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Abstract

Controversy over whether pancreatic islet cells arise from adult stem or progenitor-like cells actually
predates the discovery of insulin, and the recent use of islet transplantation to treat diabetes has only intensified
interest in this question. Recent breakthroughs, particularly those based on Cre-loxP lineage-tracing in the
mouse, have resolved some aspects of this controversy, but not all. We now know that insulin-producing β-
cells and other islet cells derive from multipotent progenitors in the embryo, but that their maintenance and
expansion in postnatal life is driven primarily by proliferation of existing differentiated cells. This appears to
be true even during regeneration, and seems to apply to the exocrine acinar cells as well as islets. Following
pancreatic duct ligation, however, islet precursors re-appear in the injured pancreas, arising from ducts and
differentiating into new islet cells. Thus, while the pancreas does not normally rely on classical stem cells, a stem
cell-like mechanism for new islet differentiation may be inducible under specific circumstances. Understanding
the signals that promote β-cell formation in the embryo and adult should facilitate efforts to derive clinically-
useful β-cells in vitro, either from adult ducts or embryonic stem cells.

1. Introduction

Type I diabetes is caused by the autoimmune destruction of pancreatic β-cells, and has emerged as a case study
for stem cell-based “regenerative medicine.” Its selling point is the idea that the location of β-cells within the pancreas
is irrelevant to their ability to regulate blood sugar through insulin release. Moved elsewhere, so long as they have
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access to the circulation, β-cells should function to maintain glucose homeostasis – a hypothesis amply supported by
animal studies (Ballinger and Lacy, 1972), and now the basis for clinical islet transplantation in humans (Naftanel and
Harlan, 2004).

Islet transplantation confronts formidable hurdles as a treatment for type I diabetes, such as blocking autoimmu-
nity and preserving graft function. When these difficulties are overcome, however, the approach will still be hampered
by the scarcity of cadaver-derived islets. Three potential solutions have been proposed: first, to enhance replication of
islet cells in vitro, “stretching” the limited supply; second, to isolate adult stem cells from the pancreas that can expand
and produce new β-cells; third, to manipulate embryonic stem (ES) cells so that they adopt a β-cell identity.

The first of these approaches, recently discussed elsewhere (Dhawan et al., 2007; Nir and Dor, 2005), is beyond
the scope of this review, although we will discuss the contribution of β-cell proliferation to islet regeneration following
injury. With respect to the second approach, we will consider the existence of stem cells in the adult pancreas, and
discuss how they might be exploited clinically. Finally, we will discuss recent advances toward β-cell derivation from
ES cells, and consider how this approach might benefit both basic and clinical researchers. As any of these strategies
will depend on understanding normal pancreas development and homeostasis, it is here that we will begin our
review.

2. The normal pancreas: embryonic development and adult homeostasis

The mammalian pancreas arises from two evaginations in the posterior foregut, one dorsal and one ventral,
which expand into the tail and head, respectively, of the mature organ. The first evidence of pancreas development,
at embryonic day 8.5 (E8.5) in the mouse, is expression of the homeodomain transcription factor Pdx1 within the
cells that will evaginate to form the pancreatic buds (Ohlsson et al., 1993). Shortly thereafter, these undifferentiated
progenitor cells begin to express the bHLH transcription factor Ptf1a (Burlison et al., 2008; Kawaguchi et al., 2002), as
well as the digestive enzyme Cpa1 (Zhou et al., 2007). Genetic lineage-tracing, using the Cre-loxP system, indicates
that essentially all mature pancreatic cells, including acini, ducts and islets, arise from these Pdx1+/Ptf1a+ progenitor
cells (Gu et al., 2002; Kawaguchi et al., 2002). Moreover, in both mice and humans, pancreas growth and differentiation
are nearly abolished when either of these genes is mutated (Jonsson et al., 1994; Kawaguchi et al., 2002; Krapp et al.,
1998; Sellick et al., 2004; Stoffers et al., 1997). Although there have been few thorough studies of human embryonic
and fetal pancreas development, the weight of evidence indicates overall similarity to that of rodents (Castaing et al.,
2005; Piper et al., 2004; Sarkar et al., 2008).

Space does not permit a full discussion of the complexities of pancreas development, which have been reviewed
elsewhere (Collombat et al., 2006; Dhawan et al., 2007; Murtaugh, 2007). We will focus instead on the issue of
pancreatic lineages, as it relates directly to the question of pancreatic stem cells. Figure 1 summarizes a number of
mouse lineage-tracing experiments, the important elements of which are as follows:

• Nearly all mature pancreatic cells arise from primitive cells expressing Pdx1 and Ptf1a (Gu et al., 2002; Kawaguchi
et al., 2002).

• At least some of these cells, expressing low levels of the acinar enzyme Cpa1, are self-renewing, multipotent
progenitors (Zhou et al., 2007).

• Transient expression of the bHLH transcription factor Neurog3/Ngn3 marks specification of these progenitors to
the islet lineage (Gu et al., 2002).

• At E13.5, coincident with massive differentiation of both endocrine and exocrine cells (the so-called “secondary
transition”; Pictet and Rutter, 1972), Cpa1 expression becomes acinar-specific, and no longer marks multipotent
progenitors (Zhou et al., 2007).

• In the postnatal pancreas, absent injury, there is no evidence for stem or progenitor cell contribution to either
endocrine or exocrine cells, the growth of which can be accounted for by division of existing differentiated cells
(Desai et al., 2007; Dor et al., 2004; Strobel et al., 2007).

These last findings represent only the latest word in a debate about adult “neogenesis,” i.e. the differentiation of
new islets from stem or precursor cells, that has been active since the late 19th-century (Bensley, 1911; Bonner-Weir
and Weir, 2005). Fueling this argument are two long-standing observations: first, that islet (and β-cell) mass continues
to increase after birth, and second, that islet cells and their precursors in the embryo are found to reside in or near
ductal structures (see Figure 2). If embryonic ducts can differentiate into islets, why not those of the adult? On the
other hand, the rates of postnatal islet proliferation and death are generally low, and there is no obvious proliferative
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Figure 1. Pancreatic lineages in the mouse. Pancreas specification within the foregut endoderm is first indicated by expression of the transcription factor
Pdx1, which marks the progenitors of all exocrine and endocrine cell types. As the embryonic organ grows, multipotent progenitor cells also express the
transcription factor Ptf1a and the digestive enzyme Cpa1. These progenitors are later segregated into specific sub-lineages, prior to differentiation. Acinar
cells arise from precursors that express high levels of Ptf1a and Cpa1, while islet cells arise from precursors that transiently express the transcription factor
Neurog3. Although Neurog3-expressing cells arise from duct-like epithelial progenitors (see Figure 2), the lineage relationship between these structures and
the ducts of the mature organ is unclear (question marks).

niche such as is found in the skin or intestines. As the differentiated cells of those tissues are short-lived, they must be
replenished by a classical stem cell compartment; the slow turnover of islet cells may not require such a mechanism.
On the other hand, as we will discuss, β-cells exhibit some capacity for regeneration after injury, and it is possible
that some of this capacity reflects the activity of “facultative stem cells” similar to those proposed to exist in the liver
(Michalopoulos, 2007).

The field is therefore divided into camps that we term “expansionist,” believing that β-cell mass increases via
replication of existing β-cells, and “neogenicist,” arguing that at least some of this increase reflects differentiation
of islet precursor cells. Two lines of evidence support the expansionist position. The first concerns Neurog3, the
expression of which marks the precursors of all islet cells (Gu et al., 2002), and which is necessary and sufficient for
endocrine specification in vivo (Apelqvist et al., 1999; Gradwohl et al., 2000; Johansson et al., 2007; Schwitzgebel
et al., 2000). Neurog3 expression is thus the sine qua non of islet development, yet it is expression is undetectable
in the adult pancreas, including ducts (Gradwohl et al., 2000; Lee et al., 2006; Schwitzgebel et al., 2000). These
findings, or more precisely the lack thereof, suggest that adult islet precursor cells do not exist.

Neogenicists might argue that the slow postnatal increase in β-cell mass requires very few islet precursors
at any one time, perhaps easy to overlook. Furthermore, as we discuss below, it may be that neogenesis “ramps
up” only when β-cell mass is lost to injury or disease. The strongest expansionist counter-argument is the seminal
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Figure 2. Relationship between developing islet and duct cells. Co-immunofluorescence staining of Neurog3 (green) and the duct marker Muc1 (red),
in E13.5 mouse pancreas, reveals the intimate relationship between islet precursor cells and duct-like structures A. This can also be appreciated from
co-immunohistochemistry for insulin (red) and the duct marker cytokeratin-19 (brown) on sections of human fetal pancreas B–D. At early gestational ages
(8.5–10.5 weeks post-coitum), β-cells are located within ductal structures, and co-express insulin and CK19. At later ages (14 wpc-adult), CK19-negative
β-cells aggregate outside the ductal network. Panels B–D are adapted from Piper et al. (Piper et al., 2004). B–D copyright Society for Endocrinology (2004),
reproduced by permission.
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lineage-tracing study of Dor and colleagues (Dor et al., 2004), the results of which are schematized in Figure 3A.
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Figure 3. Sources of new adult β-cells. A. “Pulse-chase” lineage-tracing studies (Dor et al., 2004; Nir et al., 2007) involve Cre-loxP-induced marking of
pre-existing β-cells with heritable expression of a neutral transgene such as alkaline phosphatase (purple nuclei within blue β-cells, left). During homeostasis
and growth, or following removal of β-cells by partial pancreatectomy or ablation with diphtheria toxin, β-cell numbers are maintained or restored by
division of pre-existing β-cells (similar fraction of labeled β-cells after growth/injury, right). B. While there is no evidence for neogenesis from ductal cells
in the uninjured pancreas (question mark, left), new Neurog3-expressing islet precursors appear after duct ligation, giving rise to new islet cells including
β-cells (right) (Xu et al., 2008). Although Neurog3+ cells seem to derive from ducts, formal lineage-tracing has not ruled out the possibility that they might
arise from centroacinar or acinar cells (question mark, right). This study predicts that pulse-chase labeling of pre-existing β-cells, before duct ligation, should
reveal no contribution to the duct-derived β-cells that arise from injury-induced neogenesis (unlabeled islet cell nuclei).

Briefly, these researchers used an inducible Cre-loxP system to heritably mark a fraction of islet cells (the “pulse,”
indicated as purple nuclei on the left side of Figure 3A). This marking was performed while the mice were young
(6-8 weeks), and a subset of the mice were immediately sacrificed and analyzed for labeling index. The remaining
mice were allowed to age for up to a year (the “chase”), during which time β-cell numbers increased several fold.
If this increase was due to neogenesis, the β-cells labeling index should have fallen due to influx of unmarked islet
precursor cells. Instead, the labeling index remained constant during the chase (see Figure 3A, right), supporting the
expansionist model (Dor et al., 2004).

This model has since acquired independent support from alternative pulse-chase paradigms, using novel lineage-
tracing techniques (Brennand et al., 2007) or sensitive measurement of proliferation kinetics (Teta et al., 2007). These
studies present a powerful contrast to those based mainly on histology. For example, small β-cell clusters, or solitary
β-cells adjacent to ducts, are frequently interpreted as products of neogenesis (Bouwens and Pipeleers, 1998; Wang
et al., 1993). Analysis of these structures by lineage-tracing (Dor et al., 2004) and cell proliferation kinetics (Teta
et al., 2007), however, strongly suggests that the majority of them originate from pre-existing β-cells.

Even if neogenesis does not make a major contribution for normal β-cell maintenance and growth, the process
may be activated following damage to the pancreas or to the β-cells themselves. We will examine this possibility in
the next sections, but we should first note that there is no evidence for such compensatory behavior by progenitor cells
of the embryonic pancreas. Instead, if a subset of progenitors is destroyed in utero, by expression of a toxic transgene,
the organ remains proportionally smaller in mass (Stanger et al., 2007). If compensation for lost cells does occur in
adults, the underlying phenomenon is unlikely to simply recapitulate embryonic organogenesis.

3. Pancreatic regeneration: re-growth or re-differentiation?

The pancreas is no liver – if half is excised, the remnant will not double in size. The same applies to β-cells,
which can be targeted for experimental destruction by various means. Nonetheless, both the pancreas and its β-cells
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are capable of at least modest regeneration following surgical, chemical or transgenic injury, in some cases sufficient
to reverse hyperglycemia (reviewed in Bouwens and Rooman, 2005). Do these situations, in which the normally slow
mitotic engine of the adult organ shifts into high gear, reveal a role for pancreatic stem cells?

For several decades, researchers have generated rodent models of diabetes by poisoning β-cells with relatively
selective compounds, most commonly streptozotocin (Bouwens and Rooman, 2005; Lenzen, 2008). As a rule, the
effects of these treatments are irreversible, although development of diabetes is more gradual with lower doses and
younger animals (Junod et al., 1969; Like and Rossini, 1976). Nonetheless, β-cell numbers do appear to rebound
moderately following high-dose streptozotocin (STZ) treatment of young rats, or low-dose treatment of adult mice
(Bonner-Weir et al., 1981; Dutrillaux et al., 1982; Krishnamurthy et al., 2006; Teta et al., 2005). This system exemplifies
a problem in the field: β-cell regeneration occurs only after less-than-complete destruction of existing cells. It
is therefore hard to know if new β-cells arise via neogenesis or expansion of residual survivors. While analysis
of proliferation kinetics supports the latter model (Teta et al., 2005; Wang et al., 1994), there have not yet been
any genetic marking experiments in which pre-existing β-cells are marked and traced through the regeneration
process.

The fact that normal animals almost never recover from STZ-induced diabetes makes it a questionable model
for regeneration. As an alternative, Nir et al (Nir et al., 2007) developed a bi-transgenic mouse strategy in which
the diphtheria toxin A (DTA) subunit is expressed, in a regulateable fashion, within mature β-cells. The potent
and cell-autonomous lethality of DTA produces an all-or-nothing model of β-cell killing, in which individual cells
either express DTA and die, or fail to express the gene and survive. In this system, transgene activation causes
rapid development of diabetes, which is reversible upon transgene deactivation. The return to normoglycemia takes
several weeks, and is accompanied by an almost complete restoration of β-cell mass. Importantly, simultaneous
genetic lineage-tracing reveals that the new β-cells arise via mitotic expansion of pre-existing β-cells (Nir et al.,
2007).

What about more extreme models of β-cell and pancreatic damage and regeneration? Partial pancreatectomy
has been a favorite model of pancreatic regeneration for many years, and rodents can restore lost β-cell mass following
removal of the majority of the organ (Brockenbrough et al., 1988). Several lines of evidence, however, have converged
to indicate that this process – which is slow and often incomplete – is driven by expansion rather than neogenesis.
First, when existing β-cells are genetically marked prior to pancreatectomy, identical labeling indices are found before
and after regeneration (Dor et al., 2004). Second, proliferation kinetic studies indicate enhanced β-cell mitosis post-
pancreatectomy, and no sign of differentiation from ductal progenitors (Teta et al., 2007). Finally, Neurog3 expression
is not re-activated during regeneration, as might be expected for a process that recapitulates fetal neogenesis (Lee
et al., 2006).

One caveat to these mouse studies is that they have involved 50–70% pancreatectomy, rather than the subtotal
(90–95%) removal that has been reported to produce neogenesis in rats, with histological evidence of duct-to-islet
differentiation (Bonner-Weir et al., 1993). Whether Neurog3 is re-expressed in the rat model is not yet known, but
a positive result would be especially compelling given recent evidence, discussed below, that Neurog3-dependent
neogenesis can be induced in adult mouse ducts (Xu et al., 2008). A further caveat, possibly more important, is that the
mouse studies might not have had sufficient statistical power to exclude a minor contribution from ductal neogenesis.
For this reason, it would be extremely helpful to have an inducible, duct-specific Cre line, analogous to that used by
Dor and colleagues (Dor et al., 2004) to mark pre-existing β-cells. By marking duct cells prior to injury, one should
be able to detect even a minor contribution on their part to regenerated β-cells. Until such experiments have been
performed, it seems prudent to conclude that regeneration of lost β-cells generally involves expansion of those cells
left behind, rather than neogenesis (see Figure 3A). β-cell proliferation is known to accelerate under physiological
conditions of high insulin demand, such as pregnancy, and this same mechanism may be employed during regeneration
(Bouwens and Rooman, 2005).

Before moving on, we should pause to consider the question – less well studied – of whether stem cells exist
for the exocrine pancreas. The exocrine pancreas can also regenerate following partial pancreatectomy, although
the extent appears to be less than that of the β-cells (Brockenbrough et al., 1988; Desai et al., 2007). Other injury
models exist for acinar cells, such as treatment with high levels of the secretagogue caerulein, in which acinar
cells are initially destroyed and later recover (Willemer et al., 1992). Remnant duct and/or acinar cells appear to
revert to a more progenitor-like state in these models; for example, Pdx1 expression is highly upregulated, and their
proliferation rate increases (Jensen et al., 2005; Sharma et al., 1999). Lineage-tracing studies indicate that the recovery
in acinar mass in these models occurs not via differentiation of new acini from ductal or other progenitors, however,
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but by expansion of those acinar cells that survived injury (Desai et al., 2007; Strobel et al., 2007). The acinar cells
themselves generally do not change fate during this process, although after repeated caerulein treatment a small number
of acinar cells seem to adopt a duct-like phenotype (Desai et al., 2007; Strobel et al., 2007). Proliferation of existing
differentiated cells therefore appears to be the rule for growth and regeneration in the adult pancreas, endocrine and
exocrine.

4. The exception that proves the rule: pancreatic duct ligation

All doubt regarding duct-to-islet neogenesis could be resolved with a duct-specific inducible Cre transgenic
mouse. While no such mouse is yet described, the impetus for its development has become overwhelming in light
of recent work providing very strong evidence of in vivo β-cell neogenesis (Xu et al., 2008). This study made use
of pancreatic duct ligation (PDL), in which the main duct of the splenic lobe is tied off, causing massive death of
distal acinar cells. In rats, PDL induced β-cell mass within the ligated portion to double within a week, while the
unligated portion remains unchanged (Wang et al., 1995). This increase is too rapid to be accounted for by the observed
proliferation rate of existing β-cells, and the model presents histological evidence of neogenesis from ducts (Wang
et al., 1995). Importantly, PDL differs from the injury models described above in that it does not involve loss of
pre-existing β-cells, nor even transient hyperglycemia (Wang et al., 1995; Xu et al., 2008). Indeed, Frederick Banting
exploited the acinar deletion caused by PDL, and the resulting elimination of contaminating proteases, in his initial
efforts to isolate insulin (Banting, 1925). We are therefore reluctant to desribe the PDL model as “regeneration”
per se, as it involves production of extra β-cells rather than the replacement of β-cells lost to injury. In addition,
the signals involved are probably distinct from those that couple β-cell mass to physiological insulin demand, as
there is no hyperglycemia, and the unligated portion of the organ is completely unaffected. Presumably some very
local signal is activated after duct ligation, perhaps triggered by acinar cell death or inflammation, and perhaps more
similar to the signals that regulate embryonic islet development than those normally involved in maintaining adult
β-cell mass.

Neurog3 expression studies provide the best evidence for neogenesis following PDL (Xu et al., 2008). As
noted above, Neurog3 is not normally expressed in the adult pancreas, even after pancreatectomy. Following PDL,
however, several assays indicated its re-expression: realtime PCR analysis of total pancreatic RNA, immunostaining
with a monoclonal anti-Neurog3 antibody, and expression of three independent Neurog3-driven reporter genes (both
transgenic and knock-in). As the perdurance of these reporters exceed that of Neurog3 itself, Xu and colleagues
were able to show that their expression initiated in duct cells and persisted into new islet cells, including β-cells.
Furthermore, lentiviral knockdown of Neurog3 in the ligated pancreas blocked the doubling of β-cell mass, consistent
with the need for Neurog3 in fetal islet development (Gradwohl et al., 2000; Xu et al., 2008).

Together, the results of this study strongly indicate that duct ligation induces β-cell neogenesis. Furthermore, if
the β-cell “pulse-chase” paradigm was to be applied to this system (Dor et al., 2004), we would predict a large increase
in the proportion of unlabeled β-cells, reflecting a doubling of β-cell mass due primarily to neogenesis (see Figure 3B).
This experiment has not yet been performed, although the reagents clearly exist. As noted above, many uncertainties
regarding neogenesis could be clarified with a duct-specific inducible Cre driver line, which should robustly confirm
the ductal origin of new β-cells formed after PDL. Assuming that the conclusions of Xu and colleagues (Xu et al.,
2008) are confirmed by lineage-tracing of duct cells, it raises three immediate questions: first, what signals are
responsible for evoking Neurog3 re-expression and islet neogenesis; second, is there a special subset of duct cells
that can undergo islet differentiation, or does the abnormal environment, post-PDL, trigger stochastic conversion of
normal duct cells into islet precursors; third, can these signals can be used to induce β-cell differentiation from human
duct cells?

Although there is no obvious answer to the first question, it should be noted that islet neogenesis appears to
occur in the ducts of transgenic mice expressing interferon-γ in β-cells; as in the PDL model, the pancreata of these
mice exhibit inflammation and immune cell infiltration, but not hyperglycemia (Gu et al., 1994; Gu and Sarvetnick,
1993). (Whether Neurog3 is upregulated in these mice is unknown.) An inflammatory signal may therefore comprise
part of the trigger for ductal neogenesis. The second question is equally hard to answer; interestingly, a similar issue
has been raised regarding the role of astrocytes as adult neural stem cells: are the neurogenic astrocytes intrinsically
unique, or is their stem cell behavior determined by their niche (Riquelme et al., 2008)?

The third question, of whether human duct cells can be converted into β-cells, is the subject to which we now turn.
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5. Duct-to-islet differentiation: in vitro veritas?

The possibility of deriving β-cells in culture, via differentiation of ductal or other adult progenitor cells, has
been intensely studied over the past several years, with successes reported using both mouse and human tissue
(Bonner-Weir et al., 2000; Gao et al., 2005; Ramiya et al., 2000; Seaberg et al., 2004; Suzuki et al., 2004; Zulewski
et al., 2001). None of these methods has yet achieved widespread use, however, and two general problems seem
to bedevil studies in this area. First, not knowing the signals that trigger endocrine differentiation, in utero or in
adults (e.g. following PDL), makes it hard to design rational culture conditions to optimize the process. Second,
most pancreatic cell preparations – even those from which intact islets have been separated – are contaminated by
pre-existing β-cells. Survival and expansion of those β-cells during culture will make it hard to detect true neogenesis.
Indeed, one group has reported that prior removal of rare islet cells from a duct preparation, by sorting against the
islet cell surface marker NCAM, almost completely eliminated in vitro neogenesis (Gao et al., 2005). This might
imply that a phenomenon widely interpreted as neogenesis actually represents the expansion of pre-existing islet cells
in vitro, or else that islet precursors express a marker, NCAM, generally assumed to be specific to differentiated
endocrine cells.

Two other recent studies, meanwhile, do provide strong evidence for islet differentiation in culture from
adult non-islet cells; although their approaches differ, they converge on one intriguing point. Hao and colleagues
(Hao et al., 2006) found that culturing adult human pancreas cells with the aminoglycoside antibiotic G418 would
eliminate both mesenchymal cells as well as pre-existing β-cells. The remaining non-endocrine pancreatic epithe-
lial cells (NEPECs) did not form β-cells in culture, or upon transplantation to the mouse kidney capsule. When
co-transplanted with human fetal islet cell clusters (a mix of islet, epithelial and mesenchymal tissue), however,
10-20% of NEPECs differentiated into insulin+ β-cells (Hao et al., 2006). In separate work, Yatoh and colleagues
(Yatoh et al., 2007) purified duct cells from adult human pancreas by sorting for the duct cell surface antigen CA19-9.
The purified duct cells did not form β-cell differentiation in culture, or when transplanted to the mouse kidney capsule;
when aggregated with pancreatic stromal fibroblasts prior to transplantation, however, ∼1% of the duct cells underwent
β-cell differentiation (Yatoh et al., 2007).

Although these studies used different methods to isolate starting material (and report very different efficiencies of
β-cell neogenesis), they share the fact that neogenesis occurred only following transplantation to the kidney capsule,
and required co-transplantation with “helper cells.” The kidney capsule is known to be a favorable environment
for differentiation of transplanted fetal islets (Castaing et al., 2005; Hayek and Beattie, 1997), and the expansion
of embryonic islet progenitors is promoted by association with mesenchymal cells (Duvillie et al., 2006; Miralles
et al., 2006). Thus, the progenitor-like behavior observed in these studies parallels that seen in utero, including the
unfortunate fact that it works best under conditions that are not easily mimicked in vitro.

Together with the duct ligation work described above (Xu et al., 2008), these studies suggest that the short supply
of donor islets could be “stretched” by expansion and differentiation of progenitor-like cells within the leftover exocrine
tissue. (A shortcoming of the culture studies, however, is that they have not yet documented Neurog3 expression by
the putative precursor cells.) The fact that neogenesis only occurs after transplantation also raises concerns about
its eventual clinical applicability; something critical happens in vivo that cannot be reproduced under controlled
conditions in vitro. As we discuss in the next and final section, this in vivo/in vitro dichotomy also applies to another
proposed source of new β-cells, embryonic stem cells.

6. From embryonic stem cell to beta-cell

This review has focused on what goes on inside the pancreas, and in particular whether one can obtain stem
cells – or cells with similarly useful properties – from the pancreas. In this penultimate section, we will take a detour
to consider the opposite question: can one obtain pancreas from stem cells, specifically embryonic stem (ES) cells? A
full consideration of the ES cell-to-pancreas literature is outside the scope of this review; we refer interested readers to
several other, excellent reviews that treat the topic at length, including its numerous pitfalls and false starts (Madsen,
2005; Murry and Keller, 2008; Spence and Wells, 2007).

The attraction of ES cells as a potential source of pancreatic tissue, including islets, is their capacity to differentiate
into any cell type. This is proven for mouse ES cells, which can reconstitute an entire embryo (Nagy et al., 1993), and
correlative evidence suggests that their human counterparts (hESCs) are similarly pluripotent (Odorico et al., 2001).
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The fact that ES cells can become pancreas in a mouse, however, does not mean that they are easily compelled to
do so in a dish. Work in a number of “directed differentiation” paradigms, including pancreas, suggests that success
depends on recapitulating, in vitro, the steps that occur during normal development in vivo (Murry and Keller, 2008;
Spence and Wells, 2007). Among the first steps of pancreas development is the induction of definitive endoderm,
which requires signaling by transforming growth factor-β (TGFβ) proteins of the activin or Nodal families (Gamer
and Wright, 1995; Henry et al., 1996; Tremblay et al., 2000). Applying this insight to ES cell differentiation, it has
recently been shown that both mouse and human ES cells can be robustly converted to endoderm by treatment with
activin or Nodal (D’Amour et al., 2005; Kubo et al., 2004; Yasunaga et al., 2005).

Several groups have since exploited additional known regulators of pancreas development, such as FGF10 and
retinoic acid, to push ES cells further down the path of β-cell differentiation (D’Amour et al., 2006; Jiang et al.,
2007; Micallef et al., 2005; Nakanishi et al., 2007). The work of D’Amour and colleagues (D’Amour et al., 2006) is
particularly compelling, as it was performed entirely in monolayer culture, and resulted in highly efficient generation
of cells expressing pancreatic progenitor markers. Although insulin-producing cells did develop in these cultures,
however, they appeared to be immature, and were not glucose-responsive. More recently, this group and another have
transplanted hESC-derived pancreatic progenitors into the mouse kidney capsule or fat pad, and shown that these
environments can promote differentiation of mature, functional human β-cells (Kroon et al., 2008; Shim et al., 2007).
The nature of the signals provided at the site of transplantation are unknown, although, as noted above, very similar
findings were made with cells derived from the adult pancreatic duct (Hao et al., 2006; Yatoh et al., 2007). One
potentially important element present in vivo, and absent from in vitro cultures, is the host endothelium. Endothelial
cells have been shown to promote insulin expression and β-cell proliferation (Lammert et al., 2001; Nikolova et al.,
2006), and could contribute a critical signal for the final differentiation of β-cells from both embryonic and adult stem
cells.

Even before all the steps are worked out for converting ES cells to β-cells, they should provide a useful test
platform for basic research on pancreas and islet development. Mouse knockout and transgenic studies have provided
a long list of genes important for various steps of pancreas development, yet the underlying circuitry through which
these genes interact has proven hard to decipher from simple knockout and overexpression studies. A reproducible
ES cell differentiation system – even if not pristine enough for clinical use – should permit quick testing of existing
hypotheses as well as generation of new ones. Critical insights gained in ES cells can then be definitively tested in
vivo, establishing a virtuous circle in which data from one system informs experiments in the other.

7. Conclusions

The past several years have seen a wealth of new data on the origin of differentiated cells in the embryonic and
adult pancreas, and we have been obliged to revise our opinions about pancreatic stem cells and β-cell neogenesis
accordingly. Prior to the widespread use of genetic lineage-tracing, we were inclined to accept histological evidence
of neogenesis, particularly following injury (Murtaugh and Melton, 2003). Once lineage-tracing studies revealed that
division of pre-existing β-cell could account for both growth and regeneration, however (Dor et al., 2004), our view
of neogenesis became more skeptical (Murtaugh, 2007). Today, with the recent evidence that pancreatic duct ligation
can induce bona fide, Neurog3-dependent islet neogenesis (Xu et al., 2008), we are left with a more mixed view, as
follows:

• The embryo does contain self-renewing, multipotent progenitor cells, co-expressing Pdx1, Ptf1a and Cpa1. These
are not classical stem cells, however, as they do not undergo continued self-renewal through adulthood, but
differentiate prior to birth (see Figure 1). Furthermore, when a subset of these cells is destroyed, the others are
unable to expand to replace them.

• There is a mechanism to replace lost β-cells in the adult, but it depends primarily on expansion of pre-existing
β-cells rather than differentiation of stem or precursor cells (see Figure 3A). A similar expansionist mechanism
seems to be in place for acinar cells as well.

• When the exocrine pancreas is injured by duct ligation, a remarkably rapid and robust process of neogenesis is
initiated, in which Neurog3-expressing islet precursors arise in the ducts and differentiate into new β-cells (and
other endocrine cell types, Figure 3B). This response is not quite the same as what we typically call “regeneration”:
duct ligation does not destroy endogenous β-cells, nor does the animal experience hyperglycemia. Instead, duct
ligation seems to evoke the generation of supernumerary β-cells, by mechanisms that remain unknown.
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Although the ducts currently appear to be the source of new β-cells following duct ligation, it is unclear if they
contain a small number of dedicated stem cells, held in emergency reserve, or if the abnormal environment induces
facultative progenitor-like behavior in otherwise normal ducts. Determining whether all duct cells are potential islet
precursors, and identifying the signals governing their behavior, will be critical to any clinical use of ducts as a source
of new β-cells. Such studies will require the creation of transgenic mice in which mature duct cells can be marked
and traced, the absence of which now leaves a major gap in the field. The signals that promote islet development
in utero are also poorly understood, and their further characterization should improve efforts to differentiate β-
cells from ES cells. We are hopeful that further dialogue between embryology, regeneration and stem cell biology
will lead to insights that cross disciplines, and promote the goal of producing islet cells useful for treatment of
patients.
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