increased in the face of severe ongoing destruc-
tion of B-cells. If, as discussed in this review, a-cells can trans-
differentiate into B-cells in these conditions of B-cell injuries, it
seems that in both type 1 and type 2 diabetes the mass of a-cells
retained is sufficient to provide a precursor pool for the formation
of new B-cells. These observations or increased proliferation of
both a- and B-cells in type 1 diabetes also suggest that a-cells
must be actively expanding and transforming into new B-cells.”*

Hyperplastic o-cells as undifferentiated pro-a-cells. The
paradoxical growth of a-cells in conditions of B-cell injuries and
hyperglycemia might be explained by the induction of a change
in the phenotype of the a-cells associated with injuries of B-cells.
Injured B-cells might produce factors, such as cytokines and
chemokines that act on adjacent a-cells resulting in the change
in their phenotype. Such a change in cellular phenotype might
involve a de-differentiation of mature a-cells to undifferenti-
ated pro-a-cells. Thereby the biologic functions of the a-cells
switches from a mature a-cell that produces glucagon involved
in glucose metabolism to an undifferentiated pro-a-cell provid-
ing local growth factors, such as GLP-1, that are involved in the
regeneration of the injured B-cells.

In this context we propose that pro-a-cells represent a popu-
lation of undifferentiated (immature) islet endocrine cells that
express PC1/3 and the GLP-1 receptor because these properties
distinguish immature a-cells during embryonic development

from those of mature adult a-cells.?49>%¢

We also propose that
fully mature a-cells in the adult pancreas can be transformed by
de-differentiation into immature pro-a-cells in response to inju-
ries of B-cells. During development pro-a-cells can be precursors
of either the a-cell lineage or the B-cell lineage. Furthermore,
pro-a-cells might transiently differentiate into B-cells, express
the insulin gene, either with or without co-expression of the pro-
glucagon gene (bi-hormonal cells), and then differentiate into 8
or a-cells.**?” The lineage commitments of endocrine progenitor
cells might involve a series of progressive steps of differentiation,
de-differentiation and re-differentiation of stem/progenitor cells
until a successful functional lineage is achieved.

Several lines of evidence support the notion that hyperplastic
a-cells are undifferentiated pro-a-cells that express PC1/3, the
GLP-1 receptor, and produce GLP-1. Mice and rats with a-cell

69,72,73 or

hyperplasia arising from defective glucagon signaling
B-cell injury by streptozotocin®*® have markedly elevated plasma
GLP-1 levels and high levels of intra-islet GLP-1.6¢:¢9737484 The
increased production of GLP-1 by hyperplastic a-cells requires
their expression of the prohormone convertase PC1/3. Normal
adult a-cells in islets express PC2 required for the production of
glucagon and PC1/3 is undetectable.”**

tic a-cells in mice with defective glucagon signaling,” mice with
74,84

Accordingly, hyperplas-
B-cell stress or injuries™®* and obese, diabetic gerbils” express
PC1/3. Injuries of isolated islets ex vivo induce the expression
of PC1/3 and the production of GLP-1 in a-cells.”*”” Curiously,
islets isolated from PC2 null mice with a-cell hyperplasia
appear to display a defect in the processing of proglucagon to
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both glucagon and to GLP-1."° Levels of PC1/3 in the islets
of these mice are not increased.' In contrast to isolated islets,
a cell line, o TC18PC2, derived from the a-cells of PC2 null
mice has elevated levels of PC1/3 and produces GLP-1 from
proglucagon.'”

The selective ectopic expression of PC1/3 in place of PC2
in a-cells of mouse islets enhances the survival of B-cells in
the islets when transplanted into diabetic mouse recipients.”®'"?
Moreover, the hyperplastic a-cells that arise in the mouse with
defective glucagon signaling due to disruption of the expression
of the glucagon receptor express the GLP-1 receptor throughout
development and in the adult islets.” Whether or not the GLP-1
receptor is expressed in a-cells of the adult islet is unclear. In one
study the GLP-1 receptor is expressed in a small (20%) popu-

103 and in other studies it

104,105

lation of adult a-cells of normal rats
was not detectable on a-cells from mouse,” human or rats.
These findings, although disparate, suggest that diverse inju-
ries of B-cells, or defective glucagon signaling, resulting in the
development of a-cell hyperplasia are required to induce the
expression of the GLP-1 receptor, PC1/3, and the processing of
proglucagon to GLP-1 in a-cells. This change in phenotype of
the a-cells recapitulates the phenotype of pro-a progenitor cells
seen in the embryonic development of the endocrine cells.?”°
GLP-1/GLP-1R axis signaling might be one mechanism involved
in the proliferation of a-cells in the absence of effective glucagon
signaling.

The B > A > B Hypothesis: A Mechanism for
How Injured B-Cells might Signal to «-Cells and
Regenerate 3-Cells

Based on current evidence a-cells appear to be critically involved
in both the generation of B-cells during development and in the
regeneration of B-cells in the adult pancreas in response to inju-
ries invoked by means such as autoimmunity, gluco-lipotoxicity
and streptozotocin. The observations of a-cell hyperplasia in
response to (B-cell injuries, the production of GLP-1 by hyper-
plastic a-cells, and the capacity for a-cells to trans-differentiate
into B-cells, led to the conception of a possible cellular mecha-
nism that might be involved in the regeneration of B-cells. This
mechanism involves paracrine and autocrine signaling among
B- and o-cells and is referred to the B > A > B hypothesis:
injured B-cells signal to a-cells, which in turn signal to B-cells
to stimulate their regeneration’” or trans-differentiate into 3-cells
depending on the extent of B-cell injury (Fig. 3).

Paracrine inter-cellular communications between B- and
a-cells in the islets is well recognized.””!®!" This cyto-architec-
ture consisting of the juxta-positioning of B-cells next to non-
B-cell endocrine cells such as a-cells is conducive to cell-cell
paracrine signaling mechanisms. In particular in human islets
the a-cells are admixed with the B-cells so that > 70% of B-cells
are in heterotypic contact with non-f endocrine cells,"*'® the
majority of which are a-cells.”!®!"° Although the observations
that injuries of B-cells induce the expression of PC1/3 and the
production of GLP-1 cells in a-cells is established, the question
remains how do injured B-cells activate a-cells?
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Aninitial observation of cross-talk between injured 3-cells and
the activation of a-cells suggested the possibility that factors(s),
such as stromal cell factor-1 (SDF-1), released from injured
B-cells directly activate a-cells.®? SDF-1 is a chemokine produced
in multiple organs in response to injuries and is involved in the
regeneration and renewal of damaged tissues."*'" SDF-1 exerts
cytoprotective actions on [3-cells?>727719616 and is expressed in
B-cells during development and re-expressed in adult B-cells in
response to [3-cell injuries.”” SDF-1 receptors, known as CXCR4,
are expressed at high levels on both a- and B-cells.””#

The treatment of mice with streptozotocin, a selective toxin for
B-cells that does not affect a-cells, resulted in the activation of
the pro-survival kinase Akt in a-cells in the mouse islets 6 h after
the administration of streptozotocin.® Further, in these same
studies a similar dose of streptozotocin given to transgenic mice
expressing the SDF-1 in B-cells, in contrast to wild-type mice,
resulted in a regeneration of 50% of the B-cells after 2 weeks.*
The islets of the wild-type mice two weeks after the administra-
tion of streptozotocin consisted almost entirely of a-cells.®* This
observation led to the conception of the B > A > B hypothesis of
paracrine and autocrine cross-talk between B- and a-cells and
a- and B-cells in the islets and that SDF-1 might be important
in the regeneration of injured B-cells’” (Fig. 3). In addition to
SDEF-1, the cytokine Interleukin-6 (IL-6) is a potential candidate
factor emanating from injured B-cells that might be involved in
a-cell-mediated B-cell regeneration. IL-6 also promotes a-cell
hyperplasia® and the production of GLP-1 by a-cells."” The
neutralization of IL-6 actions prevents the a-cell hyperplasia and
corresponding increase in GLP-1 production that occurs in diet-
induced obese mice.

Support for the B > A > B model is provided by studies dem-
onstrating the de-differentiation of o-cells and their re-dif-
ferentiation into B-cells in response to injury of B-cells by the
administration of stretozotocin. The administration of strepto-
zotocin to 4 d-old rat pups induced the expression of Ngn3 and
Pax 4 in a-cells, a maintenance of a-cells, and a 60% regenera-
tion of B-cell mass by 20 d."® Remarkably, a recent study found a
complete regeneration of islets and the amelioration of diabetes in
rats by four weeks following streptozotocin-induced ablation of
B-cells and the transient administration to the pancreas of expres-
sion plasmids encoding GLP-1, cyclin D1 and cyclin-dependent
kinase 4. GLP-1 expression alone resulted in about a 50%
improvement in glycemic control and a partial regeneration of
B-cells. Most notably, the precursor pool appears to be predomi-
nantly de-differentiated a-cells, pro-a-cells, as by 1 week after
the administration of streptozotocin and the expression plasmids,
the rapidly proliferating cells were located on the mantle (periph-
ery) of the islets and co-expressed glucagon, insulin, Ngn3, Sox9,
Pdx-1, Beta2/NeuroD, sonic hedgehog and amylase. This gene
expression profile of the precursor cells arising after severe injury
of the B-cells by streptozocin mimics key features of undiffer-
entiated islet endocrine precursors seen during embryonic devel-
opment. These observations provide compelling evidence that
latent B-cell precursors exist within the islets of adult rats.

The B > A > B model proposes the de-differentiation of mature
a-cells to undifferentiated pro-a-cells by SDEF-1-mediated
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Figure 3. Model illustrating the B > A > B hypothesis of the autocrine/
paracrine actions of SDF-1 and GLP-1 in a-cell-mediated regeneration
of B-cells. Stromal cell-derived factor-1 (SDF-1) produced by injured
B-cells acts on adjacent a-cells stimulating their de-differentiation to
pro-a-cells. SDF-1 activates Akt and Jak/STAT signaling pathways in ma-
ture, fully-differentiated a-cells resulting in the expression of PC1/3 and
the production of GLP-1. De-differentiated pro-a-cells express Ngn3, a
hallmark of endocrine progenitor cells and Pax4, a master determinant
of the differentiation of progenitor cells to 3-cells. GLP-1 produced

by pro-a-cells and SDF-1 signaling promote the trans-differentiation

of pro-a into B-cells. GLP-1 and SDF-1 participate in the proliferation
and the survival of both pro-a-cells and newly regenerated B-cells. A
deficiency of glucagon and insulin, the products of fully-differentiated
a- and B-cells, respectively, facilitates the transition of mature « to
pro-a to B-cells, i.e., glucagon and insulin are inhibitory to the progres-
sion of de-differentiation and trans-differentiation. Wnt signaling might
be involved in the signaling mediated by both SDF-1 and GLP-1 as both
hormones activate B-catenin/Tcf712-mediated downstream Wnt signal-
ing.3>3%1% The transcription factors Arx and Irx2 and Pdx1, Pax6 and
MafA define the phenotypes or mature a- and B-cells, respectively.'®1%

signaling emanating from the injured B-cells. The de-differen-
tiation of the a-cells by the actions of SDF-1 allows them to
expand, perhaps by activation of the Wnt signaling pathway,'*’
and renders them competent to trans-differentiate into B-cells
in the presence of GLP-1 signaling and the absence of insu-
lin and glucagon, which are proposed to suppress pro-a-cell
growth and differentiation. Mature a-cells, characterized by the
expression of PC2 and their production of glucagon, and the
transcription factors Arx,?® Pax6,'* and MafB,'*? are induced
to de-differentiate into pro-a-cells. The pro-endocrine tran-
scription factor Ngn3 is re-induced as a consequence of the de-
differentiation of mature a-cells to pro-a-cells. The pro-a-cells
express PC1/3 resulting in the production of GLP-1, and the
GLP-1 receptor is induced. Notably, as described earlier, pro-o-
cells express the GLP-1 receptor, which is not expressed on fully
differentiated a-cells in adult islets.”” The undifferentiated pro-
a-cells are then driven to trans-differentiate into 3-cells by the
activation of an autocrine GLP-1/GLP-1R axis that induces the
expression of the B-cell factor Pax4." It is proposed that in pro-
a-cells Ngn3 is an activator of the expression of Pax4.'? The
expression of Pax4 promoted by GLP-1 signaling transforms the
pro-a-cells into newly-regenerated B-cells that express the 3-cell
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transcription factors Pdx1, MafA, Pax4, Nkx2.2 and the insulin
gene.

Additional support for the notion that islet a-cells might have
the capacity do de-differentiate under conditions of -cell inju-
ries is provided by several studies of islet-derived endocrine cells
cultured in vitro showing that they de-differentiate, expand, and
can be re-differentiated into insulin-producing B-like cells.!**12¢
The sequence of de-diffentiation, expansion and re-differentia-
tion is similar to the epithelial to mesencymal transitions (EMT)
and mesenchymal to epithelial transitions (MET) that occur
during gastrulation and embryo development.'?7!?® These studies
in rats in vivo and in islet cells in vitro lend support to the B >
A > B hypothesis in which both paracrine and autocrine signal-
ing via the SDF-1/CXCR4 and the GLP-1/GLP-1R axes alter the
phenotypes of a- and B-cells in the promotion of their prolifera-
tion and survival.

Summary and Future Directions

The results of recent studies indicate that a-cells might have a
new and unexpected function in the islets and that function is
to serve as guardians for the repair and regeneration of injured
B-cells. The production of glucagon by fully differentiated
a-cells in the adult islets is an important, but not essential, func-
tion to maintain plasma glucose levels during the post-absorptive
state as mice lacking glucagon signaling remain relatively healthy.
This circumstance suggests that a-cells might have important
functions other than glucose production such as the regeneration
of B-cells. The a-cells situated adjacent to B-cells in the islets are
positioned to rescue injured B-cells via paracrine mechanisms.
Alpha-cells sense and respond to signals emanating from injured
B-cells, such as SDF-1, by initiating the local production of GLP-
1, a growth and survival factor for B-cells. In response to extreme
injury of B-cells, a-cells de-differentiate to pro-a-cells, similar to
embryonic endocrine progenitors and trans-differentiation into
new B-cells.

Much evidence has established that a-cells increase in num-
bers in response to 3-cell stress and injuries of various origins, as
well as to the absence of glucagon actions. Additional evidence
indicates that a-cells are progenitors of B-cells and under cer-
tain circumstances can trans-differentiate into -cells. Although
a-cells are plentiful in the islets of diabetic individuals and mice
and rats, B-cells are reduced in numbers and secretion of insulin
in response to nutrient signals is impaired.”””* Given these cir-
cumstances the question arises as to why (-cell mass and func-
tion is impaired in diabetes if a-cells are progenitors of B-cells? It
seems that hyperplastic a-cells are poised to become B-cells but
the environmental cues required to make this happen are missing.

One important avenue for future investigations is to identify the
factor(s) required to covert the abundance of a-cells into func-
tional B-cells that will make and secrete insulin in meaningful
amounts and in a regulated fashion.

The a-cells remaining after the depletion of B-cells are pro-
posed to be de-differentiated pro-a-cells that have been rendered
competent to commit to B-cells. However, under normal circum-
stances they do not commit to B-cells. The weight of the evidence
points to the transcription factors Arx and Pax4 as the master
determinants of the a- and B-cell types. A loss of Arx and/or a
gain of Pax4 function favor commitment of progenitor cells to a
B-cell phenotype. Approaches that reduce Arx activity might be
counterproductive. Loss of Arx functions decreases the formation
of a-cells, and if a-cells are obligate progenitors of B-cells, the
loss of Arx might reduce the pool of progenitors for B-cells. On
the other hand, inhibition of Arx expression might shunt pro-a
progenitors into the formation of B-cells. Increasing Pax4 func-
tion in pro-a-cells seems to be a more promising approach. The
overexpression of Pax4, in the presence of other factors, such as
Nkx2.2 and a phosphatidylinositol-3-kinase inhibitor, converts
embryonic stem cells to insulin-producing B-like cells in vitro'*-
132 and forced expression of Pax4 in the pancreatic lineage in mice
dramatically converts a- to B-cells.” The next question is how
to induce the expression of Pax4 in the pro-o-cells of B-cell-
depleted islets in diabetic individuals?

The promoter of Pax4 is under complex control by multiple
signal transduction pathways including PI3 kinase, mitogen-acti-
vated kinases and cAMP-activated kinase, and Smad signaling
by activin.” Downstream signaling activates nuclear transcrip-
tion factors and epigenetic mechanisms involving the actions
of hepatic nuclear factors la and 4a, Pdx1, Ngn3 and Beta2/
NeuroD that regulate Pax4 expression.'?'* Therefore, based
on the evidence that SDF-1/CXCR4 and GLP-1/GLP-1R axes
signaling is involved in the paracrine cross-talk between a- and
B-cells, it is tempting to speculate that a combination of SDF-1
and GLP-1 receptor agonism might coax the trans-differentia-
tion of a to B-cells. The SDF-1 receptor, CXCR4, is coupled to
G-protein Gi o and the GLP-1 receptor is coupled to G-protein
Gs o subunit. The combined signaling of SDF-1 and GLP-1
might be sufficient to activate the expression of Pax4 in a-cells
resulting in their trans-differentiation into B-cells.
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