
Type 1 diabetes is characterized by autoimmune de-
struction of insulin-producing β cells in the pancreas
by CD4+ and CD8+ T cells and macrophages infil-

trating the islets.1 The disease accounts for about 10% of all
cases of diabetes, occurs most commonly in people of Euro-
pean descent and affects 2 million people in Europe and
North America. There is a marked geographic variation in
incidence, with a child in Finland being about 400 times
more likely than a child in Venezuela to acquire the disease
(Fig. 1). The current global increase in incidence of 3% per
year is well reported,2 and it is predicted that the incidence
of type 1 diabetes will be 40% higher in 2010 than in 1998.3

This rapid rise strongly suggests that the action of the envi-
ronment on susceptibility genes contributes to the evolving
epidemiology of type 1 diabetes.

Before safe and rational therapies can be offered in a clini-
cal setting, a detailed understanding of the immune-mediated
process that results in type 1 diabetes is required, as is the ac-

curate identification of those at risk of the disease. The im-
munogenetics of type 1 diabetes has become the model upon
which other complex disorders are studied, and in this article
we review the importance of recent insights into the patho-
genesis and natural history of type 1 diabetes and consider
current therapeutic strategies.

Genes: How important are they?

Like other organ-specific autoimmune diseases, type 1 dia-
betes has human leukocyte antigen (HLA) associations, but
how well are they understood? The HLA on chromosome 6
was the first locus shown to be associated with the disease by
candidate gene studies4,5 and is considered to contribute
about half of the familial basis of type 1 diabetes.6,7 Two
combinations of HLA genes (or haplotypes) are of particular
importance: DR4-DQ8 and DR3-DQ2 are present in 90% of
children with type 1 diabetes.8 A third haplotype, DR15-DQ6,
is found in less than 1% of children with type 1 diabetes,
compared with more than 20% of the general population,
and is considered to be protective.9 The genotype combining
the 2 susceptibility haplotypes (DR4-DQ8/DR3-DQ2) con-
tributes the greatest risk of the disease and is most common
in children in whom the disease develops very early in life.10

First-degree relatives of these children are themselves at
greater risk of type 1 diabetes than are the relatives of chil-
dren in whom the disease develops later.11

Candidate gene studies also identified the insulin gene on
chromosome 11 as the second most important genetic sus-
ceptibility factor, contributing 10% of genetic susceptibility to
type 1 diabetes.12 Shorter forms of a variable number tandem
repeat in the insulin promoter are associated with susceptibil-
ity to the disease, whereas longer forms are associated with
protection.13 Demonstration of increased expression of in-
sulin (mRNA) in the thymus of people with “long” or protec-
tive repeats — which suggests more efficient deletion of in-
sulin-specific T cells during induction of central tolerance —
provides an attractive potential mechanism for the role of the
insulin gene in type 1 diabetes.14,15

Over the last decade, whole genome screens have indi-
cated that there are at least 15 other loci associated with type 1
diabetes,16–18 and of those, another 2 genes intimately associ-
ated with T-cell activation have been identified recently. An al-
lele of the gene for a negative regulator of T-cell activation,
cytotoxic T lymphocyte antigen 4 (CTLA-4), found on chro-
mosmone 2q33, is considered to be the third susceptibility lo-
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Type 1 diabetes results from the autoimmune destruction of
insulin-producing β cells in the pancreas. Genetic and, as
yet undefined, environmental factors act together to precipi-
tate the disease. The excess mortality associated with the
complications of type 1 diabetes and the increasing inci-
dence of childhood type 1 diabetes emphasize the impor-
tance of therapeutic strategies to prevent this chronic dis-
order. Why is it considered that type 1 diabetes might be
preventable? Different strands of diabetes research are com-
ing together to suggest therapeutic targets. Islet cell auto-
antibody assays make it possible to accurately identify peo-
ple at risk of future disease. In most cases, a long prodrome
provides a window of opportunity to reverse the autoim-
mune process. Although no current “cure” exists, recent ge-
netic data and preliminary trial results suggest T cells as a
target for preventive strategies. Another potentially attain-
able target is induction of tolerance to the β-cell proteins
such as insulin that are inappropriately recognized. Other
strategies involve β-cell replacement, but currently there are
insufficient donor cells available. This may be overcome as
the processes controlling the differentiation of pancreatic
and nonpancreatic progenitors as well as replication of exist-
ing islet β cells are unravelled.
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cus for type 1 diabetes and has been associated with increased
levels of soluble CTLA-419 and the frequency of regulatory T
cells.20 A variant of PTPN22, the gene encoding LYP, also a
suppressor of T-cell activation, has been deemed the fourth
susceptibility factor.21,22 The observation that the 4 most im-
portant susceptibility genes for type 1 diabetes can all be rep-
resented on a single diagram of antigen presentation to T
cells (Fig. 2) emphasizes the potential importance of current
therapeutic strategies targeting this interaction. It is also
worth noting that the HLA, CTLA-4 and PTPN22 have all
been implicated in autoimmune thyroid disease and other au-
toimmune diseases,23 which supports the premise that simi-
lar or overlapping biological pathways contribute to different
autoimmune diseases.24

Genetic studies have highlighted the importance of large,
well-characterized populations in the identification of sus-
ceptibility genes for type 1 diabetes. Recruitment of increas-
ingly large populations of patients with type 1 diabetes and
their families is underway (www.t1dgc.org) to provide statis-
tically powerful cohorts in which to identify other disease-
associated genes. Some genes will have a relatively minor
individual impact on susceptibility to disease but could never-
theless provide more clues to future preventive therapies. The
genes for intercellular adhesion molecule (ICAM) and vitamin
D are candidates. Some epidemiologic observations support a
protective role for vitamin D in type 1 diabetes. Maternal in-
take of vitamin D in pregnancy and high doses of vitamin D
supplements early in life have been shown to protect against
islet autoimmunity in offspring,25,26 whereas children with a
diagnosis of rickets in the first year of life have been found to
have a 3-fold increased risk of type 1 diabetes later in life.27

Further safety studies of vitamin D doses in pregnancy are re-
quired.28 Genetic data on type 1 diabetes and vitamin D re-
main controversial.29,30 The gene for ICAM-1, associated with

an increased risk of type 1 diabetes, may contribute to the
homing and activation of mononuclear cells in the islets dur-
ing infection and an early autoimmune response, although
confirmatory studies are required.31

Genetic and environmental interactions

Studies in most populations confirm an increase in the inci-
dence of type 1 diabetes, particularly among young children,
with the greatest increase occurring in the previously low-
incidence countries of eastern Europe. Some studies,32,33 how-
ever, have shown convincingly that the increases among
young children are occurring because of a shift to lower age at
onset rather than an overall increase in incidence in all age
groups. These changes are too rapid to be caused by alter-
ations in the genetic background and are likely the result of
environmental changes. This is confirmed by recent experi-
ments showing that the increase in type 1 diabetes has been
accompanied by a concomitant widening of the HLA risk pro-
file, which suggests increased environmental pressure on sus-
ceptible genotypes.34,35

Identification of such environmental factors has proved
frustratingly difficult. The most popular candidates are
viruses, with enteroviruses,36 rotavirus37 and rubella being
suspects. The strongest data to date have supported a role
for rubella. Infants infected with congenital rubella syn-
drome are said to be at increased risk of type 1 diabetes.38

Yet Finland, where vaccination has effectively eradicated
rubella, still has one of the highest incidences of type 1 dia-
betes.39 There is also evidence that some enteroviruses
(e.g., Coxsackie B viruses) are less prevalent in countries
with high incidences of type 1 diabetes (e.g., Finland) than
in countries with low incidences but geographically similar
populations (e.g., Russian Karelia).40 This observation may
be in keeping with the concept of the hygiene hypothe-
sis,41,42 which proposes that environmental exposure to mi-
crobes, other pathogens and their products early in life
promotes innate immune responses that suppress atopy
and perhaps autoimmunity. In Western cultures, the devel-
oping immune system of the infant is no longer exposed to
widespread infection, which may contribute to the current
increases in incidence observed in atopic and autoimmune
disease.

Large studies are required to address the role of environ-
mental factors in susceptibility to type 1 diabetes. An interna-
tional consortium — the Environmental Determinants of
Diabetes in the Young (TEDDY; www.niddk.nih.gov/patient
/TEDDY/TEDDY.htm) — has been established to follow sev-
eral thousand babies with high-risk HLA genotypes from
birth until adolescence to identify infectious agents, dietary
factors or other environmental factors that trigger islet au-
toimmunity in genetically susceptible people.

Do we know who is at greatest risk?

More than 30 years ago, it was recognized that antibodies in
sera from patients with type 1 diabetes could bind to sections
of pancreatic islets. These antibodies were termed islet cell an-
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Fig 1: Geographic variation in annual incidence of type 1 diabetes.



tibodies. The 3 principal autoantigens identified were glu-
tamic acid decarboxylase (GAD 65),43 a protein tyrosine phos-
phatase-like molecule (IA-2)44 and insulin.45 Studies involving
first-degree relatives gave insight into the potential usefulness
of islet cell antibodies as predictors of future disease, but the
immunoflourescence assay proved difficult to standardize. In-
ternational workshops to standardize assays for antibodies to
GAD, IA-2 and insulin have been more successful,46,47 and it is
now clear that about 90% of people with newly diagnosed type
1 diabetes have autoantibodies to at least 1 of these 3 antigens.
There is variability in the pattern of humoural immunity, how-
ever: insulin autoantibodies are more prevalent in young chil-
dren,48 IA-2 antibodies often decrease after diagnosis,49 and
antibodies to GAD tend to persist.50 It is in the pre-diabetes
phase that islet autoantibodies have been most useful. They
appear to be already present in most cases of future diabetes
by the age of 5 years.51 This indicates that the autoimmune
process “smoulders” subclinically for many years in the ma-
jority of patients and that clinical symptoms do not appear un-
til up to 80% of β cells have been destroyed. 

The observations that islet cell autoantibodies predict au-
toimmune diabetes in first-degree relatives,52 that the pres-

ence of 2 or more autoantibodies in people in the general
population is highly predictive of future disease53 and that
recent reports have shown that people who have IA-2 anti-
bodies are at very high risk54,55 have opened the way for inter-
vention strategies to delay or slow the autoimmune process.
Identification of appropriate agents to reverse or delay the
autoimmune process in people found to have 2 or more islet
cell autoantibodies is one of the main targets of diabetes
research.

Prevention of the disease process before the appearance
of islet cell autoantibodies would be ideal, but the accuracy
of prediction based on the presence of genes associated with
type 1 diabetes is limited. In a study involving patients with
islet cell autoantibodies in Belguim, HLA class II genotyping
identified a subgroup who represented less than 10% of the
Belgian population but who accounted for the majority of
future cases of type 1 diabetes in childhood or early adult-
hood.56 Targeting 10% of the population for therapeutic
intervention,  however, when the vast majority will not go on
to have type 1 diabetes would require a highly effective and
safe intervention. Population screening strategies for islet
cell autoantibodies can be aided by HLA screening strategies,
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since 90% of people in whom type I diabetes will later de-
velop are found to be positive for one or both of the HLA sus-
ceptibility haplotypes (DR3-DQ2 and DR4-DQ8) and nega-
tive for the protective haplotype (DR2-DQ6). This strategy is
being used by the type 1 Diabetes Prediction and Prevention
Study (DIPP)57 to test the effectiveness of intranasally applied
insulin as an antigen-specific therapy.

Therapeutic interventions

Two major trials of ways to prevent or delay the onset of type 1
diabetes are complete.

The European Nicotinamide Diabetes Intervention Trial
(ENDIT), a randomized double-blind placebo-controlled
trial of high-dose nicotinamide therapy, recruited first-
degree relatives of people who were less than 20 years old
when their type 1 diabetes was diagnosed, were ICA positive,
were less than 40 and had a nondiabetic oral glucose toler-
ance test. Although nicotinamide had proved protective in
animal studies, no effect was observed in the ENDIT study
during the 5-year test period.58

A trial that ran concurrently with ENDIT, the Diabetes
Prevention Trial – type 1 (DPT-1), studied the efficacy of low-
dose insulin injections in high-risk (> 50%) first-degree rela-
tives of patients with type 1 diabetes. In addition, oral insulin
capsules were compared with placebo capsules in relatives
with a 25%–50% risk of type 1 diabetes. Overall, the insulin
treatments had no effect,59 but in a subset of participants in
the oral insulin group (those with high levels of insulin au-
toantibodies), a delay and perhaps a reduction in the inci-
dence of type 1 diabetes was observed.60 Recent data suggest-
ing that insulin is a primary autoantigen in type 1 diabetes61,62

strengthen the case for a therapeutic focus on insulin.
Both the ENDIT and DPT-1 trials, although reporting

largely negative findings, have set the standard for future tri-

als and emphasized the requirement for international collab-
oration to facilitate well-designed trials. To this end, TrialNet
(www.diabetestrialnet.org) has been established. TrialNet is a
network of 18 clinical centres working in cooperation with
screening sites throughout the United States, Canada, Fin-
land, the United Kingdom, Italy, Germany, Australia and
New Zealand.

Other studies are examining anti–T-cell strategies. Early
studies of cyclosporin in the 1980s provided a proof of prin-
cipal for the usefulness of immunomodulators in the treat-
ment of type 1 diabetes; the adverse effects of cyclosporin,
however, were incompatible with their widespread use.63,64

More sophisticated anti–T-cell strategies have been devel-
oped more recently. In one study, hOKT3γ1(Ala-Ala), a hu-
manized, modified anti-CD3 monoclonal antibody, was
given to 21 patients within 6 weeks of type 1 diabetes diag-
nosis; patients in the treatment group had improved C-pep-
tide responses, with effects lasting more than 1 year after a
single course of treatment and without chronic immuno-
suppression.65 In another study, 80 patients with newly di-
agnosed type 1 diabetes were randomly assigned to receive
either an anti-CD3 monoclonal antibody (ChAglyCD3) or
placebo; results indicated that residual β-cell function was
maintained for at least 18 months and that the effect was
strongest in those with the greatest residual β-cell function
at study entry.66

In the hOKT3γ1(Ala-Ala) trial, analysis of peripheral blood
samples demonstrated an increase in the CD8/CD4 ratio and
in particular an increase in CD8+CD25+ regulatory T cells.67

Most studies of regulatory T cells have focused on a subset of
naturally occurring CD4+ cells that have the capacity to con-
trol self-reactive T cells,68 and their depletion results in au-
toimmunity.69 Strategies that target the action of regulatory T
cells in vivo offer one of the most attractive options for ther-
apy in type 1 diabetes and other autoimmune diseases.
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Transplantation

Pancreatic transplantation has offered a successful thera-
peutic approach for many years.70,71 However, as with all
whole-organ transplants, lifelong immunosuppression is
required and donor organs are in short supply. An alter-
native strategy, injection of donor islets into the liver,
although less invasive, was found to have mixed success
until researchers in Edmonton presented the so-called “Ed-
monton protocol.”72 With the use of a combination of da-
clizumab, sirolimus and tacrolimus and islets from more
than 1 donor pancreas per recipient, success rates of 80%
at 1 year and 20% at 5 years have been reported.73 One of
the variables that must be standardized is the crucial islet
isolation step.74 Both the quality and the number of islets
affect success rates. A prospective multicentre trial coordi-
nated by the Immune Tolerance Network has been estab-
lished to replicate this success. Like pancreatic transplanta-
tion, the procedure is currently limited by availability of
donor islets. New sources of functional islets will be re-
quired for islet transplantation to make a significant impact
on type 1 diabetes.

Regeneration of ββ cells

The presence of β cells in patients with long-standing type 1
diabetes, despite ongoing autoimmunity, implies that new
formation of β cells may be occurring.75 Although an ambi-
tious aim currently, targeted regeneration of such β cells of-
fers another strategy to prevent type 1 diabetes. Regeneration
of β cells is therefore an area of major active investigation,
with recent studies reporting differentiation of pancreatic
and nonpancreatic progenitors as well as replication of exist-
ing islet β cells. One study has shown that a single, murine,
adult pancreatic precursor exists that can differentiate into
cells with the characteristics of islet β cells.76 Another study
has shown that pre-existing β cells, rather than pluripotent
stem cells, are the main source of new β cells during adult
life and after pancreatectomy in mice.77

The future

We are still some way from developing a pill to prevent type 1
diabetes, but all the divergent strands of ongoing research,
from epidemiology to molecular biology, immunology to
clinical trials, appear to be converging to provide clear per-
spectives on the therapeutic interventions that are most likely
to be successful. Two strategies are open to physicians who
have patients with type 1 diabetes: the first is to prevent initi-
ation of autoimmunity; the second is to reverse the effects of
ongoing autoimmunity coupled with β-cell regeneration
(Fig. 3). Although highly ambitious, the prevention of type 1
diabetes could be possible by identifying and eliminating en-
vironmental risk factors. The next line of defence would be
to re-educate the immune system through exposure to β-cell
antigens with the use of oral or nasal tolerance strategies.
The observation that insulin may be the primary autoantigen
provides support for therapies using insulin to induce toler-

ance. The potential to re-educate the immune system, or to
divert it using regulatory T cells, and the rapidly expanding
field of islet β-cell differentiation give hope that improved
strategies to manage this chronic disease are on the horizon.
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