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Cell-based treatments for diabetes
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In Type 1 diabetes mellitus the insulin-secreting -cells in pancreatic islets of Langerhans are selectively
destroyed by autoimmune assault. Because diabetes is caused by the loss of a single cell type it is
amenable to treatment by cell replacement therapy. Advances in islet transplantation procedures have
demonstrated that people with Type 1 diabetes can be cured by human islet transplantation, but the
severely limited availability of donor islets has restricted the widespread application of this approach,
and driven the search for substitute transplant tissues. Recent experimental studies suggest that three
separate sources of tissue show therapeutic potential — xenografts from other species, tissue stem cells
and embryonic stem cells. Of these, xenografts are closest to clinical application but there are still major
obstacles to be overcome. Insulin-expressing cells have been derived from a number of different stem cell
populations but embryonic stem cells offer the major advantage of being able, in principle, to provide
the vast numbers of cells required for transplantation therapy.

Type 1 diabetes mellitus (T1DM) is a single-cell disorder in which
insulin-secreting B-cells in pancreatic islets of Langerhans are
irreversibly destroyed by an autoimmune assault, resulting in
potentially fatal metabolic dysfunction as a consequence of insuf-
ficient circulating levels of insulin. Since the isolation of insulin in
1920s the main therapeutic approach to T1DM has been insulin
replacement, but excursions in blood glucose associated with
intermittent insulin delivery led to a high risk of long-term com-
plications, causing increased morbidity and mortality. Recent
clinical trials, however, have demonstrated that transplantation
of human islets of Langerhans can offer a cure for TIDM [1,2].
There are extant problems with current transplantation protocols
[2], but the success of islet transplants is proof-of-concept that cell-
based treatments for T1D can be effective. This review will focus on
one major impediment to the widespread uptake of transplanta-
tion therapy for TIDM, which is the very limited availability of
suitable transplant material.

An adult human pancreas contains approximately 10° islets
(~2 x 10° B-cells), but these comprise only a minor part of total
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pancreatic tissue (2-3%) so islets for transplantation must be
isolated from whole pancreas by enzymatic digestion, which is
an inefficient process. The clinical symptoms of diabetes do not
usually become apparent until 60-80% of the B-cell mass is lost,
suggesting that glycaemic control can be maintained on 20-40%
of normal B-cell mass. Current evidence suggests that a significant
fraction of transplanted islets are lost in the immediate post-
transplantation period so, to ensure a successful outcome, islet
transplantation protocols replace up to 10° primary human islets
per recipient. A single transplantation may therefore require islets
from up to four donor pancreases. At present, the only suitable
source of human islets for clinical use is from pancreases of heart-
beating, brain-dead donors. This type of organ donor is rare, so
current protocols for human islet transplantation are unlikely to
make a widespread therapeutic impact on T1DM, with ~10°
potential recipients in the UK and ~10° in the USA. This clinical
need is therefore driving research into alternative sources of
functionally competent, insulin-secreting B-cells as substitutes
for donor islets in transplantation therapy.

A number of different cells/tissues have been proposed as
potential starting material from which to generate transplant
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BOX 1

Potential sources of 3-cells for transplantation therapy
A number of potential sources of material for cell-based therapy of
diabetes have been investigated over the past decade. This lists
some of the more promising candidates.
e insulin-secreting cell lines
e engineered non-B-cells/gene therapy
o islets/B-cells from other species
o tissue stem cells

o pancreas

o bone marrow

o liver

o neural
e embryonic stem cells

material, and some of these are shown in Box 1. The physiological
properties required of substitute B-cells have been considered in
detail elsewhere [3,4] but it is worth considering briefly two
essential attributes of such cells. First, they must be able to
synthesise and store insulin, and to release it in sufficient amounts
to maintain plasma glucose in a narrow range (5-8 mM) in the face
of sporadic food intake. Too much insulin is as potentially lethal as
too little insulin, so the cells must be able to respond rapidly to
changes in plasma glucose in either direction. Pancreatic p-cells
have evolved complex stimulus-response coupling mechanisms to
monitor and respond to changes in nutrients, hormones and

neurotransmitters (Figure 1), and substitute B-cells will require
similar mechanisms to enable a tightly regulated release of insulin
in response to environmental cues. Second, the proliferative capa-
city of the replacement cells must be tightly regulated to avoid
post-transplantation expansion of B-cell mass leading to the devel-
opment of hyperinsulinaemic hypoglycaemia. This is not a pro-
blem when using authentic B-cells/islets derived from human
donors because they have an exceedingly low proliferative capa-
city [5], but it is a potential drawback when using cells generated in
vitro from proliferative precursor populations.

This combination of highly specialised secretory function and
controlled proliferative capacity is a challenging target, and some
of the suggested starting materials (Box 1) fail to meet one or other
of these criteria and so will not be considered in detail in this
review. For example, transformed cells derived from human B-cells
[6] offer the potential of generating in vitro the (thousands of)
billions of cells required for transplantation therapy, and insulin-
secreting cell lines can be engineered to produce regulated secre-
tory responses [7]. Such cells show unregulated proliferation and
form insulinomas in vivo, and so are unlikely to offer any ther-
apeutic benefit in the foreseeable future. Another suggested source
of replacement B-cells is to engineer non-p-cells to make insulin,
and this has been done in a variety of cell types including fibro-
blasts, skeletal muscle, neuroendocrine, kidney and ovarian cells
(for example, see Ref. [8]). This approach has the potential advan-
tage of using the patient’s own tissue as a starting material (e.g.
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CCK

Insulin
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FIGURE 1

Signal transduction in B-cells. 3-cells have complex mechanisms to enable them to respond to multiple external cues (nutrient and non-nutrient) and secrete the
appropriate amount of insulin to maintain blood glucose within a narrow range (5-8 mM). Briefly, glucose is transported into B-cells on the high capacity GLUT2
transporter and metabolised within the cell, generating ATP which binds to ATP-sensitive K*-channels (Kxrp), leading to closure of the channels. The consequent
inhibition of K* efflux leads to B-cell plasma membrane depolarisation and opening of voltage-operated Ca®* channels. Extracellular Ca** enters B-cells resulting
in elevations in intracellular Ca*, activation of Ca**-sensitive downstream signalling pathways and initiation of insulin secretion. Insulin secretion is also
stimulated by ligands such as acetylcholine (ACh) and cholecystokinin (CCK) acting at cell surface receptors linked to IP; and DAG generation and those such as
glucose-dependent insulinotropic peptide (GIP) and glucagon, which elevate intracellular cyclic AMP.
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fibroblasts), but these engineered cells lack the stimulus recogni-
tion and response elements that are expressed by authentic B-cells
(Figure 1). Their insulin secretory responses are therefore unregu-
lated and are not responsive to physiologically relevant stimuli
such as post-prandial changes in blood glucose. There may be
some therapeutic benefit to people with diabetes in having a low,
maintained basal delivery of insulin via genetically engineered
non-B-cells [9], but this would at best be an adjunct to, rather than
a replacement for, conventional insulin therapy. The remainder of
this review will therefore focus on areas that we consider most
likely to generate the quantities of cells required for transplanta-
tion while maintaining differentiated function - islets from non
human species and the de novo generation of functional B-cells
from stem cell populations.

Islets/B-cells from other species: xenografts to treat
Type 1 diabetes
Using islets of Langerhans from other species is an obvious way of
providing the large amounts of functional tissue required for
transplantation therapy of diabetes. Most effort in this area has
been directed towards using pig islets [10] because: (i) Western
countries have pre-existing facilities for high-throughput breed-
ing, rearing and slaughtering of pigs (porcine pancreas as a by-
product of pork production was a source of insulin for treating
T1DM for many years before recombinant human insulin became
widely available); (ii) high islet yields can be obtained from porcine
pancreas using techniques similar to those for human islet isola-
tion; and (iii) pigs are amenable to genetic modification to make
human insulin or to protect against immune assault. Two impor-
tant impediments have however restricted the widespread use of
pig islets in humans. First, the hyperimmune response to xeno-
grafts has proved difficult to avoid. Numerous attempts to hide the
transplanted xenografts from the host immune system by islet
encapsulation have largely failed to maintain islet viability and
insulin secretory responses over the prolonged periods required of
transplanted islets. Second, the demonstration that porcine endo-
genous retroviral (PERV) sequences in the porcine DNA may
become activated on xenotransplantation [11] raised the possibi-
lity of novel viral infections in humans receiving porcine islet
implants. Until recently, these drawbacks made it unlikely that
xenotransplantation would find any major clinical application in
the treatment of T1DM, but several recent developments have
placed it back in the spotlight. In a proof-of-concept study, T-cell-
targeted immunosuppressive therapy enabled the use of unmodi-
fied pig islets to reverse experimental diabetes in non-human
primates for prolonged periods [12]. This work convinced the
US-based research charity Diabetes Research and Wellness Foun-
dation to invest a substantial amount of funding in the Spring
Point Project (http://www.diabetesinstitute.org/), whose mission
is ‘to expedite the widespread availability of islet tissue for diabetes care
by developing premier source pigs for islet xenotransplantation.’
(www.springpointproject.org). Recent work has also suggested
that the potential threat of PERVs to xenotransplant recipients
may have been over-estimated, because prolonged immunosup-
pression and exposure to porcine islet xenografts caused no detect-
able transmission of PERVs in in vitro or in vivo studies [13].

The renewed interest in porcine islet xenotransplantation has
generated some controversial human clinical trials. An Australian

company, Living Cell Technologies Ltd., has reported a trial in
Moscow in which encapsulated porcine islet cells (DiabeCell) were
transplanted into two patients with diabetes, leading to reduced
insulin requirements (http://www.Ictglobal.com/news/180.php).
These workers subsequently reported evidence of residual, viable,
encapsulated pig B-cells being retrieved from a transplant recipient
almost a decade after xenotransplantation [14]. The approach
taken by Living Cell Technologies has however been strongly
criticised by the International Xenotransplantation Association
as being premature and potentially risky [15]. Similarly, earlier
clinical trials of porcine islet transplantation in Mexico [16] have
been the subject of extensive criticism about the preclinical data
used in justification of the trials, and about the reported efficacy of
the trials [17]. The commercial and clinical potential of pig islets as
a source of transplant material for treating TIDM seems likely to
drive larger, more rigorous and more carefully controlled clinical
trials, and the outcome of those trials will determine whether pig
islets are a realistic functional substitute for human islets. The
concept of islet xenografts has been around for many years with-
out making much progress, but recent events suggest that this is an
area worth watching.

Stem cells as a source of substitute 3-cells

The recent explosion of interest in the therapeutic potential of
stem cells for single cell disorders such as TIDM has generated
much research activity in this area. We will focus on recent
advances in the generation of functional B-cells from stem cell
populations, using a broad classification of stem cells as either
tissue stem cells, which are multipotent progenitor cells found in
fetal and adult tissues, or as embryonic stem cells, which are
pluripotent, undifferentiated cells generated from the inner cell
mass of a developing blastocyst and which have the potential to
differentiate into any tissue in the embryo.

Tissue stem cells

Tissue stem cells are usually considered to be lineage-restricted,
and to mature into the differentiated cells of the host tissue/organ,
but evidence is emerging of trans-differentiation into other types
of tissue, suggesting that disparate tissues may offer sources of
progenitor cells that have the potential to become insulin-expres-
sing cells. Earlier, promising studies using tissue stem cells have so
far failed to translate into reliable protocols for generating large
numbers of functional B-cells in vitro. These studies have been
reviewed extensively elsewhere [18-20] so we will summarise
recent advances in some promising candidate tissues.

Pancreatic stem cells

The B-cell mass increases during development, and changes with
(patho)physiological circumstances such as pregnancy and obe-
sity. The origin(s) of these new B-cells is important when con-
sidering how to expand the B-cell mass in or ex vivo. Recent lineage
tracing studies in mice suggest that, under most circumstances
including acute pancreatic regeneration, new B-cells arise by a
slow but uniform self-renewal of existing B-cells [21,22]. A recent
study of B-cell proliferation suggested that, unlike rodent B-cells,
adult human B-cells are largely non-proliferative in vitro [5],
although this has been questioned by another recent study that
suggested the de-differentiation of human B-cells into proliferative
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‘progenitor’ cells in vitro [23]. On balance, it seems unlikely at
present that strategies directed at expanding human B-cell num-
bers by in vitro manipulation will generate substantial amounts of
transplant material. In contrast to the lineage tracing studies,
numerous reports suggest the existence in adult pancreas of pro-
genitor cells with the potential to differentiate into an insulin-
expressing phenotype (e.g. [18-20]). In a recent important study,
experimentally induced damage to the mouse pancreas resulted in
the upregulation of progenitor cells with the capacity to differ-
entiate into different islet endocrine cells, indicative of the exis-
tence of multipotent pancreatic progenitor cells [24]. Putative
progenitor cells have been localised previously to the exocrine
pancreas (e.g. [20,25]), to pancreatic ducts (e.g. [26,27]) and to
endocrine islets (e.g. [28,29]), suggesting a widespread distribution
throughout the pancreas. The prospect of isolating, expanding
and differentiating adult pancreatic progenitor cells to a B-cell
phenotype has obvious therapeutic potential but at present the
precise identity of these cells remains elusive, few studies have
employed lineage-tracing techniques to demonstrate progenitor
to B-cell progression, and the ex vivo proliferative capacity of
progenitor populations isolated from human pancreas remains
to be demonstrated.

Bone marrow-derived stem cells

Bone marrow (BM) contains hematopoietic stem cells and
mesenchymal stem cells, both of which exhibit considerable
developmental plasticity. An initial report that BM stem cells
could engraft into pancreatic islets in vivo and differentiate to
an insulin-expressing phenotype [30] could not be confirmed by
other groups (see Ref. [20]). More recent reports suggest that BM
stem cells reversed experimental diabetes in vivo by enhancing the
regeneration and survival of endogenous B-cells rather than re-
populating the islets with trans-differentiated B-cells [31,32]. Sev-
eral in vitro studies have demonstrated that rodent BM stem cells
can adopt an insulin-expressing phenotype (e.g. [33]), and driving
the phenotype of human BM stem cells by the forced expression of
B-cell transcription factors generated cells capable of glucose-
responsive insulin secretion [34]. Hematopoietic stem cells iso-
lated from umbilical cord blood differentiated in vitro into insulin-
expressing cells [35], although no information was provided about
the secretory characteristics of these cells. The therapeutic poten-
tial of BM stem cells for T1IDM is therefore tantalising: experi-
mental studies suggest the potential for generating insulin-
expressing/secreting cells, and these cells are particularly attractive
for clinical use because they are already routinely collected from
adults, purified and used therapeutically, and they also offer the
potential for autograft therapy of TIDM.

Liver progenitor cells

Early studies demonstrating that the experimental overexpres-
sion of pancreatic transcription factors in hepatic cells in vivo
produced insulin-expressing cells [36] generated a great deal of
interest in the potential of liver cells as a source of replacement B-
cells. Liver is relatively accessible for biopsy and has the capacity
toregenerate and sois a clinically attractive option for autologous
grafting of liver-derived cells in patients with TIDM. A recent
study using lentiviral delivery of an insulin gene construct to rat
liver in vivo demonstrated improved control of blood glucose

without trans-differentiation of the liver cells [37], and a number
of in vivo and in vitro studies have demonstrated that liver cells can
be induced to express markers and adopt some functional aspects
of B-cells (e.g. [36,38-40]). These results are encouraging and
some of the genetically modified liver cells express significant
amounts of insulin (see Ref. [20]), but there is little evidence to
date to suggest that they are amenable to the in vitro expansion
that is required to generate the amounts of tissue needed for
effective transplantation therapy.

Neural stem cells

The use of neural stem cells as 3-cell precursors has not been much
explored. Subpopulations of neurons express functional elements
that are characteristic of B-cells including ATP-dependent K*
channel SUR1 and Kir6.2 subunits, voltage-operated Ca®>" chan-
nels, GLUT2 glucose transporters and the pancreatic form of
glucokinase [41], and the developmental pathways of B-cells
and neurons show similarities with many transcription factors
(e.g. PDX-1, nkx2.2, nkx6.1, neurogenin-3, NeuroD1/Beta2, Pax4,
Pax6 and Isll) regulating both processes [42,43]. In separate stu-
dies fetal rat primary neural stem cells [42] or transformed human
neural progenitor cell lines [43] were differentiated in vitro towards
an insulin-expressing phenotype. Neural stem cells are capable of
significant expansion in vitro and the biology of human neural
stem cells is becoming increasingly well understood [44], so they
may offer a future source of p-cell substitutes.

Other tissue stem cells

There have been sporadic reports that progenitor/stem cells from
other tissues can be induced to differentiate into insulin-expres-
sing cells, including cells localised to intestinal epithelium, der-
mis, spleen, salivary gland and blood monocytes. These studies
have not always proved to be reproducible, and have been
reviewed elsewhere [18-20].

Embryonic stem cells

Embryonic stem (ES) cells have great potential in cell/organ repla-
cement therapies because of two intrinsic properties. First, ES cells
can produce cells of all three embryonic germ layers (pluripotent).
Second, ES cells can proliferate indefinitely in vitro if they are
maintained in their initial undifferentiated state, so they are
capable of producing the large numbers of cells required for
transplantation therapies. Initial attempts to differentiate ES cells
to insulin-expressing cells used mouse ES (mES) cells [45,46], as did
many subsequent studies, because mES cells are much easier to
obtain and use than human ES (hES) cells, and because they are not
subject to the ethical and legal constraints that accompany hES
cells. These initial reports stimulated many studies around the
world, and these have been the subject of numerous reviews (e.g.
[3,4,47-49]). Although cells destined for transplantation therapy
for TIDM would ideally be of human origin there have been
relatively few reports of generating insulin-expressing cells from
hES cells, so we will focus on some exciting recent advances in this
area.

Initial studies demonstrated that hES cells spontaneously
differentiate to generate insulin-expressing cells, albeit at a very
low frequency, with only 1-3% of cells expressing insulin [50].
Applying selective culture conditions that were initially devised
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for mES cells [45] did not improve the efficiency of B-cell
differentiation [51,52], but transplantation into mice along with
mouse embryonic dorsal pancreas improved the efficiency of
differentiation, suggesting the existence of important in vivo
cues that were missing from the in vitro environment [53]. Over
the past decade numerous studies, often in gene knockout mice,
have produced a detailed knowledge of the sequence of devel-
opment of the endocrine pancreas (see Refs. [48,49]). More
recent studies using hES cells have used this information to
devise differentiation protocols aimed at recapitulating in vitro
the important in vivo signals that drive pluripotent cells first
towards definitive endoderm, then to form posterior foregut
cells, then to pancreatic endoderm, then to an endocrine pro-
genitor phenotype and finally to a fully differentiated pancreatic
endocrine cell («,B,d or PP). Culture conditions that encouraged
in vitro differentiation of hES cells into definitive endoderm [54—
56] offered a starting point from which to progress to islet
endocrine precursors [55,57,58] and hormone expressing cells
[56,58,59]. Cells generated by these in vitro protocols showed
poor [56] or absent [59] nutrient-induced insulin secretory
responses compared to those of primary human B-cells. Trans-
plantation of the pancreatic progenitors derived from hES cells
into the in vivo environment in mice, however, resulted in
enhanced differentiation [57,60], glucose-responsive insulin
secretion [60] and the reversal of streptozotocin-induced hyper-
glycaemia in the host animals [56,57,60]. These studies using
similar, but not identical, in vitro differentiation protocols offer
proof-of-concept that directed differentiation of hES cells based
on known developmental signals can generate functional insu-
lin-secreting B-cells. The improved performance of the cells after
exposure to the in vivo environment in a number of studies
[53,57,60] suggests that something is lacking from the current
in vitro protocols but they offer a useful baseline from which to
refine the differentiation process and to determine whether
these experimental procedures can be scaled-up to generate
the vast numbers of human B-cells that are required for trans-
plantation therapy of TIDM. Progress has been rapid in this area
of research in the past 2-3 years, and if it continues at this pace
embryonic stem cells may soon fulfil their much-hyped thera-
peutic potential.
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