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Science, medicine, and the future
Islet and stem cell transplantation for treating diabetes
Palle Serup, Ole D Madsen, Thomas Mandrup-Poulsen

By 2010 the number of people with diabetes is
expected to exceed 350 million. Late diabetic
complications will cause considerable morbidity in
5-10% of these patients and place an enormous
burden on society. Transplantation of insulin produc-
ing islet cells isolated in vitro from a donor pancreas
could be a cure for type 1 and some cases of type 2
diabetes. Currently, however, lack of sufficient donor
organs and the side effects of immunosuppressive
therapy limit its potential. Ways to overcome these
problems include deriving islet cells from other
sources such as pigs, human pancreatic duct cells, fetal
pancreatic stem cells, embryonic stem cells, and by
therapeutic cloning. This article outlines these
developments and discusses how islet cell transplanta-
tion is likely to become the treatment of choice for
most insulin dependent diabetics within the next five to
10 years.

Methods
Our article is based on information from the following
core references: the international islet transplant regis-
try; recently published articles describing improve-
ments in islet cell transplantation, reporting treatment
of diabetes in animal models with islet cells grown in
vitro, and describing novel molecular mechanisms in
pancreatic endocrine development (including our own
recent work); papers in embryonic and adult stem cell
research that have had a major influence on our think-
ing; and the seminal work from the Roslin Institute and
other groups on nuclear transfer.

The limitations of conventional
treatment
In many cases current diabetes drug therapies do not
provide sufficiently tight control of blood glucose to
avoid diabetic late complications.1 2 Transplantation of
whole donor pancreas is an effective form of treatment
but is of limited application since it entails major
surgery and long term immunosuppression. This
failure to prevent the morbidity associated with
diabetes places an enormous burden not only on
patients and their relatives but also on society. The
costs of treating late diabetic complications are set to
escalate because of the predicted sharp rise in the
number of people with diabetes. Thus, both patients

and society have much to gain from development of
improved treatment for diabetes.

Islet cell transplantation
This is an effective treatment for diabetes, but its use is
limited by shortage of donor material. Allogeneic islet
transplantation has been explored as a treatment for
type 1 diabetes. Islet cells are extracted from a donor
pancreas and injected into the portal vein of the liver
(fig 1). The procedure has to be carried out two or
three times and requires as many short term hospitali-
sations over a period of two to three months. When
successful, this treatment has improved patients’
diabetes.3 However, the need for intense immunosup-
pression to prevent graft rejection has, until recently,
limited this approach to patients who are already
immunosuppressed either for a previous organ graft
or because of simultaneous kidney transplantation.4 It
is also possible that the immunosuppressive regimen
itself may have prevented success in some cases,
because most protocols use agents that inhibit islet cell
function or induce peripheral insulin resistance.5 As a
result, only 10% of the patients on the International
Islet Cell Transplantation Registry are recorded as
being insulin independent a year after receiving a
transplant.4

Promising results have recently been reported
from transplantation of large amounts of islet cells
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Predicted developments

Increased use of islet cell transplantation to treat
diabetes

Introduction of new methods for in vitro
generation of â cells, either from pancreatic duct
cells or from stem cell cultures

Treatment of type 2 diabetes with individually
tailored â cells produced by cloning or from
haemopoietic stem cells

Development of immunosuppressive therapy
specific to the autoimmune response seen in type
1 diabetes, allowing transplantation of individually
tailored â cells with minimal side effects
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from cadaveric pancreases that were not HLA matched
into seven patients with type 1 diabetes who had multi-
ple hypoglycaemic episodes or uncontrolled diabetes
despite compliance with the prescribed insulin
treatment.6 All the patients showed normalisation of
glycated haemoglobin concentration and lasting inde-
pendence from insulin injections at an average of 11
months’ follow up. The islet cells were purified in
medium free from foreign protein, and this, combined
with a glucocorticoid-free immunosuppressive regi-
men, successfully prevented rejection. Notably, both
host versus graft and autoimmune reactions were
apparently avoided. This was a small uncontrolled
study, however, and its encouraging results need to be
confirmed in larger randomised controlled trials.

Even if further studies confirm the effectiveness of
this approach, the need to obtain two to four donor
pancreases for each patient and the uncertainty
regarding long term side effects from immunosuppres-
sion are likely to limit its application to patients with
very poorly controlled diabetes.

Alternative sources of islet cells
The shortage of human donor pancreases for islet cell
transplantation has led to a search for alternative
sources of islet cells. Several sources have been
suggested—from pigs, induction from human pancre-
atic duct cells, fetal pancreatic stem cells, and induction

of insulin producing B cells by therapeutic cloning—
and each has its own advantages and disadvantages.

Xenogeneic islet cells
Porcine islet cells have been suggested as a virtually
unlimited supply of insulin producing cells for
transplantation. However, the immunological barrier
to xenogeneic grafts is substantially greater than the
barrier to human grafts. Hence, the development of
transgenic pigs that express human genes and the
extension of cloning technology to pigs have been wel-
comed because these technologies promise the
production of “humanised” pigs. Such pigs would lack
xenoantigens that are immunologically important but
not essential for survival, and the technology might
even allow production of pigs individually matched for
recipients’ HLA type.

The disadvantage of xenografts from transgenic
pigs is the possible risk to public health from cross spe-
cies infection with porcine endogenous retroviruses
that then adapt to human hosts. Retroviruses result in
permanent infection, and there are reports that
porcine endogenous retroviruses from porcine cell
lines and lymphocytes can infect human cells in vitro.7 8

These concerns have led the US Food and Drug
Administration to halt trials of porcine xenografts until
those patients who have already received grafts are
assessed for infection. Although 10 Swedish patients
have received porcine islet xenografts and have no sign
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Fig 1 Islet cell transplantation by injection into hepatic portal vein
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of infection in their lymphocytes,9 a recent study in
genetically modified mice (non-obese diabetic plus
severe combined immunodeficiency) that had received
porcine islet cells found infection with porcine endog-
enous retroviruses in several tissues.10

Further information on pig cloning and the use of
pigs for xenografts can be found at www.sciencemag.
org/cgi/content/full/289/5486/1886.

Expansion and transdifferentiation of pancreatic
duct cells
While the nature of pancreatic stem cells is still uncer-
tain, recent advances in this area prompted a high level
meeting sponsored by the National Institutes of Health
on stem cells and pancreatic development.11 Peck and
colleagues have reported that pancreatic ductal epithe-
lial cells isolated from adult non-obese diabetic mice
that are still prediabetic can be grown in long term cul-
tures and induced to produce functioning islets of
Langerhans containing á, â, and ä cells.12 These in vitro
generated islets were capable of lowering blood
glucose concentrations to near normal when
implanted in diabetic non-obese mice. The mice
remained normoglyacemic for the three months’ dura-
tion of the study. Human pancreatic duct cells have also
been grown successfully in vitro and induced to differ-
entiate, but the ability of these cells to restore blood
glucose in vivo is still unproved.13 This promising line
of research is being pursued by several laboratories.
Not only does the use of adult donor ductal cells avoid
the controversy of using fetal cells but there are fewer
biological problems associated with making â cells
from duct cells than from, for example, embryonic
stem cells.

The use of fetal pancreatic stem cells and â cell
precursor
In the past few years huge advances have been made in
the understanding of fetal endocrine development.
These provide an important guide to further attempts
to produce islet cells in vitro.

The identification of endocrine precursor cells in
the developing pancreas and the regulation of their
differentiation by a specific cellular pathway (the Delta
Notch pathway—see appendix on BMJ ’s website for
details) raises the exciting possibility that modulation
of cellular signalling can be used in vitro to grow and
differentiate endocrine precursor cells, taken either
from embryonic pancreas from aborted fetuses or by
using pancreatic duct cells. Once the molecular details
are solved suitable culture conditions can be developed
to supply an unlimited number of allogeneic â cells for
transplantation.

Embryonic stem cells
Stem cells are potent biological units that have been
used for decades in many aspects of biology. The mam-
malian body consists of some 200 distinct cell types,
which all derive from the fertilised egg cell. The
fertilised human egg divides and gives rise to the early
embryo, which, at the blastula stage, contains a cluster
of apparently totipotent cells—termed the inner cell
mass—from which clonal embryonic stem cells can be
derived. Such embryonic stem cells can be propagated
indefinitely in vitro and can be induced to differentiate
into several distinct lineages in vitro, including cardio-

myocytes and neural cells, but differentiation into
endodermal cell types has not yet been reported. As
figure 2 shows, the stem cells have to follow the appro-
priate developmental pathway in order to become
insulin producing â cells.

Soria and coworkers derived insulin producing
cells from mouse embryonic stem cells by using
embryonic stem cells transfected with an insulin
promoter (driving expression of the neo gene, a
marker for antibiotic resistance), which allowed them
to selectively induce insulin producing cells.14 However,
this procedure gives rise to proliferating cells, and
thereby potentially malignant cells, rather than mature,
post-mitotic cells. Nevertheless, this experiment shows
that embryonic stem cells can differentiate along a
pancreatic endocrine path. This technique might be
developed to provide a source of â cells by using more
elaborate selection schemes that are compatible with
normal â cell development.

For more information on the use of embryonic
stem cells, see www.sciencemag.org/cgi/content/full/
283/5407/1468#F1

Therapeutic cloning
The transfer of the nucleus of a somatic cell (such as
from breast tissue ) into a donor oocyte from which the
nucleus has been removed can be used to clone a
mammalian species. The oocyte with the replaced
nucleus carries the genetic information of the donor.
This technique was used to clone Dolly the sheep.15

Blastocysts can be developed in vitro from such
manipulated oocytes, and embryonic stem cells that
are genetically matched to the donor can be derived
from the inner cell mass of the blastocysts (fig 3), a pro-
cedure that takes several months.

Such a procedure for generating â cells from
embryonic stem cells could be developed (a ready sup-
ply of oocytes could be provided from registered fertil-
ity clinics) to produce effective therapy for diabetics.
The great advantage of this cloning technology is, of
course, that the embryonic stem cells would generate â
cells with a patient’s own genetic information, thus
avoiding allogeneic host versus graft reactions.

For more information on therapeutic cloning see
www.sciencemag.org/cgi/content/full/288/5472/1775

When the nature of pancreatic â cell ontogeny is
fully understood we may be able to mimic this process
in vitro to propagate â cells—either starting with duct
cells derived from pancreatic donor specimens or by
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Fig 2 Schematic representation of developmental pathway an
embryonic stem cell must follow in order to become an insulin
producing â cell. Little is known about the signals that govern the
choices at the various branch points
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the use of other appropriate human stem cells (such as
from bone marrow or even blood samples). This devel-
opment would clearly be welcome because it would
avoid the need for therapeutic cloning, with all the
attendant controversy of creating human embryos
solely for medical use.

The future
Research in islet cell and stem cell transplantation is set
to develop rapidly. Within the next five years it should
be possible to generate sufficient â cells in vitro to solve
the current shortage of insulin producing cells from
donor islets. This would allow doctors to treat not only
those patients with poorly controlled diabetes but also
those with less severe disease but who are identified (by
monitoring glycated haemoglobin levels) as being at
risk of developing long term complications. This could
considerably reduce the personal and societal burden
of morbidity from late diabetic complications

Of the techniques described above, the most
promising is generation of â cells from pancreatic duct

cells. It is inherently a shorter biological step to make a â
cell from a duct cell than it is from other possible cells,
such as embryonic stem cells and haemopoietic stem
cells, because these are not closely related in lineage.
However, safe suppression of autoimmunity for patients
with type 1 diabetes must be achieved before this prom-
ising new technology can lead to a dramatic shift in
clinical practice. In type 1 diabetes this reaction is as
important as the standard graft versus host reaction. For
patients with type 2 diabetes (where autoimmunity is no
problem), fully histocompatible and patient specific â
cells could well be developed within the next 10 years,
either by manipulation of adult stem cells or by
therapeutic cloning. Hopefully, safe and efficient
interventions to curtail the autoimmune reaction will
have evolved by then, allowing patients with type 1
diabetes to benefit from this development also.
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Fig 3 Therapeutic cloning (use of nuclear replacement to generate
patient specific â cells). An enucleated host oocyte is injected with a
nucleus derived from a somatic cell from a particular patient. The
oocyte is then allowed to develop to the blastocyst stage in vitro.
Embryonic stem cells can then be isolated from the blastocyst and
used as the starting point for in vitro â cell development

One hundred years ago
Ruminant and other sucking animals

It seems to be a natural instinct, possibly a relic of a ruminant
ancestry, that the human animal should chew something. This
applies more particularly to children and others whose power of
inhibition has not been adequately developed by education. The
eagerness with which an infant whose milk teeth are in process of
extrusion chews an indiarubber ring has probably a different
causation. But the chewing of tenacious jujubes by the child only
a little older, the indulgence in chewing-gum by the American,
the chewing of betel nut by the Indian, the chewing of straws by

the British ostler, of tobacco by the sailor, and the “dry smoke” of
more civilised man, all give a family likeness to the ruminating ox.
Marey has showed that the act of mastication in animals increases
the activity of the cerebral circulation, and Salathé has proved the
same thing for the act of sucking. These afford an explanation of
the formation of the habit in school children of sucking and
chewing the blunt end of their lead pencils, but they do not afford
an excuse for its continuance.

(BMJ 1901;i:42)
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