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Preface

Regenerative medicine is an old human dream, and for the first time in human his-
tory its realization is within reach. Diabetes ranks high on the priority list of diseases
that can benefit from regenerative medicine interventions. β-cell function is lost
in both type 1 and type 2 diabetes. In type 1 β-cell loss results from autoimmune
destruction. In type 2 the exact mechanisms of β-cell functional deterioration remain
poorly understood, but they likely involve exposure to agents such as islet amyloid
polypeptide and free fatty acids, coupled with cell “exhaustion” owing to increased
demands for insulin and insufficient β-cell renewal. The incidence of both types of
diabetes is on the rise, and the supply of human donor pancreatic tissue for β-cell
replacement falls far short of the demand.
Stem cells hold a promise for providing an abundant source of cells for cell

therapy for diabetes. The generation of human embryonic stem cell lines created
expectations for an imminent unlimited supply of all cell types needed in regen-
erative medicine. A decade later, harnessing the potential of embryonic stem cells
remains an attractive prospect, but the initial optimism was replaced by a more real-
istic appreciation of the difficulties involved in realizing this potential. As a result,
the alternative source of tissue stem cells has also become a topic of intense inves-
tigation. Tissue stem cells possess a more limited proliferation capacity and offer
fewer differentiation choices compared with embryonic stem cells, but it may be
easier to realize their therapeutic potential.
This book reviews the three main approaches for the generation of sufficient

numbers of insulin-producing cells for restoration of an adequate β-cell mass: β-cell
expansion, stem cell differentiation, and nuclear reprogramming. The first section,
Beta-Cell Expansion and Regeneration, opens with a description of our current
knowledge of β-cell development, which can be utilized in the stimulation of β-cell
renewal by replication or neogenesis. This is followed by a review of the updated
status of β-cell replacement through pancreas and islet transplantation, which forms
the clinical framework in which surrogate β cells can be evaluated as they become
available. The next three chapters assess the prospects of generating β cells from pre-
existing β cells or their normal progenitors. Assuming that residual β cells exist in
patients with type 1 diabetes leads to the possibility that their renewal can be stim-
ulated in vivo. Alternatively, donor islet expansion in vitro may serve as a source
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vi Preface

for allogeneic β-cell transplantation. These prospects rely on a detailed understand-
ing of the regulation of β-cell replication and differentiation under normal and
pathological conditions.
The second section, Beta Cells from Non-Beta Cells, considers alternative cell

sources for deriving insulin-producing cells and opens with an overview of the
intricate makeup of normal β cells. Although insulin administration cannot avoid
diabetic complications, it represents a safe treatment, thereby posing a high bar for
the quality and safety of surrogate β cells. Thus, β-cell function must be under-
stood in detail to allow its mimicking to a close approximation in surrogate β cells,
primarily with respect to accurate release of insulin in response to physiological
signals. The following four chapters evaluate the potential of embryonic and tissue
stem/progenitor cells, as well as mature cells from pancreatic and nonpancreatic tis-
sues, to be differentiated or reprogrammed into β-like cells. This might be achieved
using soluble factors to effect changes in gene expression in target cells, or, alterna-
tively, by transfer of genes encoding transcription factors capable of inducing such
changes. Once sufficient numbers of differentiated cells are generated, they will
likely have to be assembled into a miniorgan structure to be fully functional and
protected from immune rejection following transplantation.
The third section of the book, Tissue Engineering and Immune Protection, dis-

cusses cell interaction with matrix scaffolds, compares the merits of employing
autologous or banked allogeneic cell sources for generation of surrogate β cells, and
evaluates ways for protecting both endogenously generated and transplanted cells
from recurring autoimmunity and graft rejection. Among possible approaches, cell
encapsulation may help solve both the structural and immunological issues; how-
ever, it faces a number of difficult technical problems that have to be tackled before
clinical application can be considered.
I hope that this book will be of interest to investigators, clinicians, and students

interested both in stem cell application in regenerative medicine and cell therapy of
diabetes. These are rapidly evolving research areas, but the contributions collected
herein from leading experts in both fields capture the state of the art. They represent
essential reading for those interested in tracking the progress in application of one
of the most exciting new developments in biomedicine toward a cure for diabetes.

Tel Aviv, Israel Shimon Efrat, Ph.D.
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Part I
Beta-Cell Expansion and Regeneration



Chapter 1
Pancreas and Islet Development

George K. Gittes, Krishna Prasadan, and Sidhartha Tulachan

Abstract The development of the pancreas and the pancreatic islets has been an
area of particular scientific interest over the last several years as our attention has
turned toward the possible engineering of progenitor cells and stem cells into pan-
creatic β cells and pancreatic islets. Pancreatic development is a highly complex
process in which two morphologically distinct tissue types must derive from one
simple epithelium. Although the parent endoderm from which the exocrine tissue
(including acinar cells, centroacinar cells, and ducts) and the endocrine islets are
derived appears to be homogeneous, it is clear that there are selected cells within
the early endoderm that are destined to become either endocrine or nonendocrine
lineages. The identification of these cells and the processes that determine whether
or not they will become islets is of paramount importance to the engineering of
stem cells into β cells. Moreover, there is a repertoire of events that allows these
endocrine progenitor cells to disconnect from the epithelial lining during devel-
opment. In this chapter we discuss the various key elements of basic pancreatic
development. Specifically, we focus on the intercellular factors, such as growth
factors, that may influence these developmental processes, as well as the impor-
tant known intracellular transcription factors, which have been shown to establish a
developmental hierarchy that determines lineage selection and cell fate.

1.1 Basic Pancreas Embryology and Development of Pancreatic
Endocrine Cells

The first morphologic evidence of the pancreas is a condensation of mesenchyme
overlying the dorsal aspect of the endodermal gut tube in the foregut, just distal
to the stomach, on the 26th day of gestation in humans and at approximately 9.5
days gestation in mice (approximately the 25th somite stage). Some 2–4 h later

G.K. Gittes (B)
Division of Pediatric Surgery, Children’s Hospital of Pittsburgh, Pittsburgh, PA 15213, USA
e-mail: gittesgk@chp.edu

3S. Efrat (ed.), Stem Cell Therapy for Diabetes, Stem Cell Biology and Regenerative
Medicine, DOI 10.1007/978-1-60761-366-4_1,
C© Humana Press, a part of Springer Science+Business Media, LLC 2010



4 G.K. Gittes et al.

Fig. 1.1 Schematic representation of epithelial–mesenchymal interactions. Mesenchyme con-
densation at E9–E9.5 leads within the next 12–24 h to epithelium evagination. This is followed
shortly by the onset of branching morphogenesis, which results in exclusion of most of the mes-
enchyme from within the clefts of the branched epithelium (see inset). This relative exclusion
of mesenchyme may predispose to endocrine differentiation, since absence of contact with mes-
enchyme is thought to lead to endocrine differentiation (putative endocrine progenitor region
shown in the green dotted-line box in the inset)

there is evagination of the dorsal epithelium; then about 12 h later in the mouse
and 6 days later in humans, the ventral bud begins to arise from the caudal aspect
of the hepatic–biliary bud evagination. Ventral bud evagination occurs through a
process that morphologically resembles that of the dorsal bud, but is regulated by
a markedly different set of molecules. The pancreatic buds undergo a unique pat-
tern of branching morphogenesis. Unlike the more typical right-angle outgrowth
of branches seen in, for example, lung and kidney, the pancreas undergoes a more
arboreal pattern with acute-angle branching. Thus, owing to the resulting proximity
of adjacent branches to one another, this branching tends to exclude interven-
ing mesenchyme (Fig. 1.1). This exclusion may in turn influence the amount of
epithelial–mesenchymal contact, and hence lineage selection.
Owing to gut rotation, together with elongation of the dorsal and ventral stalks,

the two buds come into contact with one another within the forming C-loop of the
duodenal anlage. This contact and subsequent fusion of the buds occur around E12–
E13 in the mouse and on day 37–42 in humans. Coalescence of the two buds leads
to formation of the future duct of Wirsung, whereas the future duct of Santorini
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(smaller and accessory) originates from the proximal portion of the dorsal bud
epithelium. Around E13–E14 in the mouse, dramatic changes occur in the cellular
architecture of the pancreas, such as major amplification of endocrine cell num-
bers, particularly β cells (termed the secondary transition), and rapid branching
morphogenesis with acinar cell differentiation.
Glucagon-containing α cells are the first endocrine cell types seen in the mouse,

at E9 (Pictet et al., 1972), whereas significant numbers of insulin-containing β

cells are not typically seen until the secondary transition period. Hormone-positive
cells in the epithelium typically lose connection with the epithelial lumen (possi-
bly through a change in cell division polarity) from perpendicular to parallel to the
basement membrane (Pictet, 1972). It has been suggested that this loss of epithe-
lial connection parallels the epithelium-to-mesenchyme transformation that occurs
in other tissues. Over the next several days the delaminating endocrine cells accu-
mulate along the ducts and blood vessels in a linear pattern, often referred to as the
“cord region” of the E14–E18 mouse pancreas. These “cordlike” endocrine cell col-
lections coalesce over the next few days into aggregates that represent the first islets
of Langerhans. In adults, the islets of Langerhans constitute approximately 1–2% of
the mass of the pancreas and consist of β cells that produce insulin and amylin,
α cells producing glucagon, δ cells producing somatostatin, PP cells producing
pancreatic polypeptide, and ε cells producing ghrelin.

1.2 Early Tissue Interactions

Pancreas development has classically been described as an epithelial–mesenchymal
interaction, but earlier key tissue interactions occur before the appearance of the
pancreatic mesenchyme.

1.2.1 Notochord

Once the gut tube is established, the development of the dorsal pancreas is controlled
by the overlying notochord. In mice, the notochord is in contact with the dorsal
prepancreatic endoderm from the time of notochord formation up until E8 (somite
13), at which time the paired dorsal aortas fuse in the midline to intervene between
the notochord and the dorsal foregut (Fig. 1.2). Kim et al. showed that removal of
the notochord from early chicken embryos prevented proper dorsal pancreas forma-
tion and inhibited expression of pancreas-specific genes (Pictet et al., 1972; Kim
et al., 1997). In a subsequent study Hebrok et al. followed up on an incidental
observation that sonic hedgehog (SHH), which they had used as a marker of noto-
chord, was specifically absent in the prepancreatic endoderm (Hebrok et al., 1998).
Elegant grafting experiments showed that notochord proximity to the endoderm
could suppress SHH expression. Similarly, deleting notochord in explanted cul-
tures resulted in SHH expression ectopically in the pancreatic region, with failure of
pancreatic development. With a candidate approach of known notochord-produced
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Fig. 1.2 Early tissue interactions in pancreas development. (a) At E8 a close contact exists
between the dorsal aspect of the gut endoderm and the notochord. (b) The two paired dorsal aortas
fuse in the midline by E8.5–E9.0 to intervene between the gut epithelium and notochord. (c) The
mesenchyme proliferates to create a distance between the dorsal epithelium and the dorsal aorta by
E9.0–E9.5 (reproduced with permission from Slack, 1995)

morphogens, either activin βB or fibroblast growth factor 2 (FGF2) at physiologi-
cal concentrations could replace the notochord effect. Based on the observation that
exogenous SHH could override the pancreas-inducing effect of activin βB and that
the notochord makes SHH, it seems that SHH itself must be a key antipancreatic
factor, rather than merely being a marker of nonpancreatic endoderm. In contrast
to the dorsal pancreas, the ventral pancreas derives from ventral endoderm, which
has no contact with the notochord, under the control of signals from the overlying
cardiogenic mesenchyme.

1.2.2 Endothelium

Since fusion of the paired aortas in the midline leads to loss of contact with the
notochord, Lammert et al. hypothesized that the aortic endothelium may acquire
an inductive role in pancreatic development (Lammert et al., 2001). They showed
that the dorsal aorta could induce the formation of pancreatic budlike structures and
that insulin-positive cells were specifically found in proximity to endothelium, a
finding reminiscent of in-vivo normal development. This instructive role for blood
vessels is suggested for the ventral pancreas as well, since the ventral endoderm in
the prepancreatic region is in proximity to vitelline veins. Yoshitomi et al., however,
suggested that endothelial induction of the ventral pancreas is less clear-cut and that
induction may involve additional mechanisms (Yoshitomi and Zaret, 2004).

1.2.3 Mesenchyme

Subsequent to contact with the dorsal aorta, there is a proliferation of pancreatic
mesenchyme that envelops the pancreatic epithelium, thus separating the pancre-
atic epithelium from the dorsal aorta (Fig. 1.2). This early enveloping mesenchyme
is thought to harbor key permissive and instructive signals for the generation
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of differentiated pancreatic cell types and for proper pancreatic morphogenesis.
Early studies from the 1960s and 1970s showed that mesenchyme from many
different organs, even from a chicken embryo extract, was able to stimulate pro-
liferation and cytodifferentiation of undifferentiated pancreatic epithelium. This
finding led Rutter and colleagues to undertake an extensive search for a presumed
“mesenchymal factor.” Heterologous tissue recombination experiments showed that
mesenchyme could induce endocrine cells to form from embryonic foregut epithe-
lial cells (Kramer et al., 1987) or heterotopically from allantoic cells (Stein and
Andrew, 1989). Mesenchyme was found to be critical for acinar development,
and in the presence of basement membrane ducts develop in lieu of mesenchyme
(Gittes et al., 1996). Furthermore, the absence or depletion of mesenchyme revealed
that there was a “default” differentiation of pancreatic epithelium toward islets
(Gittes et al., 1996; Miralles et al., 1998b). Further studies revealed that the age,
location, proximity, and contact of the epithelial cells with mesenchyme induced
epithelial differentiation. Younger mesenchyme grown with an older epithelium
induced a greater number of α cells and fewer acinar cells. On the other hand,
older mesenchyme induced the same epithelium to undergo greater acinar dif-
ferentiation, specifically in the region of the contact, but induced a more mature
insulin-positive endocrine phenotype when not in contact with the epithelium (Rose
et al., 1999; Li et al., 2004). These data suggest that there are proexocrine fac-
tors in mesenchyme that are cell-contact-dependent and that additional diffusible
proendocrine/proinsulin factors, which are secreted by the mesenchyme, are also
present.
Raphael Scharfmann’s group recently showed that proteoglycans (glypi-

cans and syndecan) and the proteoglycan-producing enzyme heparan sulfate α-
sulfotransferase are localized to the epithelial–mesenchymal interface and can
induce exocrine differentiation. Other studies from the same laboratory have fur-
ther delved into the multiple effects of mesenchyme on lineage selection. It
appears that contact of mesenchyme with epithelium may enhance the expression
of hairy enhancer of split 1 (HES1) through NOTCH signaling, thereby inhibiting
expression of neurogenin-3 (NGN3), a key determinant of pancreatic endocrine lin-
eage selection, growth, and differentiation (see below), and suppressing endocrine
differentiation (Duvillié et al., 2006).
A new and interesting role for pancreatic mesenchyme has recently been sug-

gested by studies of BAPX1, a member of the NKX family of transcription factors
expressed in pancreatic mesenchyme. bapx1-null mutant mice had failure of sep-
aration of pancreatic mesenchyme and spleen, leading to formation of gutlike
evaginations from the prepancreatic foregut. These results support an instructive role
for pancreatic mesenchyme in diverting foregut epithelium away from the intestinal
lineage, possibly mediated by PTF1a, a transcription factor for early specification
of pancreatic progenitor cells (Asayesh et al., 2006).
Many studies have identified specific molecules in mesenchyme that have

inductive influences on pancreatic epithelium. It is now widely accepted that pan-
creatic mesenchymal–epithelial interactions, much like in most other developing
epithelial–mesenchymal organs, are mediated through numerous growth factors.
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1.3 Soluble Factors and Signaling Pathways Regulating Pancreas
Development

1.3.1 Fibroblast Growth Factors (FGFs)

FGFs are well known to mediate multiple developmental processes, are expressed in
many epithelial–mesenchymal interface regions, and particularly play an important
role in regulating branching morphogenesis (Hogan, 1999). They are a large family
of ligands (greater than 20) that signal through four different tyrosine kinase FGF
receptors (FGFR1–4).
Pancreatic mesenchymal FGF signaling to the epithelium specifically favors duct

and acinar differentiation (Dichmann et al., 2003; Hart et al., 2003; Norgaard et al.,
2003). Scharfmann’s group showed that FGF ligands 1, 7, and 10 were expressed in
the pancreatic mesenchyme, whereas FGF receptor 2B (FGFR2B), a specific recep-
tor isoform that binds all three of those FGF ligands, was expressed in pancreatic
epithelium. FGF ligand signaling to FGFR2B induces pancreatic epithelial prolifer-
ation, both in vitro and in vivo, but at the apparent expense of cellular differentiation
(Celli et al., 1998; Le Bras et al., 1998a, b; Elghazi et al., 2002). Similarly, FGF7 and
FGF10 signaling has been implicated in mesenchyme-to-epithelium signaling in the
developing human pancreas (Ye et al., 2005). Further, Miralles et al. showed that
NOTCH signaling was a critical mediator of FGF10-induced embryonic pancreas
epithelium proliferation and suppression of differentiation (Miralles et al., 2006).
More recent studies have suggested that FGF signaling may be a key factor in speci-
fying the pancreatic mesenchyme itself (Manfroid et al., 2007). Thus, FGF signaling
clearly plays a pivotal role in regulating many aspects of pancreatic development.

1.3.2 Transforming Growth Factor β (TGF-β)

The TGF-β superfamily is a large family of factors with roles in nearly every biolog-
ical process known, particularly developmental processes. The superfamily consists
of four major subfamilies: (1) TGF-β isoforms proper (including TGF-β 1, 2, and
3 in mammals); (2) activins; (3) bone morphogenic proteins (BMPs); and (4) other
types, including, for example, MIS and growth differentiation factors (GDFs). All of
these molecules signal through a large family of typically heterodimeric receptors to
activate SMADs and other intracellular pathways to initiate cell-specific responses.

1.3.2.1 TGF-β Isoforms

The TGF-β isoforms are present in the embryonic pancreas as early as E12.5. The
three ligands are coexpressed in the epithelium initially and during gestation become
progressively focused to acinar cells (Crisera et al., 1999, 2000). Key receptors for
these ligands, including TGF-β receptor type I (TβRI/Alk5) and type II (TβRII)
show a similar expression pattern, suggesting that together they mediate TGF-β iso-
form signaling in the developing pancreas (Tulachan et al., 2007). These receptors



1 Pancreas and Islet Development 9

are localized to the epithelium and mesenchyme early (E12.5), but at later gestation
(E18.5) are found specifically in the pancreatic ducts.
The exact role of TGF-β isoforms in pancreas development is controversial.

As exogenously added TGF-β induced enhanced endocrine differentiation, Sanvito
et al. suggested a proendocrine role (Sanvito et al., 1994). However, the observed
effects may have been due to acinar autolysis during prolonged organ explant cul-
tures with relative endocrine protection. Miralles et al. showed that TGF-β isoforms
were important regulators of matrix metalloproteases, which control migration of
endocrine progenitors to form the islet architecture (Miralles et al., 1998a). Since
both tgf-β1/2/3 triple-null mutant mice and tβrII-null mutant mice are early embry-
onic lethal, a dominant-negative form of TβRII has been used to study inhibition of
TGF-β isoform signaling. Expression of the dominant-negative form of the TβRII
receptor in embryonic pancreas results in enhanced proliferation and accumulation
of periductal endocrine cells at mid-to-late gestation (Tulachan et al., 2007). These
data, together with the ontogeny data mentioned above, suggest that TGF-β sig-
naling to ductal progenitors normally serves to restrict the recruitment of ductal or
periductal cells into the endocrine lineage.

1.3.2.2 Activins and BMPs

Two other key subfamilies within the TGF-β superfamily are activins and BMPs and
these two share many binding partners, receptors, and inhibitors. It has been found
that activins are expressed in early gut endoderm (Manova et al., 1995; Verschueren
et al., 1995) and in the early pancreatic rudiment.
Activin A and B are expressed in the developing pancreatic endocrine cells, par-

ticularly in glucagon-positive cells (Furukawa et al., 1995; Maldonado et al., 2000).
Exogenous activin in pancreas explant cultures inhibited branching morphogene-
sis, and follistatin, a known inhibitor of activin present in mesenchyme, was able
to replace the proexocrine/antiendocrine effects of mesenchyme (Miralles et al.,
1998b). Identifying these potential proendocrine effects of activin ligands on pan-
creas development led to an interesting series of experiments in cultured AR42J
cells (pancreatic tumor cells with progenitor qualities). Exogenous activin induced a
neuroendocrine phenotype in these cells, with 25% becoming positive for pancreatic
polypeptide, though none was positive for insulin or glucagon (Ohnishi et al., 1995).
Many of the treated cells underwent apoptosis, so the investigators then added a
growth inducer [betacellulin, a member of the epidermal growth factor (EGF) fam-
ily, or hepatocyte growth factor (HGF)]. Surprisingly, these growth inducers led to
10% of the cells becoming insulin-positive (Ohnishi et al., 1995; Mashima et al.,
1996a, b). Further investigations into the mechanism by which activin may induce
the formation of insulin-positive cells led to the finding that activin can specifically
decrease expression of both ARX (a transcription factor critical for α-cell differen-
tiation) and preproglucagon in AR42J cells, in αTC cells (a mouse tumor cell line
derived from glucagonoma) and in human islets (Mamin and Philippe, 2007). This
effect may be mediated directly through induced expression of NGN3 (Zhang et al.,
2001).
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Loss-of-function studies using a dominant-negative activin receptor II showed
islet hypoplasia (Yamaoka et al., 1998; Shiozaki et al., 1999). Surprisingly, a similar
islet hypoplasia phenotype was also seen with constitutively active activin receptor
II. These results suggest that a specific window of activin receptor II signal dosing
is necessary for proper islet development.
Kim et al. analyzed activin-receptor type IIA and/or activin receptor IIB-null

mutant mice (Kim et al., 2000). Particularly in the presence of an additional activin
receptor IIA heterozygous mutation, activin receptor IIB-null mutants were born
with a small annular pancreas, similar to mice with altered Indian hedgehog signal-
ing (Hebrok et al., 1998). As discussed earlier, notochord-derived activin inhibits
SHH expression in the prepancreatic endoderm, and inappropriate SHH expression
was seen in these activin receptor type II mutants. Further studies of the activin
receptor IIB homozygous null mutants with the additional activin receptor IIA
heterozygous mutation revealed mainly a reduction in endocrine cells with islet
hypoplasia. Thus, regardless of the ligand that may be involved, the activin receptor
type II family seems to be important for pancreatic morphogenesis and specifically
endocrine and islet development.
Despite the extensive work implicating TGF-β superfamily signaling in pancre-

atic development, little is known about BMP-specific pathways. Exogenous BMP4,
5, and 6 are all able to induce dispersed E15.5 mouse pancreatic cells to form
insulin-positive epithelial colonies when grown in the presence of laminin (Jiang
et al., 2001). BMP ligands are known to be expressed in the developing pancreas
(Hogan, 1996; Dichmann et al., 2003; Jiang and Harrison, 2005; Goulley et al.,
2007). In AR42J cells, BMP signaling was found to be necessary for cell pro-
liferation (Hua et al., 2006) as well as glucagon-like peptide 1 (GLP1)-induced
insulin-positive differentiation (Yew et al., 2005). However, a transgenic mouse
model expressing BMP6 under the Pdx1 promoter developed complete pancreatic
agenesis, a phenotype we attribute to an epiphenomenon of overinduction of intesti-
nal smooth muscle in the duodenal anlage, which could have disrupted pancreatic
development.
SMADs are the downstream intracellular mediators of most known TGF-β sig-

naling. SMAD molecules are present in neonatal islets (Brorson et al., 2001), are
necessary for insulin-positive differentiation of AR42J cells (Zhang et al., 1999;
Yew et al., 2005) and are needed for proper regulation of the endocrine progen-
itor cell compartment in vivo (Harmon et al., 2004; Goto et al., 2007). There is
an assumed role of SMADs in pancreatic development and differentiation because
50% of pancreatic cancers have the SMAD4 mutation (Hahn et al., 1996). However,
work with smad4 transgenic mouse models has not uncovered a role for SMAD4 in
pancreatic development (Bardeesy et al., 2006; Simeone et al., 2006).
Transgenic Smad6 overexpression (which inhibits expression of SMAD1, 5,

and 8, the canonical downstream mediators of BMP signaling) did not have
a developmental phenotype. However, transgenic Smad7 overexpression (which
inhibits expression of BMP-mediating SMADs 1, 5, and 8, as well as TGF-β
isoform/activin-mediating SMADs 2 and 3) led to a dramatic (85–90%) reduction
in the number of β cells present at birth (Smart et al., 2006). These results suggest
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that SMAD2 and 3 (which are specifically lost with SMAD6 expression, but not
with SMAD7 expression) may play a specific role in β-cell differentiation, and the
specific loss of β cells and not α cells in Smad7 overexpressing mice suggests a pos-
sible role for SMADs in regulating the balance between formation of β cells versus
α cells.

1.3.2.3 Growth Differentiation Factor 11 (GDF11)

GDF11 was identified as a possible ligand mediating the activin receptor IIA
and IIB signaling that appears to favor β-cell differentiation. Two separate studies
showed slightly different results with gdf11-null mutant mice (Harmon et al., 2004;
Dichmann et al., 2006). Harmon et al. showed that the null-mutant mice developed
more NGN3-positive endocrine progenitor cells, less mature insulin-positive β cells,
and more glucagon-positive α cells, whereas Dichmann et al. found an overall 43%
reduction in the size of the pancreas due entirely to a loss of acinar cells. Additional
experiments were performed to test the dependence of NGN3-positive cell forma-
tion on GDF11 and activin receptor IIA and IIB signaling on the formation of mature
endocrine cells. Goto et al. further found that activin receptor IIB signaling through
SMAD2 was important in promoting endocrine development (Goto et al., 2007).

1.3.3 NOTCH Signaling

NOTCH is a cell-membrane-bound receptor that serves to maintain cells in an undif-
ferentiated state when bound by NOTCH ligands such as JAGGED, SERRATE, or
DELTA-like. In Drosophila, cells with less NOTCH activation adopt a neuronal
fate, whereas adjacent cells with more NOTCH activation adopt an epidermal fate
in a process called “lateral inhibition.” However, no clear lateral inhibition corol-
lary has been established in pancreatic development. A landmark paper from the
Edlund laboratory demonstrated that NOTCH signaling was a key mediator of fate
decision in pancreatic development (Apelqvist et al., 1999). Null mutant mice for
delta1, encoding a NOTCH ligand present in the developing pancreas, and for rbpjk,
encoding a transcription factor target of NOTCH signaling, both exhibited an accel-
erated and excessive commitment of the early embryonic pancreatic epithelium to
the endocrine lineage, suggesting that NOTCH signaling was necessary to prevent
endocrine differentiation of these progenitor cells.
Further studies have confirmed a key role for other members of the NOTCH-

signaling pathway. Early NOTCH signaling favors nonendocrine lineages over
endocrine lineages and is critically mediated by HES1 and NGN3. HES1 is a
transcription factor upregulated by NOTCH and responsible for NGN3 suppres-
sion. The hes1-null mutant mice have severe pancreatic hypoplasia (Jensen et al.,
2000b), owing not to apoptosis but rather to an inappropriate early commitment
of precursor cells to becoming endocrine cells. Acinar cell differentiation is also
regulated by NOTCH signaling (Hald et al., 2003). Transgenic expression of a con-
stitutively active intracellular domain of NOTCH1 led to a diminution in mature
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endocrine and acinar cells, suggesting that active NOTCH signaling may select
for a progenitor epithelial cell population (Murtaugh et al., 2003). The mechanism
by which NOTCH maintains the proliferation of a pancreatic stem/progenitor pool
may involve mesenchymal FGF signaling (Norgaard et al., 2003; Miralles et al.,
2006). The control point for NOTCH receptor function may be enzymes that regu-
late sugar residues on the NOTCH receptor. For example, in zebrafish, manic fringe
is an enzyme that can alter NOTCH receptor function and thereby drive premature
NGN3 expression and endocrine differentiation (Xu et al., 2006). Further zebrafish
analysis showed that NOTCH signaling can affect later cell lineage selection within
the endocrine compartment. For example, mutations in DeltaA (encoding a NOTCH
ligand) showed a shift of endocrine lineage selection away from α cells and toward
β cells (Zecchin et al., 2007).
Lastly, NOTCH appears to play a potentially positive role in duct formation,

suggested by the fact that Notchmutants lack cells positive for duct markers (Lorent
et al., 2004; Yee et al., 2005).

1.3.4 Hedgehog Signaling

The hedgehog signaling pathway regulates differentiation in many developing tis-
sues. The three hedgehog ligands, sonic (SHH), desert (DHH), and Indian (IHH),
all bind to the receptor patched (PTC), thus relieving PTC-induced repression of
membrane-bound smoothened, which then in turn regulates the GLI family of tran-
scription factors. In the early embryo SHH is expressed in essentially the entire gut
epithelium except for the pancreatic domain of the foregut. Adjacent notochord has
a SHH-suppressive effect on the endoderm in the region of the pancreas (Hebrok
et al., 1998). Cyclopamine, a steroid alkaloid that inhibits SHH signaling at the
receptor level, could induce heterotopic pancreas development, presumably by
expanding the pancreatic field in the gut, but only into areas that are already PDX1-
positive (stomach and duodenum). SHH inhibition by activin secreted from the
notochord controls formation of the dorsal pancreatic field in the endoderm, whereas
in the ventral pancreatic anlage SHH is inhibited by FGF secreted from cardiogenic
mesenchyme (Deutsch et al., 2001). IHH, DHH, and the receptor PTC are expressed
in the foregut and pancreas (Hebrok et al., 2000; Thomas et al., 2000), and ihh-null
mutants are born with a small pancreas (Hebrok et al., 2000).
The complexity of hedgehog signaling and pancreatic development is under-

scored by the paradoxical fact that in zebrafish hedgehog signaling is actually
necessary for the formation of pancreatic endocrine cells (Roy et al., 2001; diIorio
et al., 2002, 2007).

1.3.5 Retinoids

Several studies have investigated the role of endogenous or exogenous retinoid
signaling in the developing pancreas. Retinoid binding proteins and retinoic acid
receptors have been found in both developing pancreatic islets and insulinoma
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cell lines (Chertow et al., 1979, 1983; Kato et al., 1985; Kobayashi et al., 2002;
Tulachan et al., 2003; Martin et al., 2005; Stafford et al., 2006). Similarly, exoge-
nous retinoids can enhance the proportion of insulin-positive cells in isolated chick
embryo endoderm (compared with the proportion of glucagon-positive cells) and
can induce the dorsal lip cells of Xenopus gastrula to form the pancreas, includ-
ing endocrine and acinar elements (Moriya et al., 2000a, b). In the embryonic
mouse pancreas, retinoids induce endocrine and ductal differentiation (Tulachan
et al., 2003; Shen et al., 2007) and influence the later differentiation between ductal
and acinar/exocrine (Kobayashi et al., 2002). RALDH2, the enzyme that produces
retinoic acid, is present in the developing pancreas, specifically in the mesenchyme
(Tulachan et al., 2003; Martin et al., 2005; Molotkov et al., 2005; Stafford et al.,
2006). Mesodermal retinoic acid appears to signal to the endoderm to induce pancre-
atic differentiation (Martin et al., 2005; Stafford et al., 2006). Conversely, exogenous
retinoic acid can expand the pancreatic field within the endoderm (Stafford and
Prince, 2002; Chen et al., 2004; Stafford et al., 2004, 2006).
The strain of raldh2-null mutant mice lack a dorsal pancreas (Martin et al., 2005;

Molotkov et al., 2005), and cells in the normal dorsal pancreatic bud (including
insulin- and glucagon-positive cells) were shown to have activation of retinoic acid
responsive pathways. The role of RALDH2 in ventral pancreas development is
less clear, and the normal absence of RALDH2 in the developing pancreas after
E12.5 also suggests a diminished role for retinoids in later stages of pancreatic
development.

1.3.6 Epidermal Growth Factor (EGF) Family

The EGF family of growth factors consists of at least 30 member ligands, which
signal through at least four ERBB tyrosine kinase receptors. The overall complex-
ity of EGF-family signaling makes it difficult to understand its role in pancreatic
development. Many EGF ligands are expressed in the embryonic pancreas (Huotari
et al., 2002). HB-EGF, a membrane-bound ligand, is expressed in early embryonic
pancreatic ducts and later in neonatal islets (Kaneto et al., 1997). It predominantly
colocalizes with PDX1, and its promoter elements are bound and activated by
PDX1.
Many studies have used exogenous EGF ligands to manipulate pancreatic devel-

opment and induce β-cell formation. When betacellulin (an EGF family member)
and activin A were added to AR42J cells, 100% of the cells became insulin-positive
(Mashima et al., 1996a). Similarly, betacellulin treatment of E11.5 mouse pancreas
cultures induced insulin-positive cell differentiation, with expansion of the number
of PDX1-positive epithelial cells and an increase in the number of insulin-positive
cells at the expense of acinar cells (Thowfeequ et al., 2007). However, any true
endogenous role for betacellulin remains unknown since betacellulin-null mutant
mice develop with a normal pancreas (Jackson et al., 2003).
Among the four EGF receptors, ERBB1 has been the one most studied in connec-

tion with pancreatic development. ERBB1 is expressed throughout the embryonic
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mouse pancreas, and null mutant mice have diminished endocrine cells, with an
overall smaller pancreas, perhaps owing to decreased branching morphogenesis
(Miettinen et al., 2000). More recently, a transgenic mouse with pancreas-specific
(Pdx1 promoter) expression of a dominant-negative form of the ERBB1 receptor
was able to survive beyond the neonatal period and showed loss of postnatal β-cell
proliferation, supporting a role for EGF receptors in postnatal as well as prena-
tal β-cell growth (Miettinen et al., 2000). Further analysis of ERBB2–4 function
awaits conditional mutants since all three null mutants are early embryonic lethal
(Gassmann et al., 1995; Lee et al., 1995; Erickson et al., 1997).

1.3.7 Hepatocyte Growth Factor (HGF)

Much evidence has accumulated to suggest that HGF is a proendocrine mesenchy-
mal growth factor. HGF and its receptor c-MET are expressed in embryonic mouse
pancreatic mesenchyme and epithelium, respectively (Sonnenberg et al., 1993).
Similarly, human pancreatic fetal mesenchymal cells express high levels of HGF.
The conditioned medium from these cells was able to induce β-cell proliferation
and the formation of islet-like cell clusters.
Transgenic expression of HGF under the rat insulin promoter leads to an

increased number of islets with enhanced insulin content (Garcia-Ocana et al.,
2000), and conditional deletion of c-MET in insulin-expressing cells led to reduced
numbers of islet cells (Dai et al., 2005; Roccisana et al., 2005). The importance of
HGF signaling to c-MET in the regulation of pancreatic endocrine differentiation
was also supported by experiments in cell lines. HGF prevented dexamethasone-
induced acinar differentiation of AR42J cells and, when combined with activin A,
induced insulin-positive differentiation of AR42J cells (Mashima et al., 1996b).
Similarly, using a pancreatic cell line resembling ducts (ARIP cells), HGF alone
stimulated insulin-positive differentiation. Interestingly, these cells recapitulated
the canonical pancreatic endocrine developmental pathway, with early (6-h onset)
expression of NGN3 and later (24 h) expression of NEUROD (Anastasi et al., 2005).

1.3.8 WNT Signaling

A highly complex family of signaling molecules, WNTs and their associated sig-
naling pathway molecules have been shown to play a role in multiple aspects of
pancreatic development. The WNT ligands typically signal through the transmem-
brane receptors frizzled (FZD), together with the coreceptor lipoprotein-related
peptide 5/6 (LRP5/6), to stabilize a key intracellular factor, β-catenin.
A role for WNT signaling was recently established in pancreatic specification

within the foregut of Xenopus (McLin et al., 2007). Absence of WNT8 in the meso-
derm prevented foregut determination within the endoderm. Similarly, ectopicWNT
signaling prevented the normal formation of foregut from the anterior endoderm,
resulting in the absence of liver and pancreas. This WNT-induced foregut inhibition
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appears to be mediated by β-catenin-induced VENT2 expression. VENT2 is a
homeodomain-containing transcription factor that represses HHex, a key-patterning
gene for foregut development. The role of WNT/β-catenin signaling in pancreatic
development is complex and dependent on the time and place of WNT signaling.
A detailed analysis of expression patterns of WNT pathway components revealed
that several WNT ligands and FZD receptors, as well as LRP5/6 and secreted
frizzled-related peptides (sFRP), are expressed in the developing pancreas (Heller
et al., 2002). Consistent with the role of WNTs in foregut and pancreas specifi-
cation, Pdx1-Wnt1 and Pdx1-Wnt5a transgenic mice had pancreatic agenesis and
severe pancreatic hypoplasia, respectively, confirming a specific role for WNTs in
suppressing pancreatic development.
The complexity of Pdx1 promoter-driven studies of WNT signaling is best

illustrated by studies from the Hebrok laboratory, in which an early expressing
Pdx1-Cre, a late-expressing Pdx1-Cre, and a tamoxifen-regulatable Pdx1-Cre/ER
were all used to conditionally express a constitutively active stabilized β-catenin.
With either the early expressing Pdx1-Cre or tamoxifen treatment of the Pdx-
Cre/ER embryos at E11.5 there was near-total pancreatic hypoplasia owing to
overactive canonical WNT signaling (Heiser et al., 2006). These results suggest that
some WNT signaling (perhaps canonical) may affect exocrine pancreas develop-
ment, whereas other WNTs (perhaps noncanonical, cadherin-mediated) may affect
endocrine pancreas growth and development.
The complex and varied nature of the different reports is reflective of the extreme

complexity of WNT signaling, and further studies will likely continue to delineate
the exact mechanisms involved.

1.3.9 Blood Vessel- and Endothelial-Derived Factors

Recently there has been increased interest in the role of endothelial cells and pos-
sibly blood flow in pancreas development, especially in regard to endocrine cells.
Teleologically, since normal endocrine cell function is critically dependent on an
intimate relationship with capillaries in order to allow homeostatic sensing, it seems
logical that there would be a carefully orchestrated, interdependent development of
endothelial and endocrine cells. Lammert et al. demonstrated a critical role for aortic
endothelial cells in the induction of PDX1 expression in the adjacent endoderm, as
well as in subsequent evagination followed by insulin expression (Lammert et al.,
2001). Removal of the dorsal aorta from Xenopus embryos led to the absence of
pancreatic endocrine development. Similarly, overexpression of vascular endothe-
lial growth factor A (VEGF-A) under a Pdx1 promoter led to more vessels and
more islets (in exchange for much less acinar tissue) and ectopic insulin-positive
cells in the stomach.
Interestingly, the developing endocrine cells do not form their own basement

membrane and thus are dependent on endothelial cells to make the basement mem-
brane for them (Nikolova et al., 2006). Furthermore, endocrine cells are stimulated
by basement membrane-derived laminin, bound to β1-integrins on the endocrine
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cells, to proliferate and to increase insulin synthesis. Thus, throughout develop-
ment there is a complex and ever-changing relationship among foregut endoderm,
endocrine cells, endothelium, mesenchyme, and blood flow.

1.3.10 Glucagon-Family (and Other Peptide Hormones) Signaling

The glucagon family of peptide hormones includes proglucagon-derived peptides
such as glucagon itself, glucagon-like peptide-1 (GLP1), GLP2, etc., as well as
glucose-dependent insulinotropic peptide (GIP), secretin, vasoactive intestinal pep-
tide (VIP), and others. Although the role of these peptides has generally been well
studied in endocrine physiology, roles in pancreatic development are only recently
becoming apparent.
Several lines of evidence suggest that glucagon signaling is necessary for the

early differentiation of insulin-expressing cells. First, in-vitro studies of cultured
pancreas show that glucagon is necessary for early formation of insulin-positive
cells (E11–E13), but not later in the E15 pancreas (Prasadan et al., 2002). Glucagon
is specifically generated from proglucagon by the action of prohormone convertase 2
(PC2), and pcsk2-null mutant animals, which lack glucagon, showed a similar loss
of early formation of insulin-expressing cells, but with retention of the secondary
transition (Vincent et al., 2003). Glucagon-receptor-null mutant mice were found to
have a similar absence of early phase insulin-expressing cells (Vuguin et al., 2006).
A possible role for GLP1 in β-cell development has been suggested because of

the known function of GLP1 in promoting insulin synthesis and secretion in β cells,
as well as promoting β-cell growth (Buteau et al., 1999; Stoffers et al., 2000; Buteau
et al., 2001). Moreover, the GLP1 analogue exendin-4 can convert AR42J cells and
ARIP cells into insulin-expressing cells (Zhou et al., 1999; Hui et al., 2001; Yew
et al., 2004). Mature α cells have PC2 and do not make GLP1, but Wilson et al.
found that immature glucagon-positive cells in the embryonic pancreas have PC1/3,
and therefore presumably make GLP1 (Wilson et al., 2002). Suzuki et al. showed
that a relatively unusual form of GLP1 (1–37), which unlike other GLP1 forms is
present in α cells, could stimulate formation of insulin-glucagon double-positive
cells in the epithelium of the embryonic pancreas or in ducts (Suzuki et al., 2003).
These early insulin–glucagon double-positive cells may represent the first wave of
endocrine cells in the early pancreas.
GIP and its receptor have also been implicated in β-cell development (Huypens

et al., 2000). GIP regulates key pancreatic endocrine-determining transcription fac-
tors, including GATA4, ISL1, and PDX1 (Jepeal et al., 2005), and a GIP analogue
is able to enhance insulin-positive differentiation in embryonic stem cells (Marenah
et al., 2006).
Apart from the glucagon family, other peptide hormones, such as the pancreatic

polypeptide family of peptides (PP, PYY, and NPY), have been studied in pancreatic
development, but mainly as possible markers of progenitor cells. No specific signal-
ing role in development has been found for these molecules, other than localization
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in the vicinity of a potential early endocrine progenitor (Jackerott and Larsson,
1997).

1.3.11 Extracellular Matrix and Cell Adhesion Molecules

Beyond the clearly established role of mesenchyme, the extracellular matrix
molecules, especially the basement membrane, play many important roles in pan-
creatic development. The embryonic pancreatic epithelium is contained within a
continuous sheath of basement membrane that creates the epithelial–mesenchymal
interface (Hisaoka et al., 1993). There are microscopic breaks in this sheath in the
region in which early endocrine cells are forming. Matrigel, which consists mainly
of laminin-1, was found to induce duct formation in isolated E11 mouse pancre-
atic epithelium (Gittes et al., 1996). Laminin-1 through interactions with epithelial
α6-containing integrin, mediates pancreatic duct formation (Crisera et al., 2000). Li
et al. showed that laminin-1 mediates pro-exocrine induction by the mesenchyme (Li
et al., 2004). Laminin-1 has also been shown to have a pro-β-cell role slightly later in
gestation, specifically, as a tissue culture substrate which enhanced β-cell differenti-
ation in dispersed E13 pancreatic epithelial cells, through binding to α-dystroglycan
(Jiang et al., 1999, 2001).
In addition to pancreatic epithelial cell interactions with the extracellular matrix

and mesenchyme, cell–cell interactions are also very important. Cadherins are
calcium-dependent cell-membrane-bound molecules that mediate cell–cell adhesion
and the sorting of different cell populations. E-cadherin and R-cadherin expression
is localized to the ducts, and then downregulated as cells move out of the ducts and
start forming islets (Sjodin et al., 1995; Dahl et al., 1996). N-cadherin shows a dif-
ferent pattern than R- or E-cadherin, localizing to mesenchyme but not epithelium in
the E9.5 pancreas. After E9.5, N-cadherin becomes localized to the endoderm, and
by E12.5 is only seen in the islets (Esni et al., 2001). Other cell adhesion molecules,
such as N-CAM and Ep-CAM, have also been implicated in pancreatic development
and differentiation (Cirulli et al., 1994, 1998).

1.3.12 Other Extracellular Molecules

Numerous other extracellular molecules with potentially important influences on
pancreatic development have been studied, but in less detail. Scharfmann’s group
has studied the role of VIP and pituitary adenylate cyclase-activating polypeptide
(PACAP) in embryonic pancreas to show that these molecules can enhance amylase-
positive and insulin-positive cell growth. Similarly, they have found that calsenilin,
a neuronal presenilin regulator, is present in all endocrine cells, and its inhibition
in zebrafish led to a marked decrease in the number of endocrine cells, as well as
to failure of islet cell aggregation. Recently, the Scharfmann group has surprisingly
found that glucose is necessary for endocrine but not exocrine pancreas develop-
ment in vitro. In the absence of glucose (except possibly for some glucose in the
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added serum), exocrine pancreas developed normally, but endocrine progenitors
were unable to progress past the NGN3-positive stage (Guillemain et al., 2007).
The Breant group has recently demonstrated an interesting role for glucocorti-

coid receptor signaling in regulating β-cell mass. Initially, these researchers showed
that late-gestational malnutrition of pregnant rats led to decreased fetal β-cell mass
owing to a decreased numbers of islets (Garofano et al., 1997), which seemed to
correlate with poor proliferation and greater senescence of β cells in the adult mice
(Garofano et al., 1998, 1999; Garofano et al., 2000). These studies suggested that
type II diabetes may stem from in-utero and perinatal insults. This in-utero effect
may well be due to enhanced glucocorticoid levels, which in turn can decrease β-cell
mass and islet numbers (Blondeau et al., 2001).

1.4 Transcription Factors Regulating Pancreas Development

Studies of pancreas development over the last 15 years have been dominated by
efforts to elucidate the roles of transcription factors and their hierarchies, often using
genetically modified animal models. Some of the key transcription factors that have
been identified are PDX1, PBX1, PTF1a, PAX6, PAX4, NGN3, NEUROD, and
NKX family proteins. Here we describe the role and expression pattern of these
and other transcription factors during pancreas development (Table 1.1, Figs. 1.3
and 1.4).

Table 1.1 Transcription factor expression and function in pancreatic development

Factor Expression pattern Function

PDX1 E8–E9: Foregut epithelium
E9–E10: Prepancreatic and pancreatic
epithelium

Midgestation: Nonendocrine cells (low
level of expression)

Mid-to-late gestation: β cells (high level
of expression)

Probably contributes to pancreas
specification of the endoderm

Directs pancreatic budding
Necessary for early development of all
lineages, including acinar and ongoing
endocrine development.

Expression in early endocrine cells favors
β cells over α cells

Important for proper glucose sensing in β

cells, in cooperation with PBX1
PTF1A E9: Pancreas-specified endoderm within

the PDX1 domain
E9–E14: Progenitors of all pancreatic
lineages, except for a few α cells

After E14: Acinar-committed cells

Confers the pancreatic field within the
PDX1 domain of the endoderm

Regulates NOTCH signaling at RBPJ
level

Necessary for acinar development
Part of acinar enzyme transcriptional
regulatory complex

NGN3 Committed endocrine progenitor cells
with limited proliferative potential

Induces commitment of epithelial
progenitors to become endocrine cells,
with different fates selected depending
on when in gestation NGN3 is
expressed
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Table 1.1 (continued)

Factor Expression pattern Function

PAX6 E10: Some early endocrine progenitors
All endocrine progenitors, except for

β/δ-lineage committed cells

Regulates endocrine hormone
transcription

Enhances endocrine cell numbers,
especially α cells

Suppresses ghrelin synthesis
PAX4 E10: Marks some early endocrine

progenitor cells
Endocrine cells that have committed to
the β/δ-lineage

Increases numbers of β/δ-lineage cells
owing to ARX suppression

Increases numbers of mature β cells
Suppresses ghrelin and PAX6-mediated
glucagon production

ARX Endocrine progenitor cells downstream of
NGN3 expression

Diverts endocrine cells away from the
β/δ-lineage, toward the α/PP-lineage

PBX1 E10: Early epithelium and mesenchyme
All developing endocrine cells

Fosters endocrine development
Fosters mesenchymal induction of
exocrine development

Enhances glucose sensing in mature β

cells in cooperation with PDX1
NKX2.2 E9.5: All epithelial cells

E10.5: 50% of epithelial cells, but not
specifically endocrine-committed cells

Enhances formation of β cells and, to a
lesser extent, α cells

Suppresses ε-cell formation
Turns on MAFA in β-cell progenitors
Enhances duct formation in zebrafish

NKX6.1
and 6.2

E9.5: All epithelial cells
E11–E13: NKX6.1 marks all PDX1+

cells, but NKX6.2 shuts off
NKX6.1 marks post-NGN3 expression
endocrine progenitors

NKX6.2 marks some glucagon and acinar
cells by E15

Either NKX6.1 or NKX6.2 is required for
early PDX1+ cells to become β cells

NKX6.1 is necessary for β cell expansion
in the secondary transition and for
β-cell maturation

Either NKX6.1 or NKX6.2 is required for
proper α-cell development

MAFB Endocrine committed cells after NGN3
expression, before β-cell expansion

Expands β-cell and α-cell progenitor
pools

MAFA Maturing β cells after the secondary
transition

Regulates insulin gene transcription

HNF1β E8: Foregut epithelium
E9–E10: Pancreatic epithelium
Ongoing scattered expression in the
uncommitted epithelium

Turns on HNF6
Necessary for dorsal and ventral bud
evagination

Mediates HNF6-induced production of
early, proliferative endocrine
progenitors

HNF6 Early endoderm just downstream of
HNF1β

E9–E10: Pancreatic epithelium
Ongoing scattered expression in the
uncommitted epithelium

Regulates PDX1 expression and
pancreatic field size

Activates HNF1β in the commitment of
epithelial progenitor cells to the
endocrine lineage

HNF3β All early gut endoderm
E9–E10: Pancreatic epithelium

Enhances endocrine cell maturation,
including specifically PDX1 expression
in mature β cells and glucagon
expression in α cells
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Table 1.1 (continued)

Factor Expression pattern Function

SOX9 E9–E10: Early pancreatic epithelium
Later marks uncommitted epithelial cells
(progenitors of all lineages)

Regulates HNF6- and HNF1β-induced
commitment of epithelial progenitors to
the endocrine lineage (see above)

Maintains epithelial cells in a progenitor
state, likely through NOTCH signaling

e8 prepancreatic foregut region
(uncommitted) 

PDX1, HNF1 β , HNF3 β

Ventral
bud region 

Dorsal bud

Acinar-
committed

cells 

e9–e10 committed pancreatic
endoderm (before and after
evagination of dorsal bud)  

PDX1, PTF1A, SOX9, ISL1, PBX1
NKX2.2, NKX6.1, NKX6.2, HNF1 β
HNF3 β, HNF6 (PAX4 and PAX6
present in a fraction of cells)  

Early acinar lineage commitment

PDX1(low), PTF1A
HES1  

PAX4/PAX6-

PTF1A (through e14)
PDX1 (low), HES1
NKX2.2, SOX9

PAX4/PAX6-  

Late acinar lineage
commitment 

Endocrine-
committed
progenitor 

NGN3
HES1-, NKX2.2-

Post-mitotic
endocrine-committed

progenitor  

NEUROD, IA1, NKX2.2
NKX6.1, PAX6, MAFB

NGN3- 

Uncommitted
epithelial progenitor 

Fig. 1.3 Schematic representation of early pancreatic lineages and their transcription fac-
tors. Different stages of pancreas development are depicted from the earliest time of pancreas field
specification to commitment to acinar or endocrine lineages (later stages are shown in Fig. 1.4)

1.4.1 PDX1

Pancreatic duodenal homeobox 1 (PDX1), also called STF1, IDX1, and IPF1, and
its Xenopus ortholog x1Hbox8, was originally identified based on its ability to bind
the insulin and somatostatin genes (Leonard et al., 1993; Ohlsson et al., 1993; Miller
et al., 1994). PDX1 is first expressed at E8.5 (10 somites) in the prepancreatic region
of the mouse foregut (Guz et al., 1995; Jonsson et al., 1995; Offield et al., 1996),
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Post-mitotic 
endocrine-
committed 
progenitor

NEUROD, IA1, NKX2.2 
NKX6.1, PAX6, MAFB

NGN3-

Ghrelin+

ε cell

β /δ -cell 
lineage 

progenitor

α /PP-cell 
lineage 

progenitor

NKX2.2-

PAX6-

PAX4 
ARX-

ARX 
PAX4-

δ -cell 
lineage

β -cell 
lineage

ISL1, PAX6
PAX4-

PAX4

Immature 
β cell

Mature 
β cell

PAX4 
NKX2.2  

MAFA

NKX6.1, PDX1, ISL1 
MAFA, PBX1, HLXB9

Mature 
α cell

PP 
cell

PAX6-NKX6.1 or NKX6.2 
PAX6, HNF3β

Fig. 1.4 Schematic representation of transcription factor expression during endocrine cell
differentiation after NGN3 is turned off (last stage from Fig. 1.3)

which correlates with the earliest point in time at which foregut explants can form
pancreas ex vivo. It appears that Pdx1 gene regulatory elements in areas I–III of the
Pdx1 upstream sequence confer the expression of PDX1 in the early pancreas and
duodenum (Stoffers et al., 1999; Gannon et al., 2001; Wiebe et al., 2007). Though
initially limited to uncommitted epithelial cells, the developmental role for PDX1 is
still significant throughout pancreatic development (Guz et al., 1995; Jonsson et al.,
1995; Wu et al., 1997; Jensen et al., 2000b; Gu et al., 2002). The pdx1-null mutation
in mice and humans causes pancreatic agenesis (Jonsson et al., 1994; Stoffers et al.,
1997), with only a few insulin- and glucagon-expressing cells present in a primi-
tive dorsal bud (Ahlgren et al., 1996). When PDX1 expression was blocked using
a tetracycline-regulatable transgenic knock-in system at E12, a severe blunting of
pancreatic development resulted, with only small ductal structures. However, when
PDX1 expression subsequently stopped, at E14, the result was complete absence of
both acini and β cells (Holland et al., 2002; Hale et al., 2005). A further refinement
of the role of PDX1 in pancreas development was elucidated using mice bearing a
hypomorphic Pdx1 allele (�/�), which resulted in delayed and diminished PDX1
expression (Fujitani et al., 2006). Expressing this hypomorphic Pdx1 allele in a
pdx1-null mutant background allowed for stepwise PDX1 genetic “dosing,” with
partial rescue of pancreas phenotype at the highest subnormal “dose” of PDX1. The
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�/+ genotype resulted in replacement of β cells with α cells and PP cells, with
the α cells located throughout the islet, suggesting that enhanced α-cell growth in
Pdx1-deficient pancreas is due to the loss of a normal β-cell inhibition of α-cell
development (Gannon et al., 2008).
Beyond its developmental role, PDX1 is a key glucose-responsive regulator of

insulin synthesis in β cells (MacFarlane et al., 1994; Marshak et al., 1996). The
regulatory elements in areas I and II of the Pdx1 upstream sequence, in cooperation
with area IV, together confer β-cell specificity for PDX1 expression (Samaras et al.,
2002; Gerrish et al., 2004; Van Velkinburgh et al., 2005; Wiebe et al., 2007).

1.4.2 PBX1

PBX1 is a member of the TALE homeodomain transcription factor family (Dutta
et al., 2001). In the early embryonic pancreas PBX1 is expressed in both epithelium
and mesenchyme and subsequently becomes localized to ducts and islet cells. The
pbx1-null mutant mice lack endocrine cells owing specifically to the absence of
PBX1 in the epithelium, but then also lack exocrine cells as a result of the specific
loss of a PBX1-induced pro-exocrine mesenchymal factor (Kim et al., 2002).
PBX1 and PDX1, together with one of various third partners, form a tran-

scriptional regulatory complex that is important in pancreatic differentiation (Peers
et al., 1995; Swift et al., 1998). The PDX1:PBX1 heterodimer has a 20-fold greater
affinity for the insulin gene than the PDX1 monomer (Peers et al., 1995). Mice
expressing only a PDX1 mutant that cannot interact with PBX1 could still specify
pancreatic cells and develop all pancreatic cell types, but these committed cells were
then unable to amplify further. This PBX1 requirement for proper PDX1 function
is also demonstrated in chick foregut endoderm, where ectopic PDX1 expression
(without concomitant PBX1 expression) induced pancreas-like evaginations, with
suppression of intestinal patterning factors, but with no further pancreatic growth
and differentiation (Grapin-Botton et al., 2001).

1.4.3 PTF1A

Pancreas-specific transcription factor 1a (PTF1A or p48) is a basic helix-loop-helix
(bHLH) protein that is part of a large heterotrimeric transcriptional regulator that
regulates acinar enzyme gene expression (Cockell et al., 1989; Petrucco et al., 1990).
PTF1A also has an important role in early specification of pancreatic progenitor
cells. Essentially all acinar cells, 95% of ductal cells, 75% of α cells, and 100% of
non-α endocrine cells are derived from PTF1A-positive progenitor cells. PTF1A is
first expressed at E9.5 in duodenal cells destined to give rise to dorsal and ventral
pancreas (Krapp et al., 1998; Burlison et al., 2008). From E9.5 to E12.5, PTF1A
and PDX1 are coexpressed in pancreatic progenitor cells (Kawaguchi et al., 2002;
Lin et al., 2004).
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The ptf1a-null mutants failed to develop an exocrine pancreas in mice and
zebrafish (Lin et al., 2004; Afelik et al., 2006). In mutant mice the endocrine cells
develop from an aborted dorsal pancreatic bud and a minuscule ventral bud, and
then migrate out through the mesenchyme to populate the spleen (Krap et al., 1998;
Kawaguchi et al., 2002; Lin et al., 2004). Humans with a PTF1A nonfunctioning
mutation are born without a pancreas, and have neonatal diabetes (Sellick et al.,
2004). In addition to these known functions, PTF1A has a highly orchestrated
and complex set of interactions with NOTCH downstream intercellular mediators
(RBP-J’s) to regulate target patterning genes and acinar-specific genes.

1.4.4 NGN3

NGN3 is a bHLH transcription factor downstream of NOTCH-mediated intracellu-
lar signaling (Apelqvist et al., 1999; Jensen et al., 2000a; Lee et al., 2001). NGN3 is
first expressed at E9, and peaks at E15.5, but by E17.5 is nearly gone from the pan-
creas (Gradwohl et al., 2000; Jensen et al., 2000a; Gu et al., 2002). NGN3-positive
cells are mitotic, but quickly give rise to postmitotic cells expressing NEUROD,
NKX6.1, and PAX6 (Jensen et al., 2000a), with concomitant down-regulation of
NGN3, owing in part to autorepression (Gu et al., 2004; Smith et al., 2004).
All pancreatic endocrine cells derive from NGN3-positive cells (Gu et al., 2002),

and thus NGN3 is a good marker for endocrine progenitor cells. However, early
overexpression of NGN3 induces premature commitment to an endocrine lineage
with exit from the cell cycle, resulting in only small clusters of glucagon-positive
cells (Apelqvist et al., 1999; Schwitzgebel et al., 2000; Johansson et al., 2007).
Nevertheless, NGN3 appears to have the ability to initiate the full pancreatic
endocrine program when expressed at the proper time. With a transgenic “add-
back” system, NGN3 expression at E11 to E12 in an ngn3-null mutant background
induced the formation of many PP- and insulin-expressing cells (Johansson et al.,
2007). A similar “rescue” of endocrine pancreas was found when NGN3-positive
cells isolated from either an E13.5 embryonic pancreas or from a duct-ligated adult
pancreas were grafted into an ngn3-null mutant foregut in vitro (Xu et al., 2008) (see
Chap. 4). These data provide strong evidence for NGN3 as a marker of embryonic
and adult-derived pancreatic islet stem cells.
Potential downstream mechanisms by which NGN3 may activate the endocrine

program include binding and activating E-boxes of the NEUROD regulatory
sequence (Huang et al., 2000). The ngn3-null mutant mice lack NEUROD
(Gradwohl et al., 2000), and transgenic overexpression of NEUROD induces a phe-
notype similar to NGN3 overexpression in mice or in ductal cell lines (Schwitzgebel
et al., 2000; Heremans et al., 2002; Gasa et al., 2008). Other suggested NGN3 targets
include Iroquois-type homeobox proteins (IRX1 and 2) expressed in early pancre-
atic endoderm and in α cells (Petri et al., 2006), NEUROD2, which is present in
embryonic pancreas and in α-cell lines (Gasa et al., 2008), and Insulin-associated 1
(IA1), a zinc-finger protein, (Breslin et al., 2003; Mellitzer et al., 2006).
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1.4.5 NEUROD

Potential downstream mechanisms by which NGN3 may activate the endocrine
program are of obvious interest. One immediate downstream target of NGN3 is
neuroD (Gradwohl et al., 2000; Huang et al., 2000; Jensen et al., 2000a, b; Gu
et al., 2002; Gasa et al., 2008), which binds and activates E-boxes of the neuroD
regulatory sequence as an NGN3-E47 heterodimer (Huang et al., 2000). The close
relationship between NGN3 and NEUROD expression is highlighted by the fact that
NEUROD overexpression, in either transgenic mice or ductal cell lines, induces a
phenotypic change similar to that seen with NGN3 overexpression (Schwitzgebel
et al., 2000; Heremans et al., 2002; Gasa et al., 2008). NEUROD expression is
dependent on NGN3 since ngn3-null mutant mice lack NEUROD (Gradwohl et al.,
2000). The onset of NEUROD expression in endocrine cells of the embryonic
pancreas represents a very important transition from proliferative NGN3-positive
cells to postmitotic cells (Jensen et al., 2000a; Gu et al., 2002). Unlike ngn3-null
mutant mice, however, neuroD-null mutant mice are still able to form all pancre-
atic endocrine cell types, but the number of cells is drastically reduced owing to
late-gestation apoptosis, depending on the mouse strain (Naya et al., 1997; Huang
et al., 2002). A role for NEUROD in suppressing non-β-cell lineages has been sug-
gested by the fact that addition of a neuroD-null mutation to nkx2.2-null mutant mice
(lacking β- , α- , and PP-cells, see below) rescues α and PP cells (Chao et al., 2007).

1.4.6 PAX6

PAX6, a member of the PAX family of transcription factors, contains a paired-box
DNA-binding domain and a homeodomain (Turque et al., 1994). It is first expressed
at E9.0 within an endocrine-committed population of PDX1-positive cells and sub-
sequently in NGN3- , NEUROD- , and ISL1-expressing epithelial cells. Thus, PAX6
expression is retained in cells committed to the endocrine lineage (Sander et al.,
1997; St-Onge et al., 1997; Heller et al., 2004). Though PAX6-positive cells give
rise to endocrine cells, and PAX6 binding sites have been found on the promoter
region of the preproglucagon, insulin and somatostatin genes (Sander et al., 1997),
PAX6 does not appear to be critical for hormone gene expression. The pax6-null
mutant mice, or a dysfunctional small-eye mutant of the Pax6 gene, were both able
to form endocrine cells, though at a reduced rate and especially with very few or
no glucagon cells (Sander et al., 1997; St-Onge et al., 1997). The E19 pancreas of
pax6-null mutant mice contained numerous ghrelin-positive ε cells, suggesting that
PAX6 may normally serve to downregulate ghrelin expression (Heller et al., 2005).

1.4.7 PAX4 and ARX

PAX4, another member of the PAX family of transcription factors, is a ß-cell
progenitor marker, which is required for β-cell development and differentiation
(Dahl et al., 1997). Overexpression of a constitutively active NOTCH mediator in
the PAX4-positive subset of NGN3+ lineage-committed cells led to a surprising
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metaplasia of the cells into ducts, suggesting that PAX4-positive cells may still rep-
resent an important multipotent progenitor cell (Greenwood et al., 2007). PAX4 is
first expressed in the prepancreatic duodenum and then is present in the evaginat-
ing dorsal pancreas at E9.5 (Sosa-Pineda et al., 1997). PAX4 expression peaks at
E13–E15 (Wang et al., 2004), coincident with the burst of new insulin-positive cells
in the secondary transition. However, PAX4 seems necessary only for formation of
mature ß cells and not for their function, as its expression disappears in mature ß
cells (Smith et al., 1999). The pax4-null mutant mice fail to develop ß and δ cells
(Sosa-Pineda et al., 1997; Wang et al., 2004), whereas the number of glucagon-
and ghrelin-positive cells increased significantly, suggesting that PAX4 may nor-
mally act as a transcriptional repressor of glucagon and ghrelin expression (Wang
et al., 2008). Evidence indicates that PAX4 directly inhibits expression of ARX,
a homeobox-containing gene that enhances glucagon-positive cell differentiation
(Collombat et al., 2005).
The arx-null mutant mice provide further evidence for opposing roles for PAX4

and ARX in α/PP-cell versus ß/δ-cell development. These mice have no α cells, and
the α-cell precursors seem to be shunted toward the ß-cell and δ-cell lineage owing
to unopposed PAX4 expression (Collombat et al., 2005). Conversely, overexpression
of ARX in PDX1-positive progenitor cells diverted most ß-cell and δ-cell precursors
toward α cells and PP cells with no change in the total number of endocrine cells
(Collombat et al., 2007).

1.4.8 NKX2.2

NKX2.2 is a homeodomain protein containing an engrailed-homologous repressor
domain (Pedersen et al., 2005). NKX2.2 is first expressed in the developing pancreas
at E9.5 (Sussel et al., 1998), and by E10.5 half of the pancreatic epithelial cells are
NKX2.2-positive and coexpress PDX1 (Chiang and Melton, 2003). At later stages,
NKX2.2 expression focuses on NGN3-positive cells and persists in most endocrine
cells, except for the δ cells (Sussel et al., 1998). This expression of NKX2.2 during
different phases of pancreatic development appears to be under the control of three
different first exons, each having different regulatory elements (Watada et al., 2003).
The most notable phenotype of nkx2.2-null mutation in mice is the absence of

detectable ß cells, an 80% reduction in α cells, a “modest” reduction in PP cells,
and no effect on δ cells (Sussel et al., 1998). However, there was a large increase in
the number of ghrelin-positive ε cells, suggesting that NKX2.2 can normally induce
insulin-positive differentiation and repress ε-cell formation (Sussel et al., 1998).
Other studies showed that NKX2.2 can bind and activate the MafA (Raum et al.,
2006) and insulin genes (Cissell et al., 2003), being part of the mechanism by which
NKX2.2 controls ß-cell formation.

1.4.9 NKX6.1 and NKX6.2

The homeobox genes Nkx6.1 and Nkx.6.2 play a central role in pancreatic ß-cell
development and function (Oster et al., 1998a, b; Sander et al., 2000; Henseleit et al.,
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2005). Mature β cells express NKX6.1, suggesting an ongoing role in mature ß-cell
function (Sander et al., 2000), whereas NKX6.2 expression is restricted to embry-
onic glucagon-positive and amylase-positive cells and is turned off after E15.5.
In nkx6.1-null mutant mice the insulin-positive cells failed to expand after E13,
resulting in an 85% reduction in ß cells (Sander et al., 2000). The nkx6.1/nkx6.2
double-null mutant mice had a 92% reduction in ß cells, suggesting an important
role for NKX6.1 in the generation of ß cells, specifically at the secondary transi-
tion, with some ability of NKX6.2 to compensate for this loss (Sander et al., 2000;
Henseleit et al., 2005). Transgenic expression of either NKX6.1 or NKX6.2 under
the Pdx1 promoter, but not under the Ngn3 promoter, could rescue the ß-cell loss in
nkx6.1-null mutant mice. This suggests that NKX6.2 can replace NKX6.1 function
if expressed in the proper cell and that early NKX6.1 expression in a PDX1-positive
domain, before NGN3 expression, is necessary for ß-cell formation (Nelson et al.,
2007).

1.4.10 MAFA and MAFB

MAFA and MAFB are members of a large family of basic leucine-zipper tran-
scription factors that are active in many developmental processes. MAFA is not
necessary for ß-cell formation, but is required for ß-cell function as a critical
regulator of the insulin gene (Olbrot et al., 2002). MAFA is first expressed in insulin-
positive cells during the secondary transition (Matsuoka et al., 2004). It appears that
the MAFA-positive–insulin-positive cells may derive fromMAFB-positive–insulin-
positive progenitor cells (Artner et al., 2006). MAFB is turned off in insulin-positive
cells as they transition from immature to mature ß cells (Nishimura et al., 2006).
This transition from MAFB to MAFA depends on MAFB function, since MAFB
binds and activates the MafA gene (Artner et al., 2007). The mafB-null mutants
have delayed development of early insulin-positive and glucagon-positive cells and
a 50% reduction in both cell types, with an abundance of hormone-negative cells
that appear to be of the endocrine lineage, suggesting that MAFB is a key regulator
of α- and ß-cell maturation (Artner et al., 2007).

1.4.11 HNF Cascade

HNF6 or ONECUT1 is a cut homeodomain protein expressed in the endoderm
as early as E8 in the region of the foregut-midgut junction (Lemaigre et al.,
1996; Poll et al., 2006). HNF6 expression in the early endoderm is controlled by
vHNF1/HNF1β, which binds to Hnf6 regulatory elements (Haumaitre et al., 2005;
Poll et al., 2006). The vhnf1-null mutation in mice and vHNF1/HNF1β mutations in
humans and zebrafish all lead to ventral pancreatic agenesis and an atrophic dorsal
pancreas (Barbacci et al., 2004; Haumaitre et al., 2005). HNF6 regulates gut for-
mation through HNF3β/FOXA2 expression and activates the Pdx1 gene (Wu et al.,



1 Pancreas and Islet Development 27

1997). Thus, hnf6-mutant mice are born with a hypoplastic pancreas owing to a
severely reduced PDX1-positive field of the pancreas-specific foregut endoderm
(Jacquemin et al., 2000, 2003). After early prepancreatic endodermal expression,
HNF cascade genes are expressed briefly in E9–E10 epithelia (Jacquemin et al.,
2000, 2003) and turn off late in gestation (Gannon et al., 2001).

1.4.12 SOX9

SOX9 is expressed in progenitor cells that can give rise to all pancreatic cell types
(Akiyama et al., 2005) and may serve as a key mediator of the commitment of
NGN3-positive endocrine progenitors. SOX9 can bind and upregulate the Ngn3
gene and is transiently coexpressed with NGN3 (Lynn et al., 2007b; Seymour
et al., 2007). Furthermore, SOX9 interacts with two HNF proteins, vHNF1/HNF1β
and HNF6, which suggests a role for SOX9 in mediating HNF control over
NGN3-positive cell populations (Lynn et al., 2007b; Seymour et al., 2007).

1.4.13 MYT1, GATA Factors, HB9, SOX4, ISL1, HEX, PROX1,
and BRAIN4

TheMyt1 gene can generate two different zinc-finger transcription factors that inter-
act with NGN3 in the developing pancreas (Gu et al., 2004; Wang et al., 2007).
Transgenic expression of a dominant-negative form of MYT1a in the NGN3 domain
blocked α- and ß-cell development by 30–40%, whereas myt1-null mutant mice
developed abnormal multihormone-expressing pancreatic endocrine cells.
The homeodomain protein HLXB9, or HB9, expressed in the pancreatic domain

of the foregut, is important for dorsal pancreatic development and formation of all β
cells (Li and Edlund, 2001). The hb9-null mutant mice develop specifically without
a dorsal pancreas, and the remaining pancreas has a 65% reduction in ß cells. HB9
expression in the epithelium is downregulated after E12, and transgenic overexpres-
sion of HB9 using a Pdx1-HB9 construct led to global pancreatic hypoplasia and
pancreatic intestinalization (Li and Edlund, 2001).
SOX4 is expressed first in early pancreatic buds and later in the islets. The sox4-

null mutation is embryonically lethal at E14.5, and in vitro explant cultures of
mutant pancreas have reduced endocrine cell differentiation (Wilson et al., 2005).
The LIM homeodomain protein ISL1 is expressed in both early pancreatic epithe-

lium and the dorsal mesenchyme in a pattern similar to that of PBX1 (Ahlgren et al.,
1997). ISL1-positive cells are postmitotic and likely downstream of NEUROD-
positive and upstream of PAX6-positive cells (Jensen et al., 2000b). The isl1-null
mutation is lethal, and the embryos die at E9.5. The isl1-null mutant embryos lack
dorsal mesenchyme and fail to form a dorsal pancreas. In-vitro experiments in which
wild-type mesenchyme is added can rescue exocrine–acinar pancreatic development
but not endocrine development, which suggests that ISL1 expression specifically in
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the epithelium is necessary for the development of all endocrine cells, whereas ISL1
in the mesenchyme is necessary for production of an exocrine–acinar-inductive
factor (Ahlgren et al., 1997).
GATA4 and GATA6 are zinc-finger transcription factors expressed in the devel-

oping pancreas (Ketola et al., 2004; Ritz-Laser et al., 2005; Decker et al., 2006). The
gata6- and gata4-null mutants die early in development. A pancreas-specific null
mutation of gata6 produced severe pancreatic agenesis, whereas pancreas-specific
gata4-mutant mice were normal (Decker et al., 2006).
HEX is a hox-related homeodomain protein present in both the early foregut and

the pancreatic epithelium from E13 to E16 (Bort et al., 2004). It is also expressed
in the ventral foregut endoderm, where it induces proliferation and development of
the ventral pancreas (Deutsch et al., 2001).
PROX1 is a homeodomain protein that marks pancreatic and liver progenitor

cells in the endoderm (Burke and Oliver, 2002). PROX1 expression continues in the
developing pancreas and by E15 focuses on NGN3-positive cells, endocrine cells,
and ducts. The prox1-null mutant mice die at E15 with a small pancreas and with
loss of secondary transition endocrine cells owing to premature cell cycle exit (Wang
et al., 2005).
The Pou-domain protein BRAIN4 binds and activates the glucagon gene

(Hussain et al., 1997). BRAIN4 is restricted to α-cell progenitors (Heller et al.,
2004) and persists in mature α cells and in a few PP cells of the late-gestational
embryonic pancreas. BRAIN4 is not necessary for α-cell formation; however,
transgenic expression of BRAIN4 under a Pdx1 promoter can induce glucagon
expression in ß cells (Heller et al., 2004).

1.5 MicroRNAs

MicroRNAs (miRNAs) are small 20- to 22-base RNA molecules derived from
larger primary RNA transcripts through intranuclear (Drosha enzyme) and cytoso-
lic (Dicer enzyme) processing. The miRNAs can regulate gene expression at the
post-transcriptional mRNA level through either translational inhibition or mRNA
degradation and play a role in normal ß-cell function (Poy et al., 2004). In
zebrafish, inhibition of a specific miRNA (miR375) disrupted normal islet formation
(Kloosterman et al., 2007). Pancreas-specific deletion of Dicer resulted in failure to
produce mature miRNA, causing global disruption of pancreatic architecture, with
ductal ectasia and loss of ß cells, reminiscent of the hnf6-null mutant phenotype
(Lynn et al., 2007a).
A role for miRNAs in pancreatic regeneration through post-transcriptional reg-

ulation of Ngn3 has been identified. NGN3 was not found in regenerating islets
after pancreatectomy (Lee et al., 2006). This was attributed to suppression by miR-
NAs, since a 200-fold increase in the level of Ngn3 mRNA was seen in these
pancreatectomy specimens, but without detectable NGN3 protein (Joglekar et al.,
2007). Other RNA-binding and inhibiting molecules include Vg1RBP, an RNA-
binding protein that binds to an untranslated region of a newly-identified shirin gene
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(Spagnoli and Brivanlou, 2006). Xenopus morphants for Vg1RBP had no insulin or
PDX1 expression, and ectopic expression of this RNA-binding protein led to ectopic
pancreas.

1.6 Summary

The formation of the pancreas and the pancreatic islets represents an extremely com-
plicated process that is the subject of continuing intensive investigation, particularly
toward the goal of engineering new sources of β cells. New and emerging scientific
fields and technologies will surely deepen our understanding of these processes and
help us to better assimilate the extensive information into a cohesive depiction of
how the pancreas forms.
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Chapter 2
Islet and Pancreas Transplantation

Davide Mineo, Gaetano Ciancio, George W. Burke,
Rodolfo Alejandro, and Camillo Ricordi

Abstract Islet allotransplantation for patients with brittle type 1 diabetes melli-
tus (T1DM) is a minimally invasive and relatively safe procedure that can induce
sustained, normalized glucose control and restore C-peptide secretion, with reduc-
tion of hypoglycemic episodes, stabilization or delay of chronic complications,
and better quality of life. Current immunosuppressive protocols have significantly
improved short-term outcomes, whereas long-term results are still inadequate (from
80% to 10% insulin-independence from 1 to 5 years post-transplant). Principal
limitations include: imperfections in the islet isolation process, auto- and alloimmu-
nity, allosensitization, immunosuppression-related toxicity, and unsuitability of the
intrahepatic implantation site. More efficient isolation methods, safer and more effi-
cient immunosuppressive agents in tolerogenic strategies, and alternative transplant
site(s) may resolve these limitations in the near future. Simultaneous pancreas–
kidney (SPK) transplantation is the optimal treatment for patients with T1DM
with end-stage renal disease. Restoration of normoglycemia after pancreas trans-
plant, as well as of renal function after kidney transplant, results in significant
improvement of neuropathy, retinopathy, and nephropathy. Novel immunosuppres-
sive therapies, improvements in surgical techniques, and better understanding of
postoperative recipient care have improved results of SPK transplants consistently
over the past decade. Future directions include optimization of immunosuppression,
allowing freedom from insulin injection therapy while maintaining normoglycemia,
and avoidance of chronic transplant glomerulopathy, with durable normalization of
kidney function, thus improving quality of life as well as extending patient survival.

2.1 Type 1 Diabetes Mellitus

Type 1 diabetes mellitus (T1DM) is a cell-specific autoimmune disease triggered
by environmental factors (e.g., viral infections, toxins, diet nutrients or anti-
gens) in genetically predisposed individuals [e.g., human leukocyte antigen (HLA)
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class II DR/DQ, insulin-VNTR, and CTLA4 genes], primarily children and young
adults. This chronic process leads to selective destruction of the insulin-producing
β cells within the pancreatic islets. The resultant complete deficit of insulin,
the main hormone regulating glucose as well as lipid and protein metabolism,
causes hyperglycemia, which leads to acute (ketoacidosis) and chronic (retinopa-
thy, nephropathy, neuropathy) complications, hypercoagulability, dyslipidemia, and
accelerated atherosclerosis, with poorer quality of life, increased cardiovascular dis-
ease, and reduced life expectancy (The Diabetes Control and Complications Trial
Research Group 1993; Zimmet et al., 2001; Leroith et al., 2003).
T1DM represents 5–10% of all cases of DM. It is estimated that in 2010 the

worldwide prevalence of T1DM will be 0.1–0.5% of the general population, more
than 6 million patients (1 out of 100–300 newborns), and its incidence will be 30–
50 new patients per each 100,000 individuals, with a 3% increase yearly, mainly in
developing nations acquiring a western lifestyle and diet. In addition to racial and
regional differences involving the genetic background and environmental triggers,
possible reasons for such an increase in T1DM frequency are the rise in childhood
obesity and increasing sedentary lifestyle, which cause metabolic stress by devel-
opment of insulin resistance and inflammatory injury to β cells with functional
exhaustion, thus accelerating the onset and progression of the disease (accelera-
tor theory) (The Diabetes Control and Complications Trial Research Group, 1993;
Zimmet et al., 2001; Leroith et al., 2003; Yoon and Jun, 2005; Daneman, 2006;
Wilkin, 2008).
T1DM-related micro- and macro-vasculopathy are the main causes of blindness,

chronic end-stage renal disease requiring dialysis, and peripheral limb amputa-
tions and deformities, together with associated disabilities, comorbidities, and death.
Their impact involves some 10% of total health-care expense in Western countries,
with over $100 billion spent every year in United States and over $200 billion world-
wide. Daily exogenous insulin is the treatment of choice in association with tailored
diet and physical exercise programs. Novel insulin formulations (e.g., glargine
and lispro analogues) together with infusion-pump and glucose-sensor technolo-
gies have significantly improved metabolic control, with lower rates of side effects,
prevention or reduction of chronic complications, and better quality of life (The
Diabetes Control and Complications Trial Research Group 1993; Zimmet et al.,
2001; Leroith et al., 2003; Daneman, 2006).

2.2 Pancreatic Islet Allotransplantation

Intensive insulin treatment in T1DM has been associated with increasing severe
hypoglycemic episodes, which can associate with cardiovascular accidents and dete-
rioration of glucose control. Up to 10–20% of long-standing T1DM patients cannot
achieve stable metabolic control or avoid life-threatening hypoglycemia and pro-
gressive complications, owing primarily to diabetic neuropathy with hypoglycemia
unawareness and a concomitant alteration of the contraregulatory mechanisms.
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Attempting tight glycemic control is of major importance in view of the high mor-
tality rate among such subjects while they wait for over 4 years for a pancreas
transplant. In this subgroup of T1DM patients, β-cell replacement therapy by allo-
geneic pancreatic islet transplantation (IT) might be an attractive, less invasive, and
safer option than pancreas transplantation. Despite the fact that it improves glu-
cose control, chronic complications, and quality of life, and provides longer graft
survival and function, pancreas transplantation has an higher risk of perioperative
morbidity and mortality (The Diabetes Control and Complications Trial Research
Group 1993, 1997; Zimmet et al., 2001; Gruessner et al., 2004; Gruessner and
Sutherland, 2005; Ryan et al., 2006; Lipshultz and Wilkinson, 2007; Gerstein et al.,
2008; McCrimmon, 2008).
The pancreatic islets of Langerhans, which contain the insulin-producing β cells,

are functionally complex endocrine structures that detect minimal changes in blood
levels of glucose and other metabolites and maintain metabolic homeostasis through
a fine real-time secretion of specific hormones. IT is an alternative therapy that can
restore physiological glucose sensing and insulin delivery in patients with unstable
T1DM (Cabrera et al., 2006; Leibiger and Berggren, 2008).
Clinical indications for IT include T1DM patients with basal or stimulated C-

peptide of less than 0.3 ng/ml and imminent or current end-stage renal disease who
will receive a kidney transplant, namely simultaneous islet–kidney (SIK) transplants
from the same donor, or who already had a kidney transplant and will receive an
islet-after-kidney (IAK) transplant from a different donor. IT alone (ITA) is a valid
option for T1DM patients with normal or minimally altered renal function and fre-
quent acute and severe metabolic complications requiring urgent medical care (e.g.,
life-threatening hypoglycemic episodes, severe hyperglycemia, or recurrent ketoaci-
dosis); and/or with incapacitating physical and emotional problems with insulin
therapy; and/or with failure of insulin management to prevent chronic complications
(Ryan et al., 2006; Marzorati et al., 2007).
The main goal of IT is to achieve stable, normalized glycemic con-

trol and absence of severe hypoglycemic episodes, thus improving quality of
life, preventing long-term diabetic complications, and reducing procedure- and
immunosuppression-related side effects. Insulin independence, although desirable,
is not necessarily the primary goal of IT, although a significant reduction in insulin
requirements and the restoration of C-peptide secretion are desirable and have some
beneficial effects (Ryan et al., 2006; Leitao et al., 2008a).

2.2.1 Islet Transplantation Procedures

2.2.1.1 Recipient and Donor Selection

Selection of IT recipients is based primarily on the following criteria: patients who
have had T1DM for at least 5 years, are 18–65 years of age, with a body mass index
(BMI) less than 26 kg/m2, and have one or more of the following conditions: severe,
incapacitating hypoglycemic episodes with lack of awareness (based on Clarke or
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Hypo scores); poor, labile glucose control [according to mean amplitude glucose
excursion (MAGE) or lability index], with hemoglobin-A1c (HbA1c) greater than
8.0% despite intensive insulin therapy and care; and progressive diabetic compli-
cations. Exclusion criteria include: nephropathy [creatinine > 1.6 mg/dl, estimated
glomerular filtration rate (eGFR) < 80 ml/min, and albuminuria >300 mg/24 h],
unstable diabetic retinopathy or neuropathy, or any condition limiting islet engraft-
ment and survival or immunosuppression (e.g., hepatitis) (Ryan et al., 2004, 2006;
Marzorati et al., 2007).
Criteria for selection of multiorgan, brain-deceased, and heart-beating donors

include: subjects of 25–45 years of age, with BMI greater than 25 kg/m2, and neg-
ative record or evidence of DM or other severe or chronic illness, transmissible
infective agent or disease, under toxic substance or drug abuse. Several donor char-
acteristics may positively influence the outcomes of the isolation process and the
islet yield: age 16–40, BMI > 27, male gender; traumatic death; normoglycemia
while hospitalized; use of steroids and vasopressors, especially pitressin, with hemo-
dynamic stability; shorter duration of cardiac arrest and hypotension; and a larger
organ size with surface integrity and no edema (Lakey et al., 1996; Nano et al., 2005;
Ryan et al., 2006; Marzorati et al., 2007; Ponte et al., 2007; Hanley et al., 2008).
Donor–recipient ABO compatibility is required, together with negative lympho-

cyte cross-match and panel reactive antibody (PRA) of less than 20%. In SIK,
HLA-matching is quite strict in order to guarantee kidney graft survival, whereas in
ITA and IAK histocompatibility is not required. This strategy, although limiting the
recurrence of autoimmunity, which relies on intrinsic β-cell antigenicity, increases
the risk of HLA-dependent allorejection (Roep et al., 1999; Bosi et al., 2001).

2.2.1.2 Pancreas Procurement, Islet Isolation, and Transplantation

The pancreatic islets of Langerhans are tight mixed clusters of different endocrine
cells scattered throughout the pancreas, each type secreting a specific hormone: α
cells (glucagon), β cells (insulin and amylin), δ cells (somatostatin), and PP cells
(pancreatic polypeptide). It is estimated that the number of islets in a normal human
pancreas is about 1 million, but significant variations can occur depending on donor
age, sex, or weight and organ size and integrity (Ricordi, 1992; Leroith et al., 2003;
Cabrera et al., 2006; Leibiger and Berggren, 2008).
The islet isolation process is designed to obtain an adequate yield of integral and

functional islets from donor pancreata. Pancreas procurement and preservation are
key steps for a successful isolation, requiring a short (<10 min) warm ischemia time
(interval between uncontrolled non-heart-beating up to resumption of heart activity),
organ recovery by an expert surgical team (preferably from the same IT program),
pancreas storage in standard iced-chilled preservation solution, and short (<12 h)
cold ischemia time (interval between pancreas harvesting and the islet isolation)
(Ricordi, 1992; Lakey et al., 1996; Lee et al., 2004; Ponte et al., 2007; Porrett et al.,
2007; Hanley et al., 2008).
Despite an increase in organ donations, rates of pancreas recovery remain unsat-

isfactory and much lower than those of other solid organs. Indeed, from more than
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8000 multiorgan donors available in the United States in 2006, only 2000 pancreata
were recovered, and only 1440 were used for transplantation, with the remaining
not being retrieved because of poor organ and donor quality (63%, mainly owing
to altered exocrine and/or endocrine function), placement-related issues and time
constraints (9%), or other undefined causes (28%). Furthermore, IT centers receive
a pancreas only after it has not been accepted for whole organ transplantation at the
local, regional, or national level, often when the cold ischemia time has exceeded
the ideal. A recent pancreas allocation scheme attempts to minimize this time, plac-
ing organs from donors over 50 years or BMI of more than 30 kg/m2 directly for
IT, but it may include older subjects with reduced islet function and mass or bor-
derline diabetics with higher islet mass but lower insulin secretion capacity. A poor
utilization of potential “islet donor pancreata” has also been reported. In fact, in the
United States in the period 2000–2004, from the overall pool of pancreata available,
only 22.3% were used for whole organ transplantation (“optimal” glands); of the
remaining ones, 48.5% were considered “suitable islet donors” (11% “optimal” and
89% “standard”), but only 2.1% of them (only 8.7% of the “optimal” donors) were
used for IT. There is a wide margin for improvement in pancreas allocation and
utilization, including the use of “optimal” donors and a fair noncompetitive organ
distribution between IT and pancreas transplantation programs, which might ful-
fill the demand of the small T1DM population requiring β-cell replacement (Lakey
et al., 1996; Deng et al., 2004; Ihm et al., 2006; Porrett et al., 2007; Stegall et al.,
2007; Hanley et al., 2008).
A semiautomated method of mechanically enhanced enzymatic pancreas disso-

ciation in a digestion-dissociation chamber (Ricordi chamber), with different blends
of lytic enzymes (e.g., collagenases and proteases), is used to release the islets
from the surrounding interstitial-connective and exocrine tissues. A semiautomated
purification technique in a computerized centrifuge system (COBE 2991), with
various density gradient solutions (e.g., glucose-based), is performed thereafter to
separate the endocrine from the exocrine cells (Fig. 2.1). Finally, a small volume
(<5 ml) of highly purified islet product is recovered and undergoes a 2-day cul-
ture for cell recovery from the traumatic isolation process. The cell culture medium
is enriched with trophic and antioxidant substances (e.g., insulin, nicotinamide, L-
glutathione) to prevent oxidative stress and apoptosis, preserving β-cell function and
survival (Ricordi et al., 1988; Ricordi, 1992; Ichii et al., 2006).
This interval also allows for assessment of islet survival, content, and function

prior to transplantation, thus determining product clinical suitability by FDA-
approved tests. Islet counting is performed at optical microscope from final product
samples using diphenylthiocarbazone (DTZ) staining (selectively binding to zinc–
insulin granules with red coloring). The islet mass is calculated using an algorithm
whereby islets are scored according to their diameter and counted as the num-
ber of islet equivalents (IEQ) based on a standard islet size of 150 μm. Product
purity is evaluated as a percentage of DTZ-stained endocrine cells compared
to unstained exocrine cells. Islet viability is assessed by fluorescent inclusion–
exclusion dyes selectively binding to viable or necrotic cells. Islet function is deter-
mined in vitro by measuring glucose-mediated insulin release in static incubation
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Fig. 2.1 Schematic representation of the human islet isolation (a) and purification (b)
process. Reproduced with permission from Ricordi and Strom, 2004

(low- then high-glucose challenge) and expressed as a stimulation index (SI, ratio
of stimulated-to-basal insulin release). A decision for transplant is made when suffi-
cient islets are recovered (minimum 350,000 IEQ, or 5000 IEQ/kg of recipient body
weight) and specific product release criteria are met: endocrine tissue > 30%; islet
viability > 70%; SI value > 1; negative Gram stain; endotoxins levels < 5 EU/kg
(Ricordi, 1992).
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Despite significant progress, even in the most experienced centers fewer than
50% of the pancreata processed with the intent to transplant provide a sufficient
number of islets; moreover, more than 50% of the pancreatic islet content is lost in
the process, as a result of donor brain-death related events, suboptimal organ preser-
vation, deficient isolation process, and inadequate β-cell cytoprotection. Overall,
these conditions limit the chances of a satisfactory islet yield from a single pan-
creas, so that frequently more than one donor is required to collect the number of
islets needed to normalize glucose control or achieve insulin independence (Nano
et al., 2005; Pileggi et al., 2006, Ponte et al., 2007).
IT occurs via microembolization into the hepatic portal venous system, with islet

entrapping in the peripheral branches, at the presinusoid level due to size restriction,
followed by their engraftment and revascularization from the hepatic vasculature,
with immediate function and sustained survival. The transplant is performed by
gravity infusion from a closed-bag system containing the heparinized islet product
in the main portal vein through percutaneous transhepatic catheterization, under flu-
oroscopic and ultrasound guidance, using local anesthesia and conscious sedation,
with close monitoring of portal pressure. This minimally invasive interventional
radiologic procedure lasts approximately 1 h and patients are discharged from the
hospital within 24–48 h, once clinically stable and if no complications arise. In SIK,
or if there are contraindications to this approach (e.g., risk of hemorrhage, anatomi-
cal anomalies), cannulation of a tributary of the portal vein, such as the mesenteric
or umbilical vein, is performed by laparotomy or laparoscopy (Baidal et al., 2003;
Pileggi et al., 2006; Goss et al., 2003).

2.2.2 Clinical Protocols

2.2.2.1 Historical Protocols

Following the first case of a functioning allogeneic IT reported in 1980, several tri-
als in patients with T1DM were performed in late 1980s, mainly as SIK and IAK or
in combination with other solid organ transplants. Variable numbers of pancreatic
islets, purified from cadaver single-donors, were injected into the liver during the
main organ transplant or through a transient intraportal catheter as a post-transplant
percutaneous procedure. The immunosuppressive regimens were those tradition-
ally used in solid organ transplants, combining corticosteroids (prednisolone or
methylprednisolone), purine antagonist azathioprine or calcineurin inhibitor (CNI)
cyclosporine A, with lymphodepleting polyclonal antibodies added at induction in
a few trials [e.g., diverse animal-derived antithymocyte globulin (ATG)] (Largiadr
et al., 1980; Mintz et al., 1988).
The first promising results in IT were reported in the context of multiorgan

transplants in the early 1990s using the new CNI tacrolimus, with greater immuno-
suppressive effect and fewer side effects than cyclosporine A, as a maintenance
drug. Later on, mycophenolate mofetil (MMF), a prodrug of mycophenolate acid
(MPA), a purine synthesis inhibitor, was launched as a maintenance drug with equal
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immunosuppressive efficacy but lower nephrotoxicity than CNI. At the same time,
more efficient induction strategies were tested, and the two monoclonal antibod-
ies daclizumab and basiliximab, targeting the IL2 receptor/CD25 on T-lymphocytes
with functional and proliferative inhibition, were used with significant reduction of
acute rejection episodes. In contrast, muromonab-OKT3, targeting the T-cell sur-
face marker CD3 with profound lymphodepletion, was tested but soon abandoned
owing to severe cytokine release. In a few trials, bone marrow cells (BMCs) or
hematopoietic stem cells (HSCs) from the same single-donors were coinfused, using
lymphodepleting nonmyeloablative conditioning, in the attempt to induce recipient
hematopoietic chimerism and islet graft tolerance, but islet graft survival was not
maintained after discontinuation of immunosuppressive drugs (Tzakis et al., 1990;
Ricordi et al., 1992; Gores et al., 1993; Alejandro et al., 1997; Secchi et al., 1997;
Oberholzer et al., 2000; Pileggi et al., 2004).
The overall results of this first decade of IT trials were encouraging but not

satisfactory, and limited islet graft survival, high rates of primary nonfunction,
only transient insulin independence, and relevant immunosuppressive side effects
were often observed. Indeed, post-transplant reduction of insulin requirements and
improvement in glycemic control rarely lasted long term, with only 10% of islet
recipients maintaining insulin independence at 1 year (Bretzel et al., 1999).
A main obstacle in achieving consistent positive results was the diabetogenic

effect of corticosteroids and CNIs on β-cell function and survival, as well as on
the development of peripheral insulin resistance. Post-transplantation DM occurs in
more than 50% of solid organ transplant recipients, including pancreas, with inci-
dence increasing with dose and duration of immunosuppressive therapy. Moreover,
drug-dependent increment of lipids is associated with increased allograft loss and
toxicity. Glucolipotoxicity may cause β-cell dysfunction and loss (Subramanian and
Trence, 2007; Vantyghem et al., 2007; Poitout and Robertson, 2008).
Corticosteroids (dose > 5 mg/day) can induce hyperglycemia by decreasing

insulin-mediated glucose uptake in peripheral tissues, with insulin resistance, and
by inhibiting insulin production and secretion, with β-cell dysfunction and possi-
bly apoptosis. Increased hepatic gluconeogenesis, reduced glycogen synthesis, and
lipolysis also occur. Hyperlipidemia is due to increased VLDL synthesis and down-
regulation of LDL receptor and lipoprotein lipase activity, resulting in increased
LDL cholesterol and triglycerides and reduced HDL cholesterol. Both metabolic
alterations may result in overall increased cardiovascular risk after transplant
(Poitout and Robertson, 2008).
CNIs frequently cause hyperglycemia and hyperlipidemia. High-dose tacrolimus

(trough levels > 6 ng/ml) is more diabetogenic but less deleterious for lipids
than cyclosporine A (trough levels > 300 ng/ml). Hyperglycemia is consequent
to decreased insulin synthesis and secretion. Morphological anomalies are present,
including reduced β-cell density, loss of secretory granules, cytoplasmatic swelling
and vacuolization, and possibly apoptosis. Such alterations seem to be dose-
dependent and reversible by drug discontinuation, with no chronic cumulative
toxicity on β cells. Effects on insulin sensitivity are still being debated, with
some animal and clinical studies reporting increased hyperinsulinemia and insulin
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resistance. Dyslipidemia, with increased LDL cholesterol and impaired VLDL
and LDL clearance, also occurs. Increased LDL oxidation and lipoprotein levels
with accelerated atherosclerosis, as well as increased vascular tone and resis-
tance with hypertension, contribute to a greater cardiovascular risk (Vantyghem
et al., 2007).

2.2.2.2 Current Protocols

In late 1990s, new immunosuppressants, such as mTOR inhibitors, sirolimus and
everolimus, and novel anti-inflammatory agents, such as TNFα blockers inflix-
imab (chimeric monoclonal antibody) and etanercept (recombinant fusion protein),
allowed avoidance of corticosteroids and reduction of tacrolimus dosage in specifi-
cally designed ITA protocols (Table 2.1) (Mineo et al., 2008c).
In 2000, the Edmonton group reported remarkable results from a steroid-free

protocol including daclizumab at induction and high-dose sirolimus (trough lev-
els 12–15 ng/ml during the first trimester and then 10–12 ng/ml) plus low-dose
tacrolimus (trough levels 3–6 ng/ml) at maintenance. After 1 year, virtually all
recipients were insulin-free, with normalized HbA1c and absence of severe hypo-
glycemia. Insulin independence was obtained infusing more than 10,000 IEQ/kg or
more than 700,000 IEQ total (full islet mass), from two or more fresh islet transplant
infusions (Shapiro et al., 2000; Ryan et al., 2002).
Subsequently, the Miami group successfully introduced a 2-day culture stage

in supplemented medium prior to transplant, to allow β-cell recovery from the
isolation process, thus increasing islet viability while preserving islet mass. This
time period permits the administration of induction strategies that can prevent
acute rejection episodes and improve long-term outcomes. It also allows the ship-
ment of islet products to remote facilities for transplantation. The same group
also attempted to achieve recipient hematopoietic chimerism and islet graft tol-
erance infusing HSCs from the same single-donor, without any conditioning, but
neither recipient chimerism nor islet graft function persisted after discontinua-
tion of immunosuppression 1 year after transplantation (Froud et al., 2005; Mineo
et al., 2008a).
Later on, the Minneapolis group showed that a more potent lymphodepletion at

induction, using rabbit ATG (rATG) or a modified humanized OKT3 (hOKT3γ1
ala-ala), together with an IT-specific anti-inflammatory strategy using etanercept,
achieved insulin independence from a single-donor with less than 10,000 IEQ/kg
(marginal islet mass). Sirolimus and low-dose tacrolimus or MMF were used at
maintenance (Hering et al., 2004, 2005).
Since the year 2000 many groups have adopted similar immunosuppressive

strategies in IT, for a total of more than 700 transplants in about 400 recipients
at some 50 centers worldwide, according to data from the Clinical Islet Transplant
Registry (CITR), with comparable results in terms of prolonged improvement of
glucose metabolism and rate of insulin independence at 1 year, steady at about
70–80% among the most experienced groups (Shapiro et al., 2006, Alejandro et al.,
2008).
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New immunosuppressive or immunomodulatory drugs are being tested to reduce
side effects while attempting to use single-donor islet infusion, in order to avoid
recipient allosensitization and overcome organ shortage. Preliminary promising
results show significant improvements in short-term islet function and survival.
The groups in Miami and Edmonton are using alemtuzumab, an anti-CD52 lym-
phodepleting monoclonal antibody, as an induction agent, while including MMF
at maintenance, rather than tacrolimus or sirolimus. Similarly, the group in San
Francisco is using rATG and etanercept at induction, with sirolimus plus efalizumab,
an anti-LFA1/CD11a leukocyte antiadhesion monoclonal antibody, for maintenance
(Froud et al. 2008; Posselt et al., 2008a; Shapiro et al., 2008).
Recently, in order to improve islet function, and possibly survival, as well as to

prevent long-term graft exhaustion, the glucagon-like peptide-1 (GLP1) synthetic
analogue exenatide, administered subcutaneously at meals, has been given from the
time of the first islet infusion (University of Illinois group) or after islet graft dys-
function (Miami and Vancouver groups). The Miami group also reported patients
receiving islet retransplants who had been under chronic exenatide treatment prior
to the supplemental infusion. Overall, exenatide therapy seems to improve islet
engraftment as well as islet graft function and survival, normalizing glucose con-
trol and favoring insulin independence (Ghofaili et al., 2007; Faradji et al., 2008;
Froud et al., 2008; Gangemi et al., 2008; Faradji et al., 2009).
The Edmonton protocol has also been tested in several IAK and SIK trials.

In both settings, resulting rates of insulin independence were not always com-
parable with ITA, varying from 30 to 70% at 1-year post-transplant, but similar
stable, normalized glucose control and sustained C-peptide secretion were achieved,
also significantly improving function and longevity of kidney grafts without either
increasing the risk of kidney rejection or inducing premature decline in its function.
Recently, a report from one SIK trial showed successful islet engraftment and func-
tion using alemtuzumab and an Edmonton regimen, with 60% insulin independence
at 1 year and 100% kidney graft survival for more than 2 years (Toso et al., 2006;
Cure et al., 2008a; Gerber et al., 2008; Tan et al., 2008).

2.2.3 Results

2.2.3.1 Clinical Outcomes

Long-term results from different groups have shown that the rate of insulin indepen-
dence using the Edmonton protocol declines post-transplant to 50% at 2 years, 30%
at 3 years, and 10% at 5 years, although 70–80% of recipients have detectable C-
peptide (>0.5 ng/ml), with 50–60% reduction in insulin requirement and normalized
HbA1c (<6.5%). This progressive islet allograft loss and exhaustion seem mainly
due to auto- and allorejection, immunosuppressant-related islet graft toxicity and
implantation-site related unsuitability. Recently, the group in Minneapolis reported
the achievement of 60% insulin independence for more than 3 years post-transplant,
using rATG and etanercept as induction together with mTOR inhibitors plus CNIs
(later changed for MMF) at maintenance (Ryan et al., 2005; Bellin et al., 2008).
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Significant metabolic improvements are achieved and maintained after IT, even
with only partial islet graft function, including stability of glucose control with
normalized HbA1c and corrected substrata metabolism, amelioration of insulin sen-
sitivity with reduced insulin requirements, absence of severe hypoglycemia with
restored awareness, and improved quality of life. In particular, both the first-phase
insulin secretion after an intravenous glucose tolerance test (IVGTT) and the area-
under-the-curve (AUC) of C-peptide secretion after an oral mixed-meal tolerance
test (MMTT) appear to be restored, with normalization of glucose levels and reduc-
tion of glucose excursion at the subcutaneous glucose monitoring system (CGMS)
(Figs. 2.2 and 2.3). Notably, glucagon response to hypo- and hyperglycemia appears
partially restored, with recovery of sympathoadrenal response and reduced hepatic
glucose output, respectively, thus contributing to improved metabolic control after
transplant (Luzi et al., 2001; Paty et al., 2002; Rickels et al., 2005a; Meier et al.,
2006; Poggioli et al., 2006; Rickels et al., 2006a; Rickels et al., 2007; Gorn et al.,
2008; Leitao et al., 2008b; Poggioli et al., 2008; Tharavanij et al., 2008).
Beneficial effects of IT are also evident for long-term diabetic complications,

with stabilization or reduced progression of retinopathy and even improvement of
neuropathy, with reduced nerve expression of receptor of advanced glycated end-
product (RAGE) and increased nerve conduction. The effects on renal function are
discordant, with some reports showing a decline in renal function after a long period
subsequent to transplantation, whereas others show stability. Acceleration of the
diabetic nephropathy as well as renal toxicity per se have been ascribed to immuno-
suppressive therapy. Prompt implementation of antihypertensive nephroprotective
therapies and appropriate recipient selection, especially in ITA, including T1DM
patients with virtually normal renal function and presumably slow progression of
the diabetic nephropathy, are recommended for limiting post-transplant renal side
effects. Results primarily from IAK recipients indicate that IT can induce improve-
ments in cardiovascular and endothelial function (e.g., improved diastolic function,
increased nitric oxide production), atherothrombotic profile (e.g., reduced lipid oxi-
dation, delayed intimal media thickening), with fewer cardiovascular events and
better survival in IT recipients (90 vs. 50% at 7 years). Overall, together with
the improvement in glycemic control, IT seems to be protective for kidney graft
function and to increase its longevity. The prolonged C-peptide secretion may con-
tribute to such beneficial effects by reducing nerve dysfunction and increasing blood
flow in cardiac and renal districts, with myocardial and glomerular vasodilatation,
improving cardiovascular and kidney function, and slowing the progression of dia-
betic macro- and microangiopathy (Johansson et al., 2000; Wahren et al., 2000;
Hansen et al., 2002; Fiorina et al., 2003a, b; Fiorina et al., 2005a, b; Lee et al.,
2005; Venturini et al., 2006; Ryan et al., 2006; Del Carro et al., 2007; Fung et al.,
2007; Maffi et al., 2007; Senior et al., 2007; Thompson et al., 2008; Warnock et al.,
2008, Leitao et al., 2009).
At islet graft dysfunction, long- and short-acting insulin analogues (e.g., glargine

and lispro), and/or the incretin-mimetic exenatide, are gradually started. The lat-
ter seems to have direct effects on β cells (increased glucose-dependent insulin
secretion, restored first-phase secretion, better insulin processing, and higher amylin
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Fig. 2.2 Intravenous glucose (IVGTT) (a) and mixed-meal (MMTT) (b and c) tolerance
tests, pre- and post-islet allotransplantation. Reproduced with permission from Faradji et al.,
2008



2 Islet and Pancreas Transplantation 55

Fig. 2.3 Continuous glucose monitoring system (CGMS) profiles pre- (a) and post-islet (b)
allotransplantation, and at islet graft dysfunction (c). Different lines represent different days of
glucose monitoring. Reproduced with permission from Gorn et al., 2008
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synthesis) and indirect effects on glucose metabolism (reduced glucagon secre-
tion, lower hepatic gluconeogenesis, reduced gastric empting, and delayed glucose
absorption). Whether reduction of apoptosis or regeneration of β cells can occur, as
observed in experimental models, is not yet clear. Exenatide may also aid in pro-
tecting β cells from immunosuppression-related toxicity. Several side effects (e.g.,
vomiting, nausea), the risk of pancreatitis, and the possible worsening of preexisting
diabetic gastroparesis may limit its use (D’Amico et al., 2005; Ranta et al., 2006;
Cure et al., 2008b; Ranganath, 2008).

2.2.3.2 Islet Graft Monitoring

The clinical management of islet transplant recipients relies on the combina-
tion of several immune responses and metabolic parameters together with blood
trough levels of immunosuppressants and recipient clinical status, including
immunosuppressive-related side effects and toxicity symptoms.
The immune alloresponse is monitored principally by mixed lymphocyte allore-

action (MLR) and panel reactive alloantibody (PRA) assays for cellular and
humoral reactivity, respectively. Evaluation of cytotoxic gene expression levels (e.g.,
granzyme B) or ATP production in in-vitro stimulated CD4+ T-lymphocytes may
represent helpful tools for confirming the clinical picture and the islet graft course,
together with cytokine measurement and characterization or other soluble markers.
Recurrent autoimmunity can be detected by reappearance of T1DM-specific autoan-
tibodies (e.g., anti-GAD65, anti-IA2, and anti-insulin) and seems to be associated
with lower insulin-independence rates and shorter islet graft survival. Histological
signs of selective destruction of β-cell allograft as well as autoreactive cytotoxic and
memory T cells against specific β-cell epitopes have been also described (Stegall
et al., 1996; Bosi et al., 2001; Han et al., 2004; Pinkse et al., 2005; Huurman et al.,
2008; Huurman et al., 2009; Mineo et al., 2008b; Monti et al., 2008, Saini et al.,
2008).
Monitoring islet graft function for detection or prediction of β-cell dysfunction

or failure is based on insulin requirements and blood HbA1c, glucose, C-peptide,
and insulin levels measured in the fasting state or after stimulation testing (e.g.,
intravenous arginine tolerance test, IVGTT, and MMTT). Several indices of islet
graft function are derived from these measurements (e.g., acute insulin or C-peptide
release, fasting C-peptide/glucose ratio, 90-min glucose). Composite indices are
also calculated based on insulin requirements, HbA1c, and the number of infused
IEQ, such as the beta score. The use of CGMS or of the MAGE index derived
from daily glucose measurements with finger-sticks can help detect early graft
dysfunction. Unfortunately, none of these indices is completely reliable or standard-
ized, resulting in detection of metabolic alterations when it is too late to intervene
with modifications of the immunosuppressive therapy for rescuing the islet graft
(Teuscher et al., 1998; Geiger et al., 2005; Rickels et al., 2005b; Faradji et al., 2007b;
Rickels et al., 2007b; Gorn et al., 2008; Baidal et al., 2009).
To date, limited imaging methods are clinically available for visualizing or

monitoring the islet graft in vivo. Luciferase-transduced bioluminescence optical
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imaging, despite high sensitivity, has limited depth penetration and is not applicable
to human studies. High-sensitivity (e.g., 3-tesla) magnetic resonance imaging of
islets labeled with different tracers (e.g., superparamagnetic iron nanoparticles)
is being tested in animal settings with promising results for clinical applica-
tion. Positron emission tomography with 18-fluorodeoxy-D-glucose has been used
recently in human setting to assess intrahepatic islet engraftment and survival in the
immediate postinfusion period. Percutaneous hepatic biopsy is not routinely used
owing to procedure-related risks (e.g., bleeding) and lack of certainty of retrieval of
islet graft tissue (Eich et al., 2007; Medarova and Moore, 2008).

2.2.4 Complications and Limitations

2.2.4.1 Recipient- and Graft-Related Complications

Acute complications during the islet infusion procedure are rare (<2–6%), and
include: intraabdominal bleeding, pleural or abdominal effusions, peripheral portal
vein branches thrombosis, and transient transaminitis. Novel radiological tech-
niques, intracatheter-tract coagulants, and recipient peritransplant antithrombotic
prophylaxis have reduced their incidence. Intrahepatic focal steatosis and amyloid
deposits may follow IT, but their effect on islet graft function and survival is still
unclear (Bhargava et al., 2004; Froud et al., 2004; Barshes et al., 2005; Hafiz et al.,
2005; Westermark et al., 2008).
The extended period of the islet allograft survival in recent protocols has involved

long-term immunosuppression-related side effects in virtually all recipients, primar-
ily common or opportunistic infections (mainly skin, respiratory, and urinary tracts),
and direct immunosuppressive toxicity (Table 2.2). Several serious adverse events
have been observed that required hospitalization and specific therapy (e.g., profound
neutropenia, pneumonia, ovarian cysts), but only one death could be attributed to
immunosuppression (viral meningitis). Extremely rare are viral reactivations (e.g.,
EBV, CMV) or de novo malignancies, with only 13 neoplasms reported (two pap-
illary thyroid carcinomas, six squamous and two basal-cell skin carcinomas, one
ovarian and one breast cancer, one pulmonary nodule) in approximately 400 IT
recipients according to data of CITR (Cure et al., 2004; Hafiz et al., 2004; 2005;
Faradji et al., 2007a, Alejandro et al., 2008; Cure et al., 2008c).
Sirolimus has opposing effects on insulin secretion and action, which appear to

be cell- , species- , and dose-dependent, and act by inhibition of insulin-receptor
signal transduction and of the kinases regulating the β-cell cycle. Beta-cell dys-
function and reduction of insulin secretion seem to occur only at doses higher than
those used in the clinical setting, whereas increased basal and glucose-stimulated
insulin levels with reduced apoptosis have been seen at therapeutic concentrations.
In skeletal muscle and adipose cells, long-term exposure seems to reduce insulin-
dependent glucose uptake and insulin sensitivity, whereas in the short term opposite
effects have been observed. Reversible, dose-dependent dyslipidemia also occurs
(Subramanian and Trence, 2007; Vantyghem et al., 2007).
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MPA may also have a detrimental effect on β cells, by reducing insulin secretion
and inducing apoptosis, as well as on peripheral insulin sensitivity, with most of such
data coming from experimental settings, whereas lipid metabolism is not affected.
The enteric-coated formulation mycophenolate sodium has recently shown better
gastrointestinal tolerability and absorption than MMF and is increasingly used to
avoid toxicity from other immunosuppressive drugs (Havrdova et al., 2005; Gao
et al., 2007; Subramanian and Trence, 2007; Park et al., 2009).
All the immunosuppressive agents can interfere with islet engraftment and β-

cell self-renewal. Indeed, sirolimus has antiproliferative and antiangiogenic effects
on duct and islet cells that may impair β-cell engraftment and neovascularization as
well as viability and regeneration. Tacrolimus andMPA also have negative effects on
duct and islet cell proliferation and differentiation, preventing β-cell neogenesis or
replication. No negative effects of everolimus, a newly introduced mTOR inhibitor,
on glucose metabolism, have yet been reported, although it can induce dyslipidemia
(Bussiere et al., 2006; Cantaluppi et al., 2006a, b; Marcelli-Tourvieille et al., 2007;
Nir et al., 2007; Zahr et al., 2007).
Renal toxicity is still a major side effect of immunosuppressive therapy.

Tacrolimus may cause acute vasomotor vasculopathy with tubular necrosis and/or
chronic fibrotic vasculopathy with glomerulosclerosis and interstitial fibrosis.
Moreover, sirolimus may induce acute renal dysfunction and/or chronic proteinuria
by increasing glomerular permeability and injury or by suppressing the compen-
satory renal cell proliferation and repair capacity. Their combined use in IT can
have synergic negative effects on renal function per se or may cause the progression
of diabetic nephropathy, especially in the presence of pretransplant abnormalities
(e.g., microalbuminuria, reduced eGFR), whereas the alternative use of MPA-based
regimens could prevent renal injury (Rangan, 2006; Williams and Haragsim, 2006).
Supportive therapy is normally used to counteract systemic immunosuppressant-

related side effects, such as angiotensin converting enzyme inhibitors (ACEi)
or angiotensinogen receptor blockers (ARB), statins or ezetimibe, together with
bone marrow stimulants (e.g., granulocyte-colony stimulating factor, erythropoi-
etin), anti-infective prophylaxes, and dietary supplements (e.g., iron). In most
cases prompt treatment of complications minimizes recipient morbidity without any
sequela (Hafiz et al., 2005; Faradji et al. 2007).

2.2.4.2 Transplant-Related Limitations

Similarly to the pretransplantation period, many factors can contribute to a signif-
icant post-transplantation islet loss especially during the early postinfusion phase,
reducing the effective number of functioning islets available during the follow-up
period. Because of that often a second or third donor islet infusion is required to
achieve insulin independence and durable normalization of glucose control in the
recipients.
In particular, during islet infusion, an intravascular instant blood-mediated

inflammatory reaction (IBMIR) seems responsible for destroying 50–70% of the
infused β cells. An upregulation of tissue factor and other molecules on islet
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cell surface after the isolation process is capable of triggering innate immunity
via activation of coagulation, complement, inflammation, and natural antibod-
ies, destroying the islets. Peritransplant anticoagulant prophylaxis with heparin
can counteract this reaction (Moberg et al., 2002; Johansson et al., 2005; Eich
et al., 2007).
A progressive intrahepatic islet graft dysfunction and loss also occurs owing

to: poor revascularization, chronic hypoxia, absent reinnervations, proinflammatory
milieu, drug toxicity, glucolipotoxicity, fat and amyloid deposition, islet functional
overload, premature apoptosis, and lack of regeneration. Several ongoing experi-
ments are aimed at identifying alternative and less hostile implantation sites for islet
allograft, with the omental pouch, the thymus, or the bone marrow being the most
attractive. Recently, islet autotransplantation in the forearm muscle of a child with
genetically determined pancreatitis has shown a prolonged (over 2 years) restora-
tion of insulin secretion and normalized glucose control, while requiring minimal
exogenous insulin therapy (Desai et al., 2003; Bhargava et al., 2004; Pileggi et al.,
2006; Huang et al., 2008; Merani et al., 2008; Rafael et al., 2008; Westermark et al.,
2008; Lau and Carlsson, 2009).
Finally, a major concern of IT is the recipient-wide allosensitization from the

multiple HLA-mismatched donor infusions performed to achieve insulin indepen-
dence, hypothetically jeopardizing the chances of receiving future organ transplants
(e.g., kidney or pancreas). Pretransplant PRA levels higher than 15–20% and
donor-specific antibodies (DSA) seem associated with reduced islet graft survival.
Post-transplant positive PRA levels and de novo DSA may occur after drug dose
reduction for persistent or serious side effects (e.g., infections) but their impact on
islet graft loss is still unclear. Allosensitization seems absent or minimal under the
recommended trough levels of immunosuppression, which also seem able to con-
tain low PRA levels (<5–15%), but it occurs constantly when immunosuppression
is discontinued, such as after islet graft failure. High PRA levels (>50%) with DSA
and cross-reacting non-DSA may persist for a long time. A slower immunosup-
pressive tapering could minimize or prevent sudden and massive antigen exposition
from residual islet graft (Mohanakumar et al., 2006; Rickels et al., 2006b; Campbell
et al., 2007a, b; Cardani et al., 2007).

2.2.4.3 Current Challenges and Future Perspectives

Several technical and clinical limitations still persist in IT (Fig. 2.4). Various cyto-
protective strategies and agents are currently under investigation to improve organ
preservation and islet yield and survival through the isolation process, such as perflu-
orocarbons in a two-layer method, new lytic enzyme blends or purification methods,
and JNK or caspase inhibitors (Kin et al., 2006; Barbaro et al., 2007; Emamaullee
et al., 2007; Sabek et al., 2008; Varona-Santos et al., 2008).
New immunological and possibly tolerogenic strategies, including more selec-

tive lymphodepleting drugs, costimulatory blockade, and anti-inflammatory agents,
are being tested for increasing islet allograft longevity, preventing allorejection and
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Fig. 2.4 Main challenges in clinical islet allotransplantation.Reproduced with permission from
Mineo et al. 2008c

recurrent autoimmunity, and reducing recipient side effects and islet graft toxic-
ity (Vincenti and Kirk, 2008). The Clinical Islet Transplant Consortium, including
centers in North America and Europe, is starting different phase II–III trials using
novel agents (e.g., anti-CD20/B-cell-depleting rituximab, anti-CD80/86 costimula-
tory blockade belatacept, immunomodulatory deoxyspergualin, anti-inflammatory
agent lisofylline, and IBMIR-blocker low-molecular-weight dextran) to improve
outcomes. Standardized procedures are also used, with the goal of obtaining
approval for IT as a standard health-care procedure, thus allowing for insurance
reimbursement. Indeed, costs of IT are very high, approximately $250,000 in the
first 2 years post-transplantation, and only a few countries (e.g., Canada) have
included this procedure as an optional treatment for selected patients with T1DM.

2.2.5 Conclusions

IT as treatment for brittle T1DM has recently achieved successful graft function,
with long-term metabolic improvements and minimal procedure-related complica-
tions. Unfortunately, islet recovery from isolation and post-transplant graft durabil-
ity with the current methods and protocols are still unsatisfactory. Several limitations
remain, including auto- and alloimmunity, allosensitization, immunosuppressive-
related toxicity, and implantation-site unsuitability. In the near future, improvements
in both the isolation process and islet cytoprotection, as well as new, less toxic
immunological agents together with tolerogenic protocols, and alternative implanta-
tion sites, may overcome such challenges (Ricordi, 2003; Ricordi and Strom, 2004;
Shapiro, 2008).
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2.3 Simultaneous Pancreas–Kidney Transplantation

Simultaneous pancreas–kidney transplantation (SPK) is considered the best treat-
ment option for patients with T1DM and end-stage renal disease (ESRD). The pan-
creas transplant can restore euglycemia, providing long-term insulin independence;
increase patient survival; stabilize or improve diabetic retinopathy and neuropathy;
and, in combination with the kidney transplant, eliminate the need for long-term
dialysis (Gruessner and Sutherland, 2005; Leichtman et al., 2008).
More potent immunosuppression agents, improvements in surgical techniques,

and better understanding of postoperative complications have led to consistent
improvement in SPK transplantation results over the past decade. Drainage of the
exocrine pancreas and duodenal segment into the bladder (Fig. 2.5) is used largely
in respect to enteric drainage for safety reasons and for identifying changes in trans-
plant function by monitoring urine amylase. Ten-year survival rates for patients and
pancreas are 84% and 76%, respectively, among the best long-term survival reported
in patients with T1DM/ESRD (Burke and Ciancio, 1997; Burke et al., 1998a; Burke
et al., 2001; Gruessner and Sutherland, 2005; Leichtman et al., 2008).

Fig. 2.5 Schematic representation of pancreas-kidney transplantation. (a) Bladder-drained
transplant. (b) One option for enteric drainage of pancreas graft in pancreas–kidney transplantation

2.3.1 Clinical Protocols

2.3.1.1 Maintenance Immunosuppression

The incidence of acute rejection (AR) in SPK transplantation has been decreasing
over the past decade as a result of advances in immunosuppression. The most com-
mon agents for maintenance immunosuppression in SPK transplantation presently
are tacrolimus and MMF; other drugs such as cyclosporine A, sirolimus, and
azathioprine are also used in different combinations. Corticosteroids are still admin-
istered, but there is a trend toward steroid-free immunosuppression protocols with
the goal of reducing the consequent adverse effects (Burke et al., 1998b; Ciancio
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et al., 2000a; Burke et al., 2004b; Gruessner and Sutherland, 2005; Cantarovich and
Vistoli, 2009; Mineo et al., 2008c; Singh and Stratta, 2008).

2.3.1.2 Induction Therapy

The recent therapeutic protocols in kidney and kidney–pancreas transplantation
attempt to reduce the incidence and severity of AR as well as prevent long-term
chronic (vascular) allograft dysfunction (CAD). The methodologies include reduc-
tion of CNIs and of their short- and long-term nephrotoxicity, reduction or avoidance
of corticosteroids, use of adjunctive maintenance antiproliferative agents (e.g.,
mTOR inhibitors), and utilization of new agents, such as nonlymphodepleting mon-
oclonal antibodies (daclizumab or basiliximab), or lymphodepleting monoclonal
(alemtuzumab) and polyclonal (e.g., rATG) antibodies. The percentage of patients
treated with induction therapy has been increasing and was more than 75% in the
most recently reported data from the International Pancreas Transplant Registry
(IPTR) 2004 (Gruessner and Sutherland, 2005).

Daclizumab

A series of studies has been published analyzing the safety and efficacy of
daclizumab as induction therapy in SPK transplant recipients (Bruce et al. 2000;
Burke et al., 2001; Lo et al., 2001a, b; Stratta et al., 2001; Burke et al., 2002a,
b; Stratta et al., 2002). The results of a multicenter survey using daclizumab as
induction therapy showed a low incidence of AR when used in combination with
tacrolimus, MMF, and corticosteroids in SPK transplant recipients (Bruce et al.,
2001). The survey reported experience with 71 SPK transplant recipients receiving
4–5 daclizumab doses (n = 45) or 1–3 doses (n = 26). There were no differences
in patient and kidney graft survival rates, 98 vs. 96% and 92 vs. 92%, respec-
tively. However, there was a trend toward improved pancreas graft survival rates
in the group receiving 4–5 doses, compared with 1–3 doses (96 vs. 85%, p =
0.07). Although more patients receiving 1–3 doses had rejection (54%) than patients
receiving 4–5 doses (24%), there was no dose–response relationship between the
total number of doses or the adjusted total milligram/kilogram dose and time to
rejection. All patients with functioning grafts had good renal and pancreatic allo-
graft function at 6 and 12 months. The overall incidence of major infection was
27%, and there were no differences in the incidence of infection between the two
groups. No major adverse events were attributed to daclizumab use. In conclusion,
excellent short-term outcomes were noted in this retrospective, multicenter survey of
initial experience with daclizumab induction in combination with tacrolimus, MMF,
and corticosteroids in SPK transplant recipients.
The safety and efficacy of two dosing regimens of daclizumab as an adjunctive

immunosuppressive agent versus no antibody induction in SPK transplant recipients
receiving tacrolimus and MMF as primary immunosuppression were investigated
in a multicenter, open label, comparative trial (Stratta et al., 2002). SPK trans-
plant recipients were randomized to one of three groups: daclizumab 1 mg/kg every
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14 days for five doses (Group I), daclizumab 2 mg/kg every 14 days for two doses
(Group II), and no antibody induction (Group III). A total of 166 patients were ran-
domized into the three groups [Group I (n = 70), Group II (n = 74), Group III
(n = 22)]. At a minimum follow-up of 3 months, patient, kidney and pancreas graft
survival rates were similar among the three groups. However, the rates of acute renal
allograft rejection were 18% for Group I, 8% for Group II, and 36% for Group III
(p < 0.005). The probabilities of either kidney or pancreas allograft rejection were
22% for Group I, 8% for Group II, and 38% for Group III. At 3 months, the actuarial
event-free survival (no AR, allograft loss, or death) rates were 67%, 81%, and 50%
in Group I, II, and III, respectively. Although the follow-up was short, this study
emphasized the important role of induction antibodies in reducing AR.

Daclizumab in Combination with rATG

The use of new immunosuppressive agents continues to be associated with reduced
rates of AR episodes in SPK transplant recipients (Burke et al., 2002a, b). Forty-
two SPK transplant recipients were included in a prospective, randomized trial in
which they received rATG and daclizumab, tacrolimus, and corticosteroids as base-
line immunosuppression. They were then randomized to receive either MMF or
sirolimus in addition to baseline immunosuppression. Twenty-two patients received
MMF and 20 received sirolimus. There were three episodes of AR (7.1%). These
were in the MMF group, all in patients who were off either MMF (wound infection,
pneumonia) or corticosteroids. Each of these episodes was corticosteroid-resistant,
but responsive to antibody therapy (OKT3 or rATG). Actuarial patient, kidney, and
pancreas allograft survivals were 100%, 100%, and 95% in the sirolimus group and
100%, 100%, and 100% in the MMF group (Burke et al., 2002b).
A similar study (Gallon et al., 2007) reported the effect of two tacrolimus-based

maintenance regimens on long-term renal allograft function in SPK transplant recip-
ients [tacrolimus/MMF (n = 22) vs. tacrolimus/sirolimus (n = 20)] (Schaapherder
et al., 1993). All patients received rATG as induction therapy. The difference from
the previous study (Burke et al., 2002b) was that both regimens included prednisone-
free maintenance. Patient and pancreas graft survival rates at 6 years were the same,
but kidney allograft survival was higher in the tacrolimus/MMF group (90.7% vs.
70.7%, p = 0.09). The incidence of AR and rate of decline in eGFR were similar in
both groups (Gallon et al., 2007).

Alemtuzumab

A nonrandomized study of 75 pancreas–kidney and solitary pancreas recipients who
received alemtuzumab (four doses for induction and twelve doses within the first
year) and MMF (≥2 gr/day) for induction and maintenance therapy was reported
(Gruessner et al., 2005). Thirty milligrams of alemtuzumab was given intravenously
intraoperatively for induction as well as for maintenance dosing, the latter doses
administered when the absolute lymphocyte count increased to 200/mm3 or more;
the maximum number of alemtuzumab doses was limited to ten within the first
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year. In a 6-month follow-up the results were compared with an historical group
of 266 consecutive pancreas recipients using rATG induction and tacrolimus main-
tenance. Patient survival at 6 months for SPK transplant recipients was 90%; for
pancreas-after-kidney (PAK) recipients 91%; and for pancreas transplant alone
(PTA) recipients 97% (p ≥ 0.4).
The patient survival rates were not different between the control group and the

three study groups (p ≥ 0.06). Pancreas graft survival at 6 months in the study
group for SPK transplant recipients (vs. historical control) was 81% (vs. 79%; p ≥
0.66); for PAK recipients 91% (vs. 85%; p ≥ 0.59); and for PTA recipients 71%
(vs. 84%; p ≥ 0.07). Kidney graft survival in the historical control versus the study
group at 6 months for SPK transplant recipients was 81% vs. 85%; (p ≥ 0.2). The
incidence of a first (reversible) rejection episode at 6 months in the study versus
the control group for SPK transplant recipients was 41% (vs. 9%; p ≥ 0.0003); for
PAK recipients 14% (vs. 10%; p ≥ 0.89); and for PTA recipients 19% (vs. 26%; p
≥ 0.36). In all three recipient categories the median “modification of renal disease”
level at 6 months was higher and the median serum creatinine concentration was
lower in the study versus control groups, but the differences did not reach statistical
significance. The conclusion was that the combination of alemtuzumab and MMF
was associated with an acceptable rejection rate (albeit higher than expected for SPK
transplants), and good (graft and native) kidney function; it eliminated undesired
CNI- and corticosteroid-related side effects, but a long-term follow-up is warranted.
More recently a single-center nonrandomized retrospective sequential study

was reported (Kaufman et al., 2006) comparing the effect of alemtuzumab (n
= 50) and rATG (n = 38) as an induction immunosuppression for recipients of
SPK transplant given a prednisone-free maintenance regimen in combination with
tacrolimus/sirolimus-based maintenance therapy. The overall 1-year patient and
graft survival rates were similar for the two treatment groups. The 1-year actual
patient survival rates for recipients who received alemtuzumab and rATG were 96%
and 100%, respectively (p = ns); the 1-year actual death-censored kidney graft
survival rates were 95% and 97.4%, respectively (p = ns); the 1-year actual death-
censored pancreas graft survival rates were 92% and 100%, respectively (p = ns);
the 12-month actual rejection rates were 6.1% and 2.6%, respectively (p = ns). At
12 months, the serum creatinine values for the alemtuzumab and rATG group were
1.45 ± 0.36 and 1.29 ± 0.43, respectively (p = ns). Viral infectious complications
were statistically significantly lower in the alemtuzumab group. Despite the study
limitation, both alemtuzumab and rATG induction were effective in facilitating a
prednisone-free maintenance protocol in SPK transplant recipients.
The use of alemtuzumab as induction therapy in SPK transplant recipients has

increased substantially. Lately, the impact of steroid-free maintenance immunosup-
pression in pancreas transplantation using alemtuzumab as induction therapy has
been evaluated in a single-center study (Muthusamy et al., 2008), where 102 pan-
creas transplantations were performed in 100 patients with tacrolimus and MMF,
with no maintenance corticosteroids. With a median follow-up of 17 months,
patient, pancreas and kidney graft survival (actuarial) was 97%, 89%, and 94%,
respectively. Overall incidence of rejection was 25%. The incidence of CMV
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and BKV infections was 6.8% and 3.8%, respectively. This experience suggested
that alemtuzumab is safe and effective. Furthermore, steroid-free maintenance was
achieved in 83% of the patients with a 25% incidence of rejection.
A cautious tone should be used in the context of corticosteroid-free immunosup-

pression, since a recent report from the Minnesota group showed that occurrence of
AR has a far greater impact on kidney graft survival (15 years actuarial) than the
development of new onset DM (NODM) (Matas et al., 2008). This may dampen
some of the enthusiasm for steroid-free protocols in which the high rate of AR may
well translate into worse long-term graft (and hence patient) survival.
In another study (Clatworthy et al., 2007) alemtuzumab was given subcuta-

neously in 21 SPK transplant recipients. The rate of AR was 14% at 1 year.
This route of administration was recommended because lymphocyte depletion was
comparable to that seen in patients receiving intravenous alemtuzumab. Recently,
alemtuzumab was compared with rATG (Farney et al. 2008) and basiliximab induc-
tion therapy (Magliocca et al., 2008). The use of alemtuzumab for induction therapy
after SPK transplants was found to be as safe and effective as rATG and basiliximab.
Furthermore, the outcome was not inferior to that of the other two induction thera-
pies. It is important to note that there was a higher incidence of CMV infections in
the alemtuzumab group and since then a single dose (rather than two) has been used.

2.3.2 Results

2.3.2.1 Patient and Graft Survival

Long- and short-term patient survival rates have improved steadily over the years.
Patient survival rates at 1 year have been higher than 90% since the earliest eras, and
are now more than 95% for SPK transplantations performed in 2002/2003. Overall,
5-year survival rates have also improved and are higher than 80%. Survival rates at
10 years are 69% for SPK transplantation. One-year pancreas graft survival rates are
85%, and 1-year kidney graft survival rates are 92%. The 5-year pancreas graft sur-
vival reached 69%, and the 5-year kidney graft survival was 77% for the 1998/1999
period. The 10-year pancreas and kidney graft survival rates for the 1992/1993 were
46% and 45%, respectively (Gruessner and Sutherland, 2005). These numbers are
similar to those in recent reports (Leichtman et al., 2008). At the University of
Miami 10-year survival rates for patients, pancreas, and kidney are 8%, 76%, and
51%, respectively (Burke et al., 2001).

2.3.2.2 Diabetic Nephropathy

The effects of pancreas transplantation on diabetic nephropathy are among the
most studied benefits of pancreas transplantation. A pivotal study demonstrated
that pancreas transplantation can reverse preexisting histological lesions of diabetic
nephropathy in the native kidneys, but reversal requires more than 5 years of nor-
moglycemia (Fioretto et al., 1998). Another study reported on 32 T1DM patients
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that were evaluated before and 1 year after successful PTA and compared with
30 matched nontransplanted T1DM patients. Evidence for improvement of renal
function after pancreas transplantation was found, documented by the reduction
of urinary excretion of protein with stable creatinine concentration and clearances
(Coppelli et al., 2005).

2.3.2.3 Diabetic Retinopathy

Retinopathy is the most common microvascular complication of DM. The major-
ity of our patients who undergo SPK transplantation have already developed
some degree of retinopathy and most of them have received laser therapy
(LT). Patients with advanced retinopathy are less likely to benefit from a SPK
transplant.
A prospective study evaluated 33 PTA recipients and 35 patients with T1DM

who did not receive PTA. At baseline, 9% of PTA and 6% of non-PTA patients
had no diabetic retinopathy, 24% and 29% had nonproliferative diabetic retinopa-
thy (NPDR), and 67% and 66% had laser-treated and/or proliferative retinopathy
(LT/PDR), respectively. No new case of diabetic retinopathy (DR) occurred in either
group during at least 1 year of follow-up. In the NPDR PTA group, 50% of patients
improved by one grading and 50% showed no change. In the LT/PDR, stabilization
was observed in 86% of cases but worsening of retinopathy occurred in 14% of
patients. In the NPDR non-PTA group, DR improved in 20% of patients, remained
unchanged in 10%, and worsened in the remaining 70%. In the LT/PDR non-PTA
group, retinopathy did not change in 43% and deteriorated in 57% of patients.
Overall, the percentage of patients with improved or stabilized DR was signifi-
cantly higher in the PTA group (Giannarelli et al., 2006). Another report concluded
that advanced DR is present in a high proportion of SPK transplant recipients as
a consequence of the duration of T1DM (mean of 24.6 years) and the presence
of ESRD. More than 90% of patients have stable DR following transplantation
(Pearce et al., 2000).

2.3.2.4 Diabetic Neuropathy

Polyneuropathy is a very common (almost 100%) complication of both T1DM and
ESRD, and advanced motor, sensory, and autonomic neuropathies are very fre-
quent in patients undergoing SPK transplantation. Improvement or stabilization of
gastric function was observed in 12 out of 23 (52%) SPK transplant recipients ver-
sus 5 out of 12 (41.7%) T1DM recipients who underwent kidney transplant alone
(KTA) (Hathaway et al., 1994). SPK transplant recipients also demonstrated sig-
nificant improvement in postural adjustment ratio (Navarro et al., 1998). Sensory
and motor neuropathies, as measured by nerve conduction studies, have also shown
improvement in SPK transplant recipients (Muller-Felber et al. 1993; Navarro
et al., 1998).
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2.3.2.5 Quality of Life

Patients who received SPK transplants consistently reported an improvement in their
quality of life (Sureshkumar et al., 2005). SPK transplantation had a significant
positive effect on DM-related quality of life even though SPK transplantation is a
complex surgical procedure.
SPK transplantation has been viewed as a higher-cost and higher-risk surgical

procedure than kidney transplant, and it is unclear if SPK transplantation offers
better health and quality of life outcomes than insulin therapy plus KTA. A study
found that both SPK and KTA recipients report better health and quality of life, but
SPK transplant recipients also report greater improvement in physical health and in
areas that are DM-specific than those of KTA (Gross et al., 2002).

2.3.3 Complications and Limitations

Surgical complications are more common after pancreas transplantation, compared
to kidney transplantation. Nonimmunological complications of pancreas transplan-
tation (including thrombosis and graft pancreatitis) account for graft losses in
5–10% of cases. These usually occur within 6 months of transplantation and are as
important an etiology of pancreas graft loss in SPK transplantation as AR (Ciancio
et al. 1996b; Gruessner et al., 1996; Gruessner and Sutherland, 2001; Gruessner and
Sutherland, 2005).

2.3.3.1 Hypercoagulation in SPK

T1DM has been shown to result in hypercoagulation, as assessed by numer-
ous studies involving different components of the clotting cascade. In addition,
hyperlipidemia, commonly associated with DM, further contributes to such hyper-
coagulation. Subsequent to SPK transplantation, with restoration of euglycemia,
the lipid profile usually normalizes (Burke et al., 1998) or is treated, when nec-
essary, with lipid-lowering medications. Although the uremic effect on platelets
could offset the hypercoagulation associated with DM, our experience suggests that
it does not.
In our program, a thromboelastogram (TEG) performed at the time of transplan-

tation surgery has confirmed this hypercoagulable state in a remarkably consistent
pattern (Burke et al., 2004). Generally, rheologic assessment, including the combi-
nation of shortened prothrombin time (PT), partial thromboplastin time (PTT), and
elevated platelet count (>400,000/mm3), fibrinogen (>400 mg/dl), and hematocrit
(>40%), along with hyperlipidemia, are all features associated with hypercoagu-
lability and conceptually integrated into the TEG. As each of these factors can
vary over time, performing TEG at the time of surgery is the most helpful test in
determining the degree of hypercoagulability at transplant.
The pancreas transplant portion of SPK transplant has historically been more

prone to thrombosis than other solid organ transplants. This has been ascribed to



70 D. Mineo et al.

several factors, including: the degree of organ injury (i.e., the cumulative effect
of preterminal donor injury with hypotension and hypoperfusion) and ischemia–
reperfusion damage (Coppelli et al., 2005), which affect all solid organ transplants;
technical issues (e.g., the size of the vessels or the method of vascular recon-
struction) (Troppmann et al., 1996) [however, others have described low rates of
pancreas transplant thrombosis with similar vascular techniques (Sollinger, 1996)];
and the use of desmopressin in the therapy of diabetes insipidus in the donor. This
was associated with impaired microcirculation and subsequent pancreas transplant
thrombosis (Burke et al., 2004).
When viewed in the context of Virchow’s triad, thrombosis can in fact be pre-

dicted. Virchow’s triad incorporates hypercoagulability, endothelial damage, and
venous stasis as the criteria for venous thrombosis, and all three criteria are met
in solid organ pancreas transplant. The hypercoagulable state is clearly defined in
these patients with T1DM and ESRD by the TEG (Burke et al. 2004). The endothe-
lial damage is associated with all solid organ transplants undergoing a period of cold
and warm ischemia, with subsequent reperfusion injury after release of the vascular
clamps. Such events result in the well-described ischemia–reperfusion injury with
endothelial damage from numerous mediators, including cytokines, O2 radicals, and
nitric oxide. The venous stasis occurs when the spleen is removed from the tail of
the pancreas and the major source of blood flow through the splenic vein is lost. The
splenic vein remains with its high capacitance, but only with the limited flow from
the arterial side of the pancreas. The superior mesenteric vein similarly no longer
receives venous return from the small bowel, and is limited to small pancreatic
venous radicals to maintain flow. Furthermore, immunosuppression itself, mostly
CNIs (tacrolimus, cyclosporine A), can induce endothelial damage and hyperco-
agulability by enhancing secretion of procoagulant factors, for example, endothelin
(Burke et al., 1999). Thus, pancreas transplant fulfills Virchow’s triad for propensity
to venous thrombosis.
The TEG-demonstrated hypercoagulability of patients with DM and ESRD has

led us to use heparin intraoperatively when the degree of hypercoagulability is
matched with the degree of operative field hemostasis. The PT loss rate of 1% from
thrombosis shows that this has been an effective strategy, while reoperating from
bleeding is also low (2%) (Burke et al. 2004). Anticoagulation may also confer pro-
tection to the distal extremity, which suffers an ischemia–reperfusion injury itself
(typically subclinical) after cross-clamping the iliac artery and vein while transplan-
tation is being performed. Since pancreas transplantation can be performed without
anticoagulation with a similarly low rate of thrombosis, the demonstration of the
hypercoagulable state in T1DMwith ESRD by TEGmay be more important as a risk
factor for atherosclerosis (i.e., an issue for long-term patient survival). When seen
in the context of other risk factors for atherosclerosis (e.g., hypertension, obesity,
DM, insulin resistance, dyslipidemia, all components of the metabolic syndrome),
the greatest benefit of the demonstration of the hypercoagulable state may lie in
its subsequent therapy. Appropriate anticoagulation with aspirin therapy or other
medications, in addition to the correction of DM, hypertension, renal failure, and
dyslipidemia related to SPK transplantation, may result in reduced atherosclerosis.
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Although SPK transplantation prolongs patient survival (Burke et al., 2001), recog-
nition and treatment of the hypercoagulable state, along with new approaches to
inflammation and atherosclerosis, may allow further improvement.

2.3.3.2 Bladder-Drained Pancreas Transplant

Bladder-drained pancreas transplants (Fig. 2.5) are associated with multiple uro-
logical (Ciancio et al., 1995; Ciancio et al., 1996b) and metabolic complications,
requiring enteric conversion in 14–50% of most reported series, although only in
8% of our 390 consecutive SPK transplants.
Hematuria occurs frequently but generally resolves early after transplantation

with conservative measures. Late-occurring hematuria may be caused by formation
of a bladder stone on the staple or suture line. Approximately 5% of patients will
require interventions such as Foley catheter placement, irrigation, and cystoscopy
for evacuation of clots. Urinary tract infections are common; they occur in as many
as half of all cases. Although the urinary pH is generally alkaline and maintains
pancreatic proenzymes in an inactivated state, a urinary tract infection can reduce
the pH enough to activate these digestive enzymes. Enterokinase present in the brush
border of the duodenal mucosa may activate the proenzyme trypsinogen and thereby
initiate the pancreatic enzyme activation cascade. Other proteases, such as plasmin,
thrombin, and fibrolysin, as well as bacterial enzymes, may also activate trypsino-
gen to trypsin. The severe burning from urethritis is attributed to autodigestion by
the activated pancreatic enzymes trypsinogen and chymotrypsinogen. If untreated,
these symptoms may progress to urethral disruption and later stricture. Treatment
of urethral complications requires both enteric conversion and urological expertise
(Ciancio et al. 1996a). Fortunately, this complication has become less common with
the use of small duodenal segments.
Metabolic acidosis is caused by the excretion into the bladder of large quantities

of alkaline pancreatic secretions. Most patients take supplemental sodium bicarbon-
ate orally to minimize the degree of acidosis. With time, most of these patients are
able to decrease their oral sodium bicarbonate intake.
Fluid management can become problematic for these patients because of the

potential for relatively large volume losses. Patients are at risk for dehydration,
which can be exacerbated by poor intake as a result of gastric-motility problems
commonly associated with T1DM. The symptoms from dehydration can be further
compounded when patients have preexisting orthostatic hypotension related to dia-
betic autonomic neuropathy. Fluid balance can be improved in some patients by the
administration of fludrocortisone acetate. Out of our 390 patients who underwent
SPK transplantation with bladder drainage, 20% were readmitted within the first
year for correction of acidosis and/or dehydration. Their serum creatinine concen-
trations usually returned to baseline after the administration of intravenous fluids
with bicarbonate. Occasionally, patients experience a persistent rise in creatinine
associated with episodes of dehydration and require conversion to enteric drainage
of the pancreatic secretions.
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Urine leaks owing to breakdown of the duodenal segment can occur years
after transplantation, but are usually encountered within the first 2–3 postopera-
tive months. The causes of early urine leaks are most often technical in nature and
generally require surgical correction with prolonged Foley catheter drainage. Late-
occurring leaks can be caused by high pressure in the duodenum during urination.
The onset of abdominal pain with elevated serum amylase, which can mimic reflux
pancreatitis or AR, is a typical presentation. Imaging studies utilizing a cystogram
or CT scanning may be necessary to confirm the diagnosis. Operative intervention
may be required, including reanastomosis to the bladder or to bowel.
Despite these complications, bladder drainage of the pancreas graft has many

advantages. Early and late complications may cause morbidity; however, these are
rarely lethal because enteroenterostomy and, hence, potential intraperitoneal enteric
spillage can be avoided.
Another advantage of bladder drainage is the ability to monitor the patient for

graft rejection. A decrease of more than 50% in urine amylase activity after pancreas
transplantation signals possible AR. The decrease in urinary amylase may be the
only clinical indication of a problem, with no change in the serum concentration
of creatinine or glucose or the activity of serum amylase or lipase. A biopsy of the
pancreas should be performed to confirm the diagnosis of rejection.
After the administration of rejection therapy with corticosteroids or antilym-

phocyte preparations, the need for repeat pancreatic biopsy can be determined by
measuring urine amylase activity. If low urine amylase activity persists after rejec-
tion therapy, pancreas biopsy is indicated. In contrast, if urine amylase activity is
restored to baseline and the blood-glucose concentration remains high after therapy,
the causative factor is steroid therapy with insulin resistance, rather than rejection,
and pancreatic biopsy is not necessary.

2.3.3.3 Enteric-Drained Pancreas Transplant

When pancreas transplantation was first performed in the early 1970s, the results of
enteric drainage (ED) were poor. The small-bowel drainage procedure fell into dis-
favor because of anastomotic leaks with abscess formation. Resultant sepsis caused
high rates of morbidity and mortality. Recently, more centers are experiencing suc-
cess with ED (Reddy et al., 1999; Stratta et al., 2000; Monroy-Cuadros et al.,
2006; Lipshultz and Wilkinson, 2007) because of improvement in donor manage-
ment, optimized surgical techniques during organ procurement, better preservation
solutions, improvement of the implantation procedure, and new immunosuppres-
sive drugs (Ciancio et al., 1997; 1998; Ciancio et al., 1999; Ciancio et al., 2000a;
Gruessner and Sutherland, 2005). Enteric drainage techniques (Fig. 2.5) vary in
bowel arrangement, level of anastomosis, site of the recipient small bowel, and
choice of either stapled or hand-sewn anastomosis (Di Carlo et al., 1998).
Of the pancreas transplantations performed in 2002/2003, 82% in the SPK, 72%

in the PAK, and 57% in the PTA categories were ED. Of the few ED transplants
carried out before 1996/1997, most were done with a Roux-en-Y limb of the recip-
ient bowel, but in the 2002/2003 ED pancreas transplantations only 29% used a
Roux-en-Y limb (Gruessner and Sutherland, 2005).
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The most serious complication of enteric-drained pancreas transplantation is
a leak from the anastomotic site. This serious problem occurs 1–6 months after
transplantation and results in fever, abdominal discomfort, and leukocytosis. CT
scans are helpful in diagnosing the problem. The mandatory treatment is surgical
exploration and repair of the enteric leak. Gastrointestinal bleeding may occur at the
duodenal–enteric suture line as a result of perioperative anticoagulation and inade-
quate homeostasis. When conservative management is not sufficient, reoperation is
necessary (Reddy et al., 1999; Stratta et al., 2000).
Enteric drainage has some advantages over bladder drainage. First, because

exocrine pancreas secretions are enterically directed, metabolic acidosis and dehy-
dration do not occur and bicarbonate supplementation is not needed. Second, this
procedure is not associated with urological complications, such as urinary infec-
tions, hematuria, bladder stones, and urinary leaks. Third, fewer laboratory tests
are required because there is no reason to monitor urinary activity. However, rejec-
tion episodes may progress undiagnosed before treatment is started, and this delay
increases the possibility of allograft loss.

2.3.4 Conclusions

The optimal treatment for T1DM in the context of ESRD, where the primary goal
is to restore normal glucose metabolism and then kidney function, is achieved by
whole pancreas and kidney allograft transplantation. The administration of lym-
phodepleting agents continues to increase, whereas use of IL2 receptor antagonists
is declining. The main goal of induction therapy is to provide a strong and long-
term immunosuppressive effect for protocols that include steroid avoidance, CNIs
minimization, or even monotherapy maintenance. The current trend is to reduce or
minimize the number of immunosuppressive drugs in order to prevent or avoid side
effects and adverse events. The challenge is to find the balance between benefit
(protection from AR and long-term graft function) and risk (side effects, infection,
cancers).
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Chapter 3
Cell Cycle Regulation in Human
Pancreatic Beta Cells

Nathalie Fiaschi-Taesch, George Harb, Esra Karsiloglu,
Karen K. Takane, and Andrew F. Stewart

Abstract For decades, it had been assumed that pancreatic β cells were terminally
differentiated and thus unable to replicate, and that β-cell replication did not exist in
any quantitatively meaningful way. This view has changed dramatically in the past
decade, with abundant data demonstrating that fetal, neonatal, and adult rodent β

cells replicate at physiologically important rates. These new data have resulted in
a plethora of new reports exploring the nutrient, growth factor, and signaling cas-
cades that lie upstream and regulate the cell cycle machinery that controls rodent
β-cell replication. Moreover, myriad reports of murine genetic models of cell cycle
molecule knockout or overexpression have appeared and have documented unequiv-
ocally the importance and therapeutic relevance of cell cycle regulatory mechanisms
in murine β cells. These events contrast with the pace of development of new
knowledge regarding human β-cell replication. It seems clear that unlike in rodents,
spontaneous replication of adult human β cells is uncommon. Further, standard
manipulations, nutrients, and growth factors that induce rodent β-cell replication
fail to do so in human β cells. In this chapter we focus on the molecular control of
cell cycle progression in human β cells, illustrate the differences between human
and rodent β-cell cycle regulatory control, and provide examples of approaches to
inducing human β-cell replication.

3.1 Introduction

Several observations in the past decade have underscored the critical importance
and potential therapeutic relevance of enhancing β-cell replication. One important
advance was the Edmonton report in 2000, which demonstrated that β-cell replace-
ment with human cadaveric islets in patients with diabetes can be efficacious in
restoring glycemic control (Shapiro et al., 2000; Ryan et al., 2005). However, it
also demonstrated that the widespread application of β-cell replacement therapy is
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limited by a number of factors, including an inability to generate sufficient numbers
of human β cells. This report highlighted the need for expanding human β-cell mass
in vitro and in vivo.
A second important pair of observations was the documentation by Butler and

others in 2003–2005 (Butler et al., 2003; Yoon et al., 2003; Meier et al., 2005)
that showed: (a) that human β cells remain present and are continuously trying to
regenerate in subjects with type 1 diabetes, and (b) that autopsy of patients with type
2 diabetes displays marked reductions in β-cell mass. Thus, both type 1 and type 2
diabetes can be considered β-cell-deficiency diseases.
A third surprising and important observation arose from the genome-wide asso-

ciation studies in 2007–2008 (reviewed in Florez, 2008; Lindgren and McCarthy,
2008), which employed an unbiased population genetic approach for identifying
genetic loci associated with type 2 diabetes. To the surprise of many, most of the
genetic loci associated with type 2 diabetes represented genes likely involved with β-
cell function, such as a zinc transporter, the potassium inward rectifier, the Wolfram
syndrome gene, and certain cell cycle genes.
A fourth area of progress in recent years has been in stem cell differentiation into

β cells. Kroon et al. and others (Kroon et al., 2008; Zaret and Grompe, 2008) have
demonstrated that it is possible to generate human β cells in at least small num-
bers from human embryonic stem cells. More recently, investigators have begun to
develop techniques for inducing pluripotent stem cells from adult somatic cells, such
as dermal fibroblasts, by reprogramming them to become stem-cell-like, and then
coaxing them along the β-cell differentiation program (Park et al., 2008; Tateishi
et al., 2008).
Collectively, these observations have focused attention on developing techniques

for inducing human β-cell expansion, regeneration, and replication. This is a chal-
lenging goal, given the accepted view that adult pancreatic β cells do not replicate
under normal circumstances. This perception changed abruptly in 2004 when Dor
et al. demonstrated that normal adult mouse β cells did replicate and that replica-
tion was one of the means, if not the principal one, by which adult β-cell mass was
maintained in mice (Dor et al., 2004). This important paper was accompanied by a
flurry of others demonstrating that knockout or overexpression of molecules known
to control the G1/S transition in cell cycle progression in other cell types affected
β-cell replication in mice, with corresponding changes in β-cell mass, β-cell func-
tion, and glycemic homeostasis (Hanahan, 1985; Efrat et al., 1988; Pestell et al.,
1999; Rane et al., 1999; Tsutsui et al., 1999; Franklin et al., 2000; Milo-Landesman
et al., 2001; Georgia and Bhushan, 2004; Karnick et al., 2005; Kushner et al., 2005;
Uchida et al., 2005; Zhang et al., 2005; Cozar-Castellano et al., 2006a, b; Cozar-
Castellano et al., 2006c; Heit et al., 2006; Krishnamurthy et al., 2006; Harb et al.,
2009). Thus, in 2009, most diabetes researchers would agree that rodent β cells can
and do replicate and that this process can be experimentally altered in rodents by
manipulating many of the molecules that control the G1/S transition.
In this chapter, we discuss the fundamental mechanisms that control adult β-

cell replication. In particular, we focus on the G1/S checkpoint in the cell cycle,
which represents a critical checkpoint in most cell types and a central target for



3 Cell Cycle Regulation in Human Pancreatic Beta Cells 87

M S

G1
G0

G2

p15INK4b

p16INK4a

p18INK4c

p19INK4d

Cdk4/6

pRb - P

p53hdm2

E2F’s

Generalized Transcription

pRb - PP

Cyclin A/E
cdk 2cdk2

p21Cip1

p27Kip1

p57Kip2

p107 p130

Cyclin D’sCyclin D’s
cdc2

Id’s
pRb

Menin

Fig. 3.1 Components of the G1/S checkpoint proteome in human islets. The scheme is based
on immunoblots for each protein performed on extracts of isolated human islets from multiple
donors. Molecules shown in green are proteins that stimulate cell cycle progression and those in
red are cell cycle inhibitors. This is a useful model for studying the mechanisms of cell cycle
control in human β cells, but it also has shortcomings. For example, since it is based on analyses of
whole human islets, which contain many cell types apart from β cells, it may not accurately reflect
events in β cells. In addition, the hierarchical organization and interaction is deduced from other
cell types and species and is likely far more complex, as well as tissue-specific. Reproduced with
permission from Fiaschi-Taesch et al., 2009

growth factors and nutrients acting to prevent or to stimulate cell cycle progression
(Fig. 3.1). This pathway is also referred to as the “pRb pathway,” since the final
common molecule at the end of the pathway is the retinoblastoma protein, pRb.
This pathway has been intensely studied in Drosophila, C. elegans, Saccharomyces,
and mice, particularly in murine developmental models. The G1/S transition has
also been studied extensively in human cancer, as some 90% of human cancers
include abnormalities in pRb or upstream molecules that regulate pRb function. At
the time of our review in 2006 (Cozar-Castellano et al., 2006a) we focused on the
mechanisms that control the G1/S checkpoint in mouse β cells and pointed out that
surprisingly little was known about the control of cell cycle progression in human
β cells. Recently, we have updated this G1/S regulation story as it applies to the
murine β cell (Harb et al., 2009). Several excellent recent reviews on cell cycle
control in murine β cells are available (Pestell et al., 1999; Heit et al., 2006). In this
chapter we focus on events that regulate the G1/S transition in human β cells and
on attempts to use this knowledge in a therapeutic manner to expand human β-cell
mass and augment human β-cell function.

3.2 Differences between Human and Rodent Beta Cells

It is important to note that although the basic biology of rodent and human β

cells may be similar, human islets differ in many important ways from their rodent
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counterparts. This suggests the possibility that molecular events controlling G1/S
transition in mouse β cells may not apply to human β cells, and vice versa.
Examples of human–rodent β-cell differences follow: (1) The fundamental archi-
tecture of human islets is different from that of rodents, with β cells forming a
core in rodent islets, surrounded by a mantle of glucagon- , somatostatin- , PP- ,
and ghrelin-producing cells, whereas in human islets these several cell types are
admixed and there is no mantle (Cozar-Castellano et al., 2004; Brissova et al., 2005;
Cabrera et al., 2006). (2) GLUT2 is the principal glucose transporter in mouse and
rat β cells, but is barely expressed in human β cells, where GLUT1 likely sub-
serves the glucose transport function (De Vos et al., 1995; Schuit, 1997), which
is why rodent β cells are much more sensitive to streptozotocin than human β

cells. (3) The transcription factor neurogenin-3 is essential for mouse β-cell devel-
opment, and its loss in mice leads to neonatal diabetes resulting from failure of
β-cell development (Gradwohl et al., 2000). In contrast, humans with inactivat-
ing mutations in neurogenin-3 develop intestinal disease but are able to develop
functional β cells (Wang et al., 2006). (4) Heterozygous loss of the transcrip-
tion factors HNF4α, HNF1α, and HNF1ß results in maturity-onset diabetes of the
young (MODY) syndromes in humans (MODY1, 3, and 5, respectively), but has no
appreciable phenotype in mice (Stoffel and Duncan, 1997; Pontoglio et al., 1998;
Yorifuji et al., 2004). (5) It has been clear for decades that among rodents sub-
jected to partial pancreatectomy, up to 90% are able to regenerate their β cells as
well as their exocrine pancreas. Recent studies by Meier et al. and others demon-
strate that this is not true for humans (Kumar et al., 2008; Menge et al., 2008). (6)
Islet amyloid polypeptide (IAPP), a protein secreted from β cells, self-assembles
and denatures in human but not rodent islets (Matveyenko and Butler, 2006). (7)
Cell cycle control is not the same in rodent and human islets: cyclin-dependent
kinase-3 (CDK3) is absent in rodent islets (Malumbres and Barbacid, 2005) but
present in humans; CDK6 is absent (or expressed at very low levels) in mouse
islets, but is robustly expressed in human islets (Fiaschi-Taesch et al., 2009); and
cyclin D2 is essential for β-cell development and function in the mouse (Georgia
and Bhushan, 2004; Kushner et al., 2005), but is present at very low levels in
human β cells (Lavine et al., 2008; Fiaschi-Taesch et al., 2009). (8) Finally, although
there are many rodent (mouse, rat, and hamster) insulinoma cell lines (Hohmeier
and Newgard, 2004; Cozar-Castellano et al., 2008), continuously growing, insulin-
producing human β-cell lines were difficult to generate. This suggests fundamental
differences in oncogenic mechanisms as they relate to rodent versus human
β cells.
Thus, with the realization that stimulation of human β-cell replication might be

important in treating types 1 and 2 diabetes, the increasingly lucid picture of the
molecular mechanisms for control of rodent β-cell replication, and the increasing
evidence that human β cells are broadly similar to—but also very different from—
rodent β cells, we elected to focus our attention on understanding and manipulating
the molecular control mechanisms of G1/S progression in human β cells (Fiaschi-
Taesch et al., 2009).
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3.3 Embryonic and Neonatal Human Beta Cells Can Replicate

It has been clear for years that fetal and neonatal human β cells normally can and
do replicate. For example, in 2000, using Ki67 staining, Kassem and Glaser showed
that embryonic and neonatal human β cells could replicate (Kassem et al., 2000),
mirroring events in embryonic and neonatal mouse β cells. More recently, Meier
and Butler reaffirmed these observations in human neonates (Meier et al., 2008).
Over the years Hayek and his collaborators have also demonstrated that embry-
onic and neonatal human β cells can replicate both in vitro and when transplanted
into mouse models (Hayek et al., 1995; Hayek and Beattie, 1997). Thus, there
seems to be no argument regarding the ability of human embryonic and neona-
tal β cells to replicate. However, the logistical barriers to using embryonic and
neonatal human β cells as a starting material for widespread human β-cell replace-
ment therapy are obvious. It would be preferable to be able to use adult human
cadaveric β cells as a starting material for widespread β-cell experimentation and
expansion.

3.4 Evidence for Limited Replication of Adult Human
Beta Cells

In contrast to embryonic and neonatal human β cells, the record is equally clear
in demonstrating that adult human β cells do not normally replicate. For example,
the same Kassem and Glaser study cited above (Kassem et al., 2000) demonstrates
that β-cell replication in humans comes to a halt at around 6 months of age, findings
mirrored byMeier and Butler (Meier et al., 2008). More extensive studies in humans
with types 1 and 2 diabetes and their healthy controls have also demonstrated that
adult human β cells do not replicate with any frequency (Butler et al., 2003; Yoon
et al., 2003; Meier et al., 2005).
What about maneuvers that might activate human β-cell replication? As

noted above, whereas partial or subtotal pancreatectomy is a standard research
manipulation for inducing β-cell replication in rodents, recent studies by Meier
et al. demonstrate that this does not occur in humans (Menge et al., 2008).
They studied human patients who had undergone a subtotal pancreatectomy for
removal of a tumor or because of pancreatitis and were subjected to computer-
ized tomography (CT) postoperatively. These subjects demonstrated no change,
that is, no regeneration, in total pancreatic mass postoperatively. Several of
these patients required a second surgical procedure on their pancreatic remnant,
which provided an opportunity to examine the original remnant for evidence
of β-cell regeneration or β-cell replication. None was found. Thus, although β-
cell regeneration and replication are fundamental characteristics of the rodent
pancreas, they apparently do not apply to the human endocrine or exocrine
pancreas.
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These findings have been supported by reports of long-term follow-up of healthy
human pancreatic donors (Kumar et al., 2008). In these studies, a healthy person
donated approximately half of his or her pancreas to a relative for a pancreas trans-
plant. When the healthy donors were studied years later, the majority had developed
either glucose intolerance or frank diabetes. Thus, whereas a hemipancreatectomy
has little or no long-term consequences in rodents, in humans it results in irreversible
β-cell impairment, without apparent regeneration.
Weir et al. and Tyrberg et al. studied human islets transplanted into immunode-

ficient rodent recipients (Davalli et al., 1995; Tyrberg et al., 1996). In both studies,
human β-cell replication, as assessed by tritiated thymidine labeling or BrdU incor-
poration, was extremely low (<1%). Most studies using adult human islets in vitro
support this observation. For example, in a recent report by Parnaud and Halban,
β cells isolated from adult human islets did not replicate in appreciable quantities
(Parnaud et al., 2008). We have reported similar findings (Cozar-Castellano et al.,
2004; 2008). However, recent lineage-tracing evidence from the Efrat group sug-
gests that dedifferentiated cells derived from adult human β cells do replicate in
vitro (Russ et al., 2008; Bar et al., 2008; see Chapter 5).
Growth factors have been widely employed in an attempt to induce β-cell replica-

tion in rodents, and in many instances remarkable proliferation rates were induced.
Examples of rodent β-cell mitogenic growth factors include prolactin, placental
lactogen, hepatocyte growth factor, parathyroid hormone-related protein, insulin,
insulin-like growth factor-1, betacellulin, epidermal growth factor, trefoil factor-
3, tumor-derived growth factor-alpha, glucagon-like peptide 1, exendin-4, gastrin,
and others (Kulkarni et al., 1999; Garcia-Ocaña et al., 2001; De Leon et al., 2003;
Suarez-Pinzon et al., 2005; Fueger et al., 2008). In most instances, when these agents
were explored in adult human islets, β-cell replication was either not induced at all
or if induced, only minor increments were observed. This is exemplified by the
Parnaud–Halban report described above (Parnaud et al., 2008). Similar results have
been reported for nutrients, such as glucose and free fatty acids, which induce rodent
β-cell replication (Alonso et al., 2007) but apparently do not induce adult human
β-cell replication.
Finally, several classes of signaling molecules, downstream of the growth fac-

tors enumerated above, have been implicated in driving β-cell replication in mice.
Examples include members of the PI3 kinase-AKT cascade, the MAP kinase cas-
cade, the WNT–β-catenin cascade, intracellular calcium signaling pathways, and
others. However, in each case studied in human β cells, constitutive activation of
members of these cascades produced little or no β-cell replication (Rao et al., 2005;
Vasavada et al., 2007). Even when human β-cell replication rates doubled or tripled
the basal rate was so low that a threefold increment still resulted in fewer than 1%
of the β cells replicating.
From the forgoing it seems clear that although embryonic or neonatal human

β cells can and do replicate, adult human β cells differ from their rodent or
embryonic/neonatal counterparts in that they are particularly resistant to efforts
to drive replication: they do not replicate, or do so only modestly under normal
circumstances.
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3.5 Attempts to Engineer Beta-Cell Replication

Landmark studies by Efrat and Hanahan in the 1980s demonstrated that the G1/S
transition could be manipulated to result in β-cell replication. These investigators
demonstrated that targeted expression of the SV40 large T-antigen (which disrupts
pRb–E2F interactions and p53 function) in β cells of transgenic mice led to marked
cell proliferation (Hanahan, 1985; Efrat et al., 1988; Milo-Landesman et al., 2001).
Using this approach, researchers developed permanently replicating murine β-cell
lines such as the ßTC3 and MIN6 cells (Efrat et al., 1988; Milo-Landesman et al.,
2001; Hohmeier and Newgard, 2004). In a therapeutic paradigm, Efrat demon-
strated that β-cell proliferation was reversible with removal of T-antigen, which was
achieved by placing the T-antigen gene under the control of the tetracycline repres-
sor. Murine β cells harboring this genetic system were able to control hyperglycemia
when they were transplanted into diabetic mice after treatment with tetracycline
analogues to regulate β-cell expansion (Milo-Landesman et al., 2001).
Levine and collaborators have explored complementary approaches, using T-

antigen and the RAS signaling cascade and later telomerase (TERT), in attempts
to immortalize human β cells and generate β-cell lines (Wang et al., 1997; Dufayet
de la Tour et al., 2001;). In these studies, human β cells induced to proliferate with
the Ras oncogene were able to proliferate, but lost their ability to replicate with time
and also dedifferentiated, losing the ability to secrete insulin. In an effort to induce
sustained human β-cell replication, the Levine group developed human β-cell lines
expressing both RAS and TERT. This resulted in continuously growing cell lines
derived from human β cells, but markers of β-cell differentiation were lost.
Building on this experience, Narushima et al. reported in 2005 that TERT and

T-antigen could be employed together to drive human β-cell proliferation, and that
this resulted in prolonged and marked expansion of β-cell-derived cells (Narushima
et al., 2005). However, these expanded cells lost their differentiated β-cell charac-
teristics. In a clever molecular strategy, TERT and T-antigen were added to the cells
using retroviruses in which the TERT and T-antigen coding regions were flanked
by loxP sites, so they could be excised and deleted from these cells following
expansion using an adenovirus expressing Cre recombinase. The removal of TERT
and T-antigen resulted in a marked deceleration of replication and redifferentiated
into functional β cells. These cells expressed expected β-cell markers, contained
dense-core secretory granules, and were able to reverse hyperglycemia when trans-
planted into mouse models. Although these results are promising, they have not been
replicated by others, nor has the NAKT15 cell line been made available to other
investigators. Thus, whether or not this approach holds promise remains to be seen.

3.6 Components of the Human Islet G1/S Transition Proteome

Following the rapid advances in understanding the murine cell cycle and their obvi-
ous implications for driving rodent β-cell replication, and keeping the increasingly
apparent differences between rodent and human β cells in mind, we elected to survey
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the proteome components of the G1/S checkpoint in human adult cadaveric islets,
with the hope of observing differences that might be instructive or informative for
developing methods to induce adult human β-cell replication and expansion.
These studies have been reported recently (Fiaschi-Taesch et al., 2009). They

demonstrated that human islets, like murine islets, contain all 12 of the regulatory
components of the G1/S transition depicted in Fig. 3.1, namely all possible cell cycle
inhibitors. Thus, all three pocket proteins (pRb, p107, and p130), all four INK4s
(p15, p16, p18, and p19), all three CIP/KIPs (p21, p27, and p57), and the cell cycle
inhibitors menin and p53 are present in human islets. This is quite unusual, because
although many cell types contain some of the cell cycle inhibitors, few express all
of them. Of course, detailed immunohistochemistry is needed to document which of
these are present in β cells, as opposed to non-β cells, in the islet, but if one wanted
to design a cell type that could not or would not replicate, this is one way in which
that goal might be accomplished. No wonder adult human β cells do not replicate!
With regard to molecules that drive cell cycle progression, most were present.

One surprise was that cyclin D2, known to be essential to mouse β-cell develop-
ment and function (Georgia and Bhushan, 2004; Kushner et al., 2005), was present
in low abundance, if at all, in human islets (Fiaschi-Taesch et al., 2009). Indeed, a
recent report from Lavine independently indicates that cyclin D2 is absent in human
β cells, a clear difference from rodent islets (Lavine et al., 2008). Another exam-
ple of a human–rodent difference resides with E2F2, which is present in murine
islets (Cozar-Castellano et al., 2008) and has been shown to be essential for β-cell
development and accrual (Iglesias et al., 2004). In contrast, human β cells appear to
lack E2F2 (Fiaschi-Taesch et al., 2009). Both the D-cyclin differences and the E2F
differences merit future study.
We elected to focus on one additional difference. Rodent islets contain one

canonical D-cyclin partner, CDK4 (Martin et al., 2003; Cozar-Castellano et al.,
2006c; 2008). Global loss of CDK4 in mice results in a very restricted pheno-
type that includes failure of β-cell replication with resultant β-cell hypoplasia (Rane
et al., 1999; Tsutsui et al., 1999). This appears to reflect the absence in mouse β

cells of CDK6, the CDK4 homologue that might have been able to compensate for
the lost CDK4 function. Neither we nor the Barbacid group have been able to detect
CDK6 in murine islets at significant levels (Martin et al., 2003; Cozar-Castellano
et al., 2006c; 2008). On the other hand, we readily detected abundant CDK6 in
human islets and in human β cells, respectively, by immunoblotting and immuno-
histochemistry (Fiaschi-Taesch et al., 2009). Although human islets also express
CDK4, it appears less abundant than CDK6 in β cells. Thus, human and murine β

cells are the obverse of one another with respect to CDK6 and CDK4 expression.
This surprising observation led us to ask whether CDK6 either alone or in combi-

nation with cyclin D1 would be able to drive human β-cell replication. Moreover, as
we had previously demonstrated that CDK4 in combination with cyclin D1 (but not
alone) was able to drive human β-cell replication (Cozar-Castellano et al., 2004),
we compared the ability of both of these CDKs, alone or in combination with cyclin
D1, to phosphorylate pRb and to stimulate human β-cell replication. The CDKs and
cyclin D1 were delivered using replication-defective adenovirus vectors. The results
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demonstrated that CDK6 alone, but not CDK4 alone, was able to stimulate both
pRb phosphorylation and replication in human β cells, the latter increasing 10-fold
from 0.3 to 3% (Cozar-Castellano et al., 2004; Fiaschi-Taesch et al., 2009). Cyclin
D1 alone also led to pRb phosphorylation and stimulated human β-cell replication,
about 12-fold. However, the most robust effects were seen with the combination of
CDK6 and cyclin D1, which led to the greatest pRb phosphorylation and a 40-fold
increase in human β-cell replication (Fiaschi-Taesch et al., 2009).
As noted above, increments in β-cell replication rate are commonly associated

with decreases in β-cell differentiation. In order to assess the differentiation state
of the human islets, we assessed glucose-stimulated insulin secretion (GSIS) in
islets cotransduced with CDK6 and cyclin D1. GSIS was normal in human islets
transduced with CDK6 and cyclin D1 alone and in cells cotransduced with both
(Fiaschi-Taesch et al., 2009). There was even a suggestion that CDK6 transduc-
tion alone enhanced GSIS in human islets. Thus, CDK6 plus cyclin D1 robustly
stimulates human β-cell replication, while allowing β cells to retain a differentiated
phenotype.
These results were obtained using in-vitro approaches, thus raising a ques-

tion as to whether similar effects could be achieved in vivo. To address this
issue, we employed a marginal mass human islet transplant model, in which
human islets were transplanted into nonobese diabetic-severe combined immunod-
eficient (NOD-SCID) mice rendered diabetic by administration of streptozotocin
(Fig. 3.2a). Sham-operated mice remained diabetic, with blood glucose in the range
of 400–500 mg/dl for the 6 weeks of the study. As a positive control, 4000 human
islet equivalents (IEQ) normalized fasting blood glucose (50 mg/dl) and postpran-
dial glucose (180 mg/dl). As a marginal mass negative control, transplantation of
1500 IEQ resulted in only a minor decline in random blood glucose from 500 to
450 mg/dl, and fasting glucose from 350 to 220 mg/dl. In contrast, overexpression of
CDK6 plus cyclin D1 resulted in a dramatic enhancement in β-cell engraftment and
function: 1500 human IEQ transduced with CDK6 together with cyclin D1 achieved
a similar effect as 4000 positive-control human islets, leading to random blood glu-
cose values of 160–180 mg/dl, and fasting blood glucose values of 50–60 mg/dl
(Fiaschi-Taesch et al., 2009). Thus, the CDK–cyclin-transduced islets engrafted effi-
ciently, manifested a differentiated phenotype, and could be argued to function three
times more effectively than normal human islets.
What about human β-cell proliferation in vivo? To ask this question, we har-

vested grafted kidneys from the transplanted mice and assessed β-cell replication
rates using BrdU incorporation in vivo (Fig. 3.2b,c). Replication rates in con-
trol β-cell grafts were in the 0.2% range, whereas in the CDK–cyclin-transduced
grafts they were 25-fold higher, in the 5% range (Fig. 3.2d) (Fiaschi-Taesch et al.,
2009). These results indicate that human β-cell replication is maintained in vivo
and that replicating β cells remain functional. Perhaps of equal importance, the
model of human islet transplantation into immunodeficient diabetic mice allows
direct observation of dynamic changes in human β-cell replication (i.e., BrdU label-
ing in response to manipulations that augment replication). We believe this is an
important methodological advance.
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Fig. 3.2 (continued)
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3.7 Interpretation of Human Beta-Cell Cycle Activation
by CDK6 and Cyclin D1

These studies represent an advance but are still rudimentary. They are an advance
because the human islet G1/S proteome had not been previously catalogued com-
prehensively and because the results indicate that: (1) human β cells can be
induced to proliferate at striking and previously unanticipated rates; (2) human β-
cell replication can be induced and studied using in-vivo models; and (3) two cell
cycle regulators can induce human β-cell replication, while retaining differentiated
function.
On the other hand, these studies are rudimentary in several respects. First, the

in-vivo studies lasted only 6 weeks. Will β-cell function decline at a later point in
time or, conversely, will prolonged β-cell proliferation lead to unwanted expansion
of β-cell mass and function, resulting in severe hypoglycemia? Since D-cyclins and
CDKs can be oncogenic, will uncontrolled proliferation and transformation occur
in these grafts?
The studies are rudimentary in another sense: They show that the cell cycle can

be effectively manipulated using two cell cycle molecules. However, there are more
than 30 G1/S regulatory molecules in human islets (Fiaschi-Taesch et al., 2009): Are
CDK6 and cyclin D1 the best targets? Might cyclin A and E and their CDK1/CDK2
partners be superior candidates? Newgard et al., Attie et al., Hussain et al., and our
own group have suggested that these G1/S molecules can also be employed to drive
β-cell replication (Cozar-Castellano et al., 2008; Fueger et al., 2008; Song et al.,
2008; Lavine et al., 2008). Moreover, these studies were performed using whole
islets and do not specifically address which G1/S molecules are present in human β

cells, as compared to other endocrine cell types and nonendocrine cells within the
islets. This issue will require extensive confirmation using immunohistology and
other approaches.
There are mechanistic questions as well. We have shown that CDK6, which can

drive human β-cell replication and phosphorylation of pRb, appears to be localized

�

Fig. 3.2 (continued) The combination of CDK6 and cyclin D1 delivered to human islets accel-
erates proliferation and enhances islet graft function. (a)Blood glucose levels in streptozotocin-
diabetic NOD-SCID mice transplanted with CDK6- and cyclin D1-transduced human islets. The
number of mice in each group is shown in parentheses. CDK6 plus cyclin D1 transduction reduces
the therapeutic mass of human islet transplant approximately threefold. The accelerated β-cell
proliferation does not reduce, but rather enhances, human β-cell function in vivo. UNX, unilateral
nephrectomy. (b,c) Effects of control virus (b) or CDK6 plus cyclin D1 (c) on β-cell proliferation as
assessed by BrdU (red) incorporation into insulin-positive cells (green) in human islet grafts. This
is perhaps the first example of robust human β-cell replication induced in vivo. (d) Quantitation
of β-cell proliferation rate in control and CDK–cyclin-treated human islet grafts. Proliferation rate
of control human β cells is very low, as is widely reported, but proliferation rate in CDK–cyclin-
treated islets is approximately 25-fold higher. Adapted with permission from Fiaschi-Taesch et al.,
2009
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in human β cells exclusively in the cytoplasm (Fiaschi-Taesch et al., 2009). If so,
how is CDK6 able to phosphorylate pRb, a nuclear protein? Is it possible that CDK6
remains in the cytosol and recruits or retains CIP/KIPs in the cytosolic compartment,
allowing unrestricted activation of CDK1, CDK2, and their cyclin A/E partners?
Another question concerns the G1/S inhibitors. In mice, disruption of p27 plus

p18, or menin alone, or p16 alone all lead to expansion of β-cell mass and function
(Franklin et al., 2000; Karnick et al., 2005; Krishnamurthy et al., 2006). Is it possible
to knock down pocket proteins, KIP/CIPs, INK4s, and/or menin in human β cells?
If so, would that result in rapid replication of human β cells? These are all important
questions that have to be addressed.

3.8 Cell Cycle Inhibitors in Human Beta Cells

Much has been learned from mouse models regarding cell cycle inhibitors. Whereas
loss of p27 in mice has little discernible effect on β cells under basal conditions
(Uchida et al., 2005), when combined with a high-fat diet or leptin receptor defi-
ciency it leads to marked β-cell replication and expansion (Uchida et al., 2005).
Interestingly, p27 loss combined with p18 loss in mice also results in β-cell replica-
tion (Franklin et al., 2000). More recently, it has been shown that the menin protein
is part of a transcriptional complex that upregulates the tumor suppressors INK4s,
p18, and p27 (Karnick et al., 2005). Germline loss of both alleles of menin in mice
results in embryonic lethality. However, loss of a single allele, later accompanied by
somatic loss of the second allele in β cells, results in downregulation of p18 and p27,
accompanied by β-cell proliferation, expansion of β-cell mass, and insulin-mediated
hypoglycemia (Karnick et al., 2005). These events would appear to apply to human
β cells as well, since humans with biallelic loss of menin in β cells develop insulino-
mas as part of the multiple endocrine neoplasia (MEN) type 1 syndrome (Stratakis
and Marx, 2005).
Several groups have reported that loss of p27 alone results in a MEN-like syn-

drome in humans (Pellegrata et al., 2006; Georgitsi et al., 2007; Agarwal et al.,
2009), suggesting that p27 is particularly important in repressing cell cycle progres-
sion in human endocrine cells. In addition, it has been reported that rare individuals
among a large series of patients with an apparent MEN1 syndrome who do not dis-
play menin mutations have pathologic polymorphisms in p15, p18, p21, and p27,
suggesting that these cell cycle inhibitors play important restraining roles in human
endocrine cell replication (Agarwal et al., 2009).
INK4a/p16 has also attracted attention as a cell cycle inhibitor in mice, in which

loss of its gene permits β-cell replication, as well as in humans, in which the relevant
gene locus has appeared in genome-wide studies as being associated with type 2
diabetes. The studies of Sharpless et al. (Krishnamurthy et al., 2006) make it clear
that p16 is a suppressor of β-cell replication that increases in activity with age and
likely mediates the age-related decline in β-cell replication rates. Indeed, disruption
of the p16 gene removes the age-related decline in β-cell replication in mice, and
expedites the recovery of β-cell mass in older mice treated with streptozotocin. As
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suggested in the following section, this makes p16 regulation an attractive target for
pathophysiologic, mechanistic, and therapeutic studies in humans.
Thus, exploration of the individual and combined roles of cell cycle inhibitors as

potential targets in inducing human β-cell replication and expanding β-cell mass is
certainly warranted.

3.9 Epigenetic Changes in Beta-Cell Cycle Control

Regulation of the G1/S transition likely involves epigenetic changes. For exam-
ple, pRb represses cell cycle progression not only by inhibiting E2F-induced
transcriptional activation of cell cycle controlling genes (Pestell et al., 1999; Cozar-
Castellano et al., 2006a; Heit et al., 2006; Harb et al., 2009), but also by attracting
histone deacetylases (HDACs) to these same loci, in effect closing exposed promoter
regions and thereby preventing cell cycle activation (Pestell et al., 1999; Cozar-
Castellano et al., 2006a; Heit et al., 2006; Harb et al., 2009). As more is learned
about cell cycle regulation, it becomes clearer that epigenetic control is at least as
important as traditional transcriptional control in activating cell cycle progression.
As another example, menin, which is known to participate in the transcriptional acti-
vation of p18 and p27, also serves as part of the trithorax group of transcriptional
activators that act as histone methyltransferases (Hughes et al., 2004; Karnick et al.,
2005). This field is in its infancy as it relates to the β cell, but it is an area that mer-
its active investigation. Preliminary reports suggest that epigenetic mechanisms are
accessible to manipulation for expanding human β-cell mass through proliferation
(Hughes et al., 2004; Karnick et al., 2005).

3.10 Future Therapeutic Directions in Human
Beta-Cell Cycle Control

What are the ultimate goals of inducing human β-cell replication? One aim would
be to enhance the replication, survival, and function of human cadaveric islet β cells,
so that fewer islets would be required for successful islet transplantation. At present
it takes islets from two to four cadaver pancreata to generate sufficient numbers of
human islets to reverse diabetes in a single recipient (Shapiro et al., 2000; Ryan
et al., 2005). If the CDK6–cyclin D1 strategy could be deployed in humans as dis-
cussed above (Fig. 3.2a) and a threefold or more increment in engraftment efficiency
and function could be achieved, then perhaps a single pancreas could provide suf-
ficient islets for transplantation into several patients. This would, of course, be a
useful advance.
As no functional human β-cell lines exist (Hohmeier and Newgard, 2004), a sec-

ond goal would be to generate continuously growing human β-cell lines, which
could be stored frozen and used to replace β cells in patients with type 1 and
type 2 diabetes, just as keratinocyte grafts are used in burn patients and frozen
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corneas are used for corneal transplants. Unraveling the secrets of human β-cell
cycle control might permit this type of expansion. Such a prospect raises obvious
concerns about unregulated cell proliferation, but one can envision ways to reduce
them (cell implantation in cell-impermeable chambers, inclusion of suicide genes,
etc.). Parenthetically, these concerns also apply to cells derived from embryonic
stem cells and other stem cell approaches.
Another goal is to use cell cycle regulatory approaches to enhance the numbers

of β cells derived from embryonic stem cells (Kroon et al., 2008; Zaret and Grompe,
2008) or from induced pluripotent stem (iPS) cells (Park et al., 2008; Tateishi et al.,
2008). For example, if embryonic stem cell technology can generate a few million
β cells, perhaps the techniques described herein could be used to turn these few
million into a few billion β cells.
Still another approach might be to develop “personal β cells” using iPS tech-

nology (Park et al., 2008; Tateishi et al., 2008). In this scenario, one might obtain
skin biopsy-derived fibroblasts from a type 1 or type 2 diabetic patient, reprogram
them into stem cells, differentiate them into a small number of β cells as has been
described (Park et al., 2008; Tateishi et al., 2008), and then use the methods dis-
cussed herein to expand this pool. Since these β cells are derived from a single donor,
they could be replaced without immunosuppression in a type 2 diabetic patient or
with immunosuppression in a type 1 diabetic patient.
A final goal might be to acquire a few residual adult β cells from a type 1

or type 2 diabetic patient by fine-needle biopsy or another technique and employ
the approaches described above for ex-vivo growth of these few β cells into large
numbers of patient-specific β cells.
Clearly, none of the approaches described above is ready for clinical applica-

tion; however, consideration of these scenarios may help our thinking on the best
ways to utilize the knowledge gained from the human β-cell G1/S proteome anal-
yses. One obvious bioengineering question relates to the optimal control of CDK
and cyclin expression. To date, we have employed viral constructs with the CMV
promoter, a ubiquitous and constitutive promoter. Would a regulated promoter or a
β-cell-specific promoter be preferable, or is expression of CDK6–cyclin D1 in non-β
cells beneficial, as it would stimulate proliferation of β-cell precursors? These are
questions that should be addressed.
Another key question relates to the optimal employment of viral vectors. Is an

adenovirus an appropriate vector for driving human β-cell replication? Some would
argue that it is a poor vector because its persistence is brief. This perception comes
from human studies with cystic fibrosis and homozygous hypercholesterolemia,
where adenoviral delivery of CFTR and LDL-receptor, respectively, failed because
adenovirus-transduced cells persisted for only a few weeks (Flotte, 2007; Kaiser,
2007). On the other hand, we have shown that in immunocompromised models an
adenovirus persists and expresses cargo cDNAs for at least a few months (Fiaschi-
Taesch et al., 2008; Rao et al., 2005), which may be all that is needed for expanding
the β-cell mass. Indeed, given the concerns mentioned above regarding unregu-
lated cell proliferation, as well as specific concerns raised by retroviral or lentiviral
integrating vectors (Cavazzana et al., 2004; Hacein-Bey-Abina et al., 2008; Kaiser,



3 Cell Cycle Regulation in Human Pancreatic Beta Cells 99

2003), it could be argued that transient, nonintegrating viruses such as an adenovirus
may be optimal for diabetes cell replacement therapy. Patients with type 1 dia-
betes receiving allogeneic human cadaveric islets or other cell replacement therapies
would have to be immunosuppressed to prevent allograft rejection. Thus, “rejection”
of adenovirus-transduced islets will likely not occur in the absence of a fully effec-
tive immune system, leading to long-term persistence, as we have demonstrated in
immunodeficient mice. Further, optimal engraftment may require transgene expres-
sion for only a few weeks, making long-term transduction unnecessary. In these
settings, an adenovirus may be preferred over a lentivirus.
Lentiviruses have the advantage of stable expression, but carry the risk of inser-

tional mutagenesis (Kaiser, 2003; Cavazzana et al., 2004; Hacein-Bey-Abina et al.,
2008), so many investigators, patients, and regulatory agencies are reluctant to con-
sider their use. On the other hand, more is being learned about optimal design and
use of retroviral vectors to avoid insertional mutagenesis (Kaiser, 2003; Cavazzana
et al., 2004; Hacein-Bey-Abina et al., 2008), which may enable their safe use in the
future.
Are there ways to avoid gene therapy altogether? One approach might be

to deliver proteins using peptide targeting domains (PTDs) or TAT sequences,
polybasic residues (arginines, lysines, and histidines) added to the N-terminus or
C-terminus of a protein that can allow its entry into cells with fair efficiency, with
a half-life of hours to a day (Klein et al., 2004; Gump and Dowdy, 2007). This
method avoids concerns associated with the use of viral vectors and gene ther-
apy. On the other hand, it has several drawbacks: sustained therapy is not possible
without repeated treatment (a disadvantage for long-term in-vitro therapy and the
development of cell lines); there is no way to target specific cells (e.g., β cells, as
opposed to endothelial or other islet cell types); and it cannot be used effectively
in vivo.
Yet another approach might be to identify key cell cycle activators or inhibitors in

human islets and employ high-throughput screening for small molecules that might
manipulate their activity. For example, now that we know that exogenous CDK6
and cyclin D1 are effective in expanding human β cells, it makes sense to screen
small-molecule libraries for agents that activate endogenous CDK6 and cyclin D1.
Further, with increasing knowledge concerning the control of replication of

human β cells it may become possible to generate a complete map of the pathways
that activate cell cycle progression in these cells. For example, although it seems
clear that CDK4 is downstream of PI3 kinase and AKT in murine β cells (Fatrai
et al., 2006), not much is known about the control of CDK6 expression in human β

cells. Thus, if a specific signaling pathway upstream of CDK6 is identified, it will
become an attractive target for a high-throughput screening for small molecules
that might manipulate the activity of this pathway. Analogously, whereas it is now
clear that many cell cycle inhibitors are active in human β cells and that knock-
down of cell cycle inhibitors in the mouse stimulates (or is at least permissive for)
β-cell replication, little is known about regulation of cell cycle inhibitors in human
β cells. Conceivably, cell cycle inhibitors may also be targets for small-molecule
regulation.
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3.11 Conclusions

In closing, let us note that these are exciting but early times in the induction of
human β-cell replication. Ten years ago, most experts would have said that adult
human β cells cannot divide and are terminally differentiated. This view has changed
dramatically with the observations discussed herein: adult human β cells can clearly
be induced to divide. The areas described above represent the next frontiers for
achieving clinically significant human β-cell expansion through the coopting of
normal cell cycle control mechanisms.
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Chapter 4
Islet Regeneration

Xiaobo Xu, Joke D’Hoker, Nico De Leu, Xiangwei Xiao, Yves Heremans,
Mark Van De Casteele, and Harry Heimberg

Abstract Although the mechanisms controlling endocrine progenitor-cell differen-
tiation during pancreas development have been described in considerable detail, our
knowledge of islet-cell renewal in the postnatal pancreas was based until recently
on indirect evidence and remained quite descriptive. This has changed with recent
genetic lineage-tracing studies, which have provided evidence for a central role of
β-cell replication in islet turnover in the adult pancreas, both under normal physio-
logical conditions and following moderate injury. In contrast, recent work from our
group demonstrates that severe tissue injury activates multipotent islet-cell progen-
itors, which can differentiate in vitro into all types of islet cells. In this chapter we
provide an overview of experimental models available for studying β-cell renewal
and the major mechanisms underlying this process.

4.1 Introduction

Restoration of the β-cell mass in type 1 diabetes or increase of the number of
β-cells in type 2 diabetes would be an obvious solution for the inadequate release of
endogenous insulin. Islet transplantation has proven to be successful in clinical tri-
als (Robertson, 2004), but its widespread clinical application is severely limited by
a shortage of organ donors and the deleterious side effects of immunosuppression.
The need for life-long immunosuppression following transplantation might possibly
be avoided by cell encapsulation, graft immunomodulation, or recipient tolerization
(covered elsewhere in this book). Availability of donor tissue can be improved by
several alternative approaches for generation of islet β cells. These include differ-
entiation of embryonic stem cells into functional β cells through a series of in-vitro
manipulations, followed by a maturation period in vivo (Kroon et al., 2008); stim-
ulation of β-cell proliferation in vitro (Ouziel-Yahalom et al., 2006); and in-vitro
transdifferentiation from isolated acinar (Baeyens et al., 2005) or duct cells (Bonner-
Weir et al., 2000). Moreover, endogenous β cells and/or their progenitor/stem cells
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are obvious targets for in-vivo generation of new β cells by self-renewal (Dor et al.,
2004) or differentiation (Xu et al., 2008). Finally, new β cells were reported to be
generated in vivo by transdifferentiation from pancreatic duct cells (Inada et al.,
2008) or from bone-marrow-derived cells (Ianus et al., 2003), although the lat-
ter remains controversial. This chapter focuses on in-vivo islet regeneration, both
by self-renewal of residual β cells and by differentiation of endogenous islet-cell
progenitors (referred to as “neogenesis”). Owing to its noninvasive character and
the employment of autologous cells, which avoid the need for immunosuppres-
sion to prevent allograft rejection, in-vivo regeneration of islets may represent an
ideal therapy for diabetes, in combination with the possibility of reprogramming the
autoimmune system (Waldmann et al., 2008).
During embryogenesis, β cells are generated by differentiation of stem and pro-

genitor cells. A major absolute increase in β-cell mass parallels the gradual increase
in body weight during the perinatal period, with up to 10% of β cells replicating
per day (Bernard-Kargar and Ktorza, 2001). In older rodents, β-cell proliferation
rate drops to less than 1% per day (Teta et al., 2005). Under normal physiological
conditions, the β-cell mass is maintained by a balance between low rates of repli-
cation (Dor et al., 2004) and apoptosis (Finegood et al., 1995). Owing to this slow
turnover, adult β cells have always been considered terminally differentiated, with
little or no self-renewal capacity, similar to neurons and cardiomyocytes. However,
this view has been challenged recently by studies that underscore the importance
of new β-cell formation in the adult pancreas, raising questions about the mecha-
nisms responsible for this renewal. Elucidating these mechanisms may reveal the
full potential of regenerative medicine for the treatment of diabetes.

4.2 Measuring Islet Regeneration

The β-cell mass is determined by the balance between cell formation and death, both
of which are regulated by alteration of (patho)physiological conditions, including
change of body weight, pregnancy, β-cell damage, and insulin resistance. Currently
the common way to estimate β-cell mass involves quantifying the total surface area
of insulin-positive cells in pancreas sections. Owing to the variation in β-cell density
throughout the pancreas, this method requires evaluation of a large number of tissue
sections representing the entire organ. Restoration of β-cell function, as measured
by glucose clamp assays or blood glucose levels, provides an even more significant
measure, which evaluates the effect of experimental manipulations on regeneration
of a functional β-cell mass in diabetic animal models.

4.3 Experimental Models for Inducing Beta-Cell Regeneration

Several animal models of tissue damage have been developed over the past decades,
which allow studying regeneration of the β-cell mass.
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4.3.1 Beta-Cell Ablation by Toxins

Rodent β cells are selectively sensitive to the diabetogenic drugs alloxan (ALX)
and streptozotocin (STZ), which are glucose analogues that enter the cells through
glucose transporter type 2 (GLUT2). Expression of this transporter, which is high
in rodent, but not in human β cells, forms the basis for the cell type- and species-
specificity of toxicity (Schnedl et al., 1994; De Vos et al., 1995). Both toxins act
by generation of reactive oxygen species (ROS) (Szkudelski, 2001; Lenzen, 2008).
ALX generates ROS in a cyclic reaction with its reduction product dialuric acid.
Glucokinase, an important element of the β-cell glucose-sensing system, is a direct
target of ALX (Meglasson et al., 1986). STZ, a nitrosourea, alkylates DNA and indi-
rectly generates superoxide radicals via induction of poly ADP-ribosylation. The
degree of β-cell destruction resulting from these toxins depends on the dose and
frequency of administration. In neonatal rodents, intravenous administration of STZ
induces proliferation of residual β cells, but this effect is insufficient for restoration
of long-term glucose tolerance (Bonner-Weir et al., 1981) unless the animals are
treated with the hormone glucagon-like peptide 1 (GLP1) (Tourrel et al., 2001).
An antimitotic drug, conophylline, promotes endocrine differentiation in cultured

E14.5 pancreas rudiments and augments the β-cell mass in STZ-treated neonatal
rats. This effect is associated with an increased number of islet-like cell clusters and
expression of the developmental transcription factor pancreatic duodenal homeobox
1 (PDX1) in duct cells (Ogata et al., 2004). Rapid regeneration of β cells in neonatal
STZ-treated rats is associated with hyperplasia of α cells that synthesize and secrete
increased levels of GLP1, which probably targets immature β cells coexpress-
ing proglucagon (Thyssen et al., 2006). Increased numbers of cells coexpressing
somatostatin and insulin, or somatostatin and PDX1, are also seen in neonatal STZ-
treated rats following treatment with betacellulin and activin A (Li et al., 2004).
Importantly, the β-cell capacity for regeneration following toxin-induced insult
declines rapidly during the first days of life (Wang et al., 1996).
In adult rodents, spontaneous restoration of the β-cell mass following toxin-

induced β-cell ablation occurs only when exposure to the toxin is limited to a
portion of the pancreas using selective perfusion: in the unexposed part, preexist-
ing β cells proliferate, whereas in the exposed part, neogenesis from duct cells was
suggested (Waguri et al., 1997). Similar to STZ-treated neonatal rats, a population
of somatostatin+/PDX1+ cells was observed in islets of adult mice injected with
STZ. These double-positive cells may be similar to islet precursor cells found in
embryonic pancreas (Fernandes et al., 1997). Exogenous insulin therapy promoted
restoration of the β-cell mass to levels of up to 40% of normal values. This was asso-
ciated with presence of two putative precursor cell types, one expressing GLUT2
and the other insulin and somatostatin (Guz et al., 2001). Interestingly, in adult
mice that received STZ together with the GLP1 analogue exendin-4, expression
of PDX1 increased and the Ngn3 gene, encoding the master switch transcription
factor neurogenin-3, became activated in islet-like cell clusters (Kodama et al.,
2005). Most remarkably, the combination of gastrin and epidermal growth factor
(EGF) rapidly normalized hyperglycemia in ALX-treated diabetic mice (Rooman
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and Bouwens, 2004). Under these conditions, the β-cell mass doubled within 3 days,
without a change in β-cell size, replication rate, or apoptosis. Within one week, 30–
40% of the normal β-cell mass was restored. New β cells were generated from an
insulin– cell pool, as shown by pulse-chase labeling with the thymidine analogue
bromodeoxyuridine (BrdU). Moreover, 65% of insulin+ cells at day 4 of treatment
expressed duct-cell cytokeratins (Rooman and Bouwens, 2004), suggesting a duc-
tal origin. Gastrin and EGF are thus primary candidate factors for regulation of
β-cell neogenesis. Since β cells do not express cholecystokinin-B (CCKB), the high-
affinity receptor for gastrin, gastrin-responsive cells are likely to be different from
β cells (Rooman et al., 2001). Another member of the EGF family, betacellulin,
improved glucose tolerance in alloxan-treated diabetic mice by increasing β-cell
volume, at least partly through accelerated neogenesis from duct cells (Yamamoto
et al., 2000).

4.3.2 Surgical Methods for Inducing Pancreas Injury

Partial pancreatectomy (PPx) is the surgical removal of part of the pancreas, both
exocrine and endocrine. When only 50–70% of the pancreas is removed, mice
remain normoglycemic. Following 50%-PPx the β-cell mass in the remaining half
of the pancreas fully recovers within 4 weeks. Beta-cell renewal does not depend
on activation of NGN3 (Lee et al., 2006), a marker of activated β-cell progenitors in
embryonic mouse pancreas (Gu et al., 2002); rather, it is due primarily to enhanced
proliferation of preexisting β cells (Dor et al., 2004). Mechanisms proposed to
regulate this compensatory growth include signaling through the insulin receptor
substrate 2 (IRS2)/AKT/FOXO1 pathway (Peshavaria et al., 2006) and the GLP1
receptor pathway (De Leon et al., 2003). Immediately following surgery, multiple
small cell clusters containing a few β cells appear, followed by an increased num-
ber of larger islets, in which proliferation involves the transcription factor FOXM
(Ackermann et al., 2008). STZ-treated diabetic mice with fasting plasma glucose of
more than 200 mg/dl display rapid normalization of glycemia following 50%-PPx,
most likely by proliferation of residual β cells (Hardikar et al., 1999).
After 90%-PPx diabetes develops within 3 weeks, and the β-cell mass regener-

ates thereafter to more than 40% of normal (Bonner-Weir et al., 1983). This surgery
is quite difficult to perform in mice, so most of the available data were obtained
from rat studies. Discordance between exocrine and endocrine growth was found at
3 weeks following surgery: although the mitotic index of β cells in 90%-PPx rats
was doubled, compared to sham-operated animals, proliferation of exocrine cells
returned to normal levels (Brockenbrough et al., 1988). The appearance of BrdU-
labeled PDX1+ duct cells, which disappeared when BrdU-positive endocrine and
exocrine cells appeared, suggests that the newly formed β cells were derived from
duct cells (Bonner-Weir et al., 1993; Sharma et al., 1999). Addition of the long-
acting GLP1 analogue exendin-4 during 10 days following 90–95%-PPx attenuated
the development of diabetes by stimulating neogenesis and replication of β cells
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(Xu et al., 1999). When STZ-treated diabetic rats grafted with syngeneic islets to
normalize blood glucose underwent 90%-PPx, focal areas of regenerating pancreas
appeared (Finegood et al., 1999). In this setting, betacellulin further improved glu-
cose metabolism by promoting β-cell regeneration (Li et al., 2001). These findings
suggest that the precursor population for both endocrine and exocrine tissue is not
susceptible to damage by STZ. Interestingly, PPx results in a similar regeneration
in humans as well. Children under 2 years of age diagnosed with nesidioblastosis
(also known as persistent hyperinsulinemic hypoglycemia of infancy) who under-
went 90–95%-PPx showed complete pancreatic regeneration in two-thirds of all
examined cases, as evidenced by ultrasound measurements (Berrocal et al., 2005).
Partial duct ligation (PDL) is performed by irreversibly clamping off the main

duct that drains digestive enzymes from acinar cells in the pancreas tail, resulting in
acute pancreatitis from leakage of digestive enzymes into the interstitial space. The
severely injured tissue subsequently remodels (Xu et al., 2008; see the description
below and Fig. 4.1). The nonligated part (head) of the pancreas remains unaffected
and can be used as an internal control. It has been suggested that, in response to the
injury, some acinar cells transdifferentiate into duct cells (Bouwens, 1998), whereas
most acinar cells undergo p53-dependent apoptosis, thereby stimulating prolifer-
ation of duct cells (Scoggins et al., 2000). Upon proliferation, the duct cells form
tubular structures, and the islet-cell mass in rat (Hultquist and Joensson, 1965; Wang
et al., 1995) and mouse pancreas (Xu et al., 2008) is greatly expanded (80% increase
in β-cell mass within 1 week following PDL). Emergence of cellular phenotypes that
are intermediary between duct or acinar and endocrine cells suggests that neogene-
sis may play an instrumental role in the observed increase in β-cell mass (Bouwens
and Rooman, 2005). Blood glucose levels and body weight of experimental animals
remain similar to sham-treated controls throughout the entire follow-up period. PDL
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Fig. 4.1 Partial duct ligation (PDL) induces profound morphological changes and endocrine
neogenesis in the ligated tail of mouse pancreas. (a–f) Immunostaining for cytokeratin (CK),
BrdU, and insulin (INS) in PDL and sham-operated pancreas shows formation of ductal tubular
structures and large, irregular islet structures on day 14 following ligation. (g) Immunostaining
for INS, BrdU, and CK shows a β-cell cluster in close proximity to a replicating duct structure 7
days after PDL. (h) Histochemical staining for bGal in ligated Ngn3-lacZ pancreas (day 7) shows
reactivated Ngn3 gene expression near a duct structure. Bar = 100 μm
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induces the expression of several growth factors and cytokines, including gastrin,
transforming growth factor alpha (TGFα), interleukin (IL)-1 alpha (IL1α), IL1β,
IL6, IL10, tumor necrosis factor alpha (TNFα), Fas ligand, and leukemia inhibitory
factor (LIF) (Wang et al., 1997; Yasuda et al., 1999; De Breuck et al., 2006). An
additional increase in the expansion rate of the β-cell mass of rats with ligated pan-
creatic duct can be achieved by gastrin administration (Rooman et al., 2002). The
key role of gastrin in controlling β-cell neogenesis is demonstrated by inhibition of
PDL-induced increase in β-cell mass using a gastrin antagonist, which blocks the
CCKB receptor (Bouwens and Rooman, 2005).
Another method for (partially) obstructing the duct is cellophane wrapping

(Rosenberg et al., 1983; Rosenberg, 1998). Two weeks following surgery, this
method induces the appearance of small aggregates of proliferating endocrine cells,
apparently budding off from pancreatic ducts and resulting in a doubling of β-cell
mass within 6 weeks (Rosenberg et al., 1983). The effective factor was identified in
a protein mixture extracted from wrapped pancreas and termed islet neogenesis-
associated protein (INGAP) (Rafaeloff et al., 1997). INGAP is a REG3-family
member and confers resistance to STZ-induced hyperglycemia (Rosenberg et al.,
2004; Taylor-Fishwick et al., 2006).

4.3.3 Genetic Ablation of Beta Cells

Regenerative processes can also be triggered by genetic ablation of β cells. The
ablation, which is achieved by β-cell-specific expression of toxins in transgenic
mice, allows study of the dynamics of β-cell regeneration in a diabetic environment
without confounding factors, such as global pancreas injury, recurring autoimmune
destruction of newly-generated β cells, and nonspecific cellular toxicity of chemi-
cal toxins. Moreover, these models can be combined with genetic lineage tracing,
which provides a powerful tool for unraveling the mechanisms of islet regeneration.
Constitutive expression of a dominant-negative form of the KIR6.2 subunit of

the ATP-sensitive potassium channel (K+ATP) under control of the human insulin
promoter in adult β cells led to increased β-cell apoptosis, possibly by inducing
chronic membrane depolarization and high Ca2+ levels, leading to severe hyper-
glycemia at 4 weeks of age (Miki et al., 1997). Surprisingly, after 6 months of age,
hyperglycemia spontaneously recovered to normal levels (Oyama et al., 2006). The
continued expression of the dominant-negative KIR6.2 subunit in the older trans-
genic mice excluded the possibility that loss of the transgene was responsible for the
recovery. Instead, the appearance of new β cells adjacent to proliferating intraislet
duct-like cells (cells labeled with the lectin DBA, an indicator of uncommitted pan-
creatic epithelial–ductal cells, of which a subset was PDX1- and/or insulin-positive),
most likely played a major role in the regenerative process.
Reversible repression of PDX1 expression in adult β cells impairs expression

of insulin and GLUT2, reduces islet area without evidence for increased β-cell
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apoptosis, and leads to diabetes within 2 weeks (Holland et al., 2005). PDX1
repression was associated with increased cell proliferation, predominantly in the
exocrine pancreas but also within islets, and with upregulation of genes impli-
cated in β-cell regeneration, including several REG-family members. Following
reexpression of PDX1, normoglycemia was restored within 4 weeks. During this
period, PDX1high/insulin+ and PDX1low/insulin– cells were observed, embedded in
or closely associated with ducts.
In the PANIC-ATTAC model (pancreatic islet β-cell apoptosis through targeted

activation of caspase 8), β-cell death is induced through treatment with a chemical
dimerizer (Wang et al., 2008). These mice show extensive β-cell regeneration and
full normalization of glucose levels 2 months following termination of treatment.
Recovery rate can be enhanced by various pharmacological interventions, including
agents acting on the GLP1 axis and agonists of peroxisome proliferator-activated
receptor gamma (PPARγ). During recovery, insulin-expressing cells appear in the
ducts, and increased numbers of GLUT2+/insulin–/PDX1– cells are detected in the
islets, which may serve as β-cell precursors.
Another recently-developed ablation model uses tamoxifen-inducible c-Myc

expression in β cells, leading to massive β-cell apoptosis (after a short burst of pro-
liferation) and diabetes (Cano et al., 2008). Shutoff of c-Myc expression leads to a
gradual regeneration of β cells over the course of 3 months and glycemia reversion
close to normal values. This process is seemingly mediated by β-cell replication,
rather than neogenesis from pancreatic ducts. However, this study may be con-
founded by leakiness of c-Myc expression, which may cause the β-cell replication
observed during the recovery period, thereby obviating the need for neogenesis.
An elegant model for β-cell-specific ablation is based on doxycycline-inducible

and β-cell-specific expression of diphtheria toxin, resulting in apoptotic death of up
to 80% of β cells and severe diabetes (Nir et al., 2007). Withdrawal of doxycycline
after 1 week of treatment resulted in a spontaneous regeneration of the β-cell mass,
leading to recovery from diabetes within 2 months. A similar spontaneous regen-
erative response was seen after hyperglycemia that lasted for more than 4 months.
Genetic lineage-tracing analysis suggested that enhanced proliferation of surviv-
ing β cells played a major role in regeneration. However, as noted by the authors,
a minor contribution of non-β cells to β-cell regeneration could not be excluded.
Furthermore, it remains possible that in other settings, for example those involving
near-total ablation of β cells, other cells are being recruited to the β-cell lineage.
Assessment of the relative contribution of pancreatic and extrapancreatic non-β

cells to islet regeneration in the ablation models will depend on the development
of additional tracing models using other cell-specific promoters. Furthermore, abla-
tion models can be crossed with mouse strains that express a fluorescent marker
under control of promoters from genes encoding transcription factors known to play
roles in islet development or putative progenitor cell markers, thereby permitting the
purification of β-cell progenitors in the course of β-cell regeneration. Taken together,
the observations made using genetic β-cell ablation systems indicate that although β

cells regenerate relatively slowly, their regenerative capacity can potentially be used
therapeutically in diabetic patients.
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4.4 Islet Regeneration: Proliferation
and/or (Trans)Differentiation?

4.4.1 Proliferation of Preexisting Beta Cells

In the developing pancreas, β cells differentiate from a population of multipotent
NGN3-positive progenitor cells (Gu et al., 2002). Newly formed β cells are ini-
tially mitotically inactive, but near the end of fetal development enter a phase of
intensive proliferation, which continues through early postnatal life. Thereafter, a
much slower rate of β-cell proliferation persists throughout adulthood (Finegood
et al., 1995; Teta et al., 2007) and progressively declines with age (Swenne, 1983;
Krishnamurthy et al., 2006; Maedler et al., 2006). The length of the β-cell repli-
cation cycle is estimated at ±15 h (Swenne, 1982). Replication of a mature β-cell
is followed by a refractory period, during which it does not initiate a new round
of replication (Teta et al., 2007). Thus, overall β-cell turnover in the adult is rather
slow, representing the net result of low levels of both β-cell replication and apopto-
sis and a relatively long half-life of β cells (Bonner-Weir, 2001; Teta et al., 2005).
Measurements of thymidine analogue incorporation in adult mice suggest that β-
cell half-life is 2 months or more; however, in aged mice it appears to increase to
more than 1 year (Rankin and Kushner, 2009). Despite the slow turnover of β cells
under normal physiological conditions, the β-cell mass can expand rapidly through
proliferation in an adaptive response to conditions involving an increased demand
for insulin, such as insulin resistance (Bruning et al., 1997; Kulkarni et al., 2004),
obesity (Kloppel et al., 1985; Butler et al., 2003), and pregnancy (Sorenson and
Brelje, 1997). Beta-cell proliferation can also be activated in response to pancreatic
injury. Lineage tracing of mouse β cells using the insulin promoter and knockout
of genes encoding key cell-cycle regulators, such as cyclin D2, indicate that repli-
cation of preexisting β cells is involved in the postnatal generation of new β cells,
as well as in the regeneration of the adult β-cell mass following 70%-PPx or β-
cell ablation (Dor et al., 2004; Georgia and Bhushan, 2004; Nir et al., 2007). PPx
reduces the refractory period in mouse β-cell replication, compared to normal ani-
mals. Consecutive labeling of dividing cells with different thymidine analogues in
neonatal, pregnant, and PPx mice detected only rare β cells labeled with more than
one analogue, suggesting that β-cell precursors or stem cells contribute to postnatal
β-cell (re)generation only to a limited extent (Teta et al., 2007). Clonal analysis and
pulse-labeling of β cells demonstrate that, at least in healthy adult mice, all β cells
possess equal proliferation potential (Brennand et al., 2007).
Further support for the notion that β-cell mass expansion depends to a large

extent on proliferation of preexisting β cells is provided by the fact that a majority
of the known regulators of β-cell mass affect β-cell proliferation. Cell cycle reg-
ulators, such as cyclin-dependent kinase-4 (Rane et al., 1999), cyclin D1 and D2
(Cozar-Castellano et al., 2004; Georgia and Bhushan, 2004; Kushner et al., 2005;
Zhang et al., 2005); cyclin–kinase inhibitors of the CIP/KIP and INK families (Rane
et al., 1999; Uchida et al., 2005; Georgia and Bhushan, 2006; Krishnamurthy et al.,
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2006); tumor suppressors (pRb and p53) (Harvey et al., 1995; Cozar-Castellano
et al., 2004; Vasavada et al., 2007); and the transcription factors E2F1 (Fajas et al.,
2004; Iglesias et al., 2004), c-MYC (Laybutt et al., 2002; Pelengaris et al., 2002),
and HNF1/4 alpha (Gupta et al., 2007; Maestro et al., 2007) regulate both β-cell pro-
liferation and mass. Similarly, growth factors, such as placental lactogens (Vasavada
et al., 2000; Cozar-Castellano et al., 2006), growth hormone (Liu et al., 2004),
EGF, keratinocyte growth factor (Krakowski et al., 1999), insulin, and insulin-like
growth factor I (George et al., 2002; Otani et al., 2004), also induce an increase in β-
cell mass via β-cell replication. The transcription factor forkhead box M1 (FoxM1)
(Zhang et al., 2006) and the coactivator/histone-3 lysine-4 methytransferase menin,
encoded by Men1 (Karnik et al., 2005; Karnik et al., 2007) also control β-cell
replication. Given the limited capacity of β cells to undergo multiple rounds of
replication (Teta et al., 2007), identifying the key (epi)genetic elements involved
in this limitation is crucial for stimulating β-cell replication in therapeutic strategies
in vivo. Understanding which cell type(s) drive(s) adult β-cell replication and which
β cells have the highest replication capacity may also facilitate β-cell expansion
in vitro.

4.4.2 Differentiation of Pancreatic Progenitor Cells

Hormone-negative, nestin-positive cells present in islets, termed islet-derived pro-
genitor cells (NIPCs), were shown to be capable of differentiation into endocrine
and exocrine pancreas, as well as liver (Zulewski et al., 2001). However, subsequent
studies demonstrated that nestin was not an appropriate marker of islet progenitor
cells; rather, it was shown to be expressed in the mesenchyme of the developing
mouse pancreas (Selander and Edlund, 2002) and in the endothelium of adult rat
and human pancreas (Lardon et al., 2002; Klein et al., 2003).
A large number of reports have provided indirect evidence for the existence of

extraislet pancreatic stem/progenitor cells, mainly within or near the ductal lining.
Many of these have already been referred to above (Wang et al., 1995; Fernandes
et al., 1997; Waguri et al., 1997; Rosenberg, 1998; Finegood et al., 1999; Sharma
et al., 1999; Xu et al., 1999; Yamamoto et al., 2000; Guz et al., 2001; Bonner-
Weir et al., 2004; Ogata et al., 2004; Rooman and Bouwens, 2004; Bouwens and
Rooman, 2005; Holland et al., 2005; Oyama et al., 2006; Wang et al., 2008).
Apart from these descriptive in-vivo data, putative progenitor cells have been iso-
lated and differentiated in vitro. Stem/progenitor cells with the capacity for clonal
expansion and differentiation toward multiple pancreatic lineages can be isolated
by fluorescence-activated cell sorting, based on negative selection for hematopoi-
etic/vascular antigens (CD45, TER119, c-KIT, and FLK1) and the presence of the
hepatocyte growth factor receptor c-MET. When grafted into the pancreas of 4-
week-old recipients, further differentiation toward exocrine and endocrine pancreas
cell types was noted (Suzuki et al., 2004). Moreover, adult multipotent precursors
can be isolated from both islet- and duct-cell preparations in a colony-formation
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assay in a serum-free medium (Seaberg et al., 2004). Remarkably, these cells coex-
press neural and pancreatic precursor markers and can differentiate into distinct
populations of neuronal and glial cells, pancreatic endocrine, and exocrine cells,
as well as stellate cells. Since these pancreas-derived cells do not express mark-
ers of embryonic stem cells, mesoderm, or neural crest cells, the existence of an
intrinsic pancreatic precursor cell population was postulated. Finally, the existence
of endocrine stem/progenitor cells within the epithelial compartment of the adult
human pancreas was suggested by experiments in which nonendocrine pancreas
epithelial cells (NEPECs) were genetically labeled, selected for drug resistance to
eliminate contaminating mesenchymal cells, and cotransplanted with fetal pancreas
tissue under the kidney capsule of immunodeficient mice (Hao et al., 2006). These
conditions resulted in the appearance of β cells. In the absence of evidence for β-
cell replication or cell fusion, these experiments led to the conclusion that the β cells
originated from stem/progenitor cells.
In the above-mentioned studies the initial cell populations were rather heteroge-

neous and poorly defined. In contrast, a homogeneous cell population can be isolated
following PDL from the pancreas of adult mice expressing a green fluorescent pro-
tein (GFP) reporter gene under the control of the Ngn3 promoter (Xu et al., 2008)
(Fig. 4.2). NGN3 expression is induced following PDL in a subset of pancreatic
cells, most of which are located in the duct epithelium. Ngn3 gene knockout pre-
vents the PDL-induced increase in β-cell mass, demonstrating the importance of
Ngn3 gene expression in this process. Remarkably, the ultrastructure of the adult
NGN3+ cells is similar to that of bona fide embryonic pancreas endocrine progeni-
tors. When grafted into embryonic pancreas explanted from Ngn3-null mice, adult
NGN3+ cells differentiate into the different islet cell types, providing direct evi-
dence for the existence of islet-cell progenitors in the adult mouse pancreas (Xu
et al., 2008) (Fig. 4.2). Although a large fraction of the adult NGN3+ cells was
found among or near duct cells, confirming their origin from duct cells awaits cell
lineage-tracing studies.
The ductal origin of adult β cells was recently addressed in transgenic mice

driving tamoxifen-regulated Cre recombinase expression under control of the duct-
specific human carbonic anhydrase II promoter (Inada et al., 2008; see Chapter 8).
When crossed with a loxP-STOP-loxP-lacZ reporter strain and treated with tamox-
ifen, faithful expression of β-galactosidase was observed in duct cells and gan-
glia. Following PDL, duct-cell-derived β-galactosidase appeared in endocrine and
newly-formed acinar cells, identifying duct cells as facultative progenitors for both
cell types in the injured pancreas. We did not observe formation of new acinar cells
in the PDL pancreas, possibly owing to subtle differences in surgical techniques.
Although these studies provide evidence for the existence of islet-cell progeni-
tors among adult mouse duct cells, it is not known whether all duct cells, or
only a distinct subset of them, are capable of differentiation into β cells. These
two possibilities would define β-cell regeneration in this system as either duct-cell
transdifferentiation or progenitor cell differentiation, respectively.
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Fig. 4.2 NGN3+ cells from adult pancreas differentiate in vitro into insulin-expressing cells.
(a) Schematic overview of the experiment: GFP+ cells were isolated by flow cytometry from
adult (PDL day 7) or embryonic (E13.5) pancreas of Ngn3-GFP mice. Embryonic pancreas was
explanted from homozygous Ngn3-null mice or wild types (WT) at E12.5. One day later (day 0),
500 GFP+ cells were microinjected into the embryonic pancreas and cultured for 1 or 7 days. (b)
After 1 day in culture, WT embryonic explants expressed insulin and glucagon, whereas Ngn3 –/–

embryonic explants did not, even when injected with GFP+ cells from E13.5 or adult PDL pan-
creas. After 1 week of culture, WT explants expressed insulin and glucagon, whereas Ngn3 -/-

explants did not. However, when engrafted with GFP+ cells from E13.5 or adult PDL pancreas, the
islet hormones were detected in Ngn3 –/– explants. Bar = 100 μm (adapted from Xu et al., 2008)
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4.4.3 Transdifferentiation from Pancreatic Exocrine Cells

Rodent acinar cells can transdifferentiate in vitro into all cell types of the endocrine
pancreas (Baeyens et al., 2005; Minami et al., 2005; Okuno et al., 2007; see
Chapter 7). In explants of adult pancreas from transgenic mice expressing an
inducible Cre gene under control of the elastase promoter, acinar-to-duct cell trans-
differentiation was supported by lineage tracing (Means et al., 2005). However,
using the same mouse strain, acinar-to-β cell transdifferentiation was not observed
in established models of β-cell regeneration (70%-PPx, PDL, caerulein-induced
pancreatitis, and treatment with exendin-4) (Desai et al., 2007). Nevertheless,
expression of the transcription factors NGN3, PDX1, and MAFA in mouse acinar
cells in vivo using adenovirus vectors triggered acinar-to-β-cell transdifferentiation
in a subset of cells through nuclear reprogramming (Zhou et al., 2008).

4.5 Effects of Cell Microenvironment:
The Niche that Allows Beta-Cell Mass Expansion

A stem-cell niche is the specialized microenvironment where stem cells reside
(Xie and Spradling, 2000). In response to injury, these resident stem/progenitor
cells are activated to proliferate and differentiate to promote tissue regeneration.
Unfortunately, the pancreatic stem/progenitor cell niche remains ill-defined, and
much additional research is needed to identify its precise location and mechanism
of action. Nevertheless, it has been suggested that factors released from endothe-
lial cells promote β-cell replication/regeneration (Hess et al., 2003; Johansson
et al., 2006), and recently the concept of a pancreatic vascular niche has been
proposed (Nikolova et al., 2006). Endothelial cells and foregut endoderm cross-
talk during embryonic development. Pancreatic bud formation is initiated in close
contact with endothelial cells of the dorsal aorta and the vitelline veins, both of
which supply the primordial foregut endoderm with instructive signals necessary
for pancreas formation (Cleaver and Melton, 2003). In turn, the early develop-
ing pancreatic endoderm secretes differentiation- and proliferation-inducing signals
that instruct nearby endothelial cells to form blood vessels. This reciprocal sig-
naling (Lammert et al., 2003) continues during adulthood, since β cells depend
on the presence of vascular-derived basement membrane components, such as
laminins, for their proliferation and function. In turn, β cells attract endothelial
cells by secretion of vascular endothelial growth factor-A to form a capillary net-
work with a vascular membrane in β-cell proximity. This membrane provides cues
for β-cell proliferation and insulin expression and can therefore be defined as a
crucial component of the pancreatic niche (Nikolova et al., 2006). At present, it
is unknown whether activation of islet-cell progenitor differentiation in the adult
pancreas depends on similarly specified niche components. Clearly, a better under-
standing of the putative pancreatic niche would greatly benefit β-cell regeneration
strategies.
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Chapter 5
Beta-Cell Expansion in Vitro

Shimon Efrat

Abstract Ex-vivo development of human insulin-producing cells is considered a
promising approach for the generation of an abundant supply of cells for β-cell
replacement therapy for diabetes, which is currently limited by the shortage of islet
donors. The most obvious cell source for these approaches is the islets themselves.
However, over the past two decades investigators have been frustrated by their fail-
ure to significantly expand functional β cells from cultured adult human islets. As a
result, the research emphasis has turned to exploring the potential of embryonic and
tissue stem cells to differentiate into β-like cells, as detailed in other chapters in this
book. On the other hand, work in recent years has cautiously renewed hopes for the
feasibility of ex-vivo expansion of adult human β cells.

5.1 Beta-Cell Replication in Vivo

Most of our knowledge of regulation of the β-cell mass in vivo is derived from
rodents. The increase in β-cell mass in neonatal mice is largely due to β-cell replica-
tion (Georgia and Bhushan, 2004). Lineage-tracing studies demonstrated that β-cell
replication is also the major mechanism for normal β-cell turnover in adult mice
(Dor et al., 2004; Teta et al., 2007), as well as for islet regeneration following tissue
damage (Nir et al., 2007; Cano et al., 2008). Evidence suggests that the replicative
capacity is not restricted to a specialized subpopulation; rather, all mouse β cells are
equally capable of replication (Brennand et al., 2007). Subsequent to tissue damage,
other mechanisms, in addition to β-cell replication, may play a role in islet regen-
eration, depending on the severity of the damage. Xu et al. have recently shown
that progenitor cells located in pancreatic ducts contribute to islet recovery follow-
ing severe pancreatic injury in adult mice (Xu et al., 2008; see Chapter 4). Lineage
tracing of mouse duct cells in pancreas injury studies support these findings (Inada
et al., 2008; see Chapter 8). Beta-cell renewal persists, and even intensifies, in the
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face of autoimmune β-cell destruction in nonobese diabetic mice, although the net
result is an absolute decrease in β-cell mass (Akirav et al., 2008).
Studying β-cell replication in humans is, of course, much harder. Nevertheless,

human pancreas autopsy studies indirectly support the ability of mature human β

cells to proliferate in vivo, both in normal tissue maintenance (Meier et al., 2005)
and in response to increasing demands for insulin, such as in pregnancy and obe-
sity. Beta-cell damage in type 1 or type 2 diabetes also seems to stimulate β-cell
replication (Butler et al., 2003). A recent study in children (2 weeks to 21 years of
age) that combined data from abdominal tomography and pancreas autopsy reported
that the increase in β-cell mass in infancy is associated with β-cell replication (Meier
et al., 2008). Excessive β-cell replication is also responsible for a rare disease termed
hyperinsulinism of infancy (Kassem et al., 2000).

5.2 Beta-Cell Replication in Vitro

Removal of differentiated cells from their tissue context into the artificial environ-
ment in tissue culture induces multiple changes in their gene expression pattern.
There are few examples of primary, untransformed, differentiated adult human cells
that can be expanded in tissue culture without loss of phenotype. Peripheral blood
leukocytes are a notable exception, probably because their in-vivo environment does
not involve permanent attachment. Most cells, however, inhabit a complex niche in
their normal tissue location, in which they interact with neighboring cells, extra-
cellular matrix (ECM), soluble factors, blood capillaries, and nerve cells. These
interactions play key roles in regulating cell phenotype and replication. In vitro most
of these interactions are disrupted, leading to extensive changes in gene expression
and cellular phenotype.
Intact human islets can be kept in suspension cultures for months without a sig-

nificant decline in insulin production and secretion (Nielsen et al., 1979). However,
under these conditions islet cells do not replicate. When allowed to attach to the cul-
ture dish surface, cells begin to migrate out of the islet structure and dedifferentiate
within a period of several weeks. During this time, limited β-cell proliferation can
be stimulated by various agents. Growth factors (e.g., growth hormone, placental
lactogen, prolactin, and glucagon-like peptide-1) and metabolites (particularly glu-
cose) were shown to stimulate a small number of population doublings of rodent
insulin-positive cells before cell phenotype was lost (see Nielsen et al., 2001 for
review). Attempts at culturing adult human islet cells resulted in a similar loss of
β-cell markers in the proliferating cells following a small number of cell-population
doublings (Hayek et al., 1995; Beattie et al., 1997; Beattie et al., 1999). In addition,
these cultures underwent senescence following more than 15 population doublings.
In an effort to mimic the normal cell environment in vivo, cell aggregation and
ECM were employed, but preservation of β-cell function remained limited (Beattie
et al., 2002). Thus, assessment of β-cell proliferation in vitro beyond the initial
culture period is difficult, since the β-cell phenotype is lost. This loss may reflect
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β-cell dedifferentiation or β-cell death, accompanied by expansion of cells from a
non-β-cell origin. Recent genetic lineage-tracing studies in cells cultured from trans-
genic mouse islets allowed tracking of mouse β-cell fate in vitro for the first time
(Atouf et al., 2007; Chase et al., 2007; Morton et al., 2007; Weinberg et al., 2007).
These studies established that mouse β cells dedifferentiated and survived for a few
weeks. Dedifferentiation was much faster (days) when the islets were dissociated
into single cells, compared with culture of intact islets (weeks) (Weinberg et al.,
2007). However, no significant β-cell proliferation could be detected in these stud-
ies. Following several weeks in culture, the cell population was taken over by cells
derived from a non-β-cell origin. Thus, it was concluded that mouse β cells could
not proliferate in vitro under the culture conditions employed.
Gershengorn et al. reported a protocol for expansion of adult human islet cells up

to 1012-fold (Gershengorn et al., 2004). In this procedure intact islets were cultured,
and cells migrating out of the islets were propagated in a simple serum-containing
medium. The cell doubling time was about 60 h, and the cell morphology resembled
that of fibroblasts. The cells were devoid of β-cell markers and instead expressed a
number of mesenchymal markers, such as vimentin. These researchers postulated
that β cells underwent epithelial-mesenchymal transition (EMT) upon entrance into
the cell cycle; however, there was no direct evidence for the origin of the expanded
cells from β cells.
In contrast to this expansion protocol, which cultured intact islets, our group

used a protocol involving dissociation of the primary islets into single cells (Ouziel-
Yahalom et al., 2006). This resulted in a rapid cell dedifferentiation within the first
week in culture, followed by induction of replication in most cells. These cells dif-
fered in some of their properties from those expanded by Gershengorn et al.: Their
doubling time was longer, about 7 days, and their overall expansion rate was lower,
only <105-fold (about 16 population doublings). Although we could detect costain-
ing for insulin and cell replication markers in a minority of cells, there was no direct
evidence for the origin of most replicating cells from β cells. Moreover, activation
of vimentin expression in cells expressing β-cell markers, such as insulin, supported
the occurrence of EMT in these cultures.
Subsequent work from the Gershengorn group abandoned the EMT hypothesis

and suggested instead that the expanded cells, termed human islet progenitor cells
(hIPC), were derived from mesenchymal stem cells (MSC) normally present in the
islets. hIPCs expanded in vitro were shown to express MSC markers and differenti-
ate in vitro into mesodermal cell types, such as adipocytes and osteocytes (Davani
et al., 2007). The presence of MSC in human islet preparations was supported by
the work of another research group (Gallo et al., 2007). However, the presence of
MSC in islets in vivo has not been confirmed, and their occurrence in islet cultures
may result from contaminating duct tissue (Seeberger et al., 2006).
Gao et al. presented evidence for dedifferentiation of cultured human islet cells

into CK19-positive cells with a duct-cell-like phenotype (Gao et al., 2005). These
cells could be expanded in vitro; however, in the absence of a rigorous lineage-
tracing study, it was hard to confirm their origin from β cells. It is possible that these
cells were derived from duct cells contaminating the islet preparations, which have
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been shown to possess a limited proliferation capacity in vitro (Bonner-Weir et al.,
2000; Suarez-Pinzon et al., 2005; Yatoh et al., 2007).
Thus, although different groups were able to significantly expand isolated human

islet cells in culture, the relatively low purity of these islet preparations and the rapid
loss of β-cell phenotype made it difficult to evaluate what fraction of the expanded
cells, if any, was derived from β cells.

5.3 Lineage-Tracing of Cultured Human Beta Cells

To monitor the fate of cultured human β cells following dedifferentiation directly,
we developed a lineage-tracing approach based on a Cre-loxP-mediated DNA
recombination system delivered by lentivirus vectors (Russ et al., 2008). Beta cells
dissociated from isolated human islets were specifically labeled with green fluores-
cent protein (GFP) expressed under the cytomegalovirus promoter. In this system
GFP expression was blocked by a loxP-flanked DNA fragment (Fig. 5.1). Removal
of the block using Cre recombinase expressed under control of the insulin promoter
activated GFP expression only in β cells. Using this method we were able to label

Fig. 5.1 In-vitro proliferation of cells derived from human β cells. (a) Isolated islets were dis-
sociated and infected with an insulin promoter–Cre recombinase lentivirus and a reporter lentivirus
containing a GFP gene downstream of a loxP-flanked stop fragment. (b) Cell-specific removal of
the stop fragment in β cells is expected to activate GFP expression. (c) Dividing label-positive cells
stained for Ki67 are shown at passage 10 (following about 70 days in culture). Bar= 10 μm. Panel
A is reproduced with permission from Russ et al., 2008.
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over 50% of the insulin-positive cells present in the original islet cell preparation
and found evidence for massive proliferation of cells derived from them, in contrast
to the reports on transgenic mouse β cells (Atouf et al., 2007; Chase et al., 2007;
Morton et al., 2007; Weinberg et al., 2007). Label-positive, insulin-negative cells
derived from β cells of 15 human donors aged 17–60 were shown to proliferate for
a maximum of 16 population doublings. We did not observe age-related differences
in the proliferation capacity of the cells within this age range. The approximate
doubling times of the labeled cells derived from β cells and the GFP-negative cells
present in the same culture were quite similar, about 7 days, as evidenced by the fact
that the fraction of GFP-labeled cells remained stable throughout the culture period,
about 20%. Given the labeling efficiency, this figure indicates that some 40% of the
cultured islet cells were derived from β cells.
The proliferation of cells derived from β cells depended on soluble factor(s)

secreted by the non-β cells present in the islet cell culture, as judged by the finding
that FACS-sorted GFP-positive cells proliferated poorly unless their culture medium
was supplemented with medium conditioned by GFP-negative cells (Russ et al.,
2008). The latter finding is supported by the work of Parnaud et al., which showed
that β cells purified from isolated human islets by labeling with Newport Green
failed to proliferate, in a striking difference with the massive replication capacity
of similarly purified adult rat β cells cultured under the same conditions (Parnaud
et al., 2008). It should be noted, however, that Parnaud et al. sorted primary insulin-
positive cells, whereas we sorted dedifferentiated β cells following proliferation in
cell culture, which makes it difficult to compare the two studies.
Analysis of mouse islet cells by our virus lineage-tracing method revealed a much

lower proliferation of cells derived from mouse β cells, compared with human β

cells, under similar culture conditions (Russ et al., 2008). These findings confirmed
the results obtained with transgenic mouse islets and suggested that the culture
conditions were more favorable for human than for mouse β-cell expansion.
Taken together, these studies demonstrate a remarkable species difference with

respect to β-cell proliferation in vitro: Whereas rat β cells replicate in the absence of
support from other pancreatic cells (Parnaud et al., 2008), human dedifferentiated
β cells seem to require soluble factor(s) released by non-β cells (Russ et al., 2008)
and mouse dedifferentiated β cells cannot replicate even in the mixed culture (Atouf
et al., 2007; Chase et al., 2007; Morton et al., 2007; Weinberg et al., 2007; Russ
et al., 2008). We do not know the cause of these differences; however, these findings
prescribe caution in extrapolating conclusions obtained from studies of rodent β

cells to human β cells.

5.4 Redifferentiation of Cells Expanded from Human
Beta Cells

Our findings demonstrate that cells derived from adult human β cells can be
expanded in tissue culture in sufficient numbers to provide all the cell needs for
human β-cell replacement at the current availability of human islet donors, provided
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that their lost phenotype can be restored. Despite studies on cell cycle regulation in β

cells (see Cozar-Castellano et al., 2006; Heit et al., 2006 for reviews, and Chapter 3),
our understanding of the relationship between β-cell replication and expression of
differentiated functions remains limited. It is unknown whether differentiated β cells
in human pancreas in vivo must undergo temporary dedifferentiation before enter-
ing the cell cycle. Nevertheless, it appears that induction of significant replication in
vitro requires cell delamination out of the normal epithelial structure, a process that
results in dedifferentiation. Thus, even if β-cell replication in vivo does not involve
dedifferentiation, the latter seems inevitable for significant in-vitro proliferation. If
the β-cell phenotype cannot be preserved during proliferation in culture, ways must
be found to induce ex-vivo redifferentiation of the expanded cells or restore their
function in vivo following transplantation.
We hypothesized that the dedifferentiated cells retain an epigenetic memory

of their β-cell phenotype, which may allow their redifferentiation using relatively
simple manipulations, either in vitro or in vivo. Interestingly, in MSC expanded
from adult human islets the insulin gene was found in an open chromatin structure,
although it was not expressed (Mutskov et al., 2007). In an analogous manner, chro-
mosomal regions important for β-cell function may maintain an open conformation
in the dedifferentiated cells derived from β cells, but their transcription rates may be
low owing to reduced expression of key transcription factors. Upregulation of these
factors by overexpression, or indirectly by other treatments, may restore the nor-
mal pattern of β-cell gene expression in the expanded cells. It is also possible that
the epigenetic memory is gradually eroded during proliferation in culture, thereby
limiting the redifferentiation capacity to cells in early passages.
Since dedifferentiation was associated with entry into the cell cycle, it is tempting

to postulate that inhibition of cell replication may induce redifferentiation. Serum-
free medium, which is depleted of most growth factors and inhibits cell replication,
was shown by two research groups to induce limited insulin expression in cultures of
human islet cells devoid of insulin (Gershengorn et al., 2004; Lechner et al., 2006).
However, since the precise origin of the expanded cells in these cultures was not
determined, it is difficult to discern whether this phenomenon represents rediffer-
entiation of dedifferentiated β cells or de novo differentiation of cells from another
source. Moreover, these findings with serum-free medium were not reproduced by
other studies (Ouziel-Yahalom et al., 2006; Kayali et al., 2007).
We reported that treatment with the EGF-family member betacellulin restored

varying degrees of insulin production and secretion in expanded islet cells, which
had lost their insulin content, to levels ranging from normal insulin content in cells
from some donors to none in others (Ouziel-Yahalom et al., 2006). We could not
identify an obvious cause for these variations, such as donor age, sex, or health
status, or the quality of islet isolation or shipment. Our preliminary results showed
that the expanded cells were capable of differentiation in vivo into insulin-producing
cells (unpublished results). As with the experiments using serum-free medium, those
with betacellulin suffered from the inability to distinguish between β-cell redifferen-
tiation and de novo differentiation, and they should be repeated with lineage-traced
cells to definitively determine the source of the insulin-expressing cells that emerge
following treatment.
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hIPCs were also shown to form insulin-producing cells when transplanted under
the renal capsule of immunodeficient mice—more efficiently than in vitro (Davani
et al., 2007). As in the other experiments with these cells, the relevance of these find-
ings to evaluating β-cell redifferentiation approaches is unclear, since the cellular
origin of the hIPCs has not been determined.

5.5 Signaling Pathways Involved in Ex-Vivo Human Beta-Cell
Dedifferentiation and Replication

An attractive approach for identifying molecular targets for redifferentiation of cells
expanded from adult human β cells involves elucidation of changes in gene expres-
sion that occur during adaptation of these cells to growth in culture. Of particular
interest are changes in signal transduction pathways, as these may affect expression
of multiple genes downstream. In a recent study we found that human β-cell ded-
ifferentiation and entrance into the cell cycle in vitro correlated with activation of
the NOTCH pathway and downregulation of the cell cycle inhibitor p57 (Bar et al.,
2008). Using lineage-labeled cells, we showed that the NOTCH intracellular domain
(NICD) and its downstream target HES1 appeared in the nuclei of cells derived from
β cells that lost insulin expression. In the developing pancreas the NOTCH pathway
regulates important cell-fate decisions, including the switch from proliferation to
differentiation. Forced expression of NOTCH inhibits pancreas cell differentiation
(Hald et al., 2003; Murtaugh et al., 2003), whereas mice with null mutations in
genes encoding NOTCH pathway components exhibit accelerated differentiation of
endocrine pancreas (Apelqvist et al., 1999; Jensen et al., 2000). The NOTCH path-
way is not normally expressed in the adult pancreas; however, it is activated under
conditions associated with cell dedifferentiation and replication, such as regenera-
tion following experimental pancreatitis (Jensen et al., 2005), pancreatic neoplasia
(Miyamoto et al., 2003), metaplasia of cultured pancreatic exocrine cells (Rooman
et al., 2006; see Chapter 7), and in rat β cells exposed to cytokines (Darville and
Eizirik, 2006).
Inhibition of HES1 upregulation using small hairpin RNA (shRNA) resulted

in higher levels of p57 in β cells, compared with cells treated with a nontarget
shRNA, and diminished β-cell proliferation (Bar et al., 2008). Moreover, inhibi-
tion of HES1 upregulation reduced β-cell dedifferentiation, as manifested in higher
levels of insulin and the β-cell transcription factors PDX1 and NEUROD1, although
it did not totally prevent cell dedifferentiation. These findings suggest that a partial
cell dedifferentiation is independent of HES1 activity and cell replication; however,
induction of advanced dedifferentiation and cell replication requires HES1 upreg-
ulation (Fig. 5.2). This interpretation is supported by the finding that the bulk of
decrease in insulin mRNA in cultured human β cells occurs during the first week
in culture, preceding the peak in HES1 mRNA levels. It is therefore possible that
loss of most of the insulin content is a precondition for β-cell entrance into the
cell cycle in vitro. The findings emphasize the role of components of the NOTCH
pathway in the transition of quiescent β cells into a dedifferentiated, proliferative
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Fig. 5.2 Proposed model for β-cell dedifferentiation, replication, and redifferentiation. (1)
During the initial days in culture insulin expression declines, whereas HES1 expression is induced.
(2) HES1 induction blocks p57 expression, induces β-cell replication, and causes further dediffer-
entiation. HES1 shRNA prevents these events. (3) HES1 levels decline; cell replication continues
for about 14 additional weeks until cells senesce. (4)HES1 shRNA, along with other effectors, may
be useful in induction of cell redifferentiation following expansion (Reproduced with permission
from Efrat S (2008) Rev Diabet Stud 5:110–116.)

state in vitro and demonstrate a negative correlation between replication and main-
tenance of differentiated function in cultured β cells. These findings suggest that
significant β-cell expansion inevitably involves dedifferentiation and will require
the development of ways to achieve cell redifferentiation following expansion.
Components of the NOTCH pathway may represent molecular targets for induction
of redifferentiation in the expanded cells.
In a recent publication Ikonomou et al. reported the involvement of activated β-

catenin signaling in hIPC proliferation in vitro (Ikonomou et al., 2008). However,
since the source of these cells has not been correlated to β cells, it is difficult to
propose a role for β-catenin in replication of dedifferentiated β cells based on these
results. Changes in this pathway, as well as in other candidate pathways, should be
analyzed in lineage-traced cultured human β cells to identify additional potential
targets for manipulation of expanded dedifferentiated β cells in order to restore their
normal phenotype.

5.6 Future Prospects

Although cells derived from adult human islet β cells can be significantly expanded
in culture, an efficient method for their in-vitro redifferentiation has not yet been
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identified. Nevertheless, preliminary transplantation studies do suggest the poten-
tial of these cells to redifferentiate into insulin-producing cells in vivo and reverse
hyperglycemia. Thus, the search is on for an efficient in-vitro redifferentiation pro-
tocol. Alternatively, if it is eventually concluded that full redifferentiation of these
cells can only be achieved in vivo, their therapeutic potential will have to be care-
fully evaluated against the risks of transplanting undifferentiated cells. This risk
is expected to be far smaller than that involved in transplantation of cells derived
from embryonic stem cells, as the residual replicative potential of cells derived from
human islets is very limited.
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Part II
Beta Cells from Non-beta Cells



Chapter 6
What Does It Take to Make a Beta Cell?

Gordon C. Weir and Susan Bonner-Weir

Abstract As diabetes with its devastating complications results from β-cell defi-
ciency, there is a compelling need to know more about the culprit. Whereas type 1
diabetes has a near complete loss of β cells owing to autoimmune destruction, type
2 diabetes is associated with a 40–60% reduction in β-cell mass. Insulin resistance,
brought on by our Western lifestyle coupled with genetic factors, is clearly of major
importance, but diabetes only develops when β-cell deficiency with its associated
dysfunctional insulin secretion occurs. Replenishment of β cells by transplantation
or by stimulating regeneration of endogenous islets would eliminate the diabetic
state. Improving the dysfunctional insulin secretion of diabetes could also provide
help. This chapter is written with an eye toward how β cells, or some kind of β-cell
surrogate, might function when transplanted. It is important to understand β cells in
their normal pancreatic environment to fully appreciate the compromises that will
necessarily accompany β-cell replacement therapy.

6.1 The Advantageous Anatomic Location of Beta Cells

Beta cells are located within islets, which are clusters of cells consisting in humans
of about 70% β cells and 25% non-β islet cells; most of the latter are α cells pro-
ducing glucagon, smaller numbers of δ cells producing somatostatin, and PP cells
producing pancreatic polypeptide. The dorsal lobe of the pancreas, which is derived
from the dorsal embryonic anlagen, comprises the tail and upper portion of the head
of the pancreas and accounts for more than 80% of its weight (Stefan et al., 1982).
The lower part of the head of the pancreas is the ventral lobe, which is derived from
the ventral embryonic anlagen. The non-β cells in islets of the dorsal lobe are mostly
α cells, whereas in the ventral lobe they are mainly PP cells. There is some evidence
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that dorsal lobe islets may function better than ventral lobe islets when transplanted
(Trimble et al., 1982).
Secretion of insulin and glucagon into the portal vein, with the liver as a down-

stream target, creates an efficiency for metabolism in general and for glycemic
control specifically. Insulin and glucagon are released in an oscillatory pattern of
secretion, with a periodicity of 4–5 min (Porksen et al., 1997). The coordination
of these oscillations is probably controlled by oscillations of glycolysis (Tornheim,
1997) and an intrinsic neural network within the pancreas (Stagner et al., 1980).
Insulin is secreted in periodic bursts that are impressive in their magnitude, such
that the insulin concentration in the portal vein may be tenfold higher than periph-
eral levels and vary two- to fourfold within minutes (Song et al. 2000). Although
not well understood, this bursting pattern of secretion is likely to be important for
insulin action in the liver and may have secondary effects beyond the liver, perhaps
in muscle and adipose tissue.
Islets are scattered throughout the pancreas. A human pancreas typically con-

tains 1 million islet equivalents (IE), an IE being defined as a hypothetical islet
with a diameter of 150 μm. However, there can be considerable variation among
individuals, which is due in large part to differences in insulin sensitivity and body
size. Thus, variation between 500,000 and 2,000,000 IE can be expected (Ritzel
et al. 2006). Human islets are typically between 75 and 200 μm in diameter; islets
larger than 400 μm are uncommon. We have estimated an IE to contain on average
1565 cells, of which 1140 are β cells; thus adult humans have about 500 million to
2 billion β cells.

6.2 Islet Blood Flow and the Relationship
between Islet Cell Types

Islets have a highly developed microvasculature; although they occupy only about
2% of the pancreatic volume, they receive 10% of the pancreatic blood flow (Lifson
et al., 1980). Islets contain a glomerular network of capillaries with fenestrated
endothelium (Bonner-Weir and Orci, 1982). These very permeable capillaries may
facilitate the rapid release of large amounts of insulin into the portal vein. The rela-
tionship between islet cell types and the microvasculature has been best studied in
rodents, in which islets have a central core of β cells surrounded by a mantle of
non-β cells. Small arterioles penetrate through porelike openings in the discontin-
uous islet mantle cell layer into the islet core. Within the core a glomerular-like
network of capillaries is formed, which then exit through the mantle as capillaries
or venules (Bonner-Weir and Orci, 1982). Moreover, β cells have a polarized struc-
ture, in which one domain is exposed to arterial inflow and another domain, from
which insulin is released, faces venous outflow (Bonner-Weir, 1988) (Fig. 6.1). This
polarity can be more evident when β cells are seen to form a columnar epithelium.
In this network, known as the islet-acinar portal blood flow (Weir and Bonner-

Weir, 1990), blood flows via small capillaries from the β cells in the islet core
to the islet mantle cells and then to the acinar cells. As a result, glucagon- and
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Fig. 6.1 Polarization of β cells. Beta cells have two capillary faces, one arterial and the other
venous. The lateral interfaces of β cells are smooth surfaces. However, where three or more β cells
meet, a canalicular system is found that extends from one capillary face to the other. The canaliculi
contain microvilli that are enriched in glucose transporters. This specialized arrangement suggests
that interstitial fluid may flow through these canaliculi in an arterial-to-venous direction (Weir and
Bonner-Weir, 1990)

somatostatin-containing islet cells and acinar cells are exposed to very high concen-
trations of insulin and other β-cell secretory products (Fig. 6.2), a fact that likely
has important physiological ramifications. There is good evidence that suppression
of glucagon secretion by glucose is due in large part to the local inhibitory effects
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Fig. 6.2 Islet-acinar portal circulation. Blood and interstitial fluid in islets flow downstream
from the β-cell-containing core to the islet mantle, which contains glucagon-secreting α cells and
somatostatin-secreting δ cells, and then on to the acinar cells. Therefore the mantle and acinar
cells are bathed in high concentrations of insulin and other β-cell secretory products. There are
likely paracrine interactions between α and δ cells. Beta cells adjacent to mantle cells may be
influenced by local glucagon or somatostatin secretion, but β cells in the core probably never see
high concentrations of these hormones
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of glucose-stimulated insulin secretion (GSIS). This was best shown when glucose
suppression of glucagon secretion was abolished by passive immunization with
insulin antibodies that were infused into the pancreas arteries (Maruyama et al.,
1984; Stagner and Samols, 1992). The mechanisms of glucagon suppression are
likely to be more complex. In particular, there may be other important mediators of
glucagon suppression within islets (Gromada et al., 2007), and the sympathetic ner-
vous system can exert a suppressive effect (Taborsky et al., 2002). Other evidence
supporting the importance of the islet-acinar portal circulation comes from the find-
ing that acinar cell secretion can be reduced by removal of local insulin secretion
with passive immunization (Trimble et al., 1985).
Human islets have a somewhat more complex anatomy than rodent islets, but the

similarities are impressive. Some recent studies have suggested that non-β cells are
randomly distributed throughout the center of islets. This conclusion is incorrect; the
distribution is not random but rather highly organized. Human islets often consist of
several subunits, each of which resembles a rodent islet with a core of β cells and
a surrounding mantle of non-β cells, as is shown is Fig. 6.3. The microvasculature
of human islets has not yet been elucidated, but it may be similar to that of rodents.
This supposition is based upon the finding that infusion of insulin antiserum into

Fig. 6.3 Glucagon immunostaining of human islets. This montage shows the variability of
human islets. In many islets, particularly the larger ones, there are subunits that consist of β cells
surrounded by a mantle of glucagon-containing cells. Thus, the anatomical core–mantle relation-
ship between β and α cells found in rodent islets is maintained in human islets, but as multiple
adjacent subunits. Smaller islets are more likely to have the simpler rodent configuration
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human pancreas arteries can also abolish glucose suppression of glucagon secretion
(Stagner and Samols, 1992). This anatomical and functional arrangement raises the
question as to how aggregates of β cells would function were they not accompanied
by non-β islet cells. This would be an issue for transplantation if stem cell biology
could provide only β cells for transplantation. Owing to the direction of islet blood
flow and presumably interstitial fluid flow from core to mantle, it seems likely that
the function of β cells is not significantly influenced by mantle cells. Thus, one
could predict that transplantation of pure β cells would result in normoglycemia
(for a more detailed discussion of this issue see below).

6.3 Why Are Islets Distributed throughout the Pancreas
in Mammals?

In nonmammalian species, groups of islet cells may be found that are not contained
within the exocrine pancreas, with a notable example being the large Brockman
body of fish. It was suggested by Henderson that islets might have a beneficial effect
upon the exocrine pancreas by enhancing food digestion and absorption, which
could have provided an evolutionary advantage (Henderson, 1969). Insulin is an
anabolic hormone, which might promote acinar cell survival and function. In agree-
ment with this concept, in type 1 diabetes pancreatic weight is lower (Gepts, 1965)
and the output of exocrine enzymes is less than normal (Trimble et al., 1985). Such
a beneficial effect might also be exerted during embryological development, in that
local secretion of insulin might enhance the development of acinar cells through
the islet-acinar portal circulation. It would be interesting to know more about the
embryological development of the glomerular-like vasculature in islets, particularly
because endothelial cells have been found to be important for β-cell development
(Cleaver and Melton, 2003).

6.4 A Dominant Role for Beta Cells in Maintaining
Blood Glucose Homeostasis

The importance of this single cell type is clear because its absence results in death.
There are no meaningful backup mechanisms. The function of β cells depends upon
plasma glucose levels, which are typically maintained within a narrow range of
4–7 mM. Many factors influence β-cell function, but the dominance of glucose is
clear. When β cells are subjected to chronic hypoglycemia, they undergo involution,
probably by apoptosis and β-cell atrophy, as has been shown in rodents with trans-
plantable insulinomas (Chen et al., 1992). Conversely, when β cells are subjected to
even mild chronic hyperglycemia, as in the state of impaired glucose tolerance, the
β-cell phenotype is markedly altered (Brunzell et al., 1976; Laybutt et al., 2003). The
most notable finding is a profound loss of early (first phase) GSIS, while responses
to some other secretagogues, such as isoproterenol, are preserved (Robertson and
Porte, 1973).
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6.5 Phenotype of the Typical Beta Cell

Beta-cell heterogeneity is discussed later, but let us now focus on a typical β cell.
Beta cells have a diameter of about 10 μm and contain large amounts of insulin.
Each β cell contains about 30 pg of insulin, which means that an IE has about 45 ng
of insulin. Insulin, which accounts for about 10% of β-cell protein, is stored in
secretory granules, which have a dense core of crystallized insulin surrounded by a
light halo. The precursor proinsulin is efficiently processed to insulin, such that the
granules contain only about 1–2% proinsulin, with the rest consisting of equimolar
amounts of insulin and C-peptide. The control of insulin biosynthesis, which must
be replenished after meals, is exerted mainly by translation. Transcription is fully
turned on in most situations. Insulin mRNA has a long half-life of about 36 h and its
levels are quite stable (Iype et al., 2005). Beta cells contain about 10,000 granules, of
which some 1000 are docked and primed (Straub and Sharp, 2004; Rutter and Hill,
2006). In response to a glucose challenge, insulin is released with a first-phase burst,
which lasts for less than 5 min, followed by a second phase of secretion. Insulin
released during the first phase is thought to come from primed granules. The insulin
stores far exceed the needs; it can be estimated that less than 20% of stored insulin
is released during a meal. The storage of insulin is a complex process in which
granules are constantly turned over as old granules are degraded by crinophagy or
autophagy (Halban and Wollheim, 1980; Jung et al., 2008). Interestingly, there is
preferential secretion of newly synthesized insulin (Halban, 1982).
Not only do glucose levels precisely regulate insulin secretion, but they are

also the dominant control mechanism for proinsulin biosynthesis and β-cell repli-
cation (Weir and Bonner-Weir, 2007). This regulation is exerted by changes in
glucose metabolism that are tightly linked to the extracellular glucose concentra-
tion. Glucose levels inside β cells are the same as those outside, thanks to facilitated
glucose transporters; in rodents this is GLUT2, but in humans the dominance of
GLUT2 is less clear (De Vos et al., 1995). The rate of glucose metabolism is con-
trolled by the rate-limiting step of glycolysis, which is glucose phosphorylation by
glucokinase. Glucokinase has a Km of about 8 mM, which is ideal for phosphorylat-
ing physiological levels of glucose (Matschinsky, 1996). The best-understood GSIS
pathway is exerted by mitochondrial metabolism, which results in an increased
ratio of ATP to ADP that closes an ATP-dependent potassium channel (K+ATP)
(Henquin, 2000). This results in membrane depolarization, which opens voltage-
dependent calcium channels, leading to a great increase in intracellular calcium that
triggers exocytosis. This pathway is called the K+ATP-dependent or triggering path-
way, but there is a separate K+ATP-independent or augmentation pathway that also
relies on metabolism (Henquin, 2000). The mechanisms responsible for this latter
pathway are unknown and represent one of most important unsolved problems in
β-cell biology.
Insulin secretion is influenced by many other factors. The incretin hormones

glucagon-like peptide-1 (GLP1) and gastrointestinal insulinotropic peptide (GIP)
are clearly important. The parasympathetic nervous system is responsible for the
cephalic phase of insulin secretion with meals (Teff et al., 1991). Adrenergic
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stimulation with locally released norepinephrine suppressing insulin secretion is
likely important for preventing hypoglycemia during exercise. An increase in amino
acid levels with meals is thought to enhance insulin secretion. Free fatty acids appear
to be important for maintaining some insulin secretion when glucose levels are low
(Stein et al., 1996). There are no doubt other influences that remain to be defined.

6.6 Beta-Cell Turnover and Heterogeneity

Human β cells have a very slow turnover, such that loss of cells from a low rate of
apoptosis is replenished by the generation of new β cells by replication of existing
β cells and neogenesis (Butler et al., 2003; Bonner-Weir et al., 2004; see Chapters 4
and 8). It seems clear that some β cells can live for years; thus one aspect of β-cell
heterogeneity is age. New β cells derived from duct precursors may be functionally
different from new β cells generated by replication. Cells in a state of postmitotic
senescence or in a proapoptotic phase may have other differences. The local envi-
ronment of β cells could also create differences. Such environmental differences
might include residence in dorsal versus ventral pancreatic lobes and adjacency to
blood vessels or nerves or to α or δ cells, such that a small population of β cells
could be influenced by the paracrine secretion of glucagon or somatostatin. Beta-
cell heterogeneity in GSIS has been shown in dispersed islet cells studied with a
variety of techniques (Van Schravendijik et al., 1992). Some of this heterogeneity
may be an in-vitro artifact that is not seen in cells within the pancreas (Bennett
et al., 1996). The coordination of insulin secretion within islets is influenced by
electrical signals and small molecules exchanged via gap junctions (Serre-Beinier
et al., 2000). This coordination appears to create synchrony of secretion, which
could make heterogeneity less evident.

6.7 Insulin Secretion in Normal Physiological Conditions

As we move further into transplantation of isolated islets and hopefully surrogate
β cells derived from other sources, such as stem cells, it is important to understand
how the performance of grafted cells might compare to that of normal pancreatic
islets. The ability of islets to control blood glucose levels and disposition of nutrients
in target tissues is very efficient. The reciprocal relationships between insulin and
glucagon regulate glycogen metabolism and gluconeogenesis and therefore control
glucose uptake and output by the liver. This system is so efficient that a large carbo-
hydrate meal is often associated with a glucose rise of less than 1 mM. The timing
and magnitude of insulin release is driven by coordination of the cephalic signals via
parasympathetic nerves, incretin hormones, and a rise in the plasma concentrations
of glucose and perhaps amino acids. The first and second phases of GSIS, which are
clearly seen in intravenous glucose challenge, likely also occur following meals but
are obscured by the mixture of signals.



144 G.C. Weir and S. Bonner-Weir

Efficient and rapid suppression of insulin secretion is also critically important.
Although glucagon and epinephrine are considered the main defenders against
hypoglycemia, suppression of insulin secretion by falling glucose levels is proba-
bly more important (Cryer, 2008). Beta cells stop secreting insulin within a minute
when blood glucose levels fall below 3mM. This efficient shutdown of insulin secre-
tion by low glucose levels is important for prevention of postprandial hypoglycemia
and hypoglycemia during exercise, when muscle uptake of glucose increases. These
remarkable capabilities of pancreatic β cells, which secrete insulin into the portal
vein, are important to keep in mind when thinking about what must be accomplished
by transplanted β cells grafted into a liver or subcutaneous site.

6.8 Does the Normal Relationship among Beta Cells,
Non-beta Cells, and Blood Vessels
Have to Be Reestablished in a Graft Site?

The ideal treatment for the β-cell deficiency of diabetes would be to generate new
islets in the pancreas, which could theoretically be done by stimulating islet neogen-
esis from duct cells (Suarez-Pinzon et al., 2005). These new islets could be expected
to be perfectly normal. If there were a treatment that stimulated β-cell replication
in existing islets, it seems likely that their function would be normal, although there
are some interesting questions as to whether the ratio of α cells to β cells and their
interactions would remain normal.
A very different challenge is faced with the transplantation of islet cells or

some other kind of insulin-producing cells. The question becomes a practical issue
because it is possible that stem cell biology will create β cells without non-β cells.
Even if non-β cells are generated, it will be a major challenge to create grafts that
have a normal islet structure, for the reasons described above. However, because
islet grafts containing few non-β cells are successful in curing diabetes in rodents
and because of what is known about the cellular interactions of normal islets, it
seems highly likely that non-β cells are not needed.
It is reassuring that dispersed islet cells, which have been purified with flow

cytometry to be enriched in β cells, function well when transplanted into diabetic
mice (Keymeulen et al., 1997; King et al., 2007). These dispersed cells were 95%
β cells and were reaggregated before being transplanted. The grafts contained small
numbers of non-β cells, such that the normal relationship between β cells and non-β
cells was not reestablished. To make matters worse, the normal rich glomerular-
like vasculature was not reestablished. When islets are transplanted, most of their
revascularization occurs by angiogenesis from the recipient; however, vasculature
of grafts was found to be very sparse, compared to that of normal islets in the pan-
creas (Mattsson et al., 2003). This presumably is the major reason for the relative
hypoxia of islet grafts in both liver and kidney. These grafts have oxygen tensions
of about 5 mm Hg, compared to 40 mm Hg found in pancreatic islets (Carlsson
et al., 2001). Attempts have been made to promote vascularization of transplanted
islets by various strategies, including overexpression of vascular endothelial growth
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factor (VEGF), but these have been unsuccessful (Brissova and Powers, 2008).
Other strategies are being tried, but it seems likely that the normal islet vascula-
ture, which is established as islets develop either embryologically or from postnatal
neogenesis, would be very difficult to recapitulate in a transplant situation.
In summary, it is clear from rodent studies that grafts containing transplanted

islets have a microanatomy that is very different from that of normal islets in the
pancreas. The relationships between β and non-β cells are completely disrupted, and
vasculature is poorly developed (Mattsson et al., 2003; King et al., 2007). The same
distorted anatomy must also occur when subjects with type 1 diabetes receive islet
transplants. There are also concerns about innervation. We know that some innerva-
tion takes place in transplanted islets (Korsgren et al., 1993), but its physiological
relevance is not known. The good news is that islet transplants work well in human
autograft situations and in experimental animals, and even in human subjects with
islet allografts, in spite of the toxicity of immunosuppressive drugs and continuing
immune attack.

6.9 How Large Should Islets Be for Optimal Transplantation?

Differences in islet size within the pancreas seem unlikely to be very important for
function. There is no reason to think that a β cell in a small islet secretes insulin dif-
ferently than one in a large islet. Differences have been found when large and small
islets are compared in vitro (Colella et al., 1985), but these differences are likely due
to in-vitro phenomena. Islets in culture are deprived of their rich vasculature and are
therefore dependent upon oxygen diffusion from the medium. Thus, small islets will
be well oxygenated, but islets over 150 μm in diameter will have some hypoxia of
centrally-located β cells, and islets over 200 μm will have frank central necrosis
(Dionne et al., 1993). This difference is expected to have an impact on secretory
function, which is a major issue for islet transplantation because all isolated islets
used for transplantation are subject to this problem. The situation becomes even
worse when islets are cultured at high density. Furthermore, islets in a fresh trans-
plant site, such as in the portal vein tributaries of the liver, are typically clumped
together, so that even small islets in the center of a clump are at risk for necrosis.
Nonetheless, there is evidence that small islets are more efficacious than large ones
when transplanted (Lehmann et al., 2007).
There are related issues when islets are encapsulated prior to transplantation to

protect them from immune destruction (see Chapter 12). Relatively small aggregates
of islet cells in the range of 40–50 μm in diameter should have advantages over
larger ones, whether enclosed in gel beads, conformal coatings, or planar devices.
Modeling of oxygen consumption shows that packing density can be markedly
improved, which could be especially important for reducing the large surface area
that might be required for planar devices (Lewis, 2008). Another benefit is the poten-
tial minimization of hypoxia-induced release of chemokines, such as tissue factor
or monocyte chemotactic protein-1 (MCP1), which could contribute to a destructive
immune reaction.
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With all of these considerations taken into account, future islet transplantation
may employ aggregates of islet cells of a well-defined size. This may be accom-
plished by cell processing facilities, once it becomes possible to generate islet cells
from stem/progenitor cells. Such aggregates may also be generated from fetal or
neonatal porcine islet cells, but adult porcine islet size will be more difficult to
regulate because of a strong tendency to undergo apoptosis. We are confident that
transplanted aggregates of optimal size will be able to reverse the diabetic state
and have an acceptable response time for release or shutoff of insulin secretion
as required by normal physiology. However, as is the case of transplantation of
whole islets, these grafts will have a very different microanatomy than islets in the
pancreas. Unless new science finds a way to reorganize the topography of these
clusters to create normal vasculature, innervation, and contacts between β and non-
β cells, the grafts will predictably be poorly vascularized aggregates of cells with
little resemblance to normal islets.

6.10 How Good Must a Beta Cell Be to Succeed When
Transplanted?

It has often been suggested that surrogate β cells that differ from normal β cells
may provide acceptable transplantation results. The easiest and most compelling
argument we can make is that β cells have to be perfectly normal or they will not be
able to maintain truly normal glucose levels in response to challenges such as meals,
exercise, and fasting. However, there could be value in cells that have defective GSIS
but can respond to other agents. We know that β cells in subjects with impaired glu-
cose tolerance (IGT) who are not able to respond to an acute glucose challenge can
respond to amino acids, parasympathetic stimulation, and GLP1 (Weir and Bonner-
Weir, 2004). Thus, if cells with these characteristics were transplanted they might
produce IGT in recipients, which is much better than frank diabetes. It has become
apparent that the transcription factor MAFA is important for the final maturation of
β cells (Nishimura et al., 2006). Moreover, its expression is deficient in the diabetic
state and in neonatal β cells, which also have impaired GSIS (Aguayo-Mazzucato
C, Sharma A, Weir GC, Bonner-Weir S and Weir GC, unpublished data). Thus, it
can be argued that some type of less-than-perfect β cell might have some value for
the treatment of both type 1 and type 2 diabetes.
A similar problem may be encountered with the use of subpar or even normal

islet cells contained in immunoprotective capsules because the dynamics of insulin
release may be delayed or prolonged. A normal β-cell can release insulin very
quickly via its fenestrated vasculature, but insulin secreted from within a capsule
must diffuse through fluid and a barrier before reaching small vessels. This means
that there will be some delay with mealtime release of insulin, which will probably
result in postprandial hyperglycemia. Possibly even more worrisome is the likely
difficulty of promptly shutting off insulin release, which could create problems with
hypoglycemia 3–4 h after meals or with exercise.
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The possibility of using insulin-producing cell lines has been raised. One
approach has been to use an oncogene, such as T antigen, to create a cell line that
would allow expansion of β cells, whereupon the oncogene could be turned off when
differentiated β cells are required (Efrat et al., 1995). There are obvious safety con-
cerns associated with this approach, but this possibility will continue to be explored.
The notion of using cells that continue to have cell line characteristics seems fraught
with problems. Not only will β-cell turnover not be regulated with the same preci-
sion as in normal β cells, but the rapid growth characteristics cannot be compatible
with the unique differentiation that is responsible for normal insulin secretion.
Engineering of liver cells to allow glucose stimulation of insulin production

has been attempted. One approach employed a recombinant adeno-associated virus
expressing a single-chain insulin analogue (SIA), which possessed insulin biological
activity without enzymatic conversion, under the control of hepatocyte-specific L-
type pyruvate kinase promoter (Lee et al., 2000). This creative gene therapy strategy
did lead to more insulin output as plasma glucose levels increased, but the kinetics
of release and the precision of the quantity of insulin released did not even come
close to matching the physiological needs of people with either type 1 or 2 diabetes
(Halban et al., 2001; Halban, 2004). Results obtained with engineered insulin-
producing cells in mouse recipients can be misleading because mice have excellent
counterregulation mechanisms, which can prevent hypoglycemia from being appre-
ciated. As pointed out earlier, β-cell surrogates must be able to quickly and precisely
shut off insulin secretion as glucose levels fall. With transplants of such engineered
cells into mice, it is important that the mice be subjected to a prolonged fast to see
if severe hypoglycemia develops.
Transdifferentiation of cells derived from endoderm toward a β-cell phenotype

has been a goal of a number of investigators. Some success was demonstrated
with fetal human liver cells, which were transduced with human telomerase and
Pdx1 genes. These cells contained an impressively large amount of stored insulin,
secreted insulin in a regulated manner, and reversed diabetes when transplanted into
immunodeficient diabetic mice (Zalzman et al., 2003). More recently, there has been
apparent success in the transdifferentiation of pancreatic exocrine cells in mice to β

cells by introducing three transcription factor genes (Ngn3, Pdx1, and MafA) with
adenoviral vectors (Zhou et al., 2008). These transdifferentated cells have many
characteristics of normal β cells, but more study is needed to fully understand their
potential (see Chapter 9).

6.11 Testing to Determine How Close Insulin-Producing Cells
Are to Normal Beta Cells

Many laboratories are trying to make β cells that can be used for β-cell replacement
(Bonner-Weir and Weir, 2005). As alluded to above, these efforts include differenti-
ation of human embryonic stem cells or iPS cells (Kroon et al., 2008), generation of
β cells from pancreatic duct cells (Bonner-Weir et al., 2000), expansion of existing
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β cells with subsequent redifferentiation (Ouziel-Yahalom et al., 2006), transdiffer-
entiation of acinar cells (Zhou et al., 2008) or liver cells (Ferber et al., 2000), and
a variety of other bioengineering approaches described in the chapters of this book.
All the approaches have resulted in cells that make insulin, but the key issue is how
close they are functionally to normal β cells. Although we argued earlier that cells
falling a little short of normal β cells could possibly have some clinical value, it
is clear that our goal should be to produce the real thing in large numbers. Several
papers have proposed a variety of criteria that should be fulfilled (Halban, 2004),
and the Juvenile Diabetes Research Foundation (JDRF) has supported laboratories
to make such determinations available to the community of scientists. Criteria might
include the following:

1. Storage of insulin. A β cell should contain about 30 pg of insulin.
2. Conversion of proinsulin to insulin. The ratio of stored insulin to proinsulin
should be close to 99:1.

3. Characteristic secretory vesicles. When evaluated by electron microscopy, β

cells should have vesicles with dense cores containing insulin crystals. In humans
these can have a square or rectangular shape, but in rodents the shape is usually
round. The dense core is surrounded by a light-colored halo that contains cleaved
C-peptide.

4. Glucose-stimulated insulin secretion (GSIS). This can be assayed in static incu-
bation or perfusion of cells or cell clusters. Some 10,000 β cells (about 10 islets)
will secrete about 10 ng of insulin over a period of 30 min in response to a
glucose concentration of 16.7 mM. This means that one cell will secrete about
1 pg. With stimulation of cyclic AMP elicited by agents such as isobutylmethylx-
anthine (IBMX) or exendin-4, they will secrete two to three times as much at
the same glucose concentration. It is best to quantify secretion as a function of
DNA; β cells and most other cell types contain 6–7 pg of DNA. Expressing
secretion as a function of insulin content can be misleading if the cells have
become deregulated, as will happen when tissue culture media contain high
glucose concentrations.

5. Basal insulin secretion. Measurements of basal insulin secretion are problem-
atic. Basal insulin secretion in the presence of a low glucose concentration, such
as 2.8 mM, can vary considerably, depending upon how the experiment is per-
formed (Weir et al., 1986). Assays are more reliable with perifused cells than
in static incubation. Owing to these issues with basal secretion, fold stimulation
determinations can be misleading.

6. Cell function in vivo. Transplanted β cells should reverse streptozotocin (STZ)-
induced diabetes in immunocompromised mice. Aggregates of cells are usually
placed under the kidney capsule. Cure is often considered to be a fed glucose
value below 11 mM. It should be remembered that fed glucose levels in mice
can often be 10–11 mM, whereas in humans 5–7 mM is the norm. Human β

cells have a lower set point for GSIS than mouse β cells. Therefore, a sufficient
number of human β cells in mice can drive blood glucose toward normal human
levels, as demonstrated in a recent study employing β cells derived from human



6 What Does It Take to Make a Beta Cell? 149

embryonic stem cells (Kroon et al., 2008). It is worth remembering that human
insulin has a lower biological activity in mice than mouse insulin. Therefore,
1000 IE or more of human islets are needed to cure STZ-diabetes in a mouse,
whereas 250 or fewer mouse islets will be successful.

7. Expression of key proteins. To identify different islet cell types within a pop-
ulation of cells, staining for insulin or C-peptide is the standard for β cells.
To conclusively characterize β cells, staining for other proteins that are rela-
tively β-cell-specific, such as IAPP, PDX1, NKX6.1, MAFA, PC1/3, and PC2, is
helpful.

6.12 Summary

Pancreatic β cells have a highly-specialized phenotype, which makes possible the
precise and effective insulin secretion that maintains blood glucose levels within a
very narrow range. Some of this function is dependent upon the unique islet anatomy
in the pancreas. For β-cell replacement, transplanted cells should have a β-cell phe-
notype that is as normal as possible, so as to optimize their function in the abnormal
environment of a transplant site.
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Chapter 7
Generation of Beta Cells from Acinar Cells

Luc Baeyens, Ilse Rooman, and Luc Bouwens

Abstract It is becoming increasingly clear that differentiated adult somatic cells
retain the capacity to be reprogrammed into other cell types. In the case of the pan-
creas, a switch from an acinar to a β-cell phenotype in vitro can be induced by
soluble agents, such as growth factors and cytokines. We found that the combination
of epidermal growth factor and leukemia inhibitory factor stimulated the transdiffer-
entiation of rat acinar cells into β cells in culture. The transdifferentiation, or cellular
reprogramming, appears to recapitulate embryonic events, such as expression of the
transcription factor NGN3, which is characteristic of pancreas proendocrine pro-
genitor cells. The NOTCH-signaling pathway, whose activity is normally restricted
to embryonic pancreas development, is also reactivated during transdifferentiation.
Inhibition of this pathway in the same experimental model leads to further stimula-
tion of β-cell neogenesis from adult acinar cells. Engraftment of the acinar-derived
β cells results in correction of glycemia in alloxan-diabetic mice. The phenotype of
the transdifferentiated cells is stable in vivo, resulting in normal and safe function
following transplantation. This approach opens ways for β-cell replacement therapy
by transplantation or regeneration.

7.1 Introduction

Recent work by Takahashi et al. on reprogramming of adult fibroblasts to pluripo-
tent embryonic stem cells (Takahashi et al., 2007) has sparked an increased interest
in the capacity of adult somatic cells to be reprogrammed into a different pheno-
type. Transdifferentiation, the reprogramming of “terminally” differentiated cells
into another differentiated phenotype, has been studied for many years in differ-
ent types of tissues (Brockes and Kumar, 2002; Thowfeequ et al., 2007; Tsonis
et al., 2004). This process is also referred to as metaplasia, cell plasticity, or lin-
eage switching. It is important to distinguish cell fate switching as a consequence
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of nuclear transfer to a new cytoplasm or as a result of gene transfer from cell fate
changes induced by cell environment. In this chapter we focus on the latter type of
transdifferentiation.
Transdifferentiation usually involves a dedifferentiation intermediate stage. Cells

in this stage may enter the cell cycle and either proliferate before activating
the new differentiation program or proceed directly into differentiation without
replication.
A decade ago we proposed transdifferentiation as an alternative to stem cells for

β-cell neogenesis (Bouwens, 1998). Although most studies suggest that in the adult
pancreas new β cells are generated from duct cells (Bonner-Weir and Weir, 2005),
the idea that islet cells could also originate from pancreatic acinar cells is quite old.
The French histopathologist E. Laguesse, who was the first to introduce the term
“islets of Langerhans” for the pancreatic endocrine microorgans, suggested this pos-
sibility (Laguesse, 1896). Later histopathological studies confirmed the existence of
transitional or intermediate forms between acinar and islet cells under particular
experimental or pathological conditions and in many animal species.
So-called “mixed cells” or “acinar-islet cells,” which contain both exocrine and

endocrine granules, have been reported by many electron microscopists (Leduc and
Jones, 1968; Setalo et al., 1972). Another piece of evidence supporting the occur-
rence of acinar-to-β-cell transdifferentiation was provided by immunohistochemical
studies describing cells that coexpress the acinar enzyme amylase and insulin fol-
lowing experimental pancreatic injury in rats (Bertelli and Bendayan, 1997; Lardon
et al., 2004a). One of these procedures, pancreatic duct ligation, consists of a sur-
gical intervention in which the ducts draining the tail part of the pancreas are
obstructed by a silk thread, provoking a pancreatitis-like phenomenon in the splenic
part of the organ. However, a recent genetic lineage-tracing study using the elas-
tase promoter, which allows permanent marking of cells of acinar origin, failed to
demonstrate an acinar origin of β cells in mice that were subjected to three different
procedures of pancreatic injury, including duct ligation (Desai et al., 2007). This
study employed the elastase-CreERT transgene, which drives tamoxifen-inducible
acinar-cell-specific DNA recombination in a reporter transgene.
In contrast, in another recent genetic lineage-tracing study, in-vivo virus-

mediated transfer of three genes encoding transcription factors that play key roles in
normal β-cell development, NGN3, PDX1, and MAFA, was found to robustly repro-
gram acinar cells into β-like cells (Zhou et al., 2008). The resulting cells expressed
genes essential for β-cell function and were able to ameliorate hyperglycemia in
experimental mouse models of diabetes. Although it is uncertain whether these cells
can sustain a precise glycemic control as well as normal β cells, these findings hold
promise for future treatment of diabetes mellitus. The newly-formed β cells remain
scattered within the pancreas and do not form new islet structures, a feature that
may affect their survival and functionality. However, this may be less problematic
in humans, since scattered β cells are found within the normal human pancreas
(Bouwens and Pipeleers, 1998). Another challenge to overcome in this approach
is the elimination of adverse effects associated with intraparenchymal injection and
virus infection (German, 2008).
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Genetic lineage tracing is likely to remain a powerful tool in ascertaining the ori-
gin of new β cells from acinar cells in future in-vivo experimental models. There is
also an obvious need for defining the extracellular signals involved in normal differ-
entiation of acinar cells, which may lead to new approaches for their reprogramming
to β cells.

7.2 In-Vitro Dedifferentiation of Acinar Cells

Another approach for studying transdifferentiation or reprogramming of acinar cells
is attempting its induction ex vivo, where the microenvironmental conditions can be
thoroughly manipulated by controlling the composition of the culture medium. The
rationale for evaluating acinar cells as a potential source for β cells is twofold. First,
acinar cells are the most abundant cell type in the adult pancreas and therefore rep-
resent the most attractive alternative endogenous source for deriving β cells without
the need for cell proliferation. Second, the acinar cell lineage is the most closely
related developmentally to the pancreatic endocrine lineage. Indeed, acinar and islet
cells share a common progenitor, which segregates early in pancreas embryogenesis
from the duct lineage progenitor (Gu et al., 2002) (Fig. 7.1). The dosage of the tran-
scription factor p48/PTF1A was recently found to determine the balance between
acinar- and islet-cell differentiation in the developing pancreas (Dong et al., 2008).
Thus, from a developmental point of view acinar cells may be more attractive

candidates for endocrine progenitors than duct cells, although the latter have been
studied much more extensively in this respect. Moreover, adult acinar tissue dis-
plays a remarkable plasticity in vitro. When acinar cells are isolated from adult
pancreas, they undergo a spontaneous dedifferentiation into ductlike cells. This
has been shown in different species (Arias and Bendayan, 1993; Vila et al., 1994;
Rooman et al., 2000) and has also been confirmed by genetic lineage tracing in
Elastase-CreERT mice (Means et al., 2005). We showed that during this dediffer-
entiation rat acinar cells lose their exocrine characteristics, such as expression of
digestive proenzymes, within the first days in culture. They also downregulate the
acinar transcription factors p48/PTF1A and MIST1. On the other hand, they activate
expression of genes characteristic of embryonic-fetal pancreatic progenitor cells,
such as the gene encoding the transcription factor PDX1 and genes expressed in
both ductal cells and embryonic-fetal pancreatic epithelium, such as the one encod-
ing cytokeratin-20 (Rooman et al., 2000). Another embryonic/ductal activated gene
encodes for the transcription factor SOX9, which is also considered a pancreatic
progenitor marker. The cells also activate expression of receptors for growth factors
such as gastrin (Rooman et al., 2001), vascular endothelial growth factor (VEGF)
(Rooman et al., 1997), and leukemia inhibitory factor (LIF) (De Breuck et al., 2006),
which may play roles in pancreas development. These factors were found to affect
proliferation or differentiation of the dedifferentiated cells in culture. These cells
also express receptors for netrin, a secreted factor that plays a role in guiding migra-
tion of pancreatic progenitor cells during development (De Breuck et al., 2003).
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Fig. 7.1 Embryonic development of the pancreas. Schematic illustration of pancreatic lin-
eages during rodent embryonic development showing the relationships between duct, acinar, and
endocrine cells and their progenitors. Each differentiation stage or cell type is characterized by
expression of a particular set of transcription factors

Another interesting receptor that is reexpressed by dedifferentiated acinar cells is
NOTCH, along with its downstream target HES1 (Miyamoto et al., 2003; Rooman
et al., 2006). Interfering with the NOTCH-signaling pathway in mouse acinar cell
cultures had an inhibitory effect on the dedifferentiation process (Miyamoto et al.,
2003). During early pancreas development NOTCH signaling maintains the progen-
itor population via HES1, which blocks expression of the cell cycle inhibitor p57
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(Apelqvist et al., 1999; Murtaugh et al., 2003; Georgia et al., 2006) and prevents
differentiation into specific lineages. Acinar cell dedifferentiation can be modulated
by histone deacetylase inhibitors, such as sodium butyrate and trichostatin-A, and
by the ADP-ribosylase inhibitor nicotinamide (Rooman et al., 2000), indicating that
chromatin remodeling is involved in the observed changes in gene expression.
The reactivation of embryonic transcription factors, receptors, and signaling

pathways supports the hypothesis that acinar cells dedifferentiate into an “uncom-
mitted” progenitor state. This state may be induced by the absence of differentiation
maintenance signals, which are normally present in the adult pancreatic environ-
ment and are lost during cell isolation. Alternatively, tissue dissociation or tissue
injury may activate processes that induce these changes in gene expression. It was
recently reported that the metalloproteinase MMP7 is involved in the activation of
the NOTCH pathway during acinar dedifferentiation (Sawey et al., 2007). Minami
et al. recently reported on the role of cell-to-cell contacts during the in-vitro ded-
ifferentiation of acinar cells (Minami et al., 2008). It is known that alterations in
tissue architecture and cellular communications can fundamentally change the dif-
ferentiation state of cells, and that the response to reprogramming stimuli can differ
significantly when cells are taken out of their normal environment. Minami et al.
showed that the loss of E-cadherin-mediated cell-to-cell contact was an important
step during acinar cell dedifferentiation into a progenitor-like state and that its recov-
ery played an important role during in-vitro transdifferentiation of acinar cells into
endocrine cells. PI3-kinase plays an essential role in transducing the E-cadherin
signal.
In addition to losing their functional characteristics, dedifferentiated acinar cells

become responsive to agents known to control embryonic development. In this
progenitor-like state treatment with such agents allows reprogramming of these
cells into various phenotypes, including β cells (see below). On the other hand,
in the presence of the synthetic glucocorticoid dexamethasone a hepatocyte-like
phenotype can be induced directly from acinar cells without the need for prior ded-
ifferentiation (Lardon et al., 2004) (Fig. 7.2). This transdifferentiation is reminiscent
of the capacity of embryonic pancreas progenitors following primary transition to
become reprogrammed into liver cells by dexamethasone (Shen et al., 2003).
Acinar cells can also transdifferentiate into ductal cells in vivo (Lardon and

Bouwens, 2005). An acinar-to-adipocyte transdifferentiation in vivo has also been
reported (Bonal et al., 2008). What may be the biological role of this plasticity? One
possibility is that in cases of pancreatic injury, such as in ductal obstruction or some
forms of pancreatitis, acinar cells dedifferentiate or die to prevent damage caused
by activation of exocrine enzymes. In acute pancreatitis, the transient dedifferentia-
tion of acinar cells is well-documented, with temporary acquirement of fetal-ductal
characteristics (Jensen et al., 2005). The reactivation of the NOTCH pathway in this
model is essential for restoration of the acinar differentiation (Siveke et al., 2008).
Another interesting possibility is that this acinar cell plasticity is an evolutionary
relic. It was recently shown that when Xenopus tadpoles undergo metamorphosis,
their exocrine pancreas remodels by massive dedifferentiation of exocrine acinar
cells into a progenitor cell phenotype. The acinar cells lose their zymogen granules
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Fig. 7.2 Acinar cell transdifferentiation. Schematic illustration of acinar cell reprogramming in
vitro induced by soluble factors. Proteins characteristic of acinar cells are indicated in brown, those
expressed in dedifferentiated acinar cells are shown in green, and those activated in reprogrammed
hepatocyte-like cells (induced by dexamethasone) or β-like cells (induced by EGF+LIF) are shown
in red.

and activate Pdx1, Notch1, and Hes1 gene expression, after which they rediffer-
entiate into acinar and duct cells. In this way, the ductal system, which is absent
in the tadpole, is reformed in the adult amphibian pancreas (Mukhi et al., 2008).
These changes in gene expression and differentiation are similar to those observed
in rodent acinar cells during dedifferentiation (see above).

7.3 In-Vitro Transdifferentiation of Acinar Cells
into Beta Cells

Our group was the first to report that transdifferentiation of primary rat acinar cells
into endocrine β-like cells can be induced ex vivo with soluble factors, epider-
mal growth factor (EGF), and LIF (Baeyens et al., 2005). A second group, led
by S. Seino, reported on the induced transdifferentiation of murine acinar cells
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into β-like cells in the presence of EGF and another differentiation-inducing agent,
nicotinamide (Minami et al., 2005). Whereas the latter group used genetic lineage
tracing to demonstrate the acinar origin of the newly generated murine β cells, we
developed a lectin-tracer-based method to confirm the acinar origin of such cells in
other species, such as rats (Baeyens L et al., unpublished results). Lectin tracing was
performed by intraparenchymal injection of a fluorescent wheat germ agglutinin
(WGA) before pancreas dissociation and cell isolation. In this way, WGA labels
only the acinar cells and none of the other cell types, such as duct cells, centroaci-
nar cells, islet cells, blood vessels, or mesenchymal cells. The label is maintained in
the cytoplasm and is stable for more than 10 days. Following in-vitro transdifferen-
tiation, newly formed β cells contained this acinar tracer, which demonstrated their
acinar origin. It has also been shown that β cells can be generated from acinar tis-
sue collected from mouse models of type 1 diabetes, demonstrating that metabolic
disorders do not interfere with the capacity of acinar cells to transdifferentiate into
β cells (Okuno et al., 2007).
Transdifferentiation was also reported for the acinar-derived rat tumor cell line

AR42J. In the presence of hepatocyte growth factor, glucagon-like peptide-1, or
the combination of activin A and betacellulin, these cells could be converted into
insulin-producing cells (Mashima et al., 1996; Mashima et al., 1996a; Zhou et al.,
1999). Interestingly, the embryonic proendocrine transcription factors NGN3 and
PAX4 were induced in these cells (Zhang et al., 2001; Kanno et al., 2006). This cell
line was also shown to transdifferentiate into hepatocyte-like cells in the presence
of dexamethasone (Tosh et al., 2002) or following expression of the liver-specific
transcription factor C/EBPβ α (Shen et al., 2000).

7.4 Mechanism of Acinar-to-Beta-Cell Transdifferentiation

We investigated the molecular mechanism involved in transdifferentiation of acinar
cells into β cells induced by EGF and LIF. LIF exhibits a wide range of biological
activities, including induction of proliferation and differentiation of different cell
types (Kurzrock et al., 1991). It is also known to maintain pluripotency of murine
embryonic stem cells. During neurogenesis, LIF regulates the differentiation of neu-
ral precursors into neurons or glial cells (Viti et al., 2003). In the latter study, it
was also shown that EGF increases the competence of LIF as an inducer of astro-
cyte differentiation. Furthermore, LIF is considered a key signal for injury-induced
nerve regeneration in the adult (Niwa et al., 1998; Chambers and Smith, 2004). We
demonstrated an increased expression of LIF and its receptor in injured pancreas tis-
sue (De Breuck et al., 2006). In light of the many similarities between neurogenesis
and pancreatic islet formation, it seems likely that signals regulating differentiation
in the neural system may exhibit a similar effect in the pancreas.
In our in-vitro transdifferentiation model, a strong inhibition of β-cell neogenesis

can be observed after blocking EGF or LIF signal transduction, namely by inhibiting
the EGF receptor or the JAK2 or STAT3 mediators of cytokine receptor signaling.
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The strongest effect was achieved by preventing STAT3 activation in this model.
The latter observation is in accordance with the effects described during neuronal
development, in which EGF signaling was shown to amplify the responsiveness of
LIF-mediated signaling at the level of STAT3 activation (Baeyens et al., 2006).
In EGF/LIF-treated rat acinar cells (Baeyens et al., 2006), as well as in

EGF/nicotinamide-treated mouse acinar cells (Minami et al., 2005), reexpression
of NGN3 was noted during transdifferentiation (Fig. 7.2). This transcription fac-
tor is not expressed postnatally, but is known to be crucial for the development of
endocrine cells in the embryonic pancreas during secondary transition (Gradwohl
et al., 2000; Schwitzgebel et al., 2000; Gu et al., 2002). We found a transient
upregulation of Ngn3 mRNA and protein expression immediately preceding, and
partially overlapping, the expression of insulin (Baeyens et al., 2006). The upreg-
ulation of NGN3 and the ensuing expression of insulin and other β-cell markers
could be significantly inhibited by specific chemical inhibitors of JAK2 and STAT3
signaling (Baeyens et al., 2006). RNA interference with specific siRNA to silence
Ngn3 expression led to a strong inhibition of β-cell neogenesis (Baeyens et al.,
2006). These findings demonstrate that NGN3 expression is just as necessary for
endocrine differentiation in adult pancreatic cell reprogramming as it is for islet
development. It is noteworthy that following EGF/LIF-induced differentiation most
NGN3-expressing cells gave rise to insulin-positive cells and that only very few
cells expressing glucagon or other islet hormones appeared in the culture. This
might be explained by the upregulation of specific transcription factors downstream
of NGN3.
The signaling cascade leading to final endocrine cell differentiation is tightly con-

trolled by the balance among the different cell-specifying transcription factors. If the
relative abundance of one set of transcription factors outweighs the others, the equi-
librium within the endocrine progenitor pool shifts toward one particular cell type.
An example is given by the opposite actions of PAX4 and ARX (Fig. 7.1). Although
originating from the same NGN3-positive progenitor, an excess of PAX4 will push
the cells toward the β/δ cell lineage. On the other hand, if ARX outweighs PAX4, the
progenitor cell will progress into the α/PP cell lineage. Beta-cell neogenesis induced
by EGF and LIF is characterized not only by a reexpression of NGN3, but also by
the specific upregulation of its downstream target PAX4 (unpublished observations).
If we take into account that no changes were observed in ARX expression, this may
help explain why this treatment generates predominantly β cells.
Immediately preceding NGN3 expression in EGF/LIF-treated acinar cells a tran-

sient increase in Hnf6 transcript and protein levels was noted. HNF6 is another
transcription factor associated with pancreas progenitor cells during embryonic
development and is known to transactivate the Ngn3 promoter prior to initiation
of endocrine differentiation (Jacquemin, et al., 2000). The appearance of HNF6 is
accompanied by a striking downregulation of the NOTCH signaling factor HES1
and a rapid increase in HES6. Although not demonstrated in the pancreas, HES6 is
a known inhibitor of HES1 during neuronal development (Bae et al., 2000). HES1
expression in embryonic pancreas cells is induced by neighboring cells express-
ing NOTCH ligands, such as DELTA or JAGGED. In cells expressing the NOTCH



7 Generation of Beta Cells from Acinar Cells 161

receptor HES1 represses Ngn3 and thus prevents endocrine differentiation. Instead,
these cells remain in the progenitor pool and may differentiate to exocrine cells
at a later point in time when NOTCH and HES1 are downregulated. This process,
which is also known as lateral inhibition, is responsible for restricting the number
of pancreatic epithelial cells that differentiate into endocrine cells (Apelqvist et al.,
1999; Gu et al., 2002; Murtaugh et al., 2003). Therefore, the NOTCH–HES1 path-
way can be considered an endocrine–exocrine gatekeeper. This gatekeeper function
also operates during adult acinar cell transdifferentiation. Indeed, in acinar cell cul-
tures treated with EGF and LIF, only 10% of the cells can be reprogrammed into β

cells and exhibit NOTCH–HES1 signaling activity (Baeyens L et al., unpublished
results). Hyperactivation of NOTCH signaling by an excess of ligands enhances
antiendocrine signaling and renders the dedifferentiated acinar cells insensitive to
the growth factor treatment. In contrast, specific inhibition of active NOTCH sig-
naling by RNA interference releases the cells from this inhibition and amplifies the
potential of the cells to respond to proendocrine stimuli. This effect in manifested
in a pronounced increase in the number of cells adopting a β-cell phenotype. The
same effect is obtained by treatment with a soluble form of the extracellular domain
of NOTCH1 in the culture medium. By competitively inhibiting the interaction of
NOTCH ligands with their receptor on acinar cells, this treatment increases the
fraction of insulin-positive cells from 10% to about 33%. Thus, at least one-third
of acinar cells can be reprogrammed into β cells by culturing them in the pres-
ence of EGF, LIF, and soluble NOTCH1. In combination with RNA interference an
even higher efficiency can be obtained. Thus, transdifferentiation from acinar cells
represents a very robust method for β-cell neogenesis.
Taken together, after a first step of partial dedifferentiation in vitro, adult aci-

nar cells become responsive to agonists of the JAK2–STAT3 signaling pathway,
such as EGF and LIF. This pathway may activate HNF6 and, subsequently, NGN3
expression, resulting in a cascade of transcription factors that determine the β-
cell phenotype (Fig. 7.2). The endocrine reprogramming is controlled by the
NOTCH1–HES1 gatekeeper system.

7.5 Phenotype and Function of Beta Cells
Generated from Acinar Cells

In-vitro analyses revealed that the β-like cells obtained from transdifferentiated aci-
nar cells expressed insulin, C-peptide, and PDX1 proteins at levels similar to those
observed in normal islet β cells (Baeyens L et al., unpublished results). The insulin
content of the β-like cells was similar to that of islets, but glucose-induced insulin
secretion was 50% lower. When examined by immunocytochemistry for other β-cell
markers, such as the glucose transporter GLUT2, the secretory granule components
chromogranin-A and islet amyloid polypeptide, and the transcription factor MAFA,
the newly-generated β cells appeared immature compared with islet β cells (Baeyens
L et al., unpublished results). Engraftment of these cells under the kidney capsule of
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diabetic animals led to maturation of the grafted insulin-positive cells within 1 week.
They acquired normal levels of the β-cell markers noted above, suggesting further
maturation in vivo. Transplantation of only 105 insulin-positive cells obtained from
acinar cell cultures was sufficient to normalize glycemia in severely hyperglycemic
recipients (Baeyens L et al., unpublished results). This number of cells is approxi-
mately the same as the number required for normalizing glycemia with islet β cells.
This finding indicates that as yet unidentified factors in vivo induce further matu-
ration of acinar-derived β cells to the normal functional state and raises hopes for
using these cells in cell replacement therapy for diabetes.

7.6 Translation to the Clinic

Treatment of type 1 diabetes by islet transplantation is hampered by, among other
problems, the shortage of organ donors. This scarcity is aggravated by the fact that
more than one organ is needed to obtain sufficient islets for one recipient. The failure
of many grafts to maintain normoglycemia for more than a year post-transplantation
may be explained by a suboptimal number of transplanted cells. Therefore, devel-
oping alternative sources of transplantable β-like cells is important for efficient
application of this therapy. At present acinar cells, the most abundant cell type in
the pancreas, are discarded during human islet isolation, but they represent such a
source.
Thus far, transdifferentiation of acinar cells to β cells has been studied only

in rats and mice. Preliminary attempts to reproduce our work on rodent cells in
human acinar cells have not yet been successful (unpublished observations). It is
possible, but unlikely, that human acinar cells do not possess a transdifferentiation
capacity. More likely, however, is the possibility that species-related differences
exist at the level of signaling factors or pathways involved in the regulation of
transdifferentiation/reprogramming events. Species-related differences are known
to exist even between evolutionarily close species, such as mouse and rat. Indeed,
the protocol that we employed successfully with rat acinar cells does not seem to
work with mouse acinar cells. The protocol that was reported by Minami and col-
leagues (Minami et al., 2005) to work with mouse cells does not work with rat
cells (unpublished observations). Therefore, before this approach can be developed
into a cell replacement therapy, protocols and agents that can effect human acinar
cell reprogramming must be identified. Previous studies have already shown that
human acinar cells possess some differentiation plasticity, as judged by their abil-
ity to undergo a phenotypical switch to duct-like cells (Hall and Lemoine, 1992).
However, others have reported that in cultures of human exocrine pancreas tissue
acinar cells selectively die by apoptosis, leaving cultures enriched in duct cells
(Street et al., 2004; Klein et al., 2008). Thus, finding appropriate culture conditions
in which viable human acinar cells can be maintained is a first step in the translation
of this research.
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7.7 Future Work

The abundance of acinar tissue that can be obtained from donor pancreata makes
efforts toward neogenesis of β cells from acinar cells highly worthwhile. In-vitro
studies with rat acinar cells unequivocally demonstrated the occurrence of acinar-
to-β-cell transdifferentiation. It is possible that such transdifferentiation occurs in
other experimental models but, if so, its contribution has been overlooked. Many
reports, including by our own group, have described β-cell neogenesis from duct
cells. In these studies the conclusion regarding the ductal origin of β cells was based
primarily on the appearance of insulin-positive cells within the ductal epithelium
surrounding a lumen. A commonly used marker for duct cells is a specific pattern
of cytokeratin expression, but this pattern is also acquired by dedifferentiated aci-
nar cells (Rooman et al., 2000). A similar problem faced investigators attempting
to identify the cell type from which pancreatic adenocarcinoma originates. Recent
genetic lineage-tracing studies have proposed that the cancer cells may originate
from acinar cells that undergo dedifferentiation following a chronic injury, rather
than from duct cells (Guerra et al., 2007; De La O et al., 2008; Habbe et al., 2008).
Along the same line of thought, the role of centroacinar cells in different models of
β-cell neogenesis has to be addressed. It is thought that these cells are not labeled
in lineage-tracing studies employing promoters of genes encoding acinar enzymes,
but this possibility has not been rigorously evaluated. In a recent study by Guerra
et al. (Guerra et al., 2007), Cre recombinase driven by the elastase-promoter labeled
centroacinar cells. Thus, an adequate lineage-tracing method for labeling both duct
cells and centroacinar cells has to be developed and tested side by side with the aci-
nar cell lineage tracing in the available experimental models of β-cell neogenesis.
Such studies may provide further support for a physiological role of acinar-to-β-cell
differentiation.
We still lack understanding of the molecular mechanisms that underlie the ded-

ifferentiation phase of the transdifferentiation process. Dedifferentiation is assumed
to be a prerequisite for the reprogramming of acinar cells into β cells. In our in-
vitro rat acinar cell transdifferentiation model, induction of dedifferentiation upon
cell isolation and culture is obvious, as judged by downregulation of several acinar
cell markers. This aspect has not been addressed in detail in the in-vivo mouse aci-
nar cell transdifferentiation model using viral transduction of transcription factors
(Zhou et al., 2008). The molecular signals and mechanisms involved in dedifferenti-
ation should therefore be further studied. Elucidating them may allow manipulation
of this process in vivo without gene transfer. Dedifferentiation can also predispose
the cells to neoplasia, thus providing further impetus for fully understanding its role
and mechanisms.
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Chapter 8
Generation of Beta Cells from Pancreatic Duct
Cells and/or Stem Cells

Susan Bonner-Weir and Arun Sharma

Abstract Since diabetes is caused by the loss of the insulin-producing β cells, its
reversal by replacement of these cells by transplantation or by replenishment from
endogenous sources seems straightforward. In the pancreas, two mechanisms for β-
cell growth are replication of preexisting β cells and neogenesis or the differentiation
of new β cells from progenitor/stem cells that were not β cells. Replication and
neogenesis are not mutually exclusive, and there is no biological reason for there
to be only one mechanism for replenishment of the islet cells. This chapter focuses
on the renewed interest in the identification, expansion, and differentiation of adult
pancreatic progenitor/stem cells that can lead to more β cells, either in vivo or in
vitro.

8.1 Introduction

A goal of regenerative medicine is the therapeutic use of stem cells to treat disease.
Since diabetes is caused by the loss of the insulin-producing β cells, its reversal by
replacement of these cells by transplantation or by replenishment from endogenous
sources would seem to be straightforward. However, such therapy is hindered by
the limited islet tissue currently available for transplantation from cadaveric pan-
creases. Although there has been progress in deriving insulin-producing cells from
embryonic stem (ES) cells (Jiang et al. 2007; Kroon et al. 2008) and potentially from
induced pluripotent stem (iPS) cells, there is increased interest in using endogenous
sources for β-cell replenishment. For this reason, the regenerative process in the
pancreas is of particular interest. Whereas tissue-specific stem cells are well doc-
umented in skin, intestine, and testes, pancreatic stem cells have been elusive at
best. In the liver, even though oval cells are tissue-specific stem cells, regeneration
occurs mainly through replication of existing differentiated hepatocytes (Fausto and
Campbell 2003). Similarly in the pancreas, two mechanisms for β-cell growth are
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replication of preexisting β cells and neogenesis or the differentiation of new β cells
from progenitor/stem cells that were not β cells. Replication and neogenesis are not
mutually exclusive, and there is no biological reason for there to be only one mecha-
nism for replenishment of the islet cells. It is clear that in the pancreas replication of
β cells is an important mechanism for renewal and growth, but there are compelling
data indicating that after-birth progenitors, or even possibly stem cells, have a role
in the renewal and growth of islets.
The continued and substantial growth (20-fold) of islet tissue after birth in

rodents and humans (with additional rapid compensatory growth in response to
increased demand), while there is a very low replication of existing β cells, suggests
a contribution from adult progenitor/stem cells (Bonner-Weir 2000). In humans,
compensatory growth of β-cell mass with obesity shown in a small careful study in
1985 (Kloppel et al. 1985) was confirmed in larger studies (Butler et al. 2003; Yoon
et al. 2003). In rodents there is clear evidence of pancreatic regeneration after some
types of injuries (Brockenbrough et al. 1988; Jensen et al. 2005; Desai et al. 2007)
with replication as the major mechanism for expanding the β-cell mass during preg-
nancy, in obesity/insulin resistance, or in normal adult growth (Parsons et al. 1995;
Bruning et al. 1997; Bock et al. 2003; Dor et al. 2004). However, in humans the role
of replication in adult compensation is less clear (Meier et al. 2008); neogenesis may
be a more important component in expanding the β-cell mass than replication of
preexisting β cells. In humans telomere shortening is limiting to replication, and the
rate of β-cell replication appears to be very low (Tyrberg et al. 2001). Furthermore,
enlarged islets that would be the result of continued replication of preexisting β cells
are rarely seen in a human pancreas. There is a large body of correlative evidence
of islet neogenesis (Bonner-Weir et al. 1993; Gu and Sarvetnick 1993; Wang et al.
1993; Xu et al. 1999; Li et al. 2003), but until recently there has been a dearth of
rigorous lineage-tracing studies. Moreover, adult stem cells that may or may not be
contained within the ductal structures may also contribute to this replacement, but
their contribution has been unclear. This chapter focuses on the renewed interest in
the identification, expansion, and differentiation of adult pancreatic progenitor/stem
cells that can lead to more β cells either in vivo or in vitro.

8.2 Definition of Terms

In the area of stem cell/progenitors there have been many claims and interpretations
based on fuzzy definitions. So for clarity, we first provide some working definitions:

• Adult stem cell: Adult stem cells are undifferentiated cells found throughout the
body after birth that multiply by cell division to replace dying cells and regenerate
damaged tissue. Although these cells are considered to self-renew indefinitely
and generate all the cell types of that particular organ, the attributes are usually
not well shown.

• Facultative stem cell: The term facultative or functional stem cell has been used
to indicate a differentiated epithelial cell that can be called upon to replicate



8 Generation of Beta Cells from Pancreatic Duct Cells and/or Stem Cells 169

repeatedly and serve a stem cell role, but it usually does not. When cultured
on collagen gel in defined media with growth factors known to stimulate their
replication, primary hepatocytes behave like facultative stem cells with clonal
expansion (sixfold increase/14 days) and by dedifferentiation/regression attain
a more primitive phenotype (Block et al. 1996). When overlaid with Matrigel
these expanded cells expressed liver-specific genes. Hepatocytes are the usual
source for liver regeneration and can be considered the functional stem cell of the
liver; it is only when this regeneration pathway is blocked that liver stem cell or
oval cell differentiation is evoked (Michalopoulos 2007). Similarly, adult corneal
epithelial cells, considered a transiently-amplified population with irreversible
commitment, have been shown to be reprogrammed to different epidermal phe-
notypes depending on the dermis on which they are placed (Ferraris et al. 2000).
This term has also been applied to the pancreas (Bonner-Weir and Sharma 2002;
Dor and Melton 2008).

• Progenitor cell: Progenitor cell, often used synonymously with precursor cell,
indicates a cell that gives rise to another more differentiated cell type. These cells
have limited self-renewal capacity and can give rise to several cell types.

• Transdifferentiation:As defined by Tosh and Slack, this term represents the direct
conversion of one mature cell phenotype to another (Li et al. 2005), a process
that is not the same in concept as dedifferentiation of a fully differentiated cell to
a more progenitor-like phenotype before redifferentiation to perhaps a different
differentiated phenotype.

8.3 Are There Pancreatic Stem Cells?

Adult pancreatic stem cells may contribute to the replenishment of β cells, but their
existence remains controversial. There have been a number of approaches to isolate
and identify pancreatic stem cells with varying degrees of credibility.
Oval cells, thought to be adult stem cells in the liver, have been identified as

periductal swarms of small cells in the atrophied pancreas of rats maintained on
copper-deficient diets (Rao et al. 1989; Reddy et al. 1991). With repletion of cop-
per, the atrophied pancreas refills with hepatocytes rather than with acinar cells,
leading to the idea that there were hepatocyte stem cells within the pancreas. Indeed,
when these pancreatic oval cells were transplanted into the liver, they expressed a
number of hepatocyte genes, and when transplanted into mice deficient in fumary-
lacetoacetate hydrolase they repopulated the liver and in some cases corrected liver
function (Grompe 2003; Wang et al. 2003). Within the pancreas, as we have pre-
viously reported, basal cells that are small and ovoid with fairly undifferentiated
cytoplasm are rarely seen (about one in 100–200 cells) in the common or main pan-
creatic ducts of normal adult rats (Bonner-Weir and Sharma 2002). However, there
are no data on the capacity of any of these oval cells to form pancreatic cell types.
In 2000 Ramiya et al. reported the generation of islet cells from pluripotent stem

cells from pancreatic ducts isolated from adult nonobese diabetic (NOD) mice after
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long-term culture (Ramiya et al. 2000). Interestingly, when transplanted into dia-
betic mice these cells improved the glycemic levels, but these results have not been
duplicated by other researchers.
More recently mesenchymal stem cells (MSCs) isolated from human pancreas

were reported as expressing transcription factors of pancreatic endocrine develop-
ment during expansion. After 15 days of culture in differentiation media containing
activin A and hepatocyte growth factor (HGF), these cells expressed insulin,
glucagon, and glucokinase mRNA (Baertschiger et al. 2008). However, the islet-
specific transcripts were shown with 40–45 cycles of amplification and so may only
indicate a low level of leaky expression from open chromatin. Although MSCs
are likely present within the pancreas, they are unlikely to contribute directly to
epithelial cell renewal.
Another approach has been the isolation and clonal expansion of single cells

after the exclusion of hematopoietic and vascular endothelial cell markers (CD45,
TER119, c-KIT, FLK1); two reports (Seaberg et al. 2004; Suzuki et al. 2004) iden-
tified such putative pancreatic stem cells from the mouse pancreas and showed
low-level expression of insulin and other pancreatic marker transcripts. In the paper
by Suzuki et al., cells isolated from neonatal pancreas using cell surface markers,
in particular the HGF receptor c-MET, produced expanded colonies expressing islet
and acinar characteristics, the duct marker cytokeratin 19 (CK19), nestin, and mark-
ers of hepatocytes and gastrointestinal cells. In the study by Seaberg et al., rare
single cells (one cell out of 3000–9000) obtained from either adult mouse islets
or ducts could form colonies of 2000–10,000 cells expressing markers of both
neurons and pancreatic cells, including nestin, neurogenin-3 (NGN3), and PDX1.
These pancreas-derived cells had limited capacity for self-renewal, lacked the stem
cell markers OCT4 and NANOG, and were of neither mesodermal nor neural crest
origin. After further differentiation, single clones expressed specific proteins for
neurons and pancreas (4–6% of the cells), including markers of β- (insulin and
GLUT2), α- (glucagon), δ- (somatostatin), and acinar (amylase) cells. Numerous
islet transcripts (insulin II, nestin, Ngn3, NeuroD1, and Pax6) were detected by RT-
PCR, but many of these are also expressed in neural tissue. However, insulin I is
the β-cell-specific gene in rodents, whereas insulin II is expressed in embryonic
neural tissues. Surprisingly, neither the endoderm markers GATA4 and HNF3β nor
cytokeratins (ductal cell markers) were detected. Moreover, these rare cells have
not yet been localized within the pancreas and have not yet been shown to become
functional islets.
Another approach used transgenic mice expressing a mouse telomerase reverse

transcriptase (mTERT)-green fluorescent protein (GFP) fusion protein as a stem cell
marker (Breault et al. 2008). After 3 days of treatment with exendin-4, a glucagon-
like peptide 1 (GLP1)-receptor agonist that has been shown to stimulate neogenesis
and replication of β cells (Xu et al. 1999), expression of both GFP and endogenous
mTERTmRNAwas increased (Carlone et al., abstract for the ISSCR annual meeting
2007). In addition, GFP+ cells were found by immunostaining and flow cytome-
try in the Dolichos biflorus agglutinin lectin (DBA)+ (ductal) cells but not within
the islets.
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Although these data are suggestive, the contribution of these putative pancreatic
stem cells and their identity have not yet been determined.

8.4 In-Vitro Evidence of Pancreatic Progenitors in Ducts

Studies in vitro have provided considerable evidence for the induction of islet phe-
notype/genes from nonislet pancreatic cells, particularly ductal cells. A number of
pancreatic ductal cell lines were induced in vitro to express islet hormones and
other markers in response to GLP1/exendin-4 (Zhou et al. 1999; Bulotta et al.
2002; Zhou et al. 2002), activin A and either HGF or betacellulin (Mashima et al.
1996a; Mashima et al. 1996b), addition of PDX1 protein (Noguchi et al. 2003), and
serum-free media and aggregation (Hardikar et al. 2003).

8.4.1 Progenitors in Human Pancreatic Duct-Enriched,
Islet-Depleted Tissue

Such tissue, remaining after islet isolation, has been used extensively. In 2000 we
were able to generate in vitro islet-like structures from such islet-depleted tissue that
were glucose-responsive and had mature islet phenotypes (Bonner-Weir et al. 2000),
and our data were confirmed and extended by Otonkoski’s group (Gao et al. 2003).
The evidence indicates that these new islets were generated from ductal epithelial
cells. However, Gao et al. reported that when they removed NCAM-positive cells,
which they assumed to be the β cells, as in rodents, from the starting material they
could no longer generate insulin-positive cells in vitro (Gao et al. 2005). However,
we found that NCAM is also expressed in much of the human ductal tree, so more
than just β cells were removed in that study. Using another approach, Zhao et al.
reported that they were able to generate new insulin-producing cells in vitro from
human pancreatic tissue after removing insulin-producing cells by in-vitro strepto-
zotocin (STZ) treatment (Zhao et al. 2005); however, the lack of STZ cytotoxicity
for human β cells casts doubt on the complete removal of insulin-positive cells at
the start. Hao et al. labeled human pancreatic cells with a lentivirus after depleting
dithizone-stained clusters containing β cells and showed that cotransplantation of
these cells with human fetal pancreas resulted in islets differentiated from lentiviral-
labeled adult tissue (Hao et al. 2006). In all of these studies, the possible expansion
of a few contaminating islet cells (particularly β cells) lingers and hinders conclusive
interpretations.
To show more conclusively that the progenitors were solely in the ductal popula-

tion, we developed a strategy to purify human ductal cells using immunomagnetic
beads and antibody against the cell surface antigen CA19-9 (Yatoh et al. 2007). The
preparations remaining after human islet isolation are mainly the terminal end of
the ductal tree: the acini, the small intercalated and terminal ductules, as well as the
centroacinar cells. Immunostaining indicated that these ductal cells were the popu-
lation in which most cells also expressed the transcription factor SOX9, suggested
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as necessary for maintenance of the pancreatic progenitor pool (Seymour et al.
2007). Tissue from 17 pancreases was dispersed and either purified for duct cells by
CA19-9 antibody or left unpurified but dispersed and termed “crude” ducts. FACS
analysis determined that the viable CA19-9-positive fraction was almost 100% pure
ductal epithelial cells, almost entirely CK19+ cells with no insulin+ cells (and no
detectable insulin mRNA by qRT-PCR), whereas the unpurified, dispersed cells
(crude duct) were 56% CK19+ and 0.4% insulin+ of the total number of cells (0.7%
of CK19+ cells). Cells were expanded as monolayers, aggregated under serum-free
conditions, and transplanted into normoglycemic NOD-severe combined immunod-
eficient (SCID) mice. In crude duct grafts, the fraction of insulin+ cells increased to
6.1% of CK19+ cells, whereas aggregation of purified ducts (containing no insulin+

cells) induced insulin+ cells (0.1% of CK19+ cells) that further increased to 1.1% of
the CK19+ cells in grafts. Insulin mRNA levels mirrored these changes.
In the latter grafts, all insulin+ cells were in duct-like structures, whereas in crude

duct grafts, 85% were found in such structures. In control experiments with dis-
persed islets mixed with the purified and crude duct cultures before aggregation
and transplant, most of the insulin+ cells were excluded from the ductal structures.
Some insulin+ cells coexpressed duct markers (CK19 and CA19-9) and HSP27, a
marker of nonislet cells, suggesting the transition from duct. These data support the
conclusion that purified duct cells from adult human pancreas can differentiate into
insulin-producing cells. The low frequency of this differentiation may be due to our
inadequate conditions or to the possibility that only a subpopulation of cells has this
potential.
One of the more successful modifications in culture conditions has been the

addition of epidermal growth factor (EGF) and gastrin. Using human pancre-
atic preparations that included islets, ducts, and acinar cells, Suarez-Pinzon et al.
reported a doubling of β cells after 4 weeks of treatment with a combination of EGF
and gastrin (Suarez-Pinzon et al. 2005). Parallel increases in the number of cells
expressing the duct marker CK19 and the transcription factor PDX1 led the authors
to conclude that the increase in the number of β cells was due to activation of neo-
genesis from the pancreatic ducts. Although these studies support the idea that duct
cells can serve as progenitor cells, conclusive evidence for this supposition requires
lineage tracing.

8.4.2 Progenitors in Mouse Pancreas Ductal Cells

Mice expressing a reporter transgene have been used to provide in-vitro evidence
of pancreatic progenitors within the ducts. We tried two different approaches using
adult mouse insulin promoter (MIP)-GFP mice to facilitate the initial deletion of
preexisting β cells and, after culture, detection of newly formed β cells. In the first
(Kikugawa and Bonner-Weir, unpublished data), using collagenase, we isolated the
pancreatic portion of the common bile duct (referred to hereafter as common pan-
creatic duct) from 2–3-month-old mice; we minced it, expanded it in RPMI 1640
+ 10% FBS for 10 days, and then changed to a serum-free differentiation medium
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(DMEM/F12 + 1 g/L ITS supplement, 2 g/L BSA, and 10 mM nicotinamide) for 11
days, with different combinations of growth factors. Insulin I and II mRNAs were
found with 35 cycles of RT-PCR after treatment with either keratinocyte growth fac-
tor (KGF) or exendin-4, but only insulin II mRNA was detected after treatment with
betacellulin and activin A. In the second approach (Kikugawa et al. 2009) whole
pancreas was minced and digested with collagenase, the islets were isolated, and the
islet-depleted tissue cultured for 3 days in RPMI + 10% FBS + 20 ng/ml EGF. Using
the COPAS large-bore FACS sorter, we deleted aggregates with GFP+ cells (GFP
is a long-lived protein and so should have remained in the β cells following 3 days
in culture even if they became degranulated). FACS analysis of dispersed aliquots
of the remaining aggregates confirmed that there were no remaining GFP+ cells.
Attached GFP-depleted aggregates were cultured in differentiation media (with EGF
and exendin-4); after 3 weeks of visual observation, aggregates were dispersed, and
FACS analysis showed that 1.8% of the cells were GFP+. Our mouse data support
the concept that within the adult exocrine (acinar and ductal) pancreas there are cells
that can give rise to insulin+ cells in vitro.
Other researchers have prospectively isolated putative pancreatic progenitors

using cell surface markers. Kim’s group screened cells from fetal E15.5 mouse
pancreas with a panel of 30 stem cell markers (Sugiyama et al. 2007). They
found enrichment of NGN3+ cells with CD133 (prominin), CD49f (integrin alpha
6) low, and CD24 (a sialoglycoprotein anchored by a GPI link to the cell sur-
face) when each of these three cell surface markers was used singly to sort cells
and even more enrichment when the three were combined, suggesting that these
cell surface molecules can be used to isolate an embryonic islet progenitor cell
population. The cell population that was nonhematopoietic (CD133+/CD49flow

cells) comprised 13% of the recovered cells, with 8% of them immunostain-
able for NGN3. Interestingly, these cells were shown to survive and differentiate
with some expression of islet markers when cultured on mouse embryonic fibrob-
lasts or on PA6 stromal cells. PA6 cells have been shown to induce neural
differentiation in mouse ES cells via a stromal cell-derived inducing activity
(SDIA).
Almost simultaneously, Taniguchi’s group isolated purported progenitor cells

from neonatal and adult mice as a subset of CD133+/CD34–/CD45–/TER119– duc-
tal cells (Oshima et al. 2007). The sorted nonhematopoietic CD133+ cells accounted
for 2.6 ± 3% of the total pancreatic cells in neonates and 1.2 ± 0.3% in adults;
essentially all expressed cytokeratin 7 (CK7). Moreover, they were CD49flow, CD29
(integrin β1)+, c-KIT–/low, THY1–, and SCA1–. Of these cells 3–4% expanded
clonally. After 14 days in culture the cells from neonates expressed various islet,
acinar, and ductal markers by RT-PCR (35 cycles) and immunohistochemistry, but
those from adults only expressed ductal markers CK7 and carbonic anhydrase II.
More recently, another group isolated and cultured CD24– pancreatic duct cells
from 1-month-old mice after finding that only the interlobar and intralobar ducts,
and not the main ducts nor the intercalated (smallest) ducts, stained for CD24
(Wang et al. 2008). Under their conditions some 3% of these CD24– cells were
able to form colonies, which were then about 95% CK19+. With further culture
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under differentiation conditions, they found induction of insulin II mRNA and some
insulin immunostaining.
All of these studies using various cell surface antigens to sort different popu-

lations of cells from murine pancreas found a population of cells that had at least
some capacity for clonal expansion and that could express different markers of dif-
ferentiated pancreatic cells. Further studies are needed to identify these cells and
their location within the pancreas more exactly, as are transplantation experiments
to show whether they can become functional islet cells.

8.5 In-Vivo Evidence of Postnatal Pancreatic Progenitors

It is generally accepted that sometime after E15.5, there are distinct differentiated
ducts in the developing mouse pancreas that are different from the embryonic pan-
creatic progenitors that form the tubular structures often referred to as embryonic
ducts. Carbonic anhydrase II, used as a marker for mature ducts (Hale et al. 2005),
is only expressed in mouse ducts from E18 onward (Inada et al. 2006). After birth
the duct can be thought of as a tree with the trunk being the common bile duct
as it courses through the pancreas, the two main ducts as the first branches, with
progressively smaller interlobar and intralobar ducts branching to small intercalated
and then terminal ductules. The ductal epithelium is continuous with the acini, with
centroacinar cells forming the transitional cell type between duct and acinar cells.
There are differences in cell type (columnar to squamous) and immunoreactivity to
antibodies along the ductal tree, but in any segment of the tree the cells appear to
be fairly homogeneous. The appearance of hormone-expressing cells budding from
the pancreatic ducts of different segments has suggested that progenitor/stem cells
will be found in the ducts. Although there are numerous references to new islet for-
mation and increased neogenesis, we summarize only a few of the more striking
models.

8.5.1 Insulin Promoter-Interferon γ Transgenic Mice

Transgenic mice overexpressing interferon γ under the regulation of the rat insulin
promoter provide a useful model of enhanced neogenesis (Sarvetnick and Gu 1992).
In these mice there is a continual destruction of islets with a continued prolif-
eration of ductal epithelium and formation of new islets. Initially it was thought
that the insulitis seen in this model might have triggered the neogenesis, but sim-
ilar duct proliferation and islet neogenesis were observed with this transgene on
an immunocompromised background. Many of the transcription factors seen in
pancreas development are expressed in these proliferating ducts, suggesting that
the regeneration follows the pattern of gene expression of pancreatic develop-
ment (Kritzik et al. 1999; Kritzik et al. 2000). There was enhanced PDX1 protein
expression in some of the ducts. As new islets are clearly derived from the ducts,
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the authors suggested the presence of a “well-defined and functional stem cell
population” in the adult pancreatic ducts (Sarvetnick and Gu 1992).

8.5.2 Metallothionein-TGFα Transgenic Mice

In a second transgenic mouse model, overexpression of TGFα in the exocrine tis-
sue led to sustained proliferation of the ductal epithelium (Jhappan et al. 1990;
Wang et al. 1993). In the resulting metaplastic ducts 6% of the cells had insulin
immunostaining. More recent examination of these mice indicated enhanced PDX1
expression in the metaplastic ducts (Song et al. 1999), a finding that is consistent
with reexpression of PDX1 protein following replication, as shown in regener-
ation following partial pancreatectomy (Sharma et al. 1999). Furthermore, focal
expression of PAX6 was found, suggesting the initiation of islet neogenesis (Song
et al. 1999).

8.5.3 Partial (90%) Pancreatectomized Rats

In the 90% pancreatectomy (Px) rat model a well-defined remnant of 10% of pan-
creas weight and islet mass left in a young adult rat regenerates to 27% of the weight
of the sham-operated pancreas with 45% of the sham islet mass by 4 weeks after
surgery (Bonner-Weir et al. 1983; Bonner-Weir et al. 1993: Xu et al. 1999). The
regeneration that occurs in this model is by both replication of preexisting differen-
tiated acinar and β cells and neogenesis, resulting in the rapid formation of whole
new lobes (Bonner-Weir et al. 1993). After surgery, ductal cells rapidly replicate
and dedifferentiate, with a marked increase in PDX1 protein, a transcription factor
known to be important for both pancreas development and β-cell function (Sharma
et al. 1999). By 72 h after surgery, small clumps of branching ductal structures
project from the common pancreatic duct; in histological sections these clumps are
seen as well-defined regions of proliferating ductules. Although little to no PDX1
protein was detected in the epithelium of the quiescent common pancreatic duct
from unoperated or sham Px animals 24 h post-Px, most of the ductal epithelial cells
in Px animals were BrdU+PDX1– or BrdU+ PDX1+. By 3 days after Px, few cells of
the common pancreatic duct epithelium were BrdU+ but most cells still expressed
PDX1 protein. By 7 days after Px, most of these regions had differentiated into new
pancreatic lobes with a normal composition of exocrine and endocrine cells. Our
findings from this model led to the hypothesis that differentiated (mature) pancre-
atic ductal cells can function as progenitors for new islets after birth, responding to
stimulus by replication and regression to a less differentiated phenotype and then
forming new acini and new islets (Sharma et al. 1999; Bonner-Weir et al. 2004).
Recently this model, with a less severe resection (50–70%), was extrapolated

to mice (Dor et al. 2004; Lee et al. 2006; Peshavaria et al. 2006; Teta et al. 2007;
Desai et al. 2007; Ackermann Misfeldt et al. 2008). Whereas two of these studies
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concluded that replication was the only β-cell regeneration mechanism following
mouse Px (Dor et al. 2004; Teta et al. 2007), at least two others (Peshavaria et al.
2006; Ackermann Misfeldt et al. 2008) reported islet neogenesis. Conclusions have
been drawn about the need for severity of injury to evoke neogenesis in the mouse,
but this has not been clearly shown.

8.5.4 Ductal Ligation

The partial ductal ligation model has the advantage of having regeneration of both
acini and islets localized distal to the ligation, with little to none in the nonligated
portion (proximal to the ligation), allowing a comparison of labeling in regener-
ated and nonregenerated tissue within the same pancreas (Edstrom 1971; Hultquist
et al. 1979; Wang et al. 1995; Rooman et al. 2002; Lardon et al. 2004). From
studies of this model in adult rats it was clear that there was replication of duc-
tal cells, increased hormone-positive cells budding from ducts, and increased β-cell
mass. Furthermore, after duct ligation, stem cell markers such as c-KIT and nestin,
the transcription factors PDX1 and NKX2.2, and netrin-1 were seen in the duct
cells, with c-KIT and nestin double-positive cells showing high proliferative activity
(Peters et al. 2005).
Extrapolation of this well-established rat model to the adult mouse to take advan-

tage of expression of reporter transgenes has recently produced important data
that address questions about the origin of the islet cells in the adult. A previous
controversy as to whether the replicating ducts originated from transdifferentiated
acinar cells or preexisting duct tissue was recently settled by the study of Desai
et al. with the Cre-loxP system of lineage tracing using an acinar-specific elastase-1
promoter; they found no marked islets after ductal ligation and concluded that aci-
nar cells did not contribute to new islet formation after pancreatic ligation (Desai
et al. 2007).
Using this same model with various NGN3 reporter mice, Heimberg’s group

elegantly showed that NGN3, the transcription factor marker of the endocrine pan-
creatic progenitor, was induced in cells in or adjacent to the pancreatic ducts (Xu
et al. 2008). By isolating these cells with flow cytometry and subsequently trans-
planting them into explants of fetal pancreas from Ngn3-null mice, they showed that
these cells gave rise to β cells and other islet cells. Thus, they demonstrated convinc-
ingly that there are multipotent progenitor cells within the adult mouse pancreas that
can be activated to increase the islet mass.
Similarly, to test the hypothesis that duct cells are progenitors that can give

rise to β cells, we took the direct approach of genetically marking mouse duc-
tal cells using duct-specific carbonic anhydrase II (CAII)-promoted Cre expression
for lineage tracing (Inada et al. 2008). Inducible CAII-Cre:Rosa26R (R26R) mice
were labeled by treatment with a tamoxifen pellet for 3 weeks from 4 to 7 weeks
of age, ductal ligations were performed at 8 weeks, and the animals sacrificed
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at 10 weeks. In the nonligated portions of pancreas from the tamoxifen-treated
10-week-old double-transgenic mice, the frequency of positive islets tended to be
increased but was not statistically different from that in the controls. In contrast, in
the distal, regenerated pancreas 42% of the islets were marked, compared to 12%
in the nonligated pancreas of the same animals. These data provide direct evidence
that CAII-positive cells act as endocrine progenitors and provide a shared lineage of
ductal, acinar, and islet cells after birth.

8.6 How Large Is the Contribution of Neogenesis to Islet Mass?

The significance of the contribution of islets from neogenesis to islet mass after birth
has been questioned (Dor et al. 2004; Teta et al. 2007), since the proliferation of β

cells peaks around birth and decreases thereafter, reaching adult levels in rodents
only about the time of weaning. Even in a human autopsy study (Meier et al. 2008)
β-cell replication was found to be higher during the first five postnatal years. Yet,
from birth to 4 weeks of age, the rodent pancreas size increases about 15-fold (Dore
et al. 1981; Scaglia et al. 1997). Even with the significant β-cell replication dur-
ing this period, an estimated 30% of the new β cells seen at day 31 could not be
accounted for by replication of preexisting β cells (Bonner-Weir et al. 2004).
We used another variation of the duct-specific promoter CAII-Cre transgenic

mouse to estimate the extent of new islet formation during the neonatal period.
Pancreases of double heterozygous CAII-Cre:R26R transgenic mice were analyzed
for loxP-inducible β-galactosidase expression on the day of birth and at 4 weeks
(Inada et al. 2008). Since CAII is seen in ducts only after E18.5, at a time when a
large founder population of pancreatic islets and acini has already been specified,
only a fraction of the islets and acini is expected to be duct-derived after birth. The
proportion of β-galactosidase-positive islets out of total islets showed a substantial
increase from day 0 to 4 weeks of age: at birth few, if any, marked islets were seen,
but at 4 weeks of age 37.8% of the islets (ranging from 30% to 64% in individ-
ual mice) were marked. At 4 weeks (just past weaning) many ducts and patches
of acinar cells (some in lobular pattern) also expressed β-galactosidase. Whereas
some newly-differentiated β cells may have coalesced with previously-formed islets
instead of forming new islets, many of the labeled islets were in or adjacent to
labeled acini. Moreover, when the labeled β cells were quantitated, 23.6 ± 2.2%
expressed β-galactosidase, indicating that they originated from CAII-expressing
duct cells. These data suggest that during the neonatal period the contribution of
islet and acinar cells newly differentiated from ductal progenitors to islet mass is
substantial.
There are implications of such a large population of islets being formed post-

natally even in mice, which have greater replicative capacity than humans. An
impairment of this neonatal neogenesis could have significant effects on the β-
cell mass, which in rodents increases dramatically after weaning (3–4 weeks), even
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though the β-cell replication rate approaches that of adults (Scaglia et al. 1997).
Such a scenario occurs in the GK rat, a model of type 2 diabetes, in which there
is early growth retardation, including impaired neogenesis, but no clear intrinsic
secretory defect; the secretory defect is secondary to the reduced β-cell mass and
was seen after weaning (Portha 2005).

8.7 Is There a Population of Multipotent Progenitor/Stem Cells
that Are Activated as Needed?

Our lineage-tracing experiments show that pancreatic cells that express CAII are
the origins of new islets and acini during normal growth and in response to injury.
Even so, it is still unclear if there is a population within the CAII-expressing duct
cells, maybe even a stem cell/oval cell population, that has this potential and has to
be activated, as was suggested by Xu et al. (Xu et al. 2008). Our results (Sharma
et al. 1999) from the regenerating rat pancreas in which all duct cells transiently
express PDX1 protein, a marker of the embryonic pancreatic progenitors, and lose
expression of some of their genes/proteins, suggest that most, if not all, the duct cells
may have the potential for being pancreatic progenitors. Our working hypothesis has
been that differentiated (mature) pancreatic ductal cells can function as progenitors
for new islets after birth in response to a stimulus that triggers their replication
and regression to a less differentiated phenotype, a phenotype equivalent to that
of embryonic pancreatic progenitors (Sharma et al 1999; Bonner-Weir et al 2004).
Further work is needed to resolve this question.
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Chapter 9
Adult Cell Reprogramming: Using
Nonpancreatic Cell Sources to Generate
Surrogate Beta Cells for Treatment of Diabetes

Irit Meivar-Levy, Vered Aviv, and Sarah Ferber

Abstract Regenerative medicine is designed to produce new cells for repair or
replacement of diseased and damaged tissues. Embryonic and adult stem cells have
been suggested as attractive sources for generation of new differentiated cells. The
leading dogma has maintained that once animal cells are committed to a specific lin-
eage, they become “terminally differentiated” and can no longer change their fate.
However, in recent years increasing evidence has demonstrated the remarkable abil-
ity of some differentiated cells to convert into a different cell type via a process
termed developmental redirection or nuclear reprogramming. For example, abun-
dant human cell types, such as dermal fibroblasts and adipocytes, could potentially
be harvested and converted into other, medically important cell types, such as neu-
rons, cardiomyocytes, or pancreatic β cells. In this chapter we review the potential
use of adult tissue, specifically liver and bone marrow, to provide a source of tis-
sue for generating functional insulin-producing cells. This approach might generate
custom-made autologous surrogate β cells for treatment of diabetes and possibly
circumvent both the shortage of cadaveric human donor tissue and the need for
life-long immunosuppression.

9.1 Adult Cell Reprogramming

Nuclear reprogramming of differentiated cells in mammals offers an attractive
approach for generating surrogate cells for treatment of degenerative diseases such
as diabetes (Ferber 2000; Slack and Tosh 2001; Meivar-Levy and Ferber 2006;
Eberhard and Tosh 2008; Zhou and Melton 2008). Until recently it had been thought
that differentiated cells could only be generated from embryonic or adult stem
cells. However, a growing body of evidence suggests that differentiated cells can
be converted into a completely different phenotype in a process termed transdiffer-
entiation (Eberhard and Tosh 2008). Transdifferentiation takes place in nature in a
few specific cases: for example, in salamanders and chickens when the eye lens is
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removed, cells of the iris turn into lens cells (Ito et al. 1999; Makarev et al. 2007;
Tsonis 2007). Although this natural ability is relatively rare, transdifferentiation of
mature cells can be forced using transcription factors or extracellular soluble factors,
which induce profound changes in gene expression, leading to a different cellular
phenotype.
The possibility of redirecting cell differentiation by overexpression of master

regulator genes was demonstrated 20 years ago by Weintraub et al. using MyoD,
a gene encoding a muscle-specific transcription factor (Weintraub et al. 1989).
Overexpression of this gene was sufficient for switching a number of nonmuscle
cell types into muscle-like cells. Activation of the muscle phenotype in nonmus-
cle cells was further augmented by inducing epigenetic modifications with the
hypomethylating agent 5-azacytidine (Boukamp et al. 1992).
Switches between cell types have also been successfully achieved in cells from

several other tissues, particularly in cells derived from the hematopoietic lineage.
Overexpression of key transcription factors in these cells activated and/or repressed
the expression of numerous genes that together resulted in changes in cell fate
(Heavey et al. 2003; Newsome et al. 2003). In these cases the transdifferentiation
process involved a transient dedifferentiation step (Heavey et al. 2003). In the repro-
gramming process of hematopoietic cells and inMyoD-induced reprogramming, cell
proliferation was found to be crucial for the establishment of the new cell pheno-
type (Weintraub et al. 1989; Heavey et al. 2003). However, other lineage switches
do not appear to require cell division, as in developmental redirection of liver into
pancreas or of pancreatic exocrine cells into β cells (Meivar-Levy et al. 2007; Zhou
et al. 2008).
Differentiated cell phenotypes are maintained by expression of combinations of

transcription factors and by soluble factors present in the cellular niche. In some
cases, a single transcription factor, which acts as a master regulator, can force a
particular path of development in a dominant way in the presence of other factors,
as in the above-mentioned examples of the MYOD family of basic helix-loop-helix
(bHLH) factors, which can force differentiation into muscle cells in a variety of cell
types in culture (Weintraub et al. 1989), and the eyeless/PAX6 factor, which can
force eye development in many of theDrosophila imaginal discs (Tarpin et al. 2002).
The hierarchy of transcription factors active in pancreatic organogenesis, and

the role of many soluble factors in promoting β-cell maturation, have been studied
intensely. The rationale that underlies the concept of inducing a pancreatic pheno-
type in adult cells, such as liver cells, is that the sequential or combinatorial ectopic
expression of these factors may be capable of inducing a similar developmental
redirection along the pancreatic lineage in adult tissues as well. It is assumed that
maximal transdifferentiation will be achieved when the optimal combination of pan-
creatic growth and transcription factors endows a sufficient number of target cells
with mature β-cell characteristics and function.
We devote most of the chapter to the liver as a potential target for transdifferen-

tiation into β cells because this tissue has attracted much interest in the last decade,
as reflected in numerous publications, whereas the capacity of other cells has been
less explored.
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9.2 Conversion of Liver Cells into Pancreas Cells

9.2.1 The Rationale for Using Liver as a Source
for Pancreatic Tissue

The liver is the largest organ in the human body, with a high level of functional
redundancy (Desmet 2001). Unlike β cells, liver regenerates efficiently, mainly by
the proliferation of mature hepatocytes (Thorgeirsson 1996). Human hepatocytes
can be propagated in vitro for months, and the number of cells can be expanded
substantially. Moreover, since liver has an important role in neutralizing toxins and,
compared with pancreatic β cells, hepatocytes have much higher levels of catalase
and dismutase enzymes (Desmet 2001), surrogate β cells derived from liver may
resist cellular assaults that kill normal β cells.
The liver and the pancreas are developmentally related, as both are derived from

appendages of the upper primitive foregut endoderm. It has been suggested that fol-
lowing the separation of the liver and pancreas during organogenesis in the primitive
ventral endoderm, multipotent cells that are capable of giving rise to both hepatic
and pancreatic lineages are maintained in both tissues (Deutsch et al. 2001). The
two mature tissues share many characteristics, including responsiveness to glucose
and expression of a large group of specific transcription factors (Otsuka et al. 2003).
Conversion of pancreatic acinar cells into hepatocytes in both rodents and humans
has been reported under experimental, pathological, and malignant conditions (Rao
and Reddy 1995; Shen et al. 2000; Zhou et al. 2008).
A comparison of liver and pancreas development in other species further empha-

sizes the close relationship between these two organs. In lower organisms, such
as worms and eels, there is no spatial separation between the two organs (Kito
et al. 1982; Yang et al. 1999), and the “hepatopancreas” functions as both liver
and pancreas (Deutsch et al. 2001).

9.2.2 Reprogramming Liver Cells Using Ectopic
Expression of Pancreatic Transcription Factors

Numerous pancreatic transcription and developmental factors have been demon-
strated to participate in endowing liver cells with pancreatic characteristics. The
capacity of activating pancreatic gene expression in liver cells was first demon-
strated in mice by systemic administration of a recombinant adenovirus carrying
the PDX1 gene (Ferber et al. 2000). Studies performed by multiple groups indi-
cated that PDX1 plays a central role in regulating pancreas development and β-cell
function (Miller et al. 1994; Waeber et al. 1996; Watada et al. 1996b; Kaneto et al.
2008). Heterozygosity in human PDX1 mutations causes maturity-onset diabetes of
the young and probably type 2 diabetes (Jonsson et al. 1994; Offield et al. 1996;
Stoffers et al. 1997). PDX1 regulates expression of several islet cell-specific genes
(Waeber et al. 1996; Watada et al. 1996a; Watada et al. 1996b) and participates



186 I. Meivar-Levy et al.

in mediating glucose regulation of insulin gene expression (Melloul et al. 2002;
Andrali et al. 2008). The pattern of PDX1 expression during embryogenesis and
its ability to stimulate insulin gene transcription suggest that it functions in both the
regionalization of the primitive gut endoderm and the maturation and function of the
pancreatic β cells (St-Onge et al. 1999; Edlund 2002; Kaneto et al. 2008). Moreover,
ectopic expression of PDX1 in pancreatic non-β-cell types, such as duct/epithelial
cells or exocrine cells, is obligatory for their differentiation into insulin-secreting
cells (Baeyens et al. 2005; Minami et al. 2005; Bonner-Weir et al. 2008; Zhou
et al. 2008).

9.2.2.1 In-Vitro Reprogramming of Embryonic or Fetal Liver Cells

It is reasonable to assume that immature liver cells may be more susceptible to
acquiring pancreatic characteristics owing to their multipotency, compared with
adult cells. The bile-duct-derived progenitors termed oval cells have been charac-
terized in rodents, but their human equivalents have not yet been found. Liver oval
cells, considered to be the hepatic stem cells, have been shown to possess several
developmental options, including hepatocytes, biliary epithelium, intestinal epithe-
lium, and pancreatic acinar epithelium. These cells express high levels of surface
THY1.1, cytokeratin-19, OC.2, and OV6, as well as cytoplasmic α-fetoprotein and
γ-glutamyltranspeptidase. Yang and colleagues demonstrated that exposure of oval
cells to high levels of glucose and nicotinamide in vitro and removal of leukemia
inhibitory factor (which is known to inhibit stem cell differentiation) causes their
transdifferentiation into pancreatic endocrine hormone-producing cells (Yang et al.
2002). These cells form three-dimensional islet-like clusters and express several
pancreatic transcription factors, including PDX1, as well as islet-specific hormones.
In several studies hepatocyte progenitor cells isolated from rodents were induced to
differentiate into insulin-producing cells (Nakajima-Nagata et al. 2004; Jin et al.
2007; Kawasaki et al. 2008). Small hepatocytes (SHCs; Nakajima-Nagata et al.
2004; Kawasaki et al. 2008) expressing the stem cell marker nestin were induced to
transdifferentiate into insulin-producing cells using a multistep protocol (Kawasaki
et al. 2008). The cells were cultured in the presence of growth and differentiation
factors, followed by delivery of the PDX1 gene with an adenovirus. These cells
expressed a number of β-cell transcripts and secreted insulin in response to insulin
secretagogues.
Adult mouse liver epithelial progenitor cells (LEPCs) acquired the phenotype of

pancreatic endocrine progenitor cells upon ectopic expression of PDX1, but the cells
were not functional in vitro (Jin et al. 2007). LEPCs expressing PDX1 proliferated
vigorously and expressed many transcription factors involved in β-cell develop-
ment, including NGN3, NEUROD1, NKX2.2, NKX6.1, PAX4, PAX6, IsL1, and
MAFA, as well as endogenous PDX1, but did not secrete insulin. When cultured in
high-glucose and low-serummedium supplemented with cytokines the cells stopped
proliferating and gave rise to functional β cells, without expression of exocrine or
other islet-cell markers. When transplanted into diabetic severe-combined immun-
odeficient (SCID) mice, PDX1-expressing LEPCs ameliorated hyperglycemia by
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secreting insulin in a glucose-regulated manner (Jin et al. 2007). The induction
of a functional β-cell phenotype was also documented in fetal human liver cells.
These cells, which were first immortalized by retroviral introduction of the gene
encoding the catalytic subunit of human telomerase, were induced to differentiate
into insulin-producing cells by a lentiviral vector containing PDX1 and a neomycin-
resistance gene (Zalzman et al. 2003). Upon treatment with soluble factors, such as
activin A, serumwithdrawal, and supplementation with insulin, transferrin, and sele-
nium (ITS), the cells exhibited improved β-cell-like function, as manifested by an
insulin content of up to 60% of that of normal human β cells (Zalzman et al. 2005).
Processed insulin was secreted in a glucose-regulated manner, and the cells ame-
liorated hyperglycemia in nonobese diabetic (NOD)-SCID mice for long periods of
time (Zalzman, et al. 2005).
Taken together, these data suggest that PDX1 triggers only a limited degree

of differentiation toward the β-cell phenotype in immature liver cells in vitro.
This is not surprising, given that most adult cells exhibit a lower differentiation
level during cell proliferation. Supplementing the culture with defined soluble
factors, arrest of cell proliferation by serum deprivation, and growth in a three-
dimensional configuration may reduce cell proliferation through proper cell contact
and promote maturation of the β-cell phenotype. Indeed, in fetal human liver cells
expressing PDX1, switch to culture in serum-free medium, which increased their
differentiation, was associated with a fourfold increase in doubling time (Zalzman
et al. 2005).

9.2.2.2 In-Vitro Reprogramming of Adult Rodent and Human Liver Cells

Primary liver cells isolated from adult rodents, as well as rodent hepatocyte cell
lines, were used to study the effect of PDX1 in induction of liver-to-pancreas trans-
differentiation (Cao et al. 2004; Li et al. 2005; Lu et al. 2005; Fodor et al. 2007).
In all the reported studies, PDX1-transduced hepatocytes expressed β-cell-specific
markers. However the β-cell-like function of these transdifferentiated liver cells
was unclear. Fodor et al. reported that primary cultures of mature rat hepatocytes
infected with a lentivirus containing human PDX1 expressed insulin and secreted
it in a glucose-regulated manner. Furthermore, transplantation of transduced hep-
atocytes under the kidney capsule in hyperglycemic NOD-SCID mice reversed
diabetes, as the blood glucose level significantly decreased and the mice gained
weight (Fodor et al. 2007). However, stably-transfected cells of the rat hepatic cell
line WB-1 that overexpressed an activated form of PDX1 (PDX1-VP16; see Section
2.5.1 below) required further stimulation by hyperglycemia in vivo or long-term cul-
ture in high-glucose medium to become fully functional insulin-secreting cells (Cao
et al. 2004).
The ability to induce functional redirection of mature human liver cells has a

substantial therapeutic potential, since it may allow autologous cell replacement
therapy for diabetics. Therefore, several studies analyzed the possibility of activat-
ing the β-cell phenotype in adult human liver cells. A pioneering study demonstrated
the ability to manipulate primary adult human liver cells in culture (Sapir et al.
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Fig. 9.1 PDX1-induced reprogramming of adult human liver cells in vitro.Adult human liver
cells, shown in (1) in a phase-contrast image, were transduced with a PDX1 virus and treated with
soluble factors (SF) nicotinamide and EGF. The cells underwent a comprehensive developmental
shift into functional insulin-producing cells, as judged by the expression of insulin mRNA (2), and
glucose-regulated insulin secretion (3). The treated cells ameliorated hyperglycemia when trans-
planted under the renal capsule of diabetic, immunodeficient mice (4) (squares, PDX1-expressing
liver cells; circles, untreated cells) (Reproduced with permission from Sapir et al. 2005)

2005) (Fig. 9.1). Cells isolated from adult human liver were propagated in vitro
for multiple passages, and upon PDX1 transduction and treatment with soluble
factors [epidermal growth factor (EGF) and nicotinamide] up to 50% of PDX1-
expressing cells activated insulin expression. Insulin produced in PDX1-expressing
adult human liver cells was processed, stored in secretory granules, and secreted in
response to elevated glucose concentrations. The β-cell-like function of these cells
was demonstrated by their capacity to correct hyperglycemia in NOD-SCID mice.
Human C-peptide secretion and amelioration of hyperglycemia persisted for the
duration of the experiment (60 days). Activation of expression of islet transcription
factors, including the endogenous human PDX1, was consistent with the functional
properties of PDX1-expressing adult human liver cells (Sapir et al. 2005). These
data demonstrate the ability to activate the β-cell phenotype and function in vitro
not only in immature liver cells but also in adult, fully-differentiated liver cells, as
summarized in Table 9.1.

9.2.2.3 In-Vivo Reprogramming of Adult Xenopus and Rodent Liver Cells

Studies performed in mice and in Xenopus suggest that the β-cell phenotype can
also be activated by ectopic expression of transcription factors in vivo in mature,
differentiated liver cells (Ber et al. 2003; Horb et al. 2003; Kojima et al. 2003;
Koizumi et al. 2004; Imai et al. 2005; Kaneto et al. 2005a; Kaneto et al. 2005b)
(Table 9.2).
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Table 9.1 Activation of the β-cell phenotype in differentiated liver cells by developmental
redirection in vitro

Cell source

Pancreatic
transcription
factor used Induced phenotype References

Rat WB-1 cells PDX1-VP16
PAX4

Partial pancreas-specific gene
expression

Maturation upon transplantation in
vivo

Cao et al. (2004)
Tang et al. (2006a)
Tang et al. (2006b)

Primary culture of rat
hepatocytes

PDX1
PDX1-VP16

Pancreas-specific gene expression
Insulin production and secretion
Amelioration of hyperglycemia
upon transplantation in vivo

Fodor et al. (2007)
Yamada et al.
(2006)

Human hepatoma
cells, HepG2

PDX1-VP16 Pancreas-specific gene expression
Insulin production and secretion

Li et al. (2005)

Primary culture of
adult human liver
cells

PDX1 +
Nicotinamide
+ EGF

Pancreas-specific gene expression
Insulin production and secretion
Amelioration of hyperglycemia
upon transplantation in vivo

Sapir et al. (2005)

Table 9.2 Activation of the β-cell phenotype in liver cells by developmental redirection in vivo

Model

Pancreatic
transcription
factor used Induced phenotype References

Xenopus tadpoles PDX1-VP16 Pancreas-specific gene expression Horb et al. (2003)
STZ-diabetic
mice

PDX1 Pancreas-specific gene expression
Insulin production and secretion
Amelioration of hyperglycemia

Ferber et al. (2000)
Ber et al. (2003)

CAD-NOD
diabetic mice

PDX1 Pancreas-specific gene expression
Insulin production and secretion
Amelioration of hyperglycemia
Immune modulation

Shternhall-Ron et al.
(2007)

STZ-diabetic
mice + 40%
hepatectomy

PDX1 Pancreas-specific gene expression
Insulin production and secretion
Amelioration of hyperglycemia

Koizumi et al. (2004)

STZ-diabetic
mice

PDX1-VP16 Insulin production and secretion
Amelioration of hyperglycemia

Imai et al. (2005)

STZ-diabetic
mice

PDX1-VP16
MAFA
NEUROD1
NGN3

Insulin production and secretion
Amelioration of hyperglycemia

Kaneto et al. (2005a)
Kaneto et al. (2005b)
Wang et al. (2007)

STZ-diabetic
mice

NEUROD1
+ betacellulin

Pancreas-specific gene expression
Insulin production and secretion
Amelioration of hyperglycemia

Kojima et al. (2003)

Transient ectopic expression of PDX1 in liver following systemic administration
of first-generation E1-deleted recombinant adenovirus (FGAD) induced expres-
sion of a large repertoire of pancreatic genes. Surprisingly, ectopic expression of
PDX1 led to long-lasting production and secretion of processed, biologically-active
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insulin, despite the short-term expression of the PDX1 transgene in liver, owing
to the lack of integration of the adenovirus vector (Ferber et al. 2000; Ber et al.
2003) (Fig. 9.2). This can be explained by the finding that PDX1 induced its own
expression (autoinduction). Insulin- and glucagon-producing cells were located pri-
marily in the proximity of hepatic central veins, possibly allowing direct hormone
release into the blood stream and an endocrine mode of action of the secreted
hormones. This localization is not expected to affect normal hepatic function,
which would have been caused by paracrine effects of locally-produced insulin at
superphysiological concentrations (Ber et al. 2003).
Hepatic insulin production triggered by PDX1 expression was functional, not

only restoring euglycemia in streptozotocin (STZ)-induced diabetic mice (Ferber
et al. 2000), but also preventing STZ-induced hyperglycemia even 8 months after
the initial infection with the PDX1 virus (Ber et al. 2003). These data demonstrate
the phenotypic stability of the modified cells, as well as the fact that liver insulin-
producing cells are resistant to the β-cell-specific toxin STZ, possibly owing to
high levels of catalase and dismutase activity that prevents accumulation of free
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Fig. 9.2 PDX1-induced reprogramming of liver cells in adult mice in vivo. The short-term
effects of ectopic PDX1 expression in liver (1) resulted in long-term PDX1 expression in liver
cells located mainly in the proximity of central veins (2). Insulin secreted from liver cells of mice
infected with the PDX1 virus ameliorated hyperglycemia (3). Transient PDX1 expression induced
long-term transdifferentiation, as manifested by insulin- and glucagon-positive cells 4 months after
treatment (4). Hepatic insulin production 8 months after treatment was 40-fold higher, compared
to control mice, and prevented STZ-induced hyperglycemia (5) (Reproduced with permission from
Ferber et al. 2000 and Ber et al. 2003)
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radicals generated by STZ metabolism in the cells (Schnedl et al. 1994; Tabiin
et al. 2001). Moreover, surrogate β cells derived from liver cells may be resistant
to cellular assaults directed against β cells. In fact, a recent study demonstrated
that the insulin-producing cells in liver were protected from autoimmune attacks
that destroyed β cells (Shternhall-Ron et al. 2007). This study utilized the model of
cyclophosphamide-accelerated diabetes in NOD mice (CAD-NOD). Some 43% of
the overtly diabetic CAD-NOD mice infected with the PDX1 virus became normo-
glycemic and maintained a stable body weight. Although pancreatic islets of these
mice showed lymphocyte infiltration, insulin-positive cells in their livers did not
exhibit any signs of inflammation (Shternhall-Ron et al. 2007).

9.2.3 Liver-to-Pancreas Transdifferentiation Involves Hepatic
Dedifferentiation

Transdifferentiation refers to the conversion of a differentiated cell into a cell with
another differentiated phenotype (Slack and Tosh 2001). This implies shutoff of the
expression of genes responsible for the original cell phenotype, as well as activation
of genes associated with the newly-acquired phenotype. Several studies reported a
downregulation in expression of hepatocyte-specific genes, such as albumin, during
the activation of the pancreatic phenotype in liver cells (Horb et al. 2003; Li et al.
2005). Other studies revealed that NEUROD1 activated the pancreatic phenotype in
liver cells in vivo without turning off the host cell repertoire of genes (Kojima et al.
2003). However, the efficiency of the reprogramming process in vitro using the same
transcription factor increased when liver cells underwent a prior dedifferentiation
process (Yatoh et al. 2006).
To evaluate the full extent of changes in gene expression associated with liver-

to-pancreas developmental redirection induced by ectopic expression of PDX1,
cDNA microarray analyses were performed (Meivar-Levy and Ferber, unpublished
data). The microarray studies revealed great changes in gene expression (Fig. 9.3).
Although activating hundreds of genes, many of them pancreatic, PDX1 also sup-
pressed the expression of hundreds of other genes, many of them liver-specific
genes, such as albumin, glutamate synthetase, and glucose-6-phosphatase. PDX1
expression also activated expression of α-fetoprotein, a marker of immature hepato-
cytes. This occurred without induction of abnormal cell proliferation, both in vitro
and in vivo (Meivar-Levy et al. 2007). The effects of PDX1 on hepatic gene expres-
sion were accompanied by suppression of the hepatic transcription factor C/EBPβ,
which in turn could be responsible for the decline in other hepatic gene expres-
sion. Moreover, induction of hepatic dedifferentiation was necessary but insufficient
for efficient activation of the pancreatic phenotype in PDX1-expressing liver cells
(Meivar-Levy et al. 2007).
These profound changes in gene expression likely reflect epigenetic modifica-

tions. A strong indication for the occurrence of epigenetic modifications is the
long-lasting activation of the pancreatic phenotype, despite diminished transgene
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Fig. 9.3 PDX1 induces profound changes in gene expression in adult human liver cells in
vitro. (a) cDNA microarray analyses demonstrate that ectopic expression of PDX1 in adult human
liver cells induces profound changes in expression of hundreds of genes. (b) In addition to induc-
tion of hundreds of pancreatic genes, ectopic expression of PDX1 in adult liver cells repressed
hepatic markers such as albumin

expression. This indicates that the transdifferentiation change is stable and prob-
ably depends on epigenetic events, which change the pattern of gene expression
in the reprogrammed cells. We still have to prove unequivocally that the newly-
acquired phenotype is transmitted to daughter cells during proliferation both in vivo
and in vitro.

9.2.4 Which Is the Vector of Choice for Inducing Liver
Transdifferentiation into Beta Cells?

The ability to use a transient trigger for inducing stable transdifferentiation, as
demonstrated above with the adenovirus-PDX1 vector, represents an advantage in
future therapy of diabetic patients, as it does not require insertion of genetic infor-
mation into the host genome and therefore is considered safer, compared with
integrating vectors. Adenovirus vectors remain episomal and are diluted upon cell
replication, thereby limiting the time of transgene expression (Becker et al. 1994;
Young et al. 2006). This transient infection works because PDX1 produced by the
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transgene activates expression of the endogenous PDX1 gene. Indeed, the major-
ity of studies exploring this process used recombinant adenoviruses to deliver the
transgene (Young et al. 2006).
When the transgene cannot activate its endogenous counterpart, it must be

integrated into the cell genome. Currently, only a few vectors have been able
to mediate long-term transgene expression in postmitotic cells with good safety
records (Walther and Stein 2000; Lundstrom 2003; Young et al. 2006). The most
commonly-used vehicles for gene delivery into mammalian cells exploit the high
infectivity of DNA- or RNA-based viruses engineered to express the gene of interest
and are devoid of replication capacity, such as retroviral, lentiviral, or adeno-
associated virus (AAV) vectors. Although these vectors are stably integrated into the
host genome, their integration raises the risk of insertional mutagenesis following
vector delivery.
It has recently been suggested that PDX1 protein transduction may be sufficient

for activating the pancreatic phenotype in liver cells in vivo (Koya et al. 2008).
Recombinant PDX1 protein injected into STZ-diabetic mice promoted both β-cell
regeneration and liver cell reprogramming, leading to restoration of normoglycemia.
Amelioration of hyperglycemia was associated with an increase in islet cell number
and induction of insulin production in liver cells. Reprogramming of adult cells
using protein delivery represents a substantial safety advantage over viral vectors as
a tool for future use in regenerative medicine.

9.2.5 Optimizing Transcription Factor-Induced
Transdifferentiation of Liver into Beta Cells

PDX1-induced transdifferentiation of liver toward the β-cell phenotype both in vivo
and in vitro is partial: the number of insulin-producing cells is low, and the amount
of mature insulin produced and secreted by the transdifferentiated cells is lower than
that of pancreatic β cells. Numerous studies have tried to optimize the process using
different approaches.

9.2.5.1 PDX1 Fusion with VP16

PDX1 has been shown to activate target genes in association with several cofac-
tors, such as PBX (Dutta et al. 2001). The expression of these cofactors is limited
in liver and so may interfere with the ability of PDX1 to function efficiently. To
overcome the need for cofactors, an active form of PDX1 was created by fusion of
the activation domain of the herpes simplex virus transcription factor VP16 to the
C-terminus of PDX1 (Tumbar et al. 1999; Hall and Struhl 2002). This fused pro-
tein, termed PDX1-VP16, can activate target genes independently of coactivators.
Moreover, VP16 might also affect chromatin condensation and remodeling of PDX1
target genes in the host genome (Tumbar et al. 1999; Memedula and Belmont 2003).
Multiple studies have examined the potential of VP16 to promote PDX1-induced
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liver-to-pancreas transdifferentiation in vivo and in vitro (Horb et al. 2003; Imai
et al. 2005; Kaneto et al. 2005b; Li et al. 2005; Tang et al. 2006a; Tang et al. 2006b;
Yamada et al. 2006). In an early study, Horb et al. expressed the frog homologue
of PDX1 as a fusion protein with the transcriptional activation domain of VP16
(Horb et al. 2003). PDX1 activation in transgenic tadpoles allowed the conversion
of most of the liver cells into exocrine and endocrine pancreas cells. The massive
transformation of the tadpole’s liver into pancreas suggests that activation of PDX1
by VP16 may overcome some of the barriers of hepatocyte predisposition to trans-
differentiation, possibly including the absence of some transcription factors, as well
as certain aspects of chromatin structure. Activation of both endocrine and exocrine
pancreas genes by ectopic expression of PDX1-VP16 was also reported in human
HepG2 (hepatoma) cells (Li et al. 2005). Upon treatment, these cells expressed
insulin, glucagon, and somatostatin, as well as the pancreatic exocrine marker
amylase.
PDX1-VP16 was found to be more efficient than PDX1 in inducing the pancre-

atic phenotype and function in liver in vivo (Cao et al. 2004; Imai et al. 2005; Kaneto
et al. 2005b; Yamada et al. 2006). Yamada et al. reported a significant increase in
the number of insulin-producing cells in vitro detected upon treatment with PDX1-
VP16 (<1% with PDX1, as opposed to 5–15% with PDX1-VP16) (Yamada et al.
2006). Similarly, it was shown that the effect of PDX1-VP16 in vivo was higher than
that of PDX1. PDX1-VP16 lowered blood glucose levels faster, and the glucose lev-
els throughout the experiment were significantly lower than those in PDX1-treated
mice (Imai et al. 2005; Kaneto et al. 2005b).

9.2.5.2 Using Combinations of Pancreatic Transcription Factors

PDX1 plays a central role in pancreas development, and most studies utilized
it as an inducer of transdifferentiation. Nevertheless, several studies have exam-
ined the ability of other pancreatic transcription factors, such as NEUROD1 and
NGN3, to induce this process (Kojima et al. 2003; Yatoh et al. 2006; Song et al.
2007; Wang et al. 2007). NEUROD1 and NGN3 are members of the bHLH tran-
scription factor family and both are involved in pancreas development (Bernardo
et al. 2008; Pearl and Horb 2008). Kaneto et al. demonstrated that both of these
factors were incapable of individually inducing transdifferentiation of liver cells
into β-like cells, but they both significantly promoted the effect of PDX1-VP16
in this process. The combined treatment of PDX1 and NEUROD1 or NGN3
markedly increased insulin promoter activity in vitro, as well as insulin expres-
sion in mouse liver and amelioration of hyperglycemia in vivo (Kaneto et al.
2005b).
Although a NEUROD1 adenovirus did not activate the pancreatic phenotype

in mouse liver (Kaneto et al. 2005b), the same transgene did activate pancreatic
gene expression in liver when delivered by a helper-dependent adenovirus vec-
tor (Kojima et al. 2003). NEUROD1 expression in combination with betacellulin
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treatment further promoted the transdifferentiation process and corrected STZ-
induced diabetes in mice (Kojima et al. 2003). Interestingly, ectopic NEUROD1
expression in liver induced expression of both downstream and upstream pancre-
atic transcription factors, including PDX1 (Kojima et al. 2003). However, whereas
in mouse PDX1-treated liver cells glucagon and insulin were produced in differ-
ent cells (Ber et al. 2003), the pancreatic hormones were coproduced within the
same cell in mouse liver expressing NEUROD1 (Kojima et al. 2003). Moreover,
the hormone-producing cells in mouse liver expressing NEUROD1 were located
primarily in the liver capsule (Kojima et al. 2003), whereas in PDX1-treated liver
both insulin- and glucagon-expressing cells were located around central veins
(Ber et al. 2003; Imai et al. 2005). It is still unclear whether the differences
in outcome between the two models are due to differences in the activity of
the two transcription factors, changes in the infection capacity of the viral vec-
tors, or the different populations of progenitor cells in liver transduced by each
vector.
Additional studies focused on the ectopic expression of the pancreatic tran-

scription factor MAFA. This basic leucine-zipper transcription factor is a potent
transactivator of the insulin gene and is expressed later in pancreas development,
compared with PDX1, NGN3, and NEUROD1, as well as in mature β cells. MAFA
increased insulin promoter activity in HepG2 cells, but failed to induce insulin
production in liver in vivo (Kaneto et al. 2005a). However, MAFA expression,
together with PDX1 and NEUROD1, substantially increased insulin production and
secretion, compared to PDX1 treatment alone, and ameliorated hyperglycemia in a
diabetic mouse model (Kaneto, et al. 2005a; Kaneto, et al. 2005b).

9.2.5.3 Using Soluble Factors to Promote Transcription-Factor-Induced
Liver-to-Pancreas Transdifferentiation

The effect of activin A, betacellulin, nicotinamide, EGF, hepatocyte growth factor
(HGF), and other soluble factors on the transdifferentiation process has been exam-
ined both in vivo and in vitro (Kojima et al. 2003; Koizumi et al. 2004; Sapir et al.
2005; Zalzman et al. 2005).
In a model of primary culture of adult human liver cells, EGF and nicoti-

namide were documented to promote transdifferentiation of PDX1-expressing
cells into endocrine pancreas cells. Betacellulin, a member of the EGF family
of growth factors (Demeterco et al. 2000), has been implemented in promoting
NEUROD1-induced liver-to-pancreas transdifferentiation in mice (Kojima et al.
2003). Combined ectopic expression of NEUROD1 with betacellulin treatment
induced high levels of insulin production and ameliorated hyperglycemia in STZ-
diabetic mice. Hepatic regeneration following 70% hepatectomy was also demon-
strated to improve the effect of PDX1 by accelerating the transdifferentiation
process toward the pancreatic phenotype (Miyatsuka et al. 2003). The improved
efficiency could be due to the increased number of proliferating, and possibly mul-
tipotent, cells in the regenerating organ. The invasiveness of the proposed approach
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might be circumvented by treating the mice with growth factors, such as HGF or
interleukin-6, as their levels increase during liver regeneration, which may promote
the PDX1-induced process.

9.3 Conversion of Bone-Marrow-Derived Mesenchymal Stem
Cells into Pancreas Cells

Bone marrow (BM) is a source of both hematopoietic stem cells and mesenchymal
stem cells (MSC). MSC reside in the stromal fraction of the BM, which provides
the cellular microenvironment that supports hematopoeisis. MSC are multipotent
and under appropriate experimental conditions can differentiate into lineages of
mesenchymal tissues, such as bone, cartilage, fat, tendon, and muscle (Krause
et al. 2001; Jiang et al. 2002). They are also thought to be able to differentiate
into endodermal and ectodermal cells, such as vascular endothelial cells, neurons,
lung cells, and hepatocytes, although this remains controversial (Fausto 2004; Ong
et al. 2006). Based on their ability to adhere to plastic supports, MSC can be
isolated from BM and expanded in culture. These cells were suggested as an attrac-
tive source for the generation of surrogate β cells (Chen et al. 2004; Moriscot
et al. 2005)
A number of studies have analyzed whether BM-derived MSC can differentiate

into insulin-producing cells and restore normal β-cell function both in vivo and in
vitro (Ianus et al. 2003; Tang et al. 2004). In both cases it was suggested that BM-
derivedMSC differentiated along the insulin-producing cell lineage and ameliorated
hyperglycemia in STZ-induced diabetic mice. However, other studies have failed to
show a similar differentiation process (Choi et al. 2003; Kojima et al. 2004; Lechner
et al. 2004) and have suggested that the donor BM-derived cells may have promoted
endogenous β-cell regeneration (Hess et al. 2003; Mathews et al. 2004). Although
some insulin-positive BM-derived cells were present in sections of STZ-damaged
pancreatic tissue, their relative scarcity and the lack of PDX1 expression suggested
that the BM-derived cells did not directly differentiate into insulin-producing cells.
However, since recruitment of MSC to the damaged pancreas is rather inefficient in
restoring β-cell function, other studies have taken a genetic manipulation approach
for the generation of insulin-producing cells from MSC (Karnieli et al. 2007; Li
et al. 2007). Expression of PDX1 in BM-derived MSC using lentivirus or aden-
ovirus vectors resulted in activation of an islet-cell phenotype in these cells. PDX1
expression activated the expression of multiple islet genes, including insulin. A
significant insulin content (1% of the content of normal human islets), as well
as glucose-stimulated insulin release, were demonstrated in vitro (Karnieli et al.
2007), and insulin secretion was stimulated by incubating the cells in the presence
of GLP1 (Li et al. 2007). Cell transplantation into STZ-diabetic immunodeficient
mice resulted in further differentiation; euglycemia was obtained within 2 weeks
and maintained for a prolonged period of time (Karnieli et al. 2007). Glucose toler-
ance tests showed a response to glucose load with a clearance rate that was parallel
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to that of healthy mice. These data suggest that BM-derived MSC may serve as
a cell source for generating functional insulin-producing cells for the treatment of
diabetes.

9.4 From the Bench to Bedside: Challenges in Using Adult Cell
Reprogramming in Regenerative Medicine

Adult cell reprogramming involves a number of problems that must be solved before
it can be employed therapeutically:

1. The amount of insulin produced in reprogrammed adult cells is less than that
of pancreatic β cells; therefore ways have to be developed for increasing insulin
production in transdifferentiated liver and MSC.

2. The β-cell niche in vivo is known to play a crucial role in the final stages of
β-cell differentiation. Therefore forced transdifferentiation in vitro or in a non-
pancreatic adult organ may be incomplete without signals provided by this niche.
Ways must be found to replace these signals to improve the phenotype of the
transdifferentiated cells.

3. We do not yet know whether the reprogrammed cells proliferate and if the newly
acquired phenotype can be transmitted to daughter cells.

4. Liver cell predisposition to transdifferentiation is still an enigma. It is possible
that more than one cell population in the liver (and in extraendodermal tissues)
could serve as a pancreatic progenitor. Moreover, the process could be driven
by stochastic incidences related to chromatin compaction and promoter acces-
sibility. Indeed, chemical compounds that modulate chromatin structure and
DNAmethylation, such as 5-azacytidine, may potentiate the transcription-factor-
induced process.

5. It is not clear whether combined ectopic expression of several pancreatic
transcription factors is more efficient in inducing reprogramming toward the
pancreatic lineage, but it seems that PDX1 may prove indispensable in this
process.

6. It is believed that the reprogramming process occurs mainly between
developmentally-related tissues, such as liver and pancreas. It has yet to be deter-
mined whether a similar process also occurs between developmentally-unrelated
tissues.

Notwithstanding these issues, adult cell reprogramming may allow the gen-
eration of autologous tissues in need, thus overcoming both the limited supply
of transplantable tissues from cadaver donors and the requirement for life-long
immunosuppression for preventing allograft rejection. In the case of cell replace-
ment therapy for diabetes, the diabetic patient himself may be the donor of his own
therapeutic tissue (Fig. 9.4).
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Fig. 9.4 Schematic representation of a possible therapeutic approach involving implantation
of autologous liver cells transdifferentiated in vitro. Adult human liver cells can be obtained
by liver biopsy from a patient with diabetes (1); expanded in vitro (2); treated by expression of
PDX1 and incubation with growth and differentiation factors, which convert them into functional
insulin-producing surrogate β cells (3); and transplanted into the same patient (4)
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Chapter 10
Embryonic Stem Cells as a Potential Cure
for Diabetes

Michael A. Bukys and Jan Jensen

Abstract Beta-cell replacement is an effective treatment for type 1 diabetes, but
its applicability is limited by the lack of sufficient donor tissue, raising the need
for alternative tissue sources. Deriving β cells from stem cell precursors offers an
unlimited renewable source of tissue for transplantation and in recent years has
become the focus of research in many laboratories. The unique state of embry-
onic stem (ES) cells is characterized by continuous proliferation through a cell
cycle consisting of an abbreviated G1 phase. Although this cell cycle exposes ES
cells to potential mutations, it also allows continuous culture of undifferentiated
cells. Current protocols directing the differentiation of ES cells mimic the normal
embryonic development of β cells through definitive endoderm, foregut endoderm,
pancreatic precursors, and endocrine progenitor cells. At present all of these steps
are suboptimal, since only some of the cells follow this pathway to the intended
product. Moral concerns surrounding the use of embryonic stem cells has led to
development of alternative sources of pluripotent cells. Current advances in cellular
reprogramming are discussed.

10.1 Introduction

It is estimated that approximately 7% of the population of North America suffers
from diabetes and that over a quarter of the population is classified as prediabetic
owing to elevated blood glucose. Diabetes is ranked as the seventh leading cause of
death in America; however, this is a misleading underestimation because diabetes-
related deaths are often not attributed to diabetes, but to the complications that arise
from diabetes. One of the alarming facts about diabetes is the wide range of com-
plications associated with the ailment. Heart, kidney, and nervous system diseases
are all known risk factors associated with diabetes, which is also the leading cause
of blindness and lower limb amputation in adults.
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All forms of diabetes are characterized by the body’s inability to properly metab-
olize glucose, resulting in elevated blood glucose concentrations, which is a direct
result of the body’s failure to produce or properly use insulin. There is no cure for
diabetes, and treatment usually consists of continued insulin replacement for the
duration of the individual’s life. An alternative to insulin replacement that has been
shown to treat diabetes successfully is cadaverous islet transplantation. This pro-
cedure replaces the cells that produce insulin, but it relies on immune suppression
to allow the transplanted tissue to survive and is limited by the availability of suit-
able tissue donors. The possibility that pancreatic β cells can be generated from
human embryonic stem (hES) cells has received much attention in the last few years
because it promises a renewable source of tissue for transplantation. This chapter
focuses on recent attempts to produce β cells from pluripotent ES cells, explores the
potential problems with current protocols, and discusses the technical barriers that
have to be overcome before ES-cell-derived cells can be used for human therapy.

10.2 The Embryonic Stem Cell State Is Unique

ES cells are slowly dividing cells retaining full pluripotency, which are derived from
the inner cell mass of a developing embryo (Thomson et al. 1998). They can be
expanded in culture and appear to be immune to cellular senescence. In this regard,
ES cells resemble immortalized cells, and it appears that the pluripotency network
operating in ES cells is one that both facilitates and maintains this characteristic.
A limited number of genes can induce this state. Yamanaka and colleagues were
the first to report that a limited set of gene regulatory factors (OCT4, SOX2, KLF4,
cMYC) was sufficient to reprogram a somatic cell to a state indistinguishable from
the hES cell state. Such cells were termed induced pluripotent stem cells (iPS cells)
(Takahashi and Yamanaka 2006). In the remainder of this review, any references
to work and procedures used for hES cells are expected to be equally valid for
iPS cells, and some data have already provided conceptual support for this notion
(Zhang et al. 2009). Figure 10.1 illustrates three different methods that are currently
being considered for cell therapy of diabetes.
It is important to first recognize that the ES cell state differs from most other, if

not all, stem cell states. Numerous studies have sought to establish common aspects
of various cells with stem cell properties (Ivanova et al. 2002; Ramalho-Santos et al.
2002), but such common “stemness” genes, or stem-cell-specific pathways, have not
been identified—rather they have been disproved (Fortunel et al. 2003). A recent
study based on unsupervised clustering of gene expression profiles of multiple stem
cell types identified a unique gene expression program that operated in undiffer-
entiated ES cells, but not in other stem cells, for example, cells of mesenchymal
or neuronal origin. The gene network, referred to as the “Plurinet,” includes the
well-known pluripotency-associated genes, such as those used for iPS cell induc-
tion, but extends quite further to more than 200 individual genes (Muller et al.
2008). Future work should address which of these genes is causal for maintenance
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Fig. 10.1 Derivation of pancreatic insulin-producing cells through directed differentiation,
cellular reprogramming, or both. Derivation of iPS-type cells from cellular reprogramming
would lead to cultures that resemble typical embryonic stem cells that are derived from fertilized
human embryos. The route to a more mature insulin-producing cell entails a stepwise instruc-
tional provision of guidance molecules and conditions. It is expected that both iPS and hES
cell cultures would be responding similarly to such fate-inducing signals, as their initial state is
remarkably similar. However, recent data have shown that cellular reprogramming to full pluripo-
tency may not be needed. Conversion of mature exocrine cells into cells indistinguishable from
adult insulin-producing cells was observed following administration of three critical endocrine
regulatory factors. Such adult cell reprogramming may involve chromatin remodeling similar to
that occurring through embryonic reprogramming, except that the loci controlled are specific to
the newly created state. Evidence of this is still lacking, and further work will require a better
understanding of the chromatin-modifying capacities of the adult endocrine reprogramming fac-
tors (PDX1, NGN3, MAFA). At the moment, little is known of such properties for any of these
proteins

of the pluripotency state and which are simply reflections thereof. It seems possi-
ble that reprogramming of somatic cells may be achieved if sufficient knowledge of
the cell extrinsic control of the aforementioned iPS-inducing genes is available. If
successful, this could lead to a much less invasive genetic reprogramming of adult
somatic cells.
The embryonic stem cell state is normally a transient one, as inner cell mass cells

differentiate as the embryo gastrulates. Irrespective of organism, loss of pluripotency
is inevitably linked to the creation of body patterns and the ensuing degree of dif-
ferentiation imposed. This temporal state is artificially maintained ex vivo, using
methods pioneered in mice for gene targeting through homologous recombination.
Human and mouse ES cells differ in their growth factor requirements, notably
because maintenance of pluripotent mES cells requires the presence of leukemia
inhibitory factor (LIF), which activates the Janus kinase/signaling activator of tran-
scription (JAK/STAT) pathway to mimic delayed implantation. Nevertheless, much
of the information concerning mouse and human ES cell culture is interchangeable.
In both cases it is preferable to maintain the pluripotent state using irradiated or mit-
omycin C-treated mesodermally-derived fibroblast feeders, which provide a suitable
environment of growth factors, including basic fibroblast growth factor (bFGF). A
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feeder-free medium has been developed that is equally capable of sustaining the
pluripotent state. The identification of such media is also beneficial in terms of
developing differentiation conditions for ES cells (Xu et al. 2001; Xu et al. 2005;
Ludwig et al. 2006).

10.3 Embryonic Stem Cells Are in a Constitutively
Proliferative State

The unique properties of ES cells include regulation of their cell cycle progres-
sion. Specifically, ES cells lack critical cell cycle control elements found in other
dividing cells; p53, which normally acts as a DNA damage-sensing checkpoint
capable of arresting somatic cells in G1 or G2, does not function in this manner
in ES cells (Aladjem et al. 1998; Prost et al. 1998). It is incapable of activating
cyclin-dependent kinase (CDK) inhibitors, such as p21, and is not translocated to
the nucleus in response to DNA damage (Aladjem et al. 1998; Prost et al. 1998).
Interestingly, the somatic-type control of cell cycle, which involves fluctuations of
cyclins, is not the same in ES cells, although more cell cycle variation of cyclin-
family genes has been noted in hES, as compared to mouse ES cells (Neganova
et al. 2009). Except for cyclin B, which is expressed during G2/M in ES cells, most
other cyclins, notably the A, D, and E types, are constitutively expressed and are
not controlled by retinoblastoma (Rb) protein phosphorylation events, which con-
trol E2F release and activation (Jirmanova et al. 2002). Cyclin D levels are very low
in ES cells, and CDK4 activity is minimal. This kinase controls Rb phosphorylation
in somatic cells, thereby driving proliferation, but this step is not required in ES
cells, and all three Rb-family members are dispensable for ES cell mitotic activity
(Dannenberg et al. 2000; Sage et al. 2000).
A current interpretation of the cell cycle in ES cells is based on the notion of

a very shortened G1 phase. This short G1 phase, however, can be significantly
extended following DNA damage in an E2F-independent manner (Becker et al.
2007), and it has been argued that during the G1 window hES cells are susceptible
to differentiation cues. Upon differentiation, the G1 phase is significantly extended
(White et al. 2005), and the “normal” somatic cell cycle control elements become
active. Moreover, most somatic cells require growth factor input to progress through
the G1/S checkpoint. This commonly involves signaling through the mitogen-
activated protein kinase (MAPK) pathway, but ES cells proliferate in the absence of
growth factor receptor bound protein-2 (GRB2) and serum response factor (SRF), or
in the presence of mitogen-activated “extracellular signal-regulated kinase” kinase
(MEK) inhibitors (Cheng et al. 1998). In contrast, progression through the G1/S
checkpoint in ES cells requires signaling through the phosphoinositide 3-kinase
(PI3K) pathway. This pathway may be cell-intrinsically linked to the pluripotent cell
state through ES cell-expressed Ras (ERAS) (Jirmanova et al. 2002). Mutations in
this pathway (in p85a, a PI3K subunit, and ERAS) decrease the rate of ES cell prolif-
eration, or they may increase it, as observed in phosphatase and tensin homologue
(PTEN)-mutant cells (PTEN operates to reduce inositol 1,4,5 triphosphate [IP3]
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levels) (Sun et al. 1999; Hallmann et al. 2003). PI3K pharmacological inhibition
likewise decreased ES cell cycling.
In short, the ES cell cycle is constitutively active, lacks DNA damage check-

points, and uncouples G1 checkpoint control from mitotic progression. In the
embryo, ES cell doubling time lasts approximately 9–11 h. These specific prop-
erties of the ES cell cycle have implications for their therapeutic potential. ES cells
may be highly susceptible to DNA-damaging mutations, which is a concern if new
cell lines cannot be established owing to ethical issues. Moreover, this state is highly
susceptible to the presence of differentiation-inducing agents, such as retinoic acid
(RA), requiring repeated evaluation of pluripotency during continuous culture of
ES cells.

10.4 Directed Differentiation of Embryonic Stem Cells:
Seeking Sanity in the Midst of Chaos

Forward or directed differentiation is the subject matter of most hES cell work
related to therapeutic use of such cells. Providing a necessary and progressive set
of cues for directing hES cells into lineage-specific cell fates is currently one of the
main factors interfering with their immediate use. Uncontrolled forward differentia-
tion occurs when hES cells are removed from the feeder layer. In vitro, formation of
embryoid bodies ensues, which essentially is an ad-hoc adoption of multiple fates in
clusters of embryonic cells. The reason for such noncategorical differentiation lies
in the fact that hES cells behave according to their nature, that is, inner cell mass,
and seek to progress forward to complete an organismal program—in this case in
vain. In the absence of the proper environment, such as extraembryonic support,
their progression leads to an out-of-control differentiation process, with no defined
endpoint. In vivo, such differentiation results in teratoma formation, and the pos-
sible progression of teratoma to teratocarcinoma is a critical concern and a valid
argument against the use of hES cells in regenerative medicine.
The uncontrolled forward differentiation is caused by the emergence of regu-

lative developmental cues, which set up local signaling centers where individual
embryonic stem cells receive fate-determining signals. Normally in the embryo
such signaling centers, often referred to as organizers, are capable of patterning the
developing embryo. The structured emergence of such signaling organizers under-
lies normal development. It is important to understand the nature of such signaling
in the control of the directed differentiation of hES cells. Organizing centers are
responsible for local secretion of short-range signaling factors, also known as mor-
phogens, which operate in a paracrine manner (Lander 2007). The correct effects of
these morphogens require strictly-defined concentrations and exact timing. Rarely,
the organizing events are conveyed by a single signal; more often, combinatorial use
of multiple factors is observed (Lander 2007).
As the differentiating cells may move relative to one another in the developing

embryo, the temporal definition of organizer activity is often related to the speed
of cell movement. Consequently, tissue and organ growth kinetics influences the
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patterning in a quite distinct manner. One example of this phenomenon is the
process of gastrulation, where the organizer—the node at the anterior primitive
streak—signals to cells migrating from the outside to the inside of the egg cylin-
der to form both mesoderm and endoderm. Another example relates to resolving
a liver–pancreatic binary fate choice in undifferentiated ventral endoderm through
the relative position to the cardiac mesoderm and septum transversum mesoderm
signaling centers (Zaret 2008; Zaret and Grompe 2008). Static impressions of devel-
opmental programs are often provided as textbook style schematic drawings of
embryos at various gestational ages. As informative as such may be they often
fall short in the depiction of dynamic growth and tissue movement, so noninva-
sive imaging techniques are of great help to developmental biologists attempting to
understand signaling events in embryogenesis.
The above considerations are relevant to hES cell cultures, as cells do not move

much in such cultures. Therefore, mimicking organizer activities over time becomes
important, as detailed below. The crux of succeeding in directed differentiation lies
in understanding normal embryogenesis, as pointed out so clearly by Murry and
Keller (Murry and Keller 2008). In the context of this chapter, it is important to
consider when, where, and how, ES cells receive guiding inputs so that the pancre-
atic β-cell fate may emerge. The work of D’Amour and colleagues (D′Amour et al.
2006) revitalized the field of creating pancreatic β cells from ES cells after a series
of generally failed attempts by others. Since then, there has been a flurry of activ-
ity, and much hope is tied to success in this area. Most of this later work reflects
the central theme of the “Novocell protocol,” considering variations thereof. In the
remainder of this perspective, it is our intention to challenge the thinking behind
some of the currently established methods of directed differentiation rather than
provide a detailed description of endoderm development, as that is well-described
elsewhere.

10.5 Progress in Making Beta Cells from hES Cells

Several recent reviews on current progress in making β cells from hES cells are
available (Hardikar et al. 2006; Docherty et al. 2007; Jensen 2007; Krishna et al.
2007; Spence and Wells 2007; Baetge 2008; Efrat 2008; Semb 2008; Sordi et al.
2008). The one by Baetge is particularly informative, as it compares results from 14
individual studies published on the subject (Baetge 2008). Comparison of the effi-
ciencies of the various protocols, the degree of maturation of the insulin-producing
cells derived, and the ability of those cells to restore normoglycemia, for example, in
streptozotocin-treated mice, is available there in table format, so it is not discussed
here. At present, the best-performing insulin-producing cells from such proto-
cols arise after implantation of immature endocrine cells derived from a modified
Novocell protocol into the epididymal fat pad using a Matrigel-conditioned gel-
foam sponge (Kroon et al. 2008). Such cells appear indistinguishable from normal
β cells, produce a single hormone, and display in-vivo glucose-stimulated insulin
release. Data from others support the beneficial effect of an in-vivo environment
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(Eshpeter et al. 2008). Unfortunately, the influence of the in-vivo environment
remains unknown, but understanding it may allow its application in vitro. All the
studies described follow a similar approach. Stepwise, the objective is to generate
definitive endoderm (Stage 1); next, to induce foregut endoderm (Stage 2); there-
after, to obtain pancreatic commitment (Stage 3), from which endocrine precursors
form and differentiate (Stage 4), and later further mature into hormone-producing
cells.
Critical signaling components at the various stages appear quite limited. Stage

1: Activin A (which mimics nodal), in the absence of PI3K signaling (McLean
et al. 2007), allows cells to enter a definitive endoderm stage. Stage 2: FGF10
(or FGF7, which mimics FGF10) defines foregut endoderm. Stage 3: RA is used
to pattern toward pancreatic development. Stage 4: Removal of FGF10 and RA
automatically triggers endocrine development. Stage 5: No specific components
are known to influence β-cell formation and maturation. Most protocols operate on
slight variations on above theme, and certain components that appear to be non-
critical have been tested (NOTCH and sonic hedgehog inhibitors, β-cell growth
factors). Such factors may be deleted from the protocol, as best described by Kroon
et al., who obtained in-vivo-matured insulin-producing cells through a shortened,
and much simplified, version of the original Novocell protocol (Baetge 2008; Kroon
et al. 2008).

10.5.1 Stage 1: Definitive Endoderm Formation

The first step toward pancreatic development requires the formation of definitive
endoderm. Induction of the endodermal fate eluded researchers in the field for sev-
eral years. However, work by several groups, notably those of Baetge, Keller, and
Nishikawa, showed that definitive endoderm would form if hES cells were cultured
in high levels of activin A (Kubo et al. 2004; D′Amour et al. 2005; Tada et al. 2005;
Yasunaga et al. 2005). Activin A is a homodimer of two inhibin beta-A subunits
and is not normally expressed at the gastrulation stage in the embryo. It does, how-
ever, signal through the same receptor complex as nodal, a bone morphogenetic
protein (BMP)-type molecule that is expressed at high levels in the node (Gritsman
et al. 2000). It was known that cells in the most proximal position to the node
become endoderm upon gastrulation, so the critical involvement of nodal/activin
A signaling is not surprising. The established method of endoderm induction is very
effective. However, activin A is a rather crude induction signal that fails to provide
information related to patterning of the endoderm. Stage 1 often involves a 2-4-day
culture of hES cells in the presence of 100 ng/ml activin A. FoxA2 is a key target of
this induction, is an upstream component for most endodermal fates, and remains
active in multiple endodermal regions. In fact, endogenous FOXA2 staining is com-
monly used to mark the entire endoderm in whole-mount visualizations of early
stage embryos (Jorgensen et al. 2007; Sherwood et al. 2009).
The concern about the use of activin A relates to the issue of deviating pattern-

ing toward nonpancreatic fates and whether such an effect is already manifested at
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this initial stage. If the definitive endoderm adopts nonpancreatic patterning at this
step it may not be repatterned during later stages. It has been argued that definitive
endoderm formation progresses through a bipotential mesendodermal population
of goosecoid+/brachyury+/FOXA2+ cells, from which a more specific definitive
endodermal cell, expressing FOXA2, derives (Tada et al. 2005; Gouon-Evans et al.
2006). Activin A specifies both populations, but definitive endoderm is formed only
following sustained exposure to high levels of activin A (Gadue et al. 2006). It
is noteworthy that the Novocell protocol (D′Amour et al. 2006) led to formation
of ectodermal and mesodermal fates, in addition to the definitive endoderm fates,
which argues that the initial step of definitive endoderm formation is not fully
optimized.

10.5.2 Stage 2: Foregut Endoderm Formation

It has been suggested that application of FGF10 causes foregut endoderm forma-
tion, but this argument is not well sustained by embryologic evidence. There are no
studies showing that FGF10 is required to pattern the anteriormost endoderm to a
foregut state. This argument seems to have developed as a response to the observa-
tion that empirical testing of FGF10 led to activation of hepatocyte nuclear factor-4
(HNF4) and HNF1β, although neither of these markers is foregut-specific (D′Amour
et al. 2006). Thus terming FGF10 application as “foregut determination” may not
be appropriate. FGF10 is expressed in lateral mesoderm at budding stages and
is involved in the specification of several endodermal derivatives, including lung,
pancreas, stomach, and gut (Sekine et al. 1999; Nyeng et al. 2007).
Data suggest that pancreatic progenitors fail to maintain proliferation in the

absence of FGF10 (Bhushan et al. 2001). The ventral pancreas is less affected in
FGF10-null mice, as compared with the dorsal. Moreover, the pancreatic fields,
arising from the distalmost foregut as two individual fields (a single dorsal and a
split ventral field) come into proximity of the mesoderm only upon gut tube clo-
sure, and the ventral fields arise from endoderm in a more anterior position, where
they are under the influence of signals from more anterior structures. This is clear
from the pioneering work by Zaret and co-workers, which has helped to identify
patterning of the bipotential hepatic–pancreatic ventral field, observing that local
proximity to septum transversum mesenchyme (FGF source) and cardiac mesoderm
(BMP source) resolves this field into liver (high BMP) and ventral pancreas (low
BMP; FGF) (Deutsch et al. 2001; Zaret 2008; Zaret and Grompe 2008). It is unclear
if the current protocol using FGF10 initially prepatterns the endoderm toward a ven-
tral or a dorsal pancreatic fate, but in the absence of RA in Stage 2, it is possible that
lack of posterior-inducing signals may lead preferentially to a ventral-type pancre-
atic field. Whether this matters is not known, but it is interesting that no protocols
seem to consider whether it is desirable to reach a dorsal, as opposed to a ventral,
pancreatic state. A negative effect of ventral patterning is the possible development
of early liver states, and if such a program is adopted early, it might reduce the
overall efficiency at later stages.
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10.5.3 Stage 3: Pancreatic Determination

Stage 3 involves RA application. This step results in the activation of PDX1 and sev-
eral other pancreatic markers, such as HNF6 (Oc1). FGF10 (or FGF7) application is
maintained during this step, which seems critical. RA is a classical nonprotein mor-
phogen. Although excessively simplified, RA posteriorizes early embryos and acts
in a 5′-to-3′ sequence in activating the colinear Hox gene clusters. Applying RA to
the Stage 2 endodermal cells may lead to their posteriorization and the consequent
emergence of more caudal endodermal fates. These could include dorsal pancreas,
stomach, and intestine, and may shift the culture away from a more anteriorized
state. Excessive caudalization would be a concern, but could be traced by expres-
sion of CDX or ISX, which are intestinal markers. Although the Hox genes appear
to be much less expressed in endoderm, as compared to mesoderm, there could be
a direct influence on their expression at this point. In addition, a local RA signaling
center normally emerges in the dorsal pancreatic region, where RALDH2, expressed
in adjacent mesoderm, helps sustain dorsal pancreatic growth. This signaling cen-
ter operates concomitantly with the expression of FGF10 in the same tissue, and
expression of FGF10 and RALDH2 may be cross-regulated in this mesodermal
segment.
Waiting to administer RA until after an effect by FGF10 has been established may

not be beneficial. Shim et al. used simultaneous administration of RA and activin
A during embryoid body formation in serum-free conditions. Although PDX1 was
activated by activin A alone, in contrast to the work of D’Amour et al., a clear
positive effect was noted in levels of both FOXA2 and PDX1 when both compo-
nents were administered (Shim et al. 2007). Concomitantly, a loss of brachyury (T)
expression was noted, and SOX1 was reduced. This loss of mesendodermal and neu-
roectodermal marker expression is noteworthy, as both fates are highly unwanted in
the culture at any point. Even more striking, expression of alpha-fetoprotein (AFP),
a liver marker, was abrogated. As in the work of Shim et al., Jiang and colleagues
administered RA and activin A to H1 hES cells and observed very similar effects,
where PDX1, HLXB9, and HNF4 were much more strongly induced in the pres-
ence of both components, as compared to activin A alone (Jiang et al. 2007b).
These examples illustrate that significant optimization of the widely used protocol
is still needed.

10.5.4 Stage 4 and Beyond: Islet Cell Maturation

Differentiation toward the endocrine lineages occurs when FGF10 is removed.
FGF10 is capable of arresting normal pancreatic progenitors and does so via canon-
ical MAPK signaling and maintenance of NOTCH signaling. It has been suggested
that lack of stimulation of FGFR2, which is expressed on the surface of pancre-
atic progenitor cells, leads to a loss of HES1 expression and a possible activation
of NGN3, which is a proendocrine factor. Why endocrine development proceeds in
such an efficient manner is not known, but a default differentiation path of pancreatic
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progenitors facing a depletion of their associated mesenchyme has also been noted
to cause pancreatic endocrine development and loss of the progenitor pool. It may
be that adoption of nonendocrine pancreatic terminal fates, such as exocrine and
ductal, requires instructive cues, and that in the absence of such cues endocrine
development proceeds when the progenitor maintenance program is attenuated.
The general problem observed at this stage is one of incomplete endocrine

cell maturation. Endocrine cells expressing both glucagon [or most probably
glucagon-like peptide-1 (GLP1), depending on proglucagon processing by prohor-
mone convertase (PC) 1/3, which is normally not expressed in glucagon-expressing
cells] and insulin are found in large numbers (D′Amour et al. 2006; Ku et al.
2007). They do not express NKX6.1, lack MAF-type factors, and are generally
glucose-unresponsive. No studies have been successful in showing an upregula-
tion of NKX6.1, which is a transcription factor that becomes restricted to the
innermost epithelial progenitor cells of the pancreas, when β cells form normally,
and is also necessary for the function of mature insulin-producing cells. This lack
of central epithelial patterning may partly account for the failed β-cell develop-
ment. Essentially, endocrine cells forming from hES cells appear to be of the
primary transition type, predominantly expressing glucagon and several mature
insulin-producing cell characteristics.
Work from the Grapin-Botton laboratory elegantly showed that there are gesta-

tional windows in the mouse for determination of endocrine cell subtypes and that
the window for β-cell development does not “open” until E11.5, which in the mouse
is 3 full days following initial pancreatic specification (Johansson et al. 2007).
Consequently in the mouse, and possibly in humans as well, the pancreas has to
set up secondary patterning events to be competent for mature β-cell development.
In the absence of detailed knowledge of the patterning of the secondary-transition
organ little can be done to modify the directed differentiation protocols. A better
understanding of the patterning of the pancreatic progenitor population into proen-
docrine/proexocrine regions will significantly improve the efficiency of the current
directed differentiation protocols. There are multiple studies that claim beneficial
effects of various secreted substances on the formation of insulin-producing cells
from hES cells, including islet neogenesis-associated protein (INGAP) (Francini
et al. 2009), nicotinamide/betacellulin (Cho et al. 2008), and activin B (Frandsen
et al. 2007). It is difficult to judge the physiological relevance of these molecules, as
there is little support for a role for these factors in the normal β-cell developmental
program.

10.5.5 A Consideration of Time

Most of the previous discussion has related to the specific involvement of extra-
cellular programming factors that direct developmental fates. One parameter that
is rarely considered in detail is time, which influences most developmental deci-
sions. Time is required to allow cell growth and buildup of the protein machinery
that enable cellular competence (receptors, signaling components, intrinsic gene
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regulatory factors, etc.). Consequently, time is an integral parameter in the distri-
bution equation of each morphogen, including rates of production, degradation, and
diffusion. Some developmental systems have been built to measure time, as evi-
denced by the clock-and-wavefront model of somitogenesis, which is a fundamental
requirement during somite condensation from the presomitic mesoderm. All organ-
isms have a unique temporal trajectory during their development. In mammals, birth
size is important and prolongs the gestational time, but during early stages temporal
differences are contracted, so that time to complete gastrulation is not proportional
to the final difference in total organism size. Time is an important parameter during
directed differentiation of hES cells, and consideration to “sufficient time provided”
is seen in most protocols. The original Novocell protocol had a duration of 18 days,
but some published studies went on for even longer periods, such as 36 days (Jiang
et al. 2007a).
With the amount of time allowed for the cultures at each step, significant changes

in gene expression of novel signaling factors may occur. It might be argued that such
effects could be detrimental and may operate against the desired goal of the exper-
iment. The duration of the first activin A step is typically between 2 and 6 days,
that of the FGF10 induction step is often 4 days, and the length of the RA step is
comparable. These durations are sufficiently long to lead to an active production of
signaling components by the differentiating ES cells themselves. This local condi-
tioning by the forward-differentiating ES cell population is a matter of concern as
the culture has an intrinsic capacity to diverge to different fates and will do so over
time. From published gene expression data on forward differentiation of hES cells
following Stage 1, it is evident that the cells initiate expression of a wide variety
of morphogens, including BMPs, FGFs, and WNTs. Their local production may be
either detrimental or conducive to particular fates. Therefore, it can be argued that
reducing the time between the stages can be beneficial, but we were not able to find
any studies that sought to establish the minimal time required for each stage in the
current protocols, so this parameter remains unknown.

10.6 Challenges of Directed Differentiation of ES Cells
into Beta Cells

The biggest problem with current differentiation protocols is the mixed population
of cell types produced in combination with the low percentage of desired cells pro-
duced. Overcoming this limitation will undoubtedly require methodologies not yet
developed. However, current attempts to solve this problem should focus on improv-
ing the yield of the desired cell type (in this case β cells), followed by the purification
of such cells. Improving the efficiency of these protocols is problematic as the dif-
ferentiating ES-cell cultures are exposed to morphogens produced by the different
cell types present in the cell cultures. This microenvironment cannot be easily con-
trolled. In addition to the continued secretion of unknown factors in the culture, the
fact that cellular heterogeneity is always present at some level within a differentiat-
ing colony further complicates attempts at growing a pure population of the desired
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cell type. It is noteworthy that some molecular systems, such as NOTCH signaling
operating through lateral inhibition, are intrinsically linked to segregation of two
separate fates. In the case of the pancreas, NOTCH signaling is critical for proper
cell differentiation, but it is not known to what extent that particular mechanistic
event complicates matters in hES cultures in which lateral inhibition, as we know it
from the developing organ, may not operate.
The problems involved in the continued heterogeneity of the ES cell culture may

be compounded by the defined stages of the differentiation protocol. Those cells that
fail to respond to the cue in Stage 1, when exposed to the cue in Stage 2 may behave
in a different way than those cells that actually responded to the initial signal. Such a
problem is not evident until Stage 3, and identifying where the problem originated is
not straightforward. This compounding effect may create a more diverse population
of cell types, and the diversity may increase with each additional step in the protocol.
Attempts at improving existing protocols should concentrate on the occurrence

of unwanted factors during the five-step protocol. Inhibition of factors responsi-
ble for commonly-occurring divergent cell types could in theory effectively keep
differentiation directed correctly. Furthermore, a negative selection component to
differentiation protocols could decrease the influence of the secreted factors pro-
duced by the cultured cells. It is important to remember that the intrinsic tendency
of ES cells is to produce cell types of all lineages. Therefore, for the differenti-
ation protocols to be successful they must effectively restrict differentiation into
other fates within the cell population. Current approaches center on optimizing the
generation of the desired fate at each stage and neglect the fact that that this cell
type may convey instructions to neighboring cells (e.g., secreted factors from defini-
tive endoderm are likely to instruct neighboring cells into fates other than definitive
endoderm).
Moreover, it must be stressed that the most important aspect of developing a more

efficient protocol for generation of β cells is a better understanding of the develop-
ment events that occur in early endocrine fate decisions, including those leading to
the unwanted cell fates. As noted above, the best available protocol involves final
β-cell development in vivo. This attests to the fact that our current understand-
ing of the developmental events involved in endocrine cell formation is greatly
lacking. Doubtlessly, as our understanding of the developmental events govern-
ing endocrine commitment advances, our ability to replicate it in vitro will greatly
improve.
It should also be noted that development in vivo takes place in three dimen-

sions, with signaling from all of the surrounding tissues and from extracellular
matrix. ES cell differentiation in vitro limits the signaling to the factors pro-
duced by cells present in the culture and those supplementing the medium. Our
method for getting closer to in-vivo conditions has involved taking a systematic
approach toward understanding the organ-building gene networks operating in the
pancreas. Intercellular patterning factors expressed in the pancreas were identified
using a bioinformatics-driven stratification method. Their functions are currently
being tested using conditional gain-of-function expression in mice, followed by
genomics-based readout assays to assess target gene networks regulated by each
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factor. Although these analyses are still ongoing, it is already clear that almost any
factor analyzed has a specific and unique role in particular aspects of organ pattern-
ing. This approach will contribute to our understanding of all cellular compartments
in the developing pancreas, including that of the insulin-producing cells. We hope
that this information will help to optimize approaches for directed differentiation of
hES in vitro.

10.7 Other Issues that Have to be Resolved
before Transplantation

As challenging as the directed differentiation of ES cells toward a β-cell fate may
be, there are additional technical issues specific to β-cell transplantation that have to
be addressed. A Major treament barrier is overcoming any immune response against
ES derived β-cells. Current treatment of type 1 diabetes with islet allotransplantation
requires immunosuppression to protect the transplant. Transplantation of engineered
β cells would require similar immunosuppression, unless a method can be developed
that enables cells to be recognized as self. The two ways explored at present involve
generation of patient-specific ES cell lines by nuclear transfer or the use of iPS cells.
Since iPS cells are produced using viral vectors to deliver the reprogramming

genes, insertional mutagenesis can occur, and this tissue may hinder their approval
for clinical use. Methods of inducing the pluripotent state without viruses would
greatly strengthen the case for iPS cells, but to date other means of delivering the
reprogramming genes are far less efficient. Reprogramming is quite inefficient at
present, and the pluripotency-inducing genes may have to be shut off to allow
cell differentiation. However, we can expect that these technical difficulties will
eventually be overcome.
Nuclear transfer (NT) consists of removing the genetic material from an unfer-

tilized egg and replacing it with the genome derived from a donor somatic cell.
Development of this pseudofertilized egg is allowed to proceed to a blastocyst stage,
at which time the inner cell mass is harvested to produce an ES cell line containing
the genome of the donor cell. NT-derived mouse ES cells have recently been shown
to generate insulin-producing cells (Jiang et al. 2008). The benefits of nuclear trans-
fer over iPS are that no viral vectors are used and that true ES cells are generated.
The downside of this methodology is the need for eggs and the ethical concerns of
destroying the embryo created in the process. An additional drawback of both NT
and iPS is the time needed to grow these cultures, which may be several months.
An alternative to these methods is altering ES cell lines to escape recognition

by the immune system. Rejection of grafted tissue most commonly occurs through
recognition of foreign major histocompatibility complex (MHC) antigens present
on the cellular surface of the implanted tissue. To escape an immune response, hES-
derived cells would have to express the same MHC antigens as the patient or lack
them completely. Banking large numbers of hES cell lines could improve compat-
ibility. Alternatively, manipulating hES cells to eliminate MHC antigen expression
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may generate a universal donor hES cell line. Beyond these difficulties, it is possi-
ble that using β cells with the same genotype as the patient will be of little benefit if
such cells will elicit a more efficient recurring autoimmunity than allograft β cells.
Another challenge of ES cells is their pluripotent state, which may persist

in cells that fail to differentiate. It is well established that cultured ES cells
form teratomas upon transplantation, an ability routinely exploited for assessing
the pluripotency of ES cell lines. Since differentiation protocols seldom achieve
complete differentiation, cells in the pluripotent state are maintained, and the
possibility that teratomas will form is a legitimate concern. Removal of undif-
ferentiated ES cells from differentiated cultures is of the utmost importance for
eliminating that risk. It has been established that selective ablation of prolifer-
ating cells in grafted tissues derived from ES cells successfully treats teratomas
in vivo. Removing undifferentiated ES cells before implantation should preclude
the possibility of teratoma formation. An alternative to the removal of undiffer-
entiated ES cells from cultures is purification of the β cells. A good purification
procedure will in effect remove undifferentiated ES cells along with any other
cells that differentiate toward an undesired lineage. Purification of a single cell
type from a heterogeneous population can be accomplished by fluorescence-
activated cell sorting (FACS), but this methodology depends on the presence of
cell-specific surface antigens. At present there are no known unique β-cell surface
proteins.
The question of whether β cells derived from ES cells would function as normal

β cells is difficult to answer, especially when considering that they will have to
function in a diabetic environment. Thus, it would be difficult to determine whether
observed phenotypic deviations, if any, result from this environment or from the
incomplete differentiation of ES cell-derived β cells.

10.8 Adult Cellular Makeover: Somatic-to-Somatic Cell
Reprogramming

Another unexpected result of the iPS technology was a cerebral spinoff in which
Melton and colleagues asked whether any combination of known islet-specific tran-
scription factors could accomplish a similar feat by remaking one differentiated
cell type into another without the use of extracellular signaling. Empirical test-
ing of a multitude of pancreatic and β-cell transcription factors delivered in vivo
to the pancreas using adenoviruses identified a combination of factors that lead to
generation of insulin-producing cells (Zhou et al. 2008) (Fig. 10.1). It was further
shown that these cells originated from existing exocrine cells that switched their
phenotype into insulin-producing cells upon expression of a minimal set of islet
transcription factors, PDX1, MAFA, and NGN3. Perhaps not surprisingly in light
of the knowledge of the iPS technology, such cells appeared fully reprogrammed
and maintained their phenotype even following loss of the reprogramming factors
because their endogenous genes were turned on.
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10.9 Conclusion

Cell replacement therapy of diabetes using β cells generated in vitro from ES cells
is likely to become a reality. However, there are several technical barriers that have
to be overcome before this can occur. Proof-of-concept of creating β cells through
directed differentiation of ES cells has been provided, although at present the quality
and purity of these cells are insufficient for clinical use. Additional concerns center
on the nature of the ES cells themselves. Can immune tolerance of these cells be
achieved? What is the likelihood of teratoma formation? Are the cells derived from
ES precursors truly equivalent to β cells? If not, does it matter?
Reprogramming of pancreas exocrine cells by the Melton group has changed the

perspective of many biologists, as opposition to nuclear reprogramming based on
belief in terminal locking of cell fate has begun to crumble. Yet, many questions
remain. Which cell type can be converted into which? What does it take to con-
vert one given cell type into another? These issues are now reshaping experimental
approaches. Armed with such techniques as massive parallel sequencing to assess
gene methylation status, histone modifications, and global patterns of active/inactive
promoter configurations, we may expect to gain new insights into cellular repro-
gramming. It is quite likely that the hunt for a cell-based cure for diabetes will
continue to provide significant milestones on the road to other regenerative medicine
applications.
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Chapter 11
Functional Tissue Reconstruction
with the Use of Biologic Scaffolds

Stephen F. Badylak, Jennifer B. Ogilvie, and Thomas W. Gilbert

Abstract Biologic scaffold materials derived from the extracellular matrix (ECM)
of intact mammalian tissues are recognized as possessing constructive remodeling
properties and have been used successfully in a variety of tissue engineering and
regenerative medicine applications in both preclinical studies and clinical practice.
This chapter provides an overview of the composition and structure of selected ECM
scaffold materials, the effects of manufacturing methods upon the structural prop-
erties and resulting mechanical behavior of the scaffold materials, and the in-vivo
degradation and remodeling of ECM scaffolds. Finally, the potential application of
ECM scaffold materials to regeneration of endocrine tissues is discussed.

11.1 Introduction

Biologic scaffold materials, including those composed of extracellular matrix
(ECM), have been used successfully to promote the constructive remodeling of
many tissue types, including musculotendinous tissues, lower urinary tract struc-
tures, cartilage, and skin (Badylak et al. 1995, Brown et al. 2002, Butler et al.
2005, Catena et al. 2005, Chen et al. 1999, Dejardin et al. 2001, Huber et al. 2003b,
Kropp et al. 1996). There are currently more than 60 commercially available prod-
ucts composed of ECM harvested from such species as pig, cow, horse, and human.
These products are derived from tissues as diverse as small intestine, urinary blad-
der, dermis, and pericardium. The methods for tissue decellularization, processing,
and sterilization have been well-studied, and the host response to allogeneic and
xenogeneic sources of these materials is the subject of investigation in many labo-
ratories (Badylak et al. 2008, Brown et al. 2009, Derwin et al. 2006, Gilbert et al.
2006, Valentin et al. 2006, Xu et al. 2008).
The mechanisms by which ECM scaffolds facilitate the restoration of functional

tissue is not completely understood, but they include the recruitment of endogenous
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stem and progenitor cells to the site of remodeling (Badylak et al. 2001b, Beattie
et al. 2008, Reing et al. 2009, Zantop et al. 2006), the promotion of tissue devel-
opment processes by macrophages and other cells involved in the host immune
response (Badylak et al. 2008, Brown et al. 2009), and the provision of an inductive
microenvironmental niche by the inherent three-dimensional (3-D) structure and
surface ligand landscape (Brown et al. 2006, Sellaro et al. 2007). Intuitive to the
concept of site-appropriate tissue creation are the processes of cell differentiation,
proliferation, and spatial organization.
Although considerable resources have been devoted to the reconstruction of

nonendocrine tissues, very little attention has been focused on the endocrine tissues.
Most endocrine organs have exceedingly small amounts of ECM, and relatively
little is understood about the microenvironmental factors that favor and promote
endocrine tissue development. Endocrine organs are typically characterized by a
sinusoidal blood supply that affords intimate physical association between the cir-
culation and the resident cell populations. This fact is very important in regenerative
medicine approaches aimed at restoring endocrine tissue function, since it implies
that fibrosis, inflammation, or use of a scaffold material with poor diffusion charac-
teristics will be detrimental to success. This chapter briefly reviews the composition
of biologic scaffold materials, scaffold structure, processing of scaffold materials,
and the mechanisms by which such scaffold materials contribute to functional tissue
regeneration.

11.2 Composition of Biologic Scaffold Materials

ECM scaffolds consist of the structural and functional molecules secreted by the
resident cells of each tissue and organ from which they are prepared. Therefore,
the specific composition and distribution of the ECM constituents varies depend-
ing on the tissue source. Endocrine tissue-derived ECM is distinct from all other
ECM in both composition and 3-D ultrastructure. The ECM scaffold derived from
porcine small-intestinal submucosa (SIS-ECM) is the biologic scaffold material
that has been characterized most extensively and it is often cited as a prototypi-
cal ECM scaffold. By dry weight, SIS-ECM scaffold is composed of more than
90% collagen. The large majority of the collagen is type I, with minor amounts of
collagen types III, IV, V, and VI also present (Badylak et al. 1995). Urinary blad-
der matrix (UBM-ECM) contains the same collagen types as SIS-ECM, with larger
amounts of type III collagen being present, as well as collagen type VII. Type VII
collagen is an important component of the epithelial basement membrane that dis-
tinguishes this particular ECM scaffold from most other ECM scaffold materials
(Brown et al. 2006).
All ECM scaffold materials contain a variety of glycosaminoglycans (GAG),

including heparin, heparin sulfate, chondroitin sulfate, and hyaluronic acid, in their
preprocessed, native state (Hodde et al. 1996). The amount of GAGs remaining in a
tissue after decellularization depends greatly on the method of decellularization; for
example, the ionic detergents often used in the decellularization process can remove
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GAGs from the ECM (Gilbert et al. 2006). ECM scaffolds have been shown to con-
tain adhesion molecules such as fibronectin and laminin (Brown et al. 2006, Hodde
et al. 2002), the proteoglycan decorin, and the glycoproteins biglycan and entactin.
Decorin is a prominent component of pancreatic islet ECM (unpublished data).
Various growth factors are also present in most ECM scaffold materials, includ-
ing transforming growth factor-β (TGFβ) (McDevitt et al. 2003, Voytik-Harbin
et al. 1997), basic-fibroblast growth factor (b-FGF) (Hodde et al. 2005, Voytik-
Harbin et al. 1997), and vascular endothelial growth factor (VEGF) (Hodde et al.
2001). Several of these growth factors have been shown to retain their bioactivity
even after terminal sterilization and long-term storage (Hodde et al. 2005, McDevitt
et al. 2003).
In summary, ECM biologic scaffolds have a complex composition with a variety

of diverse molecules that are perfectly suited to support the cellular processes neces-
sary for optimal function of the tissue and organ from which they are harvested. The
ability of ECM harvested from one tissue to function as a biologic scaffold mate-
rial for the same or different tissue may vary. ECM scaffold for endocrine tissue
restoration would likely have to be exceedingly thin to support nutrient and secreted
hormone exchange between the cells and the circulation.

11.3 Structure of ECM Biologic Scaffold Materials

The ultrastructure and 3-D architecture of ECM scaffolds can be largely preserved
through the processing steps required for decellularization of the tissue if care is
taken to avoid harsh detergents (Brown et al. 2006, Gilbert et al. 2008, Sacks and
Gloeckner 1999). There is morphologic evidence that scaffolds composed of ECM
from specific organs retain defining structures, such as the basement membrane
of the urinary bladder in UBM and the stratum compactum of the small intestine
(Brown et al. 2006). Microscopic and ultrastructural features of the matrix play
important roles in modulating the behavior of cells that contact the scaffold by
controlling the cell’s ability to migrate into the scaffold (Brown et al. 2006) or by
influencing tissue-specific cell phenotype (Gong et al. 2008, Sellaro et al. 2007). For
example, an intact basement membrane can largely prevent in-vitro cell penetration
into the underlying matrix and foster the formation of confluent cell populations
that cover the surface (Brown et al. 2006). Alternatively, an irregular fibrous surface
architecture can facilitate penetration of selected cell types into the midsubstance
of the ECM scaffold (Brown et al. 2006). Endocrine ECM architecture shows an
expected honeycomb-like appearance that may also allow rapid cellular infiltration
(Fig. 11.1). The ECM can dramatically affect the differentiation pathway of human
embryonic stem cells (hESC) and selected progenitor cell populations (Gong et al.
2008, Hosokawa et al. 2007, Hosokawa et al. 2008).
The collagen fiber architecture of an ECM scaffold plays a critical role in deter-

mining its biomechanical behavior. The alignment and organization of collagen
fibers are dependent on the function of the source tissue from which the ECM is
derived. For example, the collagen fibers within a ligament or tendon are highly
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Fig. 11.1 Decellularized porcine adrenal ECM shows complete absence of cell nuclei.
(a) Hematoxylin and eosin (H&E) staining, 20X. (b) diamidinophenylindole (DAPI) staining, 20X.
(c and d) Scanning electron micrographs. Bar=10 μm

aligned in the long axis of the tissue to provide the greatest resistance to strain in a
load-bearing application. Thus, the use of ECM derived from tendons and ligaments
is a logical choice for repair of structures such as the anterior cruciate ligament
(Cartmell and Dunn 2004, Harrison and Gratzer 2005, Woods and Gratzer 2005).
Similarly, the collagen fiber architecture of endocrine organs is arranged in a pat-
tern ideally suited for the functions of supporting clusters of endocrine cells and
providing a delicate scaffold for the typically rich network of vascular sinusoids.

11.4 Preparation of ECM Scaffolds and Its Effects upon
Structure and Function

The preparation of ECM scaffold material from the intact parent tissue requires
several processing steps that can markedly affect the structure, host response to the
material, and efficacy as a template for replacement tissue. The native tissue from
which an ECM scaffold is prepared must be mechanically or physically separated
from unwanted tissue structures, decellularized, often disinfected and dehydrated or
lyophilized, and terminally sterilized. Each of these processing steps can alter the
integrity and architecture of the matrix, as described above, which in turn influences
the functional properties of the ECM.
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11.4.1 Decellularization

The effective and complete removal of antigenic epitopes associated with cell mem-
branes and intracellular components of tissues and organs is necessary to minimize
or avoid an adverse immunologic response by allogeneic and xenogeneic recipients
to the ECM scaffold material. The tissues and organs from which the ECM is har-
vested, species of origin, and decellularization and sterilization methods can vary
widely. The molecules that constitute the extracellular matrix are typically highly
conserved across species lines and are tolerated well even by xenogeneic recipients
(Bernard 1983a, Bernard 1983b, Constantinou and Jimenez 1991, Exposito et al.
1992). Certain antigens, such as the galactosyl alpha 1,3 galactose (gal-epitope),
have been shown to be present in porcine ECM but fail to activate complement or
bind IgM antibody, presumably because of the small amount and widely scattered
distribution of antigen (McPherson et al. 2000, Raeder et al. 2002).
The ultimate goal of any decellularization protocol is the removal of all cellular

material without adversely affecting the 3-D ultrastructure, composition, mechan-
ical integrity, and eventual biologic activity of the remaining ECM. Commonly
used methods of decellularization include a combination of physical and chemical
treatments, such as sonication, agitation, and freezing and thawing. These methods
disrupt cell membranes, release cell contents, and facilitate the subsequent rinsing
and removal of cell remnants from the ECM. Most decellularization methods are
insufficient to achieve complete decellularization, as most if not all ECM scaffold
materials retain some DNA (Derwin et al. 2006, Gilbert et al. 2009).
Although it seems logical that the decellularization process will by definition

affect the structure and composition of the ECM, the intent of the process is the
preservation of as much as possible of the native mechanical properties and bio-
logic properties of the original ECM. The delicate ECMs of endocrine tissues, such
as pancreatic islets, thyroid, and adrenal glands, are easily disrupted by such meth-
ods and require special care during preparation. Some detergents used to facilitate
decellularization have been shown to disrupt collagen of certain tissues, thereby
decreasing the mechanical strength of the tissue, whereas the same detergent may
have no effect on the collagen in another tissue (Cartmell and Dunn 2004, Woods
and Gratzer 2005). Studies have shown that removal of GAGs from the scaffold
can have a negative effect on the viscoelastic behavior of the scaffold, which is
not surprising since water retention is one of the major functional characteristics
of GAGs within a tissue (Lovekamp et al. 2006). Therefore, the decellularization
method requires optimization for each tissue to remove cellular material without
compromising the tissue’s mechanical properties.

11.4.2 Hydration

Very few biologic scaffold materials maintain a hydrated state throughout the decel-
lularization and sterilization process. Avoiding water loss from the ECM can prevent
changes in the tissue architecture, such as collapse of the collagen fibers upon
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each other, and prevent the formation of physical bonds between ECM molecules.
ECM biologic scaffolds that retain their hydrated state throughout the decellu-
larization and sterilization process tend to support cellular attachment and cell
infiltration in vitro better than scaffolds that are subjected to a dehydration step fol-
lowed by rehydration (Freytes et al. 2008c). A major disadvantage of the hydrated
materials, however, is the continuous leaching of soluble growth factors (such as
VEGF and b-FGF) from the material during packaging and shelf life. The effect
of these processing steps upon endocrine ECM scaffolds has not been examined
systematically.

11.4.3 Dehydration

Biologic scaffolds are often dehydrated by lyophilization (freeze drying) or by vac-
uum pressing prior to terminal sterilization. Dehydration tends to make the scaffolds
easier to handle, limits loss of growth factors during storage, and extends the shelf
life of these materials. Lyophilization, which involves the removal of water from
the material by sublimation at low temperatures and pressures, is commonly used
to preserve biologic graft tissues such as bone (Burchardt et al. 1978, Cornu et al.
2000, Jackson et al. 1988) and tendon (Smith et al. 1996, Toritsuka et al. 1997)
and commercially available biologic scaffold materials, such as Bard R© Dermal
Allografts (Bard, Inc.), MatriStemTM (Acell, Inc.), and OasisTM (Cook Biotech,
Inc.). Although it has many benefits, lyophilization alters collagen fiber morphol-
ogy, affects the growth of cells upon the material in vitro (Freytes et al. 2008b), and
can result in a more compacted fiber morphology, which decreases the ability of the
material to rehydrate at the time of use (Curtil et al. 1997, Hafeez et al. 2005).
An alternative method for dehydration of ECM scaffolds is vacuum press-

ing, a process that allows for the lamination of multiple sheets of ECM,
which is used to increase strength and/or design in specific mechanical behav-
ior based upon knowledge of the collagen fiber architecture. Lamination via
vacuum pressing of ECM scaffolds also reduces the extensibility and changes
the ultrastructural morphology of the final product (Freytes et al. 2004, Freytes
et al. 2005).
Although constructive remodeling has been observed with the use of hydrated,

lyophilized, and multilaminated forms of ECM scaffolds when used in vivo for tis-
sue reconstruction (Badylak et al. 2001a, Badylak et al. 2002, Bertone et al. 2008,
Gilbert et al. 2007, Huber et al. 2003a, Ringel et al. 2006, Zantop et al. 2006),
ultrastructural changes that occur as a result of dehydration can affect cell attach-
ment, cellular infiltration, and the in-vivo degradation rate (Freytes et al. 2008c).
The optimal configuration and method of processing of an ECM scaffold should be
determined for each clinical application. The small size and delicate fiber architec-
ture of most endocrine organs, including pancreatic islets, suggests that hydrated
forms of the endocrine ECM may be more desirable than dehydrated or lyophilized
forms.



11 Functional Tissue Reconstruction with the Use of Biologic Scaffolds 229

11.4.4 Powdered ECM Scaffolds

Lyophilized sheets of ECM can be comminuted (powdered) into an ECM powder
or particulate form (Gilbert et al. 2005). A particle form increases the surface area
of the scaffold material and allows for the delivery of the ECM as a suspension or
emulsion via minimally-invasive techniques (e.g., catheter-based injection) to the
site of interest. The particles present in comminuted ECM retain the ultrastructural
3-D surface characteristics of the parent ECM sheet. Particle sizes ranging from 50
to 200 μm in diameter can be reproducibly manufactured, and suspensions made
from a comminuted form of lyophilized UBM have been used successfully as a
treatment for urinary incontinence in preclinical studies (Wood et al. 2005).
Carriers such as glycerin are typically required to increase the viscosity of a

suspension of particles intended for clinical use. Acellular human dermal matrix
has been investigated as a micronized form for injection into laryngeal tissue (Lundy
et al. 2003). Powdered forms of ECM scaffolds can also be used for topical delivery
or can be combined with synthetic polymers to create hybrid scaffolds. Use of a
particulate form of such scaffold materials for pancreatic islet augmentation is an
attractive option because of the large surface area, rapid degradation and release of
bioactive molecules, and minimally-invasive delivery methods.

11.4.5 Gelation of ECM Scaffolds

A liquid or gel form of ECM can further expand the clinical utility of an ECM
scaffold. A gel form can be delivered to a site of interest in its pregel liquid state
more readily than a suspension of particles. The solubilized matrix, with or without
cells (e.g., pancreatic islets), can be delivered by catheter or needle-based surgical
techniques to almost any anatomic site. The rheological properties of the gel can be
designed to be similar to those of the tissue that is being repaired. Ideally the gel-
processing methods would minimize or avoid purification steps that could remove
or destroy the active growth factors and low-molecular-weight peptides present in
the native ECM, and the gel form would retain the native bioactivity of the parent
ECM scaffold. A gel form of ECMmaterials has proven to be possible in preclinical
studies (Brightman et al. 2000).
A preparation of a gel derived from the urinary bladder ECM has been described.

UBM powder was enzymatically (i.e., pepsin) digested at low pH, resulting in a
viscous solution. This solution was able to self-assemble into a gel by raising the
temperature, ionic strength, and pH to physiologic levels (Freytes et al. 2008a).
Although the buffered pepsin digest is kept at a low temperature (4◦C), the solu-
tion behaves as a liquid after the temperature is raised to 37◦C and assumes a gel
form within approximately 12 min. Gel forms of many ECM scaffold materials
have been shown to support in-vitro cell growth of several cell types, includ-
ing myoblasts, cardiomyocytes, and smooth muscle and endothelial cells (Freytes
et al. 2008a).



230 S.F. Badylak et al.

11.5 Bioactive Properties of ECM Scaffolds

ECM biologic scaffolds have been shown to markedly affect cell proliferation, cell
migration, cell differentiation, and angiogenesis. Such biologic activities are typ-
ically caused by cell signaling mechanisms that involve soluble molecules. ECM
scaffolds have been shown to be rich in growth factors (Hodde et al. 2001, Voytik-
Harbin et al. 1997) and bifunctional molecules, such as fibronectin (Hodde et al.
2002). Recently, degradation products of the parent ECM molecules have been
shown to have significant biologic activity themselves (Brennan et al. 2006, Li et al.
2004, Reing et al. 2009, Sarikaya et al. 2002), especially chemotactic properties for
stem and progenitor cells.
Stated differently, significant functional activity has been associated with the

degradation of the native scaffold structure and release of the inherent bioactive
constituents. Unlike the mechanical and structural properties that are dependent
upon an intact 3-D structure, the biologic activities are in large part dependent
upon just the opposite; that is, degradation of the intact 3-D structure. This con-
cept has significant biologic implications since it presumes that associated cells
(e.g., pancreatic islet cells) develop a new matrix structure during in-vivo remod-
eling. Thus, the site of implantation and the associated microenvironmental niche
will likely play a large role in the extent of cell survival, proliferation, and
homeostasis.
Inhibition of biologic scaffold degradation by processing methods, such as chem-

ical cross-linking, markedly alters the functional characteristics of the scaffold and
the host tissue response to the biologic material. In contrast, degradable biologic
scaffolds may be considered as temporary niches, temporary structural templates,
and even as controlled release devices for a variety of functional molecules.
The concept of functionality as a result of scaffold degradation by necessity

implies that mechanical and structural properties are in a dynamic state. Accurate
predictions of the biologic functionality will depend upon an understanding of the
rate of scaffold degradation, the composition of the material from which the biologic
scaffolds are constructed, and the nature of degradation products and their local and
systemic distribution following in-vivo placement.

11.6 Culture and Transplantation of Pancreatic
Islet Cells on ECMs

Pancreatic islet transplantation can restore normoglycemia to diabetic patients; how-
ever, fewer than 15% are insulin-independent at 2 years (Shapiro et al. 2006) and
only 10% remain insulin-independent at 5 years (Leitao et al. 2008). Large numbers
of islets (>10,000/kg recipient body weight) are needed to restore islet function in
humans, requiring up to four pancreas donors per recipient. Moreover, islet trans-
plantation is limited by the need for lifelong systemic immunosuppression to prevent
recipient rejection of transplanted islets.
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One barrier to successful islet transplantation is the loss of viable islets
after isolation (Fraga et al. 1998). Mechanisms contributing to the difficulty of
maintaining islets in culture include apoptosis and anoikis, the MEKK1 caspase-
induced death after cells are separated from their ECM and anchoring integrins
(Cardone et al. 1997, Lucas-Clerc et al. 1993, Thomas et al. 1999). Up to 60%
of islets are lost in the first 14 days after transplantation (Barshes et al. 2004).
Contributing mechanisms include enzymatic damage during isolation, ischemia, and
hyperglycemic-induced systemic inflammation (Biarnes et al. 2002). A microen-
vironmental niche, such as might be provided by a biologic scaffold material,
can potentially increase the cell survival rate and even affect subsequent mitotic
activity.
Islets transplanted into the liver via injection into the portal vein are subjected

to an intrahepatic inflammatory response (Bottino et al. 1998, Yang et al. 2005).
Inflammatory cytokines, such as interleukin-1β, nitric oxide, interferon-γ, and
tumor necrosis factor-α, appear to be mediators of islet dysfunction. Furthermore,
islets are typically transplanted into a heterotopic location that may have deleterious
effects on their engraftment (Mahmoud et al. 1998). Islets transplanted into the liver
suffer from ischemia owing to low intrahepatic oxygen concentrations and delayed
revascularization (Lau et al. 2006).
To explore whether transplanted islet function might be improved by providing

a scaffold material, Dufour et al. transplanted allogeneic islets on biodegradable
poly(glycolide-L-lactide) scaffolds into the epididymal fat pad of diabetic BALB/c
mice (Dufour et al. 2005). The study showed that long-term islet survival on
transplanted biodegradable scaffolds was comparable to that of islets transplanted
under the kidney capsule, with all animals achieving long-term normoglycemia
within 3 days. Animals with islets transplanted into the epididymal fat pad with-
out biodegradable scaffolds had decreased long-term survival, and survivors were
found to have delayed development of normoglycemia.
Another strategy to improve the efficacy of islet transplantation involves encap-

sulation of islets within an immune-protective biomaterial (Kizilel et al. 2005). The
biomaterial acts as a selective membrane, allowing diffusion of insulin to regulate
blood glucose, but limiting contact between the transplanted islets and the recip-
ient’s immune system. Biomaterials that have been used for islet encapsulation
include alginate, both with and without poly(ethylene glycol) (PEG) or poly-L-
lysine (PLL); PLL with poly-L-ornithine (PLO); hydroxy-methylated polysulfone
(PS); dimethyaminoethyl methacrylate copolymer; and poly(vinyl alcohol) (Beck
et al. 2007; see Chapter 12).
Encapsulated islets have been implanted in both macrocapsules containing

large numbers of islets and microcapsules of single islets (Cruise et al. 1999).
Unfortunately, many of the same factors that limit the success of transplanted
islets—including ischemia and inflammation at the implantation site—also limit
the survival of encapsulated islets (van Schilfgaarde and de Vos 1999). Moreover,
if the encapsulating biomaterial is not biocompatible, protein adsorption, capsule
fibrosis, and subsequent islet necrosis occurs (King et al. 2003). Encapsulated islets
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are also damaged by activated macrophage production of the small-molecule nitric
oxide, which can diffuse through most biomaterials (de Groot et al. 2003, Wiegand
et al. 1993).
Cell sheet engineering is another technique that uses multiple layers of cultured

cells to encapsulate transplanted cells. Lee et al. used sheets of dog auricular chon-
drocytes to encapsulate islets in long-term culture up to 3 months. Insulin secretion
was maintained, and islets remained viable throughout the culture period (Lee et al.
2008). Another group had previously demonstrated persistent insulin release after
30 days in culture from islets encapsulated with chondrocytes on polyglycolic acid
(PGA) polymers (Pollok et al. 1999).
There is evidence that pancreatic islet viability and function are enhanced by con-

tact with ECM components. Isolated rat islets cultured in collagen gel demonstrate
increased glucose-stimulated insulin secretion (Nagata et al. 2001). Islets cultured
in laminin-rich ECM have also shown increased glucose-stimulated insulin secre-
tion and overall survival. This effect appears to be mediated by laminin-5 activation
of α6β1 integrins (Bosco et al. 2000).
Lakey et al. reported that canine islets cultured for 48 h on SIS-ECM manifested

improved recovery and significantly higher glucose-stimulated insulin secretion
than islets cultured under standard conditions (Lakey et al. 2001). Woods et al.
showed that islet recovery and function after cryopreservation was improved when
islets were cultured on SIS-ECM (Woods et al. 2004b). Another study by the same
group showed that islet function was significantly increased and morphology was
preserved when islets were grown on SIS-ECM, compared to standard islet culture
on Biopore membranes (Woods et al. 2004a).
In an attempt to improve pancreatic islet recovery, viability, and function over

long-term culture in vitro, Tian et al. cultured isolated rat islets on sheets of porcine
SIS-ECM for up to 2 weeks (Tian et al. 2005, Xiaohui et al. 2006). Purified
rat islets were cultured in plates with and without multilayer porcine SIS-ECM.
Recovered islets were quantified using dithizone staining after 7 and 14 days in cul-
ture. Apoptosis was assessed with ELISA for mono- and oligonucleosomes. Islet
function was assessed with a static glucose challenge test. Islet recovery was 29%
and 49% higher than in controls on SIS at 7 and 14 days, respectively, with 91%
overall recovery after 14 days of culture. Apoptosis in the SIS-ECM group was less
than half that of controls. The insulin stimulation index was also significantly higher
in islets cultured with SIS-ECM than in controls.

11.7 Lessons from Adrenocortical Cells Grown on Native
Adrenal ECM

Experience gained from culture of adrenocortical cells on native adrenal ECM may
help develop similar approaches for islet cells. Normal adrenal gland function is
essential for survival. Adrenal insufficiency is most commonly caused by autoim-
mune disease, hemorrhagic infarction, infection, congenital hypoplasia, or bilateral
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adrenalectomy for adrenal tumors. Adrenal insufficiency requires lifelong admin-
istration of exogenous hormones and is associated with increased morbidity that
is often not recognized, as well as increased mortality. Adrenal gland tumors are
discovered only incidentally in up to 5% of abdominal imaging studies. Adrenal
tumors may produce an excess of hormones, resulting in Cushing’s disease, caus-
ing diabetes and additional associated comorbidities; pheochromocytoma, causing
life-threatening blood pressure instability; or aldosterone hypersecretion, causing
refractory hypertension. The rare but malignant adrenocortical carcinoma victim
has a mean survival of less than 6 months from the time of diagnosis, and there are
no effective adjuvant treatments.
Previous studies have shown that transplanted normal adrenocortical cells can

survive in vivo and replace adrenal function in animals that have undergone bilateral
adrenalectomy (Dunn et al. 2004, Thomas et al. 2000). Adrenal autotransplants are
typically able to regenerate within 8 weeks, suggesting the presence of intraadrenal
progenitor cells (Geiringer 1954, Ingle and Higgins 1938, Wyman and Tum Suden
1932). As little as 25% of one adrenal gland (12.5% total adrenal volume) is required
to preserve normal basal corticosterone secretion in rats (Okamoto et al. 1992). SF1
has been identified as a key factor in steroidogenic cell differentiation (Dunn et al.
2004), and mesenchymal stem cells transfected with SF1 have been demonstrated
to synthesize adrenal glucocorticoids (Yanase et al. 2006, Yazawa et al. 2006). An
undifferentiated zone has been identified in the rat adrenal cortex as a proposed site
of adrenal stem cells, with cells that express SF1 but lack terminal corticosteroid
synthesizing enzymes (Yanase et al. 2006).
ECM promotes growth and differentiation of adrenocortical cells grown in cul-

ture (Ill and Gospodarowicz 1982). The laminin-rich ECM Matrigel enhances
induction of steroid hydroxylase enzymes in cultured adrenocortical cells (Cheng
and Hornsby 1992) and promotes a differentiated aldosterone-producing adreno-
cortical cell phenotype (Spinazzi et al. 2006). Adrenocortical cells grown in
collagen gel demonstrate enhanced production of aldosterone compared to
routine culture (Fujiyama et al. 1993). Bovine adrenocortical cells injected
intradermally with FGF-secreting 3T3 cells in soluble collagen can replace
adrenocortical function in adrenalectomized immunodeficient mice (Zhang and
Hornsby 2002).
To determine whether organ-specific decellularized adrenal ECM could support

adrenocortical cells in vitro, primary porcine adrenocortical cells were isolated and
seeded onto decellularized adrenal ECM (Ogilvie et al. 2006). Adrenocortical cells
attached well to the ECM bioscaffold, with good ingrowth of cells into the interior
of the scaffold (Fig. 11.2). After 8 days in culture, adrenocortical cells on ECM scaf-
folds demonstrated inducible, adrenocorticotrophic hormone (ACTH)-stimulated
cortisol levels by chemiluminescent immunoassay (Jiang et al. 2007) (Fig. 11.2).
These results with adrenocortical cells seeded on adrenal ECM, as well as previ-
ous studies that showed maintenance of sinusoidal endothelial cell phenoptype after
seeding on liver ECM (Sellaro et al. 2007), suggest that decellularized pancreatic
ECM may serve as an optimal choice for maintenance of islets both in vitro and
in vivo.
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Fig. 11.2 Primary porcine adrenocortical cells on decellularized ECM scaffolds after 8 days
in vitro. (a) H&E staining, 20X. (b) DAPI staining, 20X. (c) Porcine adrenocortical cells on ECM
scaffolds show normal cortisol production 24 and 48 h following ACTH stimulation (100 mU/ml
every 24 h)

11.8 Summary

Mammalian ECM represents an excellent scaffold material suitable for many ther-
apeutic applications, including cell transplantation. The biologic signals that allow
ECM scaffolds to promote constructive remodeling are likely the same character-
istics that have evolved to promote tissue homeostasis and tissue repair following
injury. The successful utilization of mammalian ECM as a component in a ther-
apeutic device for endocrine tissue replacement will depend in large part upon
our ability to understand and take advantage of the native structure–function rela-
tionships of biologic scaffold materials, particularly ECM scaffolds derived from
endocrine tissues.
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Chapter 12
Immunoisolation in Cell Transplantation

Riccardo Calafiore and Giuseppe Basta

Abstract Cell therapy represents an increasingly promising approach for the cure
of many chronic and degenerative disorders, such as type 1 (insulin-dependent) dia-
betes mellitus and Parkinson’s disease. Replacement of diseased cells with healthy
and functional cells could allow repair and restoration of organ function. This is
particularly relevant for organs that execute highly-complex physiological tasks,
such as the endocrine pancreas, which maintains glucose homeostasis. However, cell
therapy based on the use of allogeneic primary adult cells or progenitor/stem cells
faces several fundamental problems. In addition to the need to overcome allograft
rejection, optimal function of the transplanted cells may be achieved only if they
are embedded in a surrogate extracellular matrix that creates a three-dimensional
tissue structure mimicking that of the normal tissue. Cell microencapsulation
in artificial membranes made of highly-purified and biocompatible biopolymers
can provide immunoprotection and preserve cell viability by allowing passage of
oxygen and nutrients across the membrane and blocking humoral or cellular com-
ponents of the host immune system. The microencapsulated cells are embedded
in a three-dimensional configuration that mimics their original site and enhances
their function. This chapter reviews the latest advances and applications of this
technology, as well as its future prospects.

12.1 Encapsulation of Live Cells/Tissue: Definition,
Scope, and Applications

Encapsulation of live cells involves embedding of cell clusters in a matrix and
coating it with a membrane made of natural or artificial polymers (Orive et al.
2003; Murua et al. 2008). The membrane constitutes a physical barrier between
the encapsulated cells and the surrounding environment, while the matrix pro-
vides support and enhances cell function (Colton 1995). The membrane must be
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biocompatible and selectively permeable to maintain the survival and function of
the encapsulated cells.
The concept of live cell encapsulation is closely linked to the broader field of

tissue engineering. Researchers in this field try to develop biological substitutes for
restoration, maintenance, or improvement of tissue function, based on an interdisci-
plinary approach that combines material engineering and molecular and cell biology
(Nair and Laurencin 2007).
Encapsulation of live cells within artificial membranes generates biohy-

brid organs, in which specific cell types preserve their physiological com-
petence and may or may not interact with other cell types within a pro-
tected environment. In principle, every organ that can be dissociated into sin-
gle cells or cell clusters without loss of its original function can provide
the biological component of a biohybrid artificial organ. However, preser-
vation of cell survival and function in an environment that differs signifi-
cantly from the cell’s normal milieu remains a difficult task. Moreover, only
a few selected materials are suitable for creating a tissue–material interface
that is biologically benign for both the encapsulated cells and the surrounding
milieu.
Several materials have been employed during the past decades to generate

membranes for both large-size macroencapsulation devices and microcapsules.
Macrodevices, either implanted subcutaneously or surgically connected to blood
vessels, have been shown to provide poor cell access to oxygen and nutrients, and
today are of only historical value. Current attention is focused on microcapsules
because of their superior metabolite exchange properties. Technical advances have
enabled the generation of progressively smaller capsules, which provide improved
cell access to oxygen and nutrients.
The rapid expansion of cell therapy approaches based on the use of primary cells,

cells differentiated from stem cells, or engineered cell lines has created increased
demand and opportunities for application of cell encapsulation. Cell replacement
therapy could advantageously be applied to restoration of cell/tissue function that
has been severely and irreversibly damaged, for instance, in type 1 diabetes mellitus
(T1DM) (de Vos et al. 2006), Parkinson’s and Alzheimer’s diseases, and many other
chronic degenerative disorders (Emerich et al. 2006; Yasuhara and Date 2007). Most
of the experience in transplantation of encapsulated cells has been acquired in stud-
ies of grafts of encapsulated islets or insulin-producing cells in animal models of
diabetes. In the case of T1DM, which is caused by specific autoimmune destruction
of pancreatic islet β cells, cell encapsulation is required to provide protection from
both allograft rejection and recurring autoimmunity. Experience accumulated in pre-
clinical and pilot clinical trials with encapsulated islet grafts in diabetic recipients
led to the coining of a new term, the “biohybrid artificial pancreas,” for encapsu-
lated pancreatic islet/insulin-producing cell therapy systems (Calafiore et al. 2006;
de Vos et al. 2006; Calafiore and Basta 2007).
Another potential application of encapsulated cells is in local delivery of

drugs/biological products in several areas of experimental and clinical medicine.
The prospects and limitations of these new strategies are discussed in detail below.
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12.2 Biomaterials for Microencapsulation

Advances in chemistry and physical chemistry have steadily fostered development
of a wide range of novel polymers for cell encapsulation. Success of polymer-based
systems largely depends upon the ability to custom-design or modify existing mate-
rials for improving membrane biocompatibility, porosity, permeability, filtration,
and degradation/stability over time, as well as nominal molecular-weight cut-off
(MWCO). Both macrodevices and microcapsules have been employed for creating
immunobarrier capsules.

12.2.1 Macrodevices

Over the years cell grafting in diabetes models has employed most of the various
macroencapsulation devices available for in-vivo use. In principle, these devices
were either vascular chambers surgically connected to blood vessels (Petruzzo et al.
1991) or diffusion chambers in several configurations (hollow fiber, planar, spher-
ical, etc.), positioned either subcutaneously or intraperitoneally (Lacy et al. 1991;
Lanze et al. 1993) and they relied on passive exchange/diffusion of oxygen and
nutrients.
A wide range of materials has been employed for the manufacture of macrode-

vices for islet graft immunoprotection (Fig. 12.1). Some of them are still in use,
such as polyacrylonitrile-polyvinyl chloride (PAN-PVC), whereas the use of others
has been progressively discontinued.
Hollow fibers have been employed for subcutaneous (Lanza et al. 1992) and

intraperitoneal (de Vos et al. 1997) islet grafts. The fibers were composed of a
selectively permeable membrane with a nominal MWCO < 100 kD, which allowed
passage of metabolites that were indispensable for survival and function of the
encapsulated islets, while preventing access of immune cells or antibodies. The
membranes were considered sufficiently biocompatible to circumvent foreign-body
tissue reactivity. Although successful in a few rodent experiments, these devices
have never been convincingly shown to correct diabetes in larger mammals. They
were easy to implant and retrieve, but in the majority of cases their surface/volume
ratio resulted in insufficient nutrient supply, leading to cell necrosis in the core of
the device.
Moreover, nutrient supply depends on graft site: subcutaneous tissue and peri-

toneal cavity are known to be associated with relatively low oxygen tension.
However, the large size of the macrodevices limited site selection, a problem that
was more severe in large animals, compared to rodents. It was evident that only
islets embedded within a gel matrix (usually, but not limited to, alginate) survived,
whereas loose islets died fast. Unfortunately, loading density into gel matrices
was quite low. Although a relatively short hollow fiber contains enough islets for
glycemia correction in rodents (Maki et al. 1996), large animals require exceedingly
large devices for achieving comparable metabolic effects. Likely, similar restrictions
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Fig. 12.1 Types of immunoisolation devices for islet transplantation. (a) Vascular cham-
ber containing matrix-embedded islets (Maki et al. 1996). (b) Vascular prosthesis containing
islets encapsulated in alginate/poly-L-ornithine (Calafiore 1992). (c) Hollow fiber containing
matrix-embedded islets (Lacy et al. 1991; Lanza et al. 1999). (d) Laminar alginate thin sheet
containing monolayered islets (Hanuman Medical). (e) Alginate-based microcapsules of different
sizes: conventional size microcapsules (CSM), medium-size microcapsules (MSM), and conformal
microcapsules (CM) (Sefton et al.1993; Soon-Shiong et al. 1994; Calafiore et al. 1996; Sun et al.
1996; Weber et al. 1999)

would limit their use in humans. Prevascularization of the device prior to islet seed-
ing resulted in interesting preliminary results in rodents (de Vos et al. 1997), but it
is not clear whether these findings would apply to larger mammals.
As an alternative to prevascularized membranes, an arterio-vein (A-V) vascu-

lar prosthesis was proposed for improving nutrient supply to cells in macrodevices.
The first vascular chambers were equipped with selective membranes in which islet
grafts were encapsulated for immunoprotection. In subsequent devices microencap-
sulated islets were placed in the vascular chamber in an attempt to combine the
improved nutrient supply with the immunoprotection provided by the microcap-
sules. The “vascularized” graft of microencapsulated islets generated encouraging
preliminary results in diabetic dogs (Petruzzo et al. 1991), but only a partial and tran-
sient remission of hyperglycemia was achieved in humans (Calafiore 1992). Safety
issues, such as risks of device clotting or breakage leading to thrombosis-have also
told against further development of this approach.
Overall, in evaluating the risk/benefit ratio, macrodevices may offer some advan-

tages over other strategies, including: (1) easy retrievability, owing to device size
and predictable graft site; and (2) versatile configuration, which may help optimize
oxygen/nutrient diffusion and physiological kinetics of insulin release. However, a
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number of limitations remain, including: (1) low biocompatibility, which requires a
continuous search for new materials; (2) breakage risk, which increases with device
size; and (3) involvement of relatively invasive surgical manipulations. The “flat
sheet” approach presented recently by Kin et al. (Kin et al. 2008) has generated
some renewed interest in macrodevices. This device consists of thin alginate (AG)-
salt sheets that contain islets and are sealed together. In this configuration the islets
are at a very short distance from oxygen/nutrient sources. Moreover, the sheets
are versatile in terms of grafting capability in several sites, with special regard to
those that are better vascularized. However, practical applicability of this class of
macrodevices remains a distant prospect.

12.2.2 Microcapsules

Cell microencapsulation is based on the immobilization of cells within a semiper-
meable membrane that protects the cells from both mechanical stress and the host
immune system, while allowing bidirectional diffusion of nutrients, oxygen, and
metabolic waste. The spherical shape confers microcapsules with improved rates
of metabolite exchange, thereby enhancing cell survival. Experiments in animal
models and recent pilot clinical trials have shown that the immune protection pro-
vided by microencapsulation can reduce, if not eliminate, chronic administration
of immunosuppressive agents in graft recipients, thereby eliminating severe side
effects.
Alginic acid derivatives have been historically the materials most widely

employed for generation of microcapsules, with special regard (but not limited)
to microencapsulated islet cell grafts for diabetes treatment. Alginates remain the
most important polymers for microencapsulation and are the focus of this chap-
ter, but other polymers have been studied as potential chemical candidates for
microencapsulation as well, including polyethylene glycol (PEG), chitosan, colla-
gen, hyaluronic acid and its derivatives, dextran, agarose, polylactic galactyl acid
(PLGA), and multilayer combinations of several compounds. Most of these poly-
mers have not been shown to work in routine manufacture of microcapsules for cell
encapsulation, but the combination of some of them with AG has recently been pur-
sued, for example, an AG core modified with covalently-conjugated oligopeptides
(arg, gly, asp), AG/agarose, and PEG modification of AG membranes.

12.2.2.1 Agarose

Agarose, like AG, is a gelling agent extracted from seaweeds, composed of repeating
units of alternating β-D-galactopyranosyl and 3,6-anhydro-α-L-galactopyranosyl.
Depending on the temperature, agarose forms thermally-reversible gels, with gelling
occurring at temperatures that are far below the gel fusion point (Iwata et al. 1989;
Iwata and Ikada 1999; Sakai et al. 2007). Iwata et al. developed several proce-
dures for forming agarose microcapsules for islet immunoprotection. Typically,
these authors employed 5% agarose gel solutions to formulate their capsules, with
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no adverse effects on viability of encapsulated islet cells, as assessed by in-vitro
studies. However, a potential technical problem was posed by variable amounts
of empty microspheres burdening the overall graft volume. Moreover, although
agarose microcapsules provided satisfactory immunoprotection for islet allografts
(typically allogeneic mouse islets transplanted intraperitoneally into streptozotocin-
induced diabetic mice) (Iwata and Ikada 1999), they did not protect islet allografts in
nonobese diabetic (NOD) mice, which develop spontaneous autoimmune diabetes
and are considered a more stringent immunological model. This raised doubts about
the immunobarrier competence of agarose microcapsules. Attempts were made to
coat the agarose microcapsules with outer layers composed of sulfated polyanions,
complement inhibitors (i.e., polystyrene sulfonic acid–polybrene polyion), and car-
boxymethylcellulose, the latter being added to improve the capsule biocompatibility
(Kobayashi et al. 2006). Although these improved agarose microcapsules apparently
prolonged islet xenograft survival (hamster islets into mice), there is as yet no com-
pelling evidence that complement blocking by itself is sufficient to increase survival
of encapsulated islet xenografts in immunocompetent recipients. Finally, there has
been no experience using this type of microcapsule in larger mammals.

12.2.2.2 Polyethylene Glycol

The most appealing property of PEG for generation of immunoprotective microcap-
sules is its capability to form a protein-repellent surface. Protein adhesion on the
capsule surface has been blamed as a trigger of fibrosis, which could impair the
membrane diffusion properties (Sawhney 1999). PEG has been used to coat AG-
poly-L-lysine (AG/PLL) gel microbeads (Sawhney and Hubbell 1992) or to create a
conformal coating that tightly envelops each individual islet (Sawhney et al. 1994).
The latter specifically addresses the capsular volume issue, already indicated as a
potential cause for failure of encapsulated islet grafts. However, PEG has so far
gained only limited confidence as a material for microcapsule formulation. Apart
from in-vitro and in-vivo biocompatibility studies conducted with empty PEG cap-
sules, limited data have been reported on grafting of PEG microcapsules containing
islets into diabetic recipients. Until recently manufacture of PEG microcapsules
required a laser-induced photopolymerization process, which may endanger encap-
sulated cells. However, new procedures that do not involve photopolymerization are
now available, which greatly improve the applicability of this polymer (Elbert and
Hubbell 2001). Biocompatibility of these newly-formulated membranes is currently
under scrutiny (Tessmar and Göpferich 2007).

12.2.2.3 Chitosan

Chitosan has been proposed as a material that may be coupled with alginates within
the microcapsule chemical composition (Kim et al. 1999). The properties of chi-
tosan require further investigation to assess whether this polymer, either alone
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(Baruch and Machluf 2006) or in combination with other molecules, could sub-
stantially improve microcapsule physicochemical characteristics (Marsich et al.
2008).

12.2.2.4 Hydroxyethyl-Methacrylate-Methyl-Methacrylate (HEMA-MMA)

HEMA-MMA is a polyacrylate copolymer (Sefton and Stevenson 1993) prepared
by solution polymerization following careful monomer purification. Although the
polymer is to some extent hydrophilic (25–30% water uptake), it also provides
mechanical strength, elasticity, and durability. This substance has been proven
suitable for manufacturing small-size capsules, which may represent the ultimate
answer to the graft-volume problem in islet encapsulation. A concern involved in
employing this polymer regards steps in the capsule manufacturing process that
may damage live cells, such as exposure to shearing forces and organic solvents.
However, several cell types, such as human and animal tumor cell lines and primary
rat hepatocytes and islets, have been successfully encapsulated in HEMA-MMA
with retention of viability over long periods of time. Engineered cell lines, such
as vascular endothelial growth factor-secreting cells, have also been successfully
microencapsulated in HEMA-MMA (Babensee and Sefton 2000), with improved
survival in vivo and vascularization.
The specific suitability of HEMA-MMA microcapsules for islet cell encapsula-

tion for transplantation into diabetic recipients remains undetermined and requires
further study (Vallbacka and Sefton 2007).

12.3 Alginate-Based Microcapsules

12.3.1 Alginate Production and Use

Although a variety of polymers have been proposed for microencapsulation of islet
grafts, many of them ultimately failed to provide convincing evidence of immuno-
protection. The only polymer approved for microcapsule manufacturing for use in
humans remains AG in its sodium salt (Calafiore et al. 2006).
Extracted from brown seaweeds, AG is a linear copolymer of two uronic acids:

D-mannuronic acid (M) and L-guluronic acid (G), linked by 1,4 glycosidic bonds.
The two monomers are arranged in homopolymeric blocks, M-blocks and G-blocks,
as well as in sequences containing both monomers, MG-blocks. The proportions
and sequential arrangement of the uronic acids depend on the species of algae
(Table 12.1) and the specific tissue (stem or leaf) from which AG is extracted. The
chemical composition of AG is described in terms of its fractions (FG or FM), pro-
portion of polyguluronic acids (Pgas) and polymannuronic acids (Pmas), and the
M/G ratio, and is determined by H-NMR spectral analysis.
AG has progressively gained popularity for manufacture of microcapsules for

transplantation purposes since the time of the first successful reports by Lim and
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Table 12.1 Algae sources for alginate extraction

Algae species FG (%) FM (%) Pgas Pmas M/G ratio

Macrocystis pyrifera 39 61 17.7 40.6 1.56
Laminaria digitalia 41 59 12.7 60.5 1.45
Laminaria hyperborea 69 31 18.5 61.2 0.45

Sun (Lim and Sun 1980). Unfortunately, standard parameters for encapsulation have
not been made available to all laboratories engaged in this field. In the absence
of comparable criteria, some positive data have been overwhelmed with negative
results. A major issue has been the scarcity of ultrapure AG (Dusseault et al. 2006).
Since AG was the major component of microcapsules, endotoxin- and pyrogen-free
preparations had to be produced, but this was not done by most laboratories. We
have developed a sequential filtration process for ultrapurification of “pharmaceuti-
cal grade” AG raw powder, which removes endotoxins, as determined by the limulus
amebocyte lysate test, while maintaining the physical and chemical properties of the
product.
Another issue has been storage of AG solutions: if improperly preserved, the

basic polymer could undergo acid hydrolysis with loss of physicochemical prop-
erties, with serious consequences for the manufacture of microcapsules. In our
laboratory, storage of 1.7% AG solution is performed in endotoxin-free polystyrene
bottles at 6◦C without exposure to light. Ultrapure AG is highly stable under these
conditions, as judged by viscosity, osmolarity, pH, endotoxin content, and absence
of acidic hydrolysis.
Many laboratories have been caught in disputes on whether high-M or high-

G AG derivatives are preferable for microbead formation and whether coating of
the microbeads with polyamino acids (e.g., PLL) is advantageous. Superior gelling
properties of high-G over high-M AG, coupled with lower immunogenicity of the
former, were reported by some groups (De Castro et al. 2005; Morch et al. 2007),
but were not confirmed by our laboratory or others.
Issues have been raised about the optimal size of microcapsules for transplanta-

tion (Calafiore et al. 1998; Strand et al. 2002; Sakai et al. 2006). Our experience with
AG/poly-L-ornithine (PLO) capsules of different sizes suggested that large capsules
(>800μm in diameter) should not be used because of an unfavorable volume/surface
ratio that limits metabolite exchange. It also indicated that size uniformity was
important for both “uncoated” AG beads (Thanos et al. 2007) and beads coated
with other polymers (e.g., PLL or PLO) (de Vos et al. 1994). “Uncoated” AG beads,
generally made of barium AG, have been proven to be competent immunobarri-
ers for islet allografts by preventing direct contact between the host immune cells
and the encapsulated tissue, but not for xenografts, thus limiting the applicability
of this formulation. In contrast, AG/PLO and AG/PLL have been shown to pro-
tect islet xenografts in diabetic animal models. This has been clearly demonstrated
by our group, among others, with full reversal of hyperglycemia upon transplanta-
tion of microencapsulated neonatal porcine islet cell clusters in NOD mice (Luca
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et al. 2005) (see below). This animal model resembles human T1DM, thereby rais-
ing hopes that this system can be applied to patients with T1DM. Although the
PLL coating was reported to provoke some immune response in recipient animals,
PLO coating has been shown by us (Thanos et al. 2007) and others (Darrabie et al.
2005) to be free of any inflammatory reaction in both rodents and larger mammals,
including humans (Calafiore et al. 2006).

12.3.2 Morphology and Size of Alginate Microcapsules

12.3.2.1 Conventional Microcapsules

A major issue that has not always been properly addressed by laboratories involved
in microencapsulation research, regardless of the polymer employed, pertains to the
manufacture of round-shaped and smooth-surfaced microcapsules of uniform size.
Owing to technical differences, microcapsule manufacturing has seldom resulted
in a regular shape and size. In our procedure, the sodium AG/islet cell suspension
is extruded through a microdroplet generator, where mechanical pressure and air-
shearing forces contribute to the formation of gel microbeads (Fig. 12.2). The beads
are subsequently collected in a collection bath containing divalent cations (usually
CaCl2), which promote gelling. Fine regulation of both the physical parameters
involved in the procedure (suspension flow rate and air flow rate) and the divalent
cations in the collection bath enable the production of capsules that are smooth-
surfaced and uniform in size and shape (Fig. 12.3). In a second stage, the beads are
coated with multilayered PLO and AG to provide a biocompatible outer shell around
the spheres (Fig. 12.4). When using impure islet preparations contaminated by
larger pancreatic exocrine/ductal residual tissue chunks, the generated microbeads
are irregularly shaped and are sometimes broken, with the contained tissue protrud-
ing through the capsular membrane (de Vos et al. 1994). Conversely, uniform and
pure islet preparations reproducibly generate regularly-shaped capsules.
The first generation of capsules had an average diameter of 800 μm; how-

ever, as noted above, their volume/surface ratio limited metabolite exchange. Static

1.2% CaCl2 bath

air
Islet + Na alginate suspension

Peristaltic pump

Cells + NAG microdroplets

Cells in Gel Ca-NAG microbeads
Fig. 12.2 Method for
manufacture of alginate
microcapsules using a
microdroplet generator
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Fig. 12.3 Empty alginate/poly-L-ornithine microcapsules. (a) Bar = 400 μm. (b) Bar =
200 μm

PLO double coat: poly-L-ornithine
Inner CAG core: Calcium alginate

Outer NAG: Sodium alginate

Islet

Fig. 12.4 Schematic
representation of the
multilayered membrane of
alginate/poly-L-ornithine
microcapsules

electricity was employed to reduce the capsule size (Strand et al. 2002). The droplet
was charged with a high static voltage as it was suspended from the needle and
attracted to the collecting vessel with opposing polarity. Upon overcoming the
threshold potential, the droplet moved from the needle to the collection vessel.
Although the microcapsules generated were uniform in size and shape and con-
siderably smaller than those made with the traditional microdroplet generator, this
method was deemed unsafe for the cells because of the high voltage involved.
Moreover, it prolonged the encapsulation procedure, increasing the exposure time
of the suspended islet cell mass to chemicals and physical/electric forces that might
affect cell viability and function.
Subsequently, small adjustments in air and AG/islet mixture flow rates and regu-

lation of AG temperature resulted in smaller microcapsules (400–500 μm) without
stressful procedures. We called these microcapsules, formulated in our laboratory
with AG-PLO-AG, medium-size microcapsules (MSM). They provide a favorable
volume/surface ratio and a reasonable final transplant volume, and are currently
being used in our laboratory in preclinical and pilot clinical trial islet transplantation
(Fig. 12.5).
We employed measurements of transmembrane fluxes of fluorescein-conjugated

dextran of several molecular weights to evaluate the MWCO of the AG/PLO micro-
capsules manufactured in our laboratory. This test showed a MWCO of about
100 kD, which can exclude immunoglobulins (Ig). This finding was further con-
firmed by encapsulation of hybridoma cell lines producing monoclonal antibodies
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Fig. 12.5 Human islets encapsulated in alginate/poly-L-ornithine microcapsules. (a) Bar =
100 μm. (b) Bar = 40 μm

(MAb). Unlike AG/PLL capsules, AG/PLO capsules did not allow MAb leakage,
thereby proving the Ig impermeability.

12.3.2.2 Conformal Microcapsules

The possibility of manufacturing very small microcapsules composed of a thin, film-
like membrane that adheres tightly to the islet surface has engendered increasing
interest. The advantages of this approach are improved cell access to nutrients and
the reduced final transplant volume, which could increase the choice of potential
graft sites. We have developed a method for manufacturing conformal microcap-
sules (CM) for islet microencapsulation (Calafiore et al. 1996) (Fig. 12.6). PEG,
AG, and dextran in a 1:1:1 volume ratio were vigorously shaken until a fine micro-
droplet emulsion was formed. Highly-purified rat or human islets were added to
the emulsion and subsequently rocked on a rotating plate to facilitate entrapment
of individual islets into each microdroplet. The islet-containing emulsion was gen-
tly poured into a CaCl2 bath under continuous stirring, until complete microdroplet
gelling was achieved. The microbeads were then sequentially coated with PLO and
finally with AG. Although we have generated both conventional and conformal
microcapsules, our focus has been primarily on MSM, which have been shown to
provide superior immunoprotection (Basta et al. 2004). MSM prevent immune rejec-
tion of both allo- and xenograft islets in diabetic animal models while not occupying
an excessively large space.

12.3.2.3 Capsule Biocompatibility

Artificial materials introduced into the body are considered “foreign” and may
elicit inflammatory responses. Development of new encapsulation materials (Desai
et al. 1999) and refinements in established polymers have considerably alleviated
this problem. Thus, most devices do not elicit major inflammatory responses when
implanted “empty,” although fibroblast overgrowth (fibrosis) on the surface of the
device may occur. This response varies with implant size and geometry, as well
as with the site of implantation. The peritoneal cavity and the subcutaneous tissue
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Fig. 12.6 Generation of conformal microcapsules. (a) Schematic representation of the
microemulsification process for manufacturing conformal microcapsules (see text for details).
Dextr, dextran. (b) Transmission electron micrograph of an empty microcapsule showing the
capsule multilayered membrane

react quite vigorously, regardless of the grafted materials. Even autologous blood
may elicit an inflammatory response if it leaks into the peritoneum. The consensus
is that smaller devices are better tolerated than larger ones.
Although neovascularized membranes that represent new versions of older

macrodevices are still being tested (Loudovaris et al. 1999), most attention is
currently focused on microcapsules, with special regard to those formulated with
AG-derived polymers. AG purity is pivotal for its biocompatibility. Empty micro-
capsules produced with our purified AG and coated with PLO and an outer AG film
have been studied extensively and proven not to elicit any inflammation in rodents,
dogs, pigs, primates, or humans (Fig. 12.7).
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Fig. 12.7 Empty alginate/poly-L-ornithine microcapsules following different periods in vivo.
(a) Adult pig liver (30 days). (b) Subcapsular renal region of adult rats (30 days). (c) Peritoneal
cavity of Cynomologous monkeys (15 days). No inflammatory cell overgrowth is detected around
the capsules

12.3.3 Encapsulation of Alternatives to Human Islets

Using our AG/PLO microencapsulation procedure, we initiated a pilot clinical trial,
with the permission and under the surveillance of the Italian Ministry of Health,
in which microencapsulated human islets were grafted intraperitoneally into T1DM
patients without immunosuppression. However, owing to the limited availability of
cadaveric human islets there is a need to develop alternative sources of β-like cells;
using microencapsulation for islet protection may increase the need for islets even
further: judging from work with rodents it takes more encapsulated islets to normal-
ize glycemia than naked islets. The versatility of the AG/PLO microencapsulation
procedure makes it suitable for encapsulation of both pancreatic islets isolated from
several animal species and humans, as well as loose cells (i.e., hepatocytes, Sertoli
cells, engineered insulin-producing cells) whose experimental or clinical use may
be relevant.
One alternative to human islets explored in our laboratory is the use of adult

porcine islets. Porcine and human intermediate metabolisms are known to be quite
similar. Recently, pig islet grafts were shown to reverse hyperglycemia in dia-
betic primates immunosuppressed by blockage of the costimulatory pathway, which
can be seen as excellent support for the principle of using pig islets in humans.
However, a number of serious obstacles have to be surmounted to allow the use of
porcine islets in human transplantation, including prevention of xenograft rejection,
recipient exposure to pathogens, and isolation of intact and functional islets.
Given the great risks involved with systemic immunosuppression, we inves-

tigated the potential of microencapsulation in xenotransplantation of pig islets
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and demonstrated that both adult and neonatal porcine islets could reverse hyper-
glycemia in diabetic rodents and large-size animals (Luca et al. 2005). These exper-
iments utilized composite microcapsules that permitted inclusion of complementary
immunoprotection strategies (see below).
Potential transmission across species barriers of porcine endogenous retroviruses

(PERV) represents a major obstacle to the application of microencapsulated porcine
islets in human transplantation (Patience et al. 1997), although no clear proof of
harmful effects has yet been presented. Interestingly, the PERV problem has been
revisited by the same authors that brought it up in 1997, discounting possible harm-
ful effects in humans (Fishman and Patience 2004). Moreover, retrospective studies
conducted in patients that had been grafted with porcine islet tissue have not shown
signs of PERV transmission years after transplantation (Elliott et al. 2000). Finally,
microcapsules may represent a barrier for PERV (Elliott et al. 2000), although
macrodevices do not seem to provide this advantage (Pakhomov et al. 2005).
Adult pig islets are extremely fragile and vulnerable to agents used in islet iso-

lation. Consequently, these islets tend to break apart easily within days of isolation,
for example, during changes of the medium, which also poses a problem in encap-
sulation. Adult pig islet encapsulation must be conducted very carefully, avoiding
stirring of the islet/AGmixture and maintaining the encapsulated islets at 24◦C prior
to use.
Another possible alternative to human islets is the use of engineered insulin-

producing cells. Encapsulation of loose cells is problematic, since protrusion of
single cells through the capsular membrane could elicit an immune response.
Accumulation of inflammatory cells around the capsule could provoke fibrosis,
resulting in reduced nutrient access to the encapsulated cells. Furthermore, immune
reactive cells and molecules may penetrate into the capsule through the openings
created by the protruding cells and damage cells within the capsule. In fact, we have
consistently observed that breakage/discontinuation or indentation of microcapsule
membrane, which unmasks the underlying cationic layer, can itself signal the pres-
ence of a foreign body to the recipient immune system (Basta et al. 2004) (Fig. 12.8).
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Formation of islet-like cell clusters prior to encapsulation may help overcome this
problem, allowing encapsulation without protruding loose cellular material.

12.4 Immunology of Microencapsulated Cell Transplants

12.4.1 Immune Responses Activated by the Transplant

The original principle of immunoisolation was based upon physical separation of
the grafted islet cells from the host immune system, which prevents cell-to-cell
contact, thereby circumventing direct antigen presentation and activation of CD8
T cells (Luca et al. 2000). However, indirect antigen presentation by macrophages
uptaking shed antigens that leak out through the capsule membrane may activate
CD4 T cells, which play a major role in xenograft rejection. Although the activated
CD4 T cells would be prevented from direct contact with the encapsulated cells,
they may secrete cytokines (IL2, IL5, IFNγ), some of which could induce produc-
tion of additional cytokines and proinflammatory molecules by macrophages (IL1,
TNFα, IL6, histamine, prostaglandins, leukotrienes) (Grewal and Flavell 1998). In
addition to participating in the crosstalk between immune cells, these cytokines are
small enough to penetrate the capsule membrane through its pores and may directly
damage the encapsulated islet cells, for example, by induction of apoptosis (Weber
et al. 1999).
Another cytokine produced by macrophages, IL8, was shown in recent in-

vitro studies to be associated with multiple effects in neutrophils, including shape
changes, lysosome enzymes release, induction of respiratory burst, generation of
superoxides and hydrogen peroxide, generation of bioactive lipids, and increase in
adhesion molecule expression. IL8 induces chemotaxis of CD4 and CD8 human
peripheral blood T cells both in vitro and in vivo. Intradermal injection of human
IL8 causes a rapid concentration-dependent neutrophil infiltration in all animal
species examined so far. Likewise, subcutaneous injection of IL8 also causes T-cell
migration into the injection site. Moreover, lipopolysaccharide (LPS), which may
contaminate the collagenase used for pancreas digestion in islet isolation, poten-
tiates IL8 action. IL8 production is further potentiated by TNFα released from
monocytes.

12.4.2 Complementary Immunoprotection Strategies

As discussed above, although microcapsules effectively prevent immune destruc-
tion of islet allografts, they provide far less efficient protection for xenografts,
which had led some investigators to propose treatment of recipients of encapsu-
lated islet xenografts with short-term or small-dose courses of immunosuppression.
We believe that this strategy would considerably weaken the concept of immuno-
protection provided by cell encapsulation. Rather, we favor potentiation of the
microcapsule immunobarrier competence with complementary antioxidizing (Luca
et al. 2000) and anti-inflammatory (Ricci et al. 2005) agents (Fig. 12.9). Another
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Fig. 12.9 Multicompartmental microcapsules

strategy developed in our laboratory is based on preculture of microencapsulated
neonatal pig islets on monolayers of homologous prepubertal Sertoli cells, which
release multiple growth factors, and antiapoptotic, antioxidizing, and immunomodu-
latory molecules. Using this system we have shown that microencapsulated neonatal
porcine islet xenografts precultured with Sertoli cells for long periods of time
can reverse hyperglycemia in diabetic NOD mice (Luca et al. 2005). If repro-
duced in larger mammals, this procedure could represent a major breakthrough for
encapsulated islet grafts.

12.5 In-Vivo Applications

12.5.1 Experimental Systems

The original microcapsules devised by Lim and Sun were designed to be grafted
intraperitoneally because their size resulted in a large final graft volume that could
not be accommodated at other sites. This system was successfully used for grafting
encapsulated islets into mice and rats (Lum et al. 1991; de Vos et al. 2009), although
rodents with spontaneous autoimmune diabetes (NOD mice, BB rats) have shown
lower remission rates than animals with streptozotocin-induced hyperglycemia (Fan
et al. 1990). In contrast, very few reports documented reversal of hyperglycemia
coupled with exogenous insulin withdrawal in larger mammals (Lanza et al. 1999).
In fact, aside from quite dated reports from our own (Brunetti et al. 1991) and a few
other laboratories (Sun et al. 1996), no reproducible data were generated in animals
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larger than rodents. The same is true of microencapsulated porcine islet xenografts
into diabetic primates, which apparently succeeded in one case (Sun et al. 1996) but
failed elsewhere (Elliott et al. 2005). The successful exception consisted of a trial of
an AG/PLL-microencapsulated porcine islet xenograft into spontaneously diabetic,
nonimmunosuppressed monkeys. In these animals, full remission of hyperglycemia
and exogenous insulin withdrawal were achieved in all recipients, and were sus-
tained in some of them for extraordinarily long periods of time through 3 years
of post-transplantation follow-up (Sun et al. 1996). This striking, still unmatched,
result demonstrates that under the best conditions microcapsules may constitute
an effective and biocompatible immunoselective barrier for xenograft islets in the
absence of general immunosuppression.
Our studies with encapsulated islets in diabetic rodents required a larger number

of islets, compared with experiments with naked islets, for achieving normo-
glycemia. Such an overload is difficult to achieve in large-size animals, and
ultimately humans, as the number of islets needed is prohibitively large. Thus, it
is possible that studies with microencapsulated islets in large animals failed owing
to the suboptimal islet number used. It is also possible that the peritoneal cavity does
not represent the best site for encapsulated islet grafts, given the low oxygen tension
at this site (Wu et al. 1999).
An alternative approach, which has gained attention recently, has utilized pre-

vascularized beds, in which small-size microcapsules containing the islets can be
deposited. The beds can be placed in the mesenteric area, thereby being drained into
the portal vein and the liver, which is a major target of insulin action. Another advan-
tage of this approach is that the microcapsules are retrievable and can be replaced
with fresh microencapsulated islets in the event of graft exhaustion. Conformal
microcapsules, which occupy a small space, are particularly suitable for this method.
They can be embedded within a prevascularized pouch as previously described (de
Vos et al. 1997), with great benefit for nutrient supply and metabolite exchange.

12.5.2 Pilot Human Clinical Trials Using Microencapsulated
Islet Allografts in Patients with T1DM

Pioneering attempts to graft encapsulated islets in patients with T1DM have been
reported since the early 1990s. Our laboratory initiated early trials using a vascular
chamber made of coaxial vascular prostheses directly anastomosed to the vascular
network as arterial bypasses or A-V shunts. The chamber contained microen-
capsulated human islets in the interspace between the inner and outer prosthetic
membranes. The capsules were immersed in the plasma ultrafiltrate and benefited
from high oxygen and nutrient supply directly from blood circulation. Likewise,
insulin was secreted directly into the blood flow. These pilot studies showed, on one
hand, clear advantages in terms of metabolic outcome (two patients exhibited basal
and postmeal near normal C-peptide levels, as opposed to pretransplant absence of
the hormone), but, on the other hand, the device likely exposed the patients to severe
risks in terms of thrombosis and other vascular events (Calafiore et al. 2006).
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Other researchers grafted microencapsulated human islets intraperitoneally in
a patient already bearing a kidney graft, hence under general immunosuppression
(Soon-Shiong et al. 1994). The patient exhibited serum C-peptide, and following a
second encapsulated islet graft went off insulin. However, the immunosuppression
clouded the interpretation of the contribution of cell encapsulation to the long-term
graft survival.
In the mid-1990s a small number of patients were grafted intraperitoneally with

microencapsulated porcine islets without immunosuppression. No evidence of graft
function, in terms of improved metabolic control, was shown at that time, and
neither serum nor urinary C-peptide was detected. Nine years following transplan-
tation, laparotomy of one of the recipients showed the presence of capsules in the
abdominal cavity, some of which still contained live pig islet cells, but the majority
of cells appeared to be necrotic (Elliott et al. 2007).
More recently, we have embarked on a pilot human clinical trial with microen-

capsulated human islets transplanted into patients with long-standing T1DM with-
out immunosuppression. Out of ten patients enrolled, so far only four cases have
been completed. Patients received the grafts intraperitoneally, under local anesthe-
sia and ultrasound echography guidance, except for one case that received three
subsequent grafts, the last of which was delivered under general anesthesia by
laparoscopic surgery. In all cases we observed no adverse reactions to the graft-
ing procedure, nor any evidence of immune sensitization. All the patients showed
a decline in exogenous insulin consumption to about half of the pretransplan-
tation level, except for one case that temporarily suspended insulin injections.
Serum C-peptide was detected 100–480 days post-transplantation, reaching peaks
of 1.8 ng/ml in one patient (Fig. 12.10) (Calafiore et al. 2006).
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Fig. 12.10 Serum C-peptide levels in patients transplanted with microencapsulated human
islets during a long-term follow-up
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12.6 Summary and Future Perspectives

Despite its long history, cell encapsulation is still in its infancy. Several problems
have to be resolved before this approach can become applicable to human therapy.
The present microencapsulation process itself is quite satisfactory. Although new

polymeric materials for encapsulation are being generated, the foreseeable trend is
not to move away from alginates (de Vos et al. 2009). Ultrapure, endotoxin-free
AG can be generated and safely stored without significant changes in its physico-
chemical properties and represents a biocompatible and effective material for cell
immunoprotection that is suitable for clinical use.
Long-term durability and retrievability of transplanted microcapsules have to be

further pursued in order to comply with strict regulations laid out by health agencies
for clinical application.
The increasing success of artificial scaffolds will likely promote efforts to

incorporate microencapsulated islets within laminar prevascularized membranes to
improve nutrient and oxygen supply and the kinetics of insulin release.
In the short- to midterm, when the ban on use of pig islets in humans is likely to

be lifted, microencapsulated neonatal pig islets could be the best method of applying
the system to patients with T1DM. Finally, if studies on generation of insulin-
producing β-like cells from stem cells are successful, another powerful cell source
could flank porcine islets for microencapsulation and transplantation in patients with
T1DM.
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Chapter 13
Prevention of Islet Graft Rejection
and Recipient Tolerization

Eitan M. Akirav and Kevan C. Herold

Abstract Type 1 diabetes is thought to be caused by an immune-mediated destruc-
tion of β cells that occurs over years and continues even after presentation with
hyperglycemia. Adaptive immune mechanisms are believed to be primary media-
tors of this process. Immune memory for the initial process that resulted in β-cell
failure, the high frequency of alloreactive T cells, and the nonphysiologic environ-
ment into which islets have been transplanted all create obstacles for successful
reversal of diabetes with islet replacement. In this chapter we review the immune
mechanisms that are thought to be responsible for β-cell destruction and discuss the
obstacles that stand in the way of the successful achievement of β-cell replacement.

13.1 Introduction

Studies in animal models of type 1 diabetes (T1DM), done largely in nonobese dia-
betic (NOD) mice and in humans, have described an immune-mediated loss of β-cell
mass from the time of initiation of insulitis through presentation with hyperglycemia
and afterward until there is complete loss of β cells. Results from the Diabetes
Prevention Trial 1 (DPT-1) have described changes in insulin secretion from pre-
diabetes to presentation with hyperglycemia, and other studies have depicted the
progressive loss of insulin secretion after diagnosis (Steele et al. 2004; Sosenko
et al. 2006; Akirav et al. 2008). Whereas the data from animal studies and clini-
cal investigations are largely consistent, other studies indicate that a simple linear
loss of β-cell function may be an oversimplification of a process that involves an
undulating downhill course.
Variation in the rate of progression of β-cell loss may be due to waxing and

waning of the inflammatory response because of exposure of new antigens, inter-
current insults to β cells involving infectious agents, metabolic demands, or other
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factors, and a continuous attempt at β-cell regeneration that slows the progres-
sion (von Herrath et al. 2007). The inflammatory process is associated with β-cell
regeneration, but at the same time exposes new antigenic epitopes that become the
drivers of a broadening autoimmune response (Sreenan et al. 1999; Sherry et al.
2006). Ultimately, the failure to contain and counter this enlarging process results
in presentation of clinical disease.
As the destruction of β cells is mediated by both innate and adaptive immu-

nity, the development of immunological memory for islet antigens is inevitable. The
presence of memory response is beneficial to the organism in the case of reinfection
with a specific pathogen and ensures rapid clearance of the pathogen. However, in
the case of autoimmune diabetes, the presence of immunological memory presents
a major hurdle in mediating islet survival following transplantation or regeneration
and requires creative ways to mediate transplant immunomodulation and recipient
tolerization. Current concepts and advances in islet transplantation are discussed in
the following sections.

13.2 The Immunological Process in T1DM

13.2.1 Cellular and Humoral Mediators of Beta-Cell Destruction

Data showing the presence of autoreactive lymphocytes and autoantibodies in ani-
mal models of T1DM and in prediabetic and diabetic patients provide strong
evidence for the role of the immune system in the development of the disease. Anti-
islet autoantibodies can be detected years before clinical presentation and can be
used to identify risk for the disease (Yu et al. 1996; Yu et al. 2001). Data from the
DPT-1 have shown that patients’ nondiabetic relatives with three or four autoanti-
bodies progress to diabetes at a rapid rate; approximately 90% of such individuals
will reach diagnosis within 6 years (Type 1 Diabetes Study Group 2002). A simi-
lar high rate of progression is seen in relatives with a positive islet cell autoantibody
(ICA) with impairment of glucose tolerance (Sherr et al. 2008). It follows, therefore,
that the use of immune-modulating drugs should delay disease progression and may
offer novel points of clinical intervention to ameliorate disease severity and facilitate
graft survival in diabetic patients. As most current anti-inflammatory treatments are
directed toward the modulation of the immune response of T and B cells, we focus
on the role of adaptive immunity in T1DM and following islet transplantation.

13.2.1.1 The Role of T Cells in T1DM

CD4 and CD8 T cells are part of the cellular adaptive immune system. Their ability
to react to a near-infinite number of different cellular targets, or antigens, renders
these cells indispensable for host protection against various pathogens. The acti-
vation of T cells is mediated by antigen-presenting cells (APCs), which are a part
of the innate immune system. APCs can present different antigenic determinants,
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or epitopes, that lead to the activation of T cells. One of the important features of
adaptive immunity is the development of immune memory. Memory T cells arise
following the primary response to invading pathogens. Both CD4 and CD8 memory
T cells are long-lived and are found in both peripheral tissues and distinct lymphoid
organs. Their presence is important for preventing the recurrence of disease and
provides long-lasting protection against invading pathogens,
Although T cells react predominantly to foreign antigens, some T cells are

capable of recognizing the host self-antigens. These self-reactive or autoreactive
T cells are thought to mediate the development of various autoimmune diseases.
Autoreactive T cells are detected in the circulation of diabetic and prediabetic
patients. Studies using antigen-HLA tetramers for islet-specific antigens, such as
insulin, showed the presence of insulin-reactive CD8 T cells in the blood of new-
onset diabetic patients (Toma et al. 2005). These cells were long-lived and could
be detected in patients with long-standing T1DM of 23 years or more (Toma et al.
2005). The presence of detectable autoreactive CD8 T cells for such a prolonged
period of time is thought to be important in the process of islet graft rejection. In
fact, the presence of insulin B-positive CD8 T cells, detected by HLA-A2InsB stain-
ing, was correlated with increased autoreactivity to islet graft and might possibly
contribute to islet graft rejection (Pinkse et al. 2005). The role of the immune sys-
tem in mediating T1DM development was recently demonstrated in a provocative
study by Voltarelli et al. (Voltarelli et al. 2007). Newly-diagnosed diabetic patients
with autoantibodies against glutamic acid decarboxylase (GAD) were subjected to
nonmyeloablative hematopoietic stem cell transplantation. Under this procedure the
majority of T cells were removed and patients were reconstituted with their own
autologous hematopoietic stem cells. Subsequent to reconstitution, 14 out of 15
patients showed insulin independency for various periods of time and demonstrated
hemoglobin A1c levels of less than 7%, indicating good glycemic control. This
report demonstrated the benefits of “immunological reset” in mediating remission
from T1DM.
T-cell reactivity to islet antigens is not limited to insulin alone. T cells isolated

from diabetic patients also showed reactivity to other autoantigens and multiple epi-
topes within the same protein (Yu et al. 1996; Ott et al. 2004). The manner by which
new antigen specificities are recognized by the immune system has been described
as instructive rather than stochastic, where a consistent pattern is followed. Recent
studies in the NOD mouse support the observation that insulin is indeed a key
“primary” antigen. After insulin-reactive T cells were detected, T cells reactive to
islet-specific glucose-6-phosphatase catalytic subunit-related protein (IGRP) were
found as well. T-cell reactivity to IGRP is almost always secondary to insulin
and seems to be dependent upon the recognition of insulin by T cells, as insulin-
deficient mice did not show any T-cell reactivity to IGRP (Nakayama et al. 2005).
Tolerance to insulin does not only reduce T-cell reactivity to other antigens, but can
also prevent the development of diabetes. In a recent study, Krishnamurthy et al.
examined the effects of tolerance induction to insulin on development of diabetes in
NOD mice with IGRP-specific transgenic CD8 T cells (Krishnamurthy et al. 2008).
IGRP T-cell receptor (TCR) transgenic NOD mice developed accelerated diabetes,
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when compared with nontransgenic animals; however, if tolerance to insulin was
induced, these mice remained protected and diabetes-free. This study highlights the
importance of antigen hierarchy and suggests a novel point for clinical intervention
for diabetes prevention.
CD8 T cells are thought to mediate direct β-cell killing in the islet via their recog-

nition of antigen-Class I MHC complexes on β cells, but CD4 helper T cells are
also required for the development of T1DM. Early studies that examined the ability
of human β cells to express Class II MHC molecules on their cell surface identi-
fied the expression of these molecule in situations where β cells were exposed to
proinflammatory cytokines such as interferon-γ (IFNγ) and tumor necrosis factor-
α (TNFα) in vitro (Pujol-Borrell et al. 1987). Although it is plausible that β cells
may directly activate CD4 T cells in the islet, it is more likely that T-cell activa-
tion occurs predominantly in secondary lymphoid organs, such as the pancreatic
lymph nodes (LNs) (Tang et al. 2006). In the NOD model a natural wave of β-cell
death, which occurs by day 20 after birth, leads to the detection of β-cell antigens
in pancreatic LNs. The presentation of these antigens by resident APCs can lead
to the activation of diabetogenic T cells and may contribute to the development
of the disease (Hoglund et al. 1999). The subsequent β-cell injury and death during
the chronic attack on the islet may further sustain the activation of autoimmune cells
(Turley et al. 2003). These two mechanisms for continuing β-cell death and constant
exposure to islet antigens may account for the epitope spreading discussed above.
Similar to CD8 T cells, antigen-specific CD4 T cells can also be found in the

peripheral blood of patients. Reijonen et al. have used Class II MHC tetramers with
a GAD65 peptide to enumerate antigen-specific cells (Reijonen et al. 2002; Reijonen
and Kwok 2003; Reijonen et al. 2003). Owing to the low frequency of these cells,
an initial expansion in vitro was needed to identify the cells by flow cytometry.
This requirement creates a problem in enumerating the actual number of circulating
antigen-specific cells but does provide a very specific means of tracking individual
cells over time in the same patient.

13.2.1.2 The Role of B Cells in T1DM

In T1DM, B cells are thought to play key roles as both producers of autoantibod-
ies and antigen-presenting cells (Wong et al. 2004). In addition to CD4 and CD8
T cells, B cells are also present in islet infiltrates in NOD mice (Anderson and
Bluestone 2005) and in islets of newly-diagnosed patients (Itoh et al. 1993). The
presence of islet-cell antibodies (ICAs) in the serum, including anti-insulin, anti-
GAD65, and anti-IA-2A autoantibodies, among others, is used to assess the risk of
progression to overt T1DM in families as well as in the general population (Knip and
Siljander 2008). In the NOD mouse, early expression of autoantibodies can signal
an earlier onset of T1DM (Yu et al. 2000). Similarly to epitope spreading in T-cell
antigens, epitope spreading in B-cell recognition of ICAs occurs in a typical man-
ner. In the sera of individuals at risk for developing T1DM, anti-insulin antibodies
appear at a young age (Yu et al. 1996). Anti-GAD65 antibodies are predominantly
directed against the middle- and C-terminal epitopes. The gradual spreading of N-
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to C-terminal epitopes has been documented in both prediabetic and newly-diabetic
patients (Hoppu et al. 2004; Ronkainen et al. 2006).
Although detected in prediabetic and diabetic patients and animal models,

autoantibodies do not appear to mediate β-cell destruction directly. This notion was
supported by animal studies that examined the role of B cells and autoantibodies in
the development of T1DM in the NOD mouse. B-cell-deficient NOD mice showed
reduced incidence of T1DM, but insulitis and diabetes did in fact occur (Wong et al.
2004). Moreover, disease frequency did not increase when antibodies from sera of
diabetic NODmice were injected into B-cell-deficient mice (Serreze, et al. 1998). In
humans, a case study describing a patient with X-linked agammaglobulinemia and
T1DM provided further support for the idea that T1DM can develop in the absence
of autoantibodies (Martin et al. 2001).
The fact that B cells express high levels of Class II MHC molecules and that

upon activation can upregulate the expression of costimulatory molecules suggests
that they may serve as APCs. Unlike other APCs, however, B cells are capable of
efficiently capturing soluble antigens via their B-cell receptor and promoting the
uptake of antibody–antigen complexes by other APCS, such as dendritic cells and
macrophages. These findings suggest that B cells may promote the activation of
autoreactive T cells in an antigen-specific manner. Indeed, NOD mice transgenic
for a single antibody directed against an irrelevant antigen showed reduced insuli-
tis and diabetes incidences similar to those of B-cell-deficient NOD mice (Silveira
et al. 2002). Similar results were also observed in NOD mice with a reduced B-cell
repertoire.
There were, however, other studies that supported the requirement for B lympho-

cytes in the pathogenesis. Using immunodeficient parents, Greeley et al. showed
that maternal transmission of antibodies is a critical environmental parameter influ-
encing the ontogeny of T-cell-mediated destruction of islet β cells in NOD mice
(Greeley et al. 2002). Wen et al. studied the effects of anti-human CD20 antibody in
NOD mice that expressed human CD20 on the surface of B cells and reported that
the antibody could reduce the rate of diabetes in the mice and even reverse diabetes
in hyperglycemic animals (Hu et al. 2007). More recent studies indicate that anti-
CD20 mAb can prevent recurrent diabetes in NOD mice that receive syngeneic islet
transplants (Hu et al. 2008). These data suggest a role for B lymphocytes even in the
later stages of disease, most likely as antigen-presenting cells in an evolving T-cell
response that is ultimately responsible for β-cell destruction.

13.2.2 The Role of Costimulatory Molecules in Activating
Auto- and Alloreactive Immune Responses

Several key molecules contribute to immune activation and islet destruction in islet
grafts. Many of these molecules determine T-cell activation/inhibition, and their
manipulation may slow or even prevent islet graft rejection. These molecules include
members of the MHC molecules, TNF receptor family members, and members of
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the B7/constimulatory molecules. The Latter are expressed on activated lympho-
cytes and may be interesting candidates for inhibition of islet graft rejection (Truong
et al. 2006).
The activation of T cells requires activation of the T-cell receptor (Signal 1) and

a nonspecific costimulatory signal (Signal 2) (Bretscher and Cohn 1970; Jenkins
et al. 1987). These signals can be delivered by the CD28 and CD40L molecules,
whose importance in the development of diabetes has been shown in manipulated
NOD mice. CD28 expressed on T cells can bind its ligands, which are known
as CD80 (B7-1) and CD86 (B7-2), on APCs. In fact, NOD mice treated with
anti-CD86 blocking antibodies and NOD mice that are deficient in CD86 show,
respectively, decreased incidence or complete absence of diabetes (Lenschow et al.
1995; Lenschow et al. 1996). The complexity of the CD28-B7 signaling has been
highlighted by the fact that CD80-knockout NOD mice and CD80/CD86-double-
knockout NOD mice show increased incidence and severity of T1DM (Salomon
et al. 2000; Salomon and Bluestone 2001). These seemingly contradictory data
suggested that CD80 and CD86 may play a differential nonredundant role in the
progression of the disease.
Salomon et al. have shown that the presence of CD80 is required for normal

development of regulatory T cells (Tregs). Tregs have been recognized as impor-
tant regulators of autoimmunity and inflammation and are known to prevent the
development of T1DM in NOD mice (Salomon et al. 2000). B7-CD28 interactions
are naturally regulated in T cells to contain the inflammatory response. Activated
T cells, as well as Tregs, express the molecule cytotoxic T-lymphocyte-associated
antigen-4 (CTLA4). This receptor recognizes the B7 molecules at a higher affin-
ity than CD28, but delivers a negative signal to T cells (Ikemizu et al. 2000). The
role of CTLA4 in T-cell activation is highlighted by observations showing increased
lymphoproliferative disease in CTLA4-deficient mice and increased autoimmunity
upon CTLA4 blockage (Tivol et al. 1995; Karandikar et al. 1996). Current appli-
cation of CTLA4 in promotion of islet graft survival is discussed in the following
sections. Other new members of the B7 family that can also deliver negative signals
to T cells have been identified. One of these, B7-H3, was shown to be expressed
on dendritic cells after activation (Chapoval et al. 2001; Suh et al. 2003). B7-H3-
deficient mice show reduced activation of Th1-type and accumulation of Th2-like T
cells. Th1 cells are characterized by their production of proinflammatory molecules,
such as IFNγ, IL12, and TNFα, and are thought to be the predominant pathogenic
T-cell type in T1DM.
Programmed death-1 (PD1) is an additional immunomodulatory molecule that

contributes to T-cell activation during allograft rejection, and its expression is
induced in activated T and B cells (Agata et al. 1996). The generation of PD1-
deficient mice revealed its role in immune homeostasis by the fact that these mice
exhibited increased spleen size, elevated serum Ig, and other autoimmune symp-
toms (Nishimura et al. 1999). In NOD mice, blocking of the PD1 ligand 2 (PD-L2)
induces earlier onset of diabetes (Ansari et al. 2003).
Overall, the findings described above suggest multiple candidates for immune

intervention for the prevention of islet rejection. In the following sections we discuss
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current clinical evidence suggesting that immune rejection of islet allografts may be
minimized using novel agents that can interact with key inflammatory molecules.

13.3 Mechanisms of Islet Transplant Failure in T1DM

In clinical trials glucose levels have been restored in patients following islet trans-
plantation without the need for exogenous insulin (Alejandro et al. 1997; Jaeger
et al. 1997; Shapiro et al. 2000; Ryan et al. 2005; Close et al. 2005; Lakey et al.
2006). One of the main challenges in islet transplantation has been the need for
chronic immunosuppression to prevent graft rejection of allogeneic islets. Many
of the immunosuppressive agents themselves have proven to be toxic to β cells
and serve as diabetogenic factors. In an attempt to minimize the detrimental effect
of these drugs, clinical protocols have been developed to minimize islet toxicity,
most notably the “Edmonton protocol.” This protocol avoided the use of glucocor-
ticoids, employing small doses of the calcineurin inhibitor tacrolimus instead, and
rapamycin was an important part of the immunosuppressive regimen. This initial
experience was essentially replicated in a multicenter trial conducted by the Immune
Tolerance Network study (Shapiro et al. 2006). However, despite these encouraging
results, it became clear that insulin independence was short-lived, with a relapse
of insulin dependence in about 90% of recipients at 5 years post-transplantation
(Ryan et al. 2005). Studies in animal models of T1DM and patients show that both
immunological and metabolic factors contribute to islet dysfunction.
Several immunological processes contribute to acute islet failure following trans-

plantation. During islet isolation, conditions of enzymatic digestion and acute
hypoxia lead to activation of islet-resident cells, such as macrophages, dendritic
cells (DCs), and islet endothelial cells (ECs). These activated cells produce proin-
flammatory cytokines such as interleukin-1 (IL1), IFNγ, and TNF-α, which can
ultimately contribute to oxidative stress by the production of nitric oxide (Andre-
Schmutz et al. 1999). This activation of innate immune responses in the isolated
tissues may reduce islet viability and impair engraftment, as both donor-derived
cells and recipient innate immunity contribute to islet failure. Islet transplantation is
often done by intraportal infusion into the liver, which has been considered an opti-
mal site for transplantation because it is nutrient-rich and placement is relatively
easy. However, the endothelial cells of the hepatic sinusoids may promote lympho-
cyte recruitment by upregulation of adhesion molecules on transplanted islets, such
as ICAM1 and P-selectin (Campbell et al. 1989; Martin et al. 1996). In addition,
the hepatic endothelium may also produce proinflammatory cytokines, such as IL1,
IFNγ, and TNFα (Tan et al. 2002). The accumulation of these cytokines and the acti-
vation of resident antigen-presenting cells not only affect islet engraftment and acute
rejection but also contribute to the generation of adaptive immunity against the graft.
Transplanted islets are generally obtained from allogeneic donors: MHC match-

ing is impractical in most circumstances, and its contribution to improvement in
outcome is not proven. In experimental systems, MHC matching has shown both
positive and negative effects on allorejection and recurrent autoimmune disease
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(Makhlouf et al. 2002; Bittscheidt et al. 2004). Differences in HLAs and minor anti-
gens between donor and recipient result in the activation of alloreactive T cells,
which exist in relatively high frequencies and pose a serious challenge to vari-
ous organ transplantations. As noted earlier, β-cell death is thought to be a major
activator of innate responses that trigger adaptive responses. In the case of islet
transplants, this would involve activation of responses to both allo- and autoanti-
gens. Indeed, activated alloreactive T cells have been shown to mediate islet graft
rejection in humanized mice (Wu et al. 2008). In these studies, immunodeficient
mice reconstituted with a human immune system showed graft rejection of human
islets from donors with mismatched HLA. Recently, an examination of a complete
pancreatic graft in a diabetic patient revealed the presence of alloreactive T cells in
the graft at relatively high frequencies (Velthuis et al. 2009). This is important since
the frequency of these alloreactive T cells was not increased in the circulation of the
patients, which presents a challenge in identifying patients undergoing allogeneic
islet rejection.
In addition to the allogeneic response, the presence of β-cell reactive memory

T and B cells can further contribute to islet rejection. Indeed, even completely
MHC-mismatched islet allografts are susceptible to autoimmune destruction in
experimental systems (Kupfer et al. 2005). As discussed above, memory T and
B cells, which contribute to the development of T1DM in the first place, per-
sist in the lymphoid organs of diabetic patients long after the development of the
disease. Monti et al. have recently demonstrated that the continuous use of immuno-
suppressive drugs following the Edmonton protocol results in a state of general
lymphopenia but with preferential expansion of antigen-specific T cells, among
which were GAD-specific autoreactive T cells (Monti et al. 2008). Measurements
of these and other antigen-specific T cells may prove to be useful as biomarkers to
identify immune responses that can lead to recurrence of auto- or even alloimmu-
nity (Mallone et al. 2004). The presence of GAD-specific T cells has been shown
to lead to a more rapid loss of islet graft in T1DM (Huurman et al. 2008). In a dif-
ferent study, examination of infiltrating lymphocytes in explanted pancreata from
patients detected the presence of CD8 T cells. These cells exhibited alloreactivity
to donor pancreas, but more interestingly showed the presence of insulin specificity,
thus demonstrating the role of insulin-specific CD8 T cells in mediating pancreas
graft rejection (Velthuis et al. 2009).

13.4 Tolerance Induction and Prolongation of Islet Survival

13.4.1 The Use of Anti-Inflammatory Agents for Induction
of Islet Tolerance

The Edmonton protocol does not induce immunologic tolerance, and continuous
immune suppression is required to prevent a recurrence of the diabetes. Thus devel-
opment of a way to induce immune tolerance to the graft is the ultimate goal of
immune therapy. Trials to establish immune tolerance may be best done in this
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setting because, unlike other solid organ transplants, such as kidney and liver, the
consequences of graft failure are not as dire. One approach for tolerance induction
that has shown promise is the blockade of costimulatory molecules. This strat-
egy is based largely on preclinical studies showing that delivery of Signal 1 in
the absence of a costimulatory signal (Signal 2) leads to nonresponsiveness of an
antigen-specific T cell (Jenkins et al. 1987). Anti-CD40L monoclonal antibody,
which binds and blocks the interactions between CD40L on T cells and CD40
on antigen-presenting cells, has been very effective in preclinical nonhuman pri-
mate allograft studies. Rhesus monkeys treated with anti-CD40L accepted their islet
allografts for up to 476 days and had near-normal glucose levels (Kenyon et al.
1999).
However, these studies are limited because no large-animal models of autoim-

mune diabetes are available, so the effects of costimulatory blockade on autoim-
munity in large animals remain unknown. In the NOD mouse, CD40/CD40L
interactions were shown to be necessary for induction of autoimmunity, as treat-
ment with anti-CD40L completely blocked disease induction in young NOD mice,
but had no effect in older mice (>9 weeks)(Balasa et al. 1997). The protection mech-
anism appeared to involve expansion of regulatory T cells, but the hopes for this
promising agent were dashed when humans treated with an anti-CD40L antibody
developed thromboembolic symptoms, which led the manufacturer to discontinue
development (Kawai et al. 2000). Blockade of another costimulatory pathway using
CTLA4Ig was also shown to be effective in preclinical islet transplant studies
(Lenschow et al. 1992; Levisetti et al. 1997). The concerns regarding exacerba-
tion of spontaneous diabetes in prediabetic NOD mice by B7 blockade may not
be relevant to the recurrence of disease in the setting of islet allografts (Lenschow
et al. 1995; Lenschow et al. 1996; Salomon et al. 2000). The combined blockade
of CD40/CD40L and CD28/B7 signals resulted in immune tolerance to autografts
even in the presence of a highly-pathogenic T cell clone (Rigby et al. 2008).
As discussed above, activating and inhibitory members of the B7 family present

with an opportunity to block islet inflammation and rejection of an islet graft.
A study by Subudhi et al. has shown that expression of the second ligand of
PD-1, PD-L1, under the rat insulin promoter can induce more rapid islet graft
rejection (Subudhi et al. 2004). In this study, islets from C57BL/6 mice were
acutely rejected upon transplantation into 129 mice, predominantly by CD8 T cells.
Interestingly, mice transgenic for PD-L1 developed diabetes spontaneously, high-
lighting the importance of this ligand in initiating and propagating an anti-β-cell
immune response. These results suggest that PD-1 blockage may reduce islet rejec-
tion by a reduction in T-cell infiltration. The direct effect of B7 signaling on T-cell
activation was illustrated by two pivotal reports. Fallarino et al. demonstrated that
engagement of the B7 molecule on DCs can promote the production of IFNγ. This
effect was mediated by the high-affinity B7 receptor, CTLA4. The increased expres-
sion of IFNγ induces the expression of the enzyme indoleamine 2,3-dioxygenase
(IDO), which induces tryptophan metabolism and thus has been shown to contribute
to reduced viability of effector T cells (Fallarino et al. 2003). In a complementary
study by Munn et al., IDO expression was detected predominantly in CD4 T cells,
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resulting in the downregulation of activated CD8 cells due to the depletion of tryp-
tophan (Munn et al. 2004). Although neither studies have shown a direct effect of
IDO and B7 expression in transplantation, it is reasonable to assume that activation
of IDO by the B7 family members may reduce T- cell activation and islet injury.
Treatment with Fc receptor (FcR) nonbinding anti-CD3 mAbs has been shown

to attenuate the loss of insulin production in patients with new-onset T1DM (Herold
et al. 2002; Herold et al. 2005). The drug was administered for 2 weeks but
the effects have lasted beyond a year, suggesting that immunologic tolerance was
induced. Murine studies have supported the value of this mechanism by suggest-
ing that regulatory T cells are induced by the mAb (Belghith et al. 2003). Hering
et al. reported that noninsulin-requiring remission was induced in four out of six
patients with T1DM who received allogeneic islets from a single donor when it
was administered together with a combination of rapamycin, low dose of FK-506,
and anti-CD3 mAb (Teplizumab) (Hering et al. 2001; Hering et al. 2004). They
suggested that addition of anti-CD3 mAb induced CD4+CD25+ regulatory T cells
that inhibited responses to the donor islets but not to third-party lymphocytes in a
mixed-lymphocyte reaction.

13.4.2 Barriers to Long-Term Success

Lastly, the long-term results of allogeneic islet transplants have been disappoint-
ing. In the Edmonton series, only about 10% of islet allograft recipients were
insulin-independent 5 years after transplantation, despite an initial rate of 85%
insulin-independence at 1 year (Ryan et al. 2005). The reasons for failure are diffi-
cult to discern since there are no biomarkers available that can reliably measure the
autoimmune response, so damage to the islet grafts can only be identified by loss of
function. Recurrent autoimmunity has been suggested by the finding of an increased
frequency of autoantigen reactive T cells, identified by Class I MHC tetramers, in
peripheral blood (Pinkse et al. 2005). Other studies have drawn attention to the
direct toxic effects of immune modulators on islet grafts, which may impair insulin
production and/or directly damage the cells. Calcineurin inhibitors inhibit insulin
gene transcription and can exacerbate diabetes in patients treated for renal allograft
rejection with these agents (Herold et al. 1993; Oetjen et al. 2003). Using a model
of β-cell regeneration, Nir et al. showed that rapamycin inhibits β-cell proliferation
(Nir et al. 2007). It has been proposed that placement of the islets into the liver
may be particularly problematic as they are exposed to levels of these toxic immune
modulators that are higher than those in peripheral blood (van der Windt et al. 2008),
and other locations have been suggested to minimize this toxicity.

13.5 Summary and Conclusions

The delay and/or prevention of islet graft rejection poses real challenges in the
clinical setting. In this chapter, we discussed the principal immunological factors
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Fig. 13.1 Schematic representation of islet graft rejection and potential immunomodulatory
interventions.After islet transplantation, activation of the immune system results in graft rejection.
Immune activation includes the priming of autoimmune T and B cells in the LNs. Antigen uptake
by host and donor DCs can prime autoreactive and alloreactive T cells. In addition, activated B cells
may further contribute to T-cell priming. Activated CD4 and CD8 cells migrate from the LNs and
enter the islet. Whereas CD8 are thought to mediate direct β-cell killing, CD4 may further activate
resident antigen-presenting cells, as well as liver endothelial cells, both of which can produce
proinflammatory mediators. These mediators contribute to islet damage and additional immune
priming. The use of anti-inflammatory mediators, such as anti-CD40L and CTLA4Ig, may reduce
APC–T-cell interaction and T-cell priming. The use of anti-CD3 and anti-CD20 antibodies can act
directly on activated T and B cells, respectively. During this process regulatory T cells are induced,
further dampening T-cell activity and contributing to islet survival

that contribute to the development of β-cell autoimmunity and several key candi-
dates for reducing antigraft immunity with minimal toxicity. Figure 13.1 describes
the complex interaction between immune activation and the maintenance of normal
β-cell function. The emergence of new alloreactive lymphocytes and the preexist-
ing immune memory in the diabetic patient requires a deeper understanding of the
mechanisms that control T- and B-cell activation in the transplanted patient.
The use of several anti-inflammatory molecules, such as anti-CD40L, anti-CD3,

and CTLA4Ig, may allow for reduction of anti-islet autoimmunity (Fig. 13.1).
Although a substantial amount of knowledge has been gained in understanding
the factors that contribute to immune activation and suppression, currently no sin-
gle or combined anti-inflammatory therapy can provide complete protection against
islet rejection. The inherent challenges in islet transplantation are not derived solely
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from the lack of sufficient islet material, but also from the fact that islet grafts,
unlike solid organ transplants, are placed in an artificial environment, such as the
liver. This artificial site reduces the chance of normal islet engraftment not only via
immunological factors but also owing to metabolic stress. The most recent success
in islet transplantation following the Edmonton protocol has been shadowed by the
high rate of diabetes relapse in the vast majority of islet recipients, and recent data
suggest that the common anti-inflammatory agents may prove detrimental to β-cell
survival.
The ability to produce β cells from stem cells or to induce insulin production and

glucose responsiveness in alternative tissue progenitors may provide not only more
abundant sources of β cells, but also an opportunity for genetic manipulation of the
cells prior to transplantation. Such genetic manipulations may override the physio-
logical barriers described above and facilitate successful islet engraftment. Genetic
engineering of stem-cell-derived β cells, such as by introducing immune modula-
tors, may overcome immunologic barriers. For example, the adenovirus E3 genes
can modulate immune responses to islet allografts and autoreactivity in NOD mice
(von Herrath et al. 1997; Efrat et al. 2001; Pierce et al. 2003,). Kojaoghlanian et al.
recently showed that genetic engineering of β cells using lentiviral vectors express-
ing the adenovirus E3 genes for gp19 and RIDα/β prevented rejection of allogeneic
βTC3 cells in mice (Kojaoghlanian et al. 2009). Other approaches involve expres-
sion of IL10 or other immune modulatory genes (Chen et al. 2007). The use of
stem-cell-derived β cells expressing a minimal protein repertoire may reduce the
development of an autoimmune response against the graft. Furthermore, generation
of induced pluripotent stem (iPS) cells from the patient’s own somatic cells can
eliminate the development of alloreactivity following transplantation. Alternatively,
increasing the expression of anti-inflammatory/anti-apoptotic proteins in the engi-
neered β cell may contribute to increased β-cell survival even under inflammatory
conditions. These exciting alternatives may provide a solution to the current side
effects of immunosuppressive drugs on the patient’s immune system as well as on
the function of insulin-producing cells post-transplantation.
In summary, future clinical trials may provide a better chance of tolerance

induction and islet graft acceptance. It is possible that by combining several anti-
inflammatory reagents islet rejection can be minimized. Immune modulation in
conjunction with increased β-cell availability from various stem cell sources may
provide an opportunity for a better clinical outcome in diabetic patients.
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