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A role for islet neogenesis in curing diabetes
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INGAP Islet neogenesis-associated protein

Endogenous insulin deficiency is the tie that binds all forms
of diabetes. Definitive treatment or cure of type 1 and type
2 diabetes cannot occur without a durable reversal of
relative or absolute endogenous insulin deficiency. Current
efforts to restore physiological insulin secretion include (1)

islet or pancreas transplant; (2) exogenous cell therapies,
including differentiation of bone marrow cells and embry-
onic stem cells (ESCs); and (3) islet regeneration from
endogenous pancreatic cells. Although they would repre-
sent advances, islet or beta cell transplant [1, 2], the
artificial pancreas [3, 4], gene therapy [5], and even stem
cell therapy [6, 7] cannot be considered restorative
approaches unless the results are durable and have an
acceptable safety profile.

Islet transplantation, both allo- and xeno-, as a means of
reversing diabetes has been limited by graft durability and/
or donor supply, as well as the complications of surgery and
immunosuppression. However, progress is being made to
resolve these issues [1, 8]. Minimally invasive techniques
for the transplant of donor islets into the liver have been
developed, and extensive studies have refined the immu-
nosuppression required for transplant survival. At present,
the limiting problem for islet transplantation is obtaining
sufficient islets for the broad application of the technique. It
is hoped that work with stem cells will resolve this issue.

Early studies showed that ESCs did not achieve terminal
differentiation and had a low insulin content and a poor
response to glucose. Growth of the islet-like clusters from
ESCs was unbridled and, despite production of insulin, they
failed to cure diabetic mice [9]. Israeli scientists found
insulin-producing cells in embryoid bodies formed sponta-
neously from ESCs when they stop growing, but these did
not make sufficient insulin to reverse diabetes [10]. Soria
and colleagues used gene-trapping techniques to isolate
insulin-producing cells and transfected an antibiotic resis-
tance gene adjoined to the insulin promoter. When these
cells formed three-dimensional structures, the cells in-
creased insulin production to therapeutic levels but insulin
secretion remained insensitive to glucose [11]. More recent
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work has significantly improved the prospects for ESCs as
a source of cells for transplant. For example, in a series of
studies from a group at Novocell (San Diego, CA, USA),
ESCs were first differentiated into pancreatic endoderm,
which could subsequently be induced to differentiate into
glucose-sensitive insulin-secreting cells capable of protect-
ing mice from streptozotocin-induced diabetes [12, 13]. The
cells exhibited characteristics of beta cells and produced
circulating human insulin and C-peptide in transplanted
mice. However, ethical considerations constitute barriers to
the widespread availability of ESCs, which could poten-
tially provide a viable alternative source of beta cells.

Another approach is the development of new islets from
progenitor cells residing in the pancreas, termed islet
neogenesis. Advances in our understanding of pancreatic
embryogenesis and the maintenance of pancreatic endo-
crine tissue in adults have led to an appreciation of islet
neogenesis as a promising, and perhaps more immediate,
technology for restoring normal insulin secretion. In the
1980s, a model for islet neogenesis in adult mammalian
pancreas, developed by Rosenberg et al., showed that
pancreatic ductal cells can be induced to differentiate into
normal functioning adult endocrine cells [14]. More recent
studies have confirmed this concept, demonstrating that
progenitor cells located in the ductal epithelium of the
pancreas can be stimulated to develop into newly formed
beta cells and that these cells can be isolated for further
study [5]. When the tail of the pancreas in Balb/c mice was
ligated, there was an increase in the expression of Neurog3,
one of the earliest markers of islet differentiation. This was
accompanied by a doubling in beta cell mass, reflecting
induction of neogenesis, which led to isolation of endocrine
progenitor cells from the pancreatic duct epithelium.
Lineage tracing has recently confirmed the development
of endocrine tissue from duct cells in a duct ligation model
[15]. A great deal of interest is now being focused on the
factors responsible for the initiation of growth, growth
proliferation, differentiation into adult endocrine cells,
growth cessation and cell maintenance.

Studies of models of islet neogenesis have shown that
the acinar cell product known as islet neogenesis-associated
protein (INGAP) is found in pancreatic exocrine secretions
and appears to stimulate the growth and proliferation of
duct cells and their differentiation into endocrine cells [16,
17]. INGAP and a bioactive 15 amino acid synthetic
peptide (INGAP peptide) have been shown to be inducers
of islet neogenesis in a human islet system [18]. INGAP
peptide has shown evidence of islet neogenesis activity
across multiple species, including monkeys [19]. Rosenberg
et al. showed that INGAP peptide can reverse a mouse
model of diabetes induced by streptozotocin [20]. Recent
reports of human studies with INGAP peptide exemplify
one of the few efforts to develop not just a palliative

approach to diabetes, but a restorative one. These trials
showed a reduction in HbA1c level of approximately 1% in
type 2 diabetic patients and a statistically significant
improvement in endogenous insulin secretion in type 1
diabetic patients after 3 months of treatment (J. B. Buse, K.
Dungan, R. Ratner, unpublished data). Because these trials
did not reverse insulin dependence, they suggest a potential
need to address ongoing islet pathologies alongside
induction of islet neogenesis. Information on this therapeu-
tic approach has recently been extended by the demonstra-
tion that a combination of INGAP and lisofylline, an
immunomodulator, can reverse established type 1 diabetes
in NOD mice used as a model of the condition [21]. The
reversal is accompanied by histological evidence of new
islet formation. Furthermore, reports from several groups
provide supporting evidence for the development of
INGAP peptide as a therapy for type 2 diabetes [16, 22,
23]. INGAP peptide, alone or in combination with an
immunomodulatory agent, may be a bona fide candidate for
treating both type 1 and type 2 diabetes, removing the need
for insulin treatment.

Other stimuli have been demonstrated to exert neogenic
effects on the endocrine pancreas. The combination of
epidermal growth factor (EGF) and gastrin has been shown
to stimulate islet neogenesis in both animal and human
studies [24]. EGF, however, is a powerful non-specific
growth factor that is implicated in carcinogenesis and may
not be a good candidate for a drug. Exenatide, a long-acting
analogue of glucagon-like peptide 1 (GLP-1), has shown
evidence of induction of islet neogenesis in rodents [25],
although exenatide did not show evidence of islet neo-
genesis in a chronic non-human primate toxicology study,
and no such activity has been reported during the marketed
use of exenatide. Islet neogenesis has been reported in
human pancreatic tissue transplanted into NOD/severe
combined immunodeficient mice in response to GLP-1
and gastrin [26]. Of interest, neither agent alone reduced
hyperglycaemia in the mice. In the report from Xu et al.,
transfection of Neurog3 into pancreatic duct cells also
stimulated islet neogenesis [5]. Thus, there are a number of
agents that may enhance islet neogenesis from pancreatic
duct progenitor cells in the mature pancreas. Finding the
best combination for normalisation of blood glucose is the
next step towards ameliorating diabetes.

It has been questioned whether or not islet neogenesis
from progenitor cells occurs in the adult pancreas [27], but
this debate is coming to a close. Human islet tissue has
been shown to be able to revert to duct-like structures,
which can be induced back to ‘neoislets’ [28]. This system
has been adapted to measure islet neogenesis as a
pharmacological activity as well as to elucidate the
provenance of islet tissue [18, 28]. Application of growth-
promoting substances to ductal cells in culture have
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stimulated these to grow and express PDX1, which encodes
the transcription factor necessary for endocrine cell devel-
opment [29, 30]. At this stage, adding matrigel with a
switch to a medium containing keratinocyte growth factor
and nicotinamide induces the cells to form cultivated
human islet buds that produce a small amount of insulin
in response to glucose. The biggest limitation was the
inability to form the number of cells required to reverse
diabetes.

In a recent paradigm shift, differentiated adult pancreatic
exocrine cells were induced to de-differentiate and subse-
quently re-differentiate to become beta cell-like [31].
Intriguingly, in a manner analogous to the conversion of
adult cells into induced pluripotent stem cells, this
conversion was achieved by the introduction of a small
number of transcription factors. Key signalling pathways
associated with de-/re-differentiation from mouse exocrine
cells have been identified [31] and have been implicated in
the process of islet neogenesis [14, 32]. Clearly, results in
this area, while important, are at an early stage. The
drawbacks to therapies based on this paradigm include their
reliance on virus vectors to efficiently deliver transcription
factors to target cells. Moreover, treatment must be
continued for maintenance of an adequate pool of insulin-
secreting cells. Furthermore, the immunological character-
istics of the re-differentiated cells need to be studied to
determine whether acinar cell conversion offers an accept-
able alternative to islet transplant, which is clinically tested
and does not involve gene therapy. While in situ conversion
of exocrine pancreatic cells has the advantage of achieving
beta cell function in the pancreas, not in the liver, as is the
case for islet transplantation, the process has so far only
resulted in the generation of isolated beta cells, not islets.
These beta cells do not organise into islet-like structures
and are devoid of other islet cells that secrete other
hormones important for metabolic control. Nevertheless,
this technology could offer a solution to the current
problem of the limited availability of functional beta cells.
While clinical trials of this approach are years away,
investigations to date have demonstrated that the simple
introduction of a small number of transcription factors can
alter cell type. Decades may be required to fully understand
the benefits and risks of this technology, but it does offer
the exciting possibility of achieving patient-specific cell
therapies.

Rather than struggle with the propensity of non-
pancreatic stem cells to revert to their former state and the
difficulties of identifying the necessary control mechanisms
for transitioning ESCs into pancreatic stem cells, it appears
that we need look no further than the pancreas itself as a
source of more advanced stem or progenitor cells. There is
now abundant evidence that cells in the pancreas can be
coaxed to develop by pharmacological means not just into

beta cells, but also into normal islets. The questions are:
With what cells do you start, how do you treat them, and
what do you get? Why, then, not harness nature’s cascade
of events that underlie the normal development and
maintenance of pancreatic endocrine tissue? It is an
investigational road that has been less travelled, but may
more quickly lead to reversing a root cause of all forms of
diabetes.

Duality of interest The authors are co-inventors of INGAP and
INGAP-related technologies.
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