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Abstract. Type 1A diabetes is an organ-specific auto-
immune disease resulting from destruction of insulin-
producing pancreatic b-cells. The main susceptibility
genes code for polymorphic HLA molecules and in
particular alleles of class II MHC genes (DR, DQ and
DP). Polymorphisms of individual genes outside the
MHC also contribute to diabetes risk but recent

evidence suggests that there are additional non-HLA
genes determining susceptibility linked to the MHC. It
is now possible using genetic and autoantibody assays
to predict the development of type 1A diabetes in the
majority of individuals, and trials of diabetes preven-
tion are underway.
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Introduction

The current American Diabetes Association classifi-
cation system defines four major forms of diabetes
mellitus. The four major subgroups are: type 1 and
type 2, diabetes due to other known causes and
gestational diabetes (Table 1). Type 1 diabetes is
defined in etiologic terms, i.e. as diabetes caused by
the destruction of insulin-producing b-cells, the con-
sequence of which is an absolute dependence on
insulin for survival. Type 1 diabetes is further sub-
divided according to whether b-cell destruction is
caused by an immune (type 1A) or other (type 1B)
processes [1].
Type 1 diabetes, formerly known as either juvenile-
onset diabetes (because of the early age of onset) or
insulin-dependent diabetes mellitus (because of the
clinical need for insulin), is now widely thought to be
an organ-specific autoimmune disease. Here we wish

to summarize some generally accepted observations
about this disease and then give our perspectives on
unresolved issues surrounding the prediction, patho-
genesis and treatment. In particular, we will discuss
markers of the disease, such as autoantibodies against
pancreatic islet cell antigens.

Prevalence and etiology of type 1A diabetes

Type 1A diabetes accounts for approximately 90% of
childhood-onset diabetes and 5–10% of adult onset
diabetes [2]. About 40% of persons with type 1A
diabetes develop the disease before 20 years of age,
thus making it one of the most common severe chronic
diseases of childhood. In the USA, where 30,000 new
cases occur each year [3], type 1A diabetes affects 1 in
300 children and as many as 1 in 100 adults. Diabetes
(of all causes) is a leading cause of end-stage renal
disease, blindness and amputation, and a major cause
of cardiovascular disease and premature death in the
general US population [3]. Approximately one-half of* Corresponding author.
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patients develop type 1 diabetes within the first two
decades of life, but an increasing number of cases are
being recognized in older individuals. The geographic
incidence varies widely from less than 0.1/100,000 per
year in China to more than 37/100,000 in Finland [4].
Of note, the incidence of type 1A diabetes is increas-
ing in many Western countries, doubling approxi-
mately every 20–30 years [5].

Molecular genetics of Type 1A diabetes

The largest contribution to genetic susceptibility
(Table 2) from a single locus comes from several genes
located in the major histocompatibility complex (MHC)
on chromosome 6p21.3 [6], accounting for at least 40%
of the familial aggregation of this disease [7]. Depending
on age of onset 30% to almost 50% of type 1 diabetes
patients are heterozygous for HLA-
DQA1*0501DQB1*0201 (termed DQ2)/
DQA1*0301DQB1*0302 (termed DQ8) with associated
DR3 and DR4 alleles The DR2-associated molecule
[HLA-DQA1*0102DQB1*0602 (DQ6)] is associated
with dominant protection from the disease (DQ6 is
carried by approximately 20% of the US population but
less than 1% of children with type 1A diabetes).
Residues important for the structure of the peptide
binding groove of both HLA-DQ and DR molecules are
associated with disease susceptibility and resistance.
Polymorphisms of a variable nucleotide tandem

repeat (VNTR) 5 of the proinsulin gene are associated
with risk (termed IDDM2) [8], and the long-form of
the VNTR is associated both with protection from
diabetes and increasesed insulin messenger RNA
expression within the thymus [9]. Of note, whereas
humans have a single insulin gene, mice have two
insulin genes, termed insulin 1 and insulin 2 [10]. Both
murine insulin genes are expressed in islets, while only
insulin 2 is expressed in the thymus, and knocking out
the insulin 2 gene (not the insulin 1 gene) greatly
accelerates the development of diabetes [11, 12]. Thus
for both human and mouse diabetes, risk relates to
lower insulin expression within the thymus and is
potentially related to the development of central T
cell tolerance to insulin.
After the MHC and insulin gene, a single amino acid
change of a gene termed PTPN22, a tyrosine phos-
phatase that influences T cell receptor signaling,
influences diabetes risk [12]. The same polymorphism
increases the risk of a series of autoimmune disorders
including rheumatoid arthritis and lupus erythemato-
sus. Polymorphisms of another gene associated with T
cell regulation, the CTLA-4 gene, have a minor
influence on genetic risk [13, 14]. A recent genome
SNP screen confirmed the PTPN22 association with
type 1 diabetes (p<10–17) and implicated several other
loci, including a locus with several potential associated
genes, including an interferon-induced helicase gene
(IFIH1) [15] in several populations, and independent
replication is awaited. Similarly, a large study has

Table 1. Classification of diabetes mellitus

Types of Diabetes Old nomenclature Etiology

Type 1
Type 1A
Type 1B

Juvenile-onset insulin-dependent diabetes mellitus b-cell destruction.
autoimmune
unknown

Type 2 Non-insulin-dependent diabetes mellitus insulin resistance/b-cell loss

Gestational onset during pregnancy

Other types secondary diabetes specific genetic defects
pancreas disease
Endocrinopathies, etc.

Table 2. Defined Genes Associated with Genetic Risk

Chromosome lS O.R. LOD p Genome-wide(GM)

IDDM1 6p21 3.35 “App 30” 116.3 1�10–4

IDDM2 11p15 1.16 1.87 0.37

PTP22 1p13 1.05 ns

IDDM12 2q31-33 1.19 (CTLA1.01) 3 (CTLA1.1) 3.34 0.016

IL2RA/CD25 10p15.1 <0.13 1�10–10(not GM)

IFIH1 2q24.3 0.82 1�10–10(not GM)

ITPR3 6q21 2.9 1.3�10–6(not GM)

value not GM=not corrected for genome wide analysis.
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provided evidence for association with interleukin-2
receptor polymorphisms [16].
Over the past decade, there has been a major effort to
define non-MHC-linked loci that together have a
major influence on the development of type 1A
diabetes. Recently, studies have provided evidence
that additional loci, linked to the MHC but not
classical HLA genes, may have a major influence on
susceptibility [14, 17–20]. In particular, the DAISY
study that has HLA typed from cord blood more than
30,000 newborns has found a risk of activating anti-
islet autoimmunity approaching 80% (Fig. 1) for
siblings of patients with the highest risk DR-DQ
genotype (DR3/4-DQ2/8) who have also inherited
both HLA haplotypes identical by descent with their
diabetic sibling proband [17].
These extremely high risk children rapidly progress to
diabetes following the appearance of anti-islet auto-
antibodies. Such a high risk, only fixing the MHC
region, suggests that for this HLA genotype, genetic
risk is almost totally determined by genes within or
linked to the MHC region on chromosome 6, and with
the current ability to readily analyze thousands of
SNPs across the MHC, an intense effort is underway to
define �diabetogenic� genes in this region. A recent
report indicates that a polymorphism of the ITPR3
(inositol tripohosphate receptor 3) gene [19], centro-
meric of the MHC, may be one such gene, and we and
others have evidence that loci telomeric of the MHC
may also contribute to risk [19, 21–23]. Of note, the
MHC has a number of remarkable conserved and
relatively common haplotypes, where for as much as 7
million base pairs unrelated haplotypes may be
identical for more than 99% of their single nucleotide
polymorphisms [17, 24, 25]. Such extended haplotypes
were described more than two decades ago, with the
most common being the haplotype with HLA DR3,
A1 and B8 alleles, termed haplotype 8.1 [24]. Another
DR3 haplotype that provides greater diabetes risk is
the DR3, A30, B18 �Basque� haplotype [26]. The
existence of such haplotypes with such remarkable
conservation over such a long genomic distance needs
to be factored in to the search for polymorphisms
within the MHC associated with type 1A diabetes. For
example, a polymorphism millions of base pairs from
the DR gene can be in complete linkage disequili-
brium with high-risk DR3-DQ2 alleles, and before an
independent influence of that polymorphism can be
accepted, analysis correcting for these extended
haplotypes is essential.
In addition to the common form of type 1A diabetes,
autoimmune diabetes also develops associated with
other autoimmune disorders in three major syn-
dromes [autoimmune polyendocrine syndrome
(APS)-1, APS-2, and IPEX] [27, 28]. Type 1A diabetes

is associated with immunoendocrinopathies, including
primary adrenal insufficiency (Addison�s disease),
Graves� disease, autoimmune thyroiditis, myasthenia
gravis, and celiac disease [29–32]. The presence in the
same individual of two or more of the above disorders
(as well as additional autoimmune diseases) usually
defines APS-2. The genetic determinants of the
component conditions and the APS-2 syndrome are
not completely defined. Most of the component
immunoendocrinopathies are associated with an [33,
34] increased frequency of DR3 in patients with or
without type 1A diabetes. There is a preponderance of
females among diabetes patients with APS-2, similar
to what is observed in patients with thyroid and gastric
autoimmunity in general, but unlike what is known for
patients with isolated type 1A diabetes [35].
APS-1 is a rare autosomal recessive disorder with a
characteristic triad of diseases of mucocutaneous
candidiasis, hypoparathyroidism and Addison�s dis-
ease. These patients also develop hepatitis and multi-
ple additional autoimmune disorders (type 1A dia-
betes in approximately 15%). APS-1 results from
mutations of the AIRE gene (autoimmune regulator).
Though the disorder is almost always inherited in an
autosomal recessive manner, at least one family with
dominant inheritance has been described. The AIRE
gene has a major influence on thymic deletion of T
lymphocytes, at least in part by controlling expression
of �peripheral antigens� such as insulin in the thymus.
A recent report documents the remarkable occur-
rence of anti-interferon-a autoantibodies in 100% of
patients with the syndrome (first autoantibody of

Figure 1. Life table analysis of DR3/4-DQ2/8 siblings of patients
with type 1 diabetes in the DAISY study followed from birth for the
development of anti-islet autoantibodies. These relatives with the
highest-risk DR3/4-DQ2/8 HLA genotype were subdivided by the
number of HLA haplotypes inherited identical by descent to their
proband diabetic sibling [21].
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APS-1 patients to appear and the anti-interferon
autoantibodies persist) [36].
Another rare syndrome associated with autoimmune
diabetes is the IPEX syndrome (immune dysfunction,
polyendocrinopathy, exteropathy, X-linked). The
IPEX syndrome results from a mutation of the
FoxP3 gene. FoxP3 is an essential transcription factor
for CD4+CD25+ regulatory T cells [37, 38]. That
these children can develop type 1 diabetes in the first
days of life illustrates the importance of regulatory T
cells.
Heterogeneity of autoimmune diabetes is also appa-
rent in three spontaneous animal models of type 1A
diabetes, the BB (Biobreeding) [39], the NOD (non-
obese diabetic) [40] and the Tokushima [41] rat. For
all three strains, polymorphisms of genes of the MHC
(the homologues of DR and DQ) are essential for
disease [39, 41, 42].
For the BB and Tokushima rat, there are major loci
outside the MHC that contribute to disease (oligo-
genic inheritance) and in particular for the BB rat, a
recessive T cell lymphopenia gene [39] is necessary for
disease in the absence of specific environmental
factors that activate the innate immune system. The
NOD mouse develops diabetes with more than 20
non-MHC loci contributing to susceptibility (poly-
genic inheritance) [42].

Environmental factors and type 1A diabetes

Despite decades of study, environmental factors
triggering the development of anti-islet autoimmunity
and type 1 diabetes have been difficult to delineate.
Multiple environmental candidates have been pro-
posed, in particular foods such as bovine milk and
cereals, and viral infections. Congenital rubella in-
fection clearly increases the development of type 1
diabetes, but only the rare congenital infection.
Studies from Finland did not confirm in US and
German studies, implicate enteroviral infections [43–
45]. A large study (TRIGR) is evaluating the elimi-
nation of bovine milk in the first months of life [46]. It
is clear that environmental changes can influence the
development of type 1 diabetes, with the incidence in
developed countries showing a significant increase
(doubling approximately every 20–30 years) [47]. One
hypothesis to account for the increase is termed the
hygiene hypothesis, namely as infectious diseases
decrease in populations, immune-mediated disorders
such as asthma and diabetes increase [48].

Predicting type 1A diabetes

The first autoantibodies utilized for prediction of type
1A diabetes [49–52] were cytoplasmic islet cell
autoantibodies (ICAs) and insulin antibodies. Cur-
rently, multiple sequenced autoantigens have been
discovered and autoantibodies are measured with
recombinant autoantibody assays [1, 2, 53]. The
standard assays measure autoantibodies reacting
with insulin [54–60], glutamic acid decarboxylase
(GAD) [61], ICA512/IA-2 [62, 63], and I-A2 beta
(phogrin) [64, 65]. Despite the importance of auto-
antibodies for disease prediction, anti-islet autoanti-
bodies do not by themselves cause b-cell destruction.
Infants of diabetic mothers, with transplacental pas-
sage of anti-islet autoantibodies, do not develop
diabetes. A report indicates that anti-islet autoanti-
bodies at birth (GAD65 and IA-2 autoantibodies, but
not insulin autoantibodies) in offspring of mothers
with type 1A diabetes are associated with a decrease in
the development of anti-islet autoantibodies for
children followed in the BabyDiab study [66, 67]. In
addition, a child with genetic B cell deficiency and no
antibodies progressed to type 1 diabetes [68]. On the
other hand, studies in the NOD mouse indicate that
both B lymphocytes and transplacental autoantibod-
ies (insulin autoantibodies detected) are necessary for
development of diabetes in this animal model [69, 70].
The simplest rule for the prediction of type 1A
diabetes is that the presence of multiple anti-islet
autoantibodies confers high risk. For relatives of
patients with type 1A diabetes expressing a single
anti-islet autoantibody, the risk of progression is
approximately 20% with a decade of follow up. In
contrast almost all relatives expressing at least two of
the autoantibodies (of GAD65, IA-2 and insulin)
eventually progress to overt diabetes (Fig. 2) [71].
At the onset of type 1A diabetes, invasion of
pancreatic islets by T lymphocytes is often found
and animal experiments prove that T lymphocytes
can transfer disease. As expected for an immune-
mediated disorder, immunosuppressive regimens
such as antibodies to CD3 and cyclosporine A [72]
delay the loss of insulin secretion. It has proven
difficult to detect autoreactive T cells in blood of
patients in comparison to normal controls. Improved
tracking reagents such as tetramers and ELISPOT
assays might help in quantitation as they do in the
NOD mouse model for specific autoantigenic pep-
tides [73] . The numbers of autoreactive lymphocytes
in type 1A diabetes are low, and it is likely that they
are mostly localized in the pancreas and draining
lymph node [53]. A recent study by Kent and
coworkers [74] found marked oligoclonal expansions
of CD4 T lymphocytes in pancreatic lymph nodes of
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two patients. Current evidence from animal models
indicates that autoreactive lymphocytes can have
either destructive or regulatory effector functions
[75, 76] and generation of regulatory T lymphocytes
is an important avenue being pursued for the
prevention of type 1 diabetes.

The b-cell target

In the NOD mouse model, target autoantigens of
autoreactive T cells are being defined [77–79]. There
are multiple different molecules targeted, including
insulin and IGRP, that are b-cell specific, while studies
also implicate non-islet-specific molecules [80, 81].
The molecule GAD65 has been administered to NOD
mice with protection from progression to diabetes, but
a number of non-specific immunizations also prevent
diabetes, and blocking immune responses to GAD
does not alter progression to diabetes [82]. Similarly
knocking out genes for IA-2 and IA-2 beta does not
inhibit progression to diabetes [83]. In contrast, a
series of studies indicate that blocking responses to
insulin prevent diabetes, and eliminating the B:9-23
peptide [knockouts of both insulin genes, with muta-
tion of proinsulin gene (alanine for tyrosine at position
16 of the B chain)] prevents diabetes [10, 84]. We favor
the hypothesis that there is a primary autoantigen for
type 1 diabetes of the NOD mouse, and the insulin
B:9-23 determinant is dominant. The evidence sug-
gesting a similar dominant peptide for humans comes
from the marked HLA specificity across populations
in terms of high-risk alleles and gentoypes (e.g. DR3/
4-DQ2/8) and the initial studies indicating that
oligoclonal expansions of T cells reacting with insulin
A1-15 may predominante in pancreatic lymph nodes

[74]. In the NOD mouse model, the CD4 T lympho-
cytes that recognize insulin peptide B:9-23 utilize a
restricted alpha chain T cell receptor variable and J
region sequences [85], and we hypothesize that this
specific T cell receptor sequence plus the insulin B:9-
23 peptide creates an underlying susceptibility to type
1 diabetes in mice.

Prevention of type 1A diabetes

It is now possible to design trials for the prevention of
type 1 diabetes, targeting multiple stages of the
disease. The major therapies being studied involve
immunosuppression, immunomodulation, antigen-
specific therapies, or a combination of these ap-
proaches. Multiple protocols can prevent diabetes in
animal models, in particular therapies that expand
regulatory T cells to specific islet antigens. Translating
these findings to humans has proven difficult but there
is preliminary evidence that at-risk relatives with high
levels of insulin autoantibodies may have a delay of
progression to diabetes when treated with oral insulin
(to induce �mucosal tolerance�) [86], and recently the
company Diamyd has presented results of a phase II
trial where simple injections of GAD65 in alum in
patients with new-onset diabetes slowed progressive
loss of C-peptide secretion. Multiple studies have
utilized immunosuppressive medications/immunomo-
dulating therapies such as antibodies to the T cell
surface molecule CD3. Two phase II studies demon-
strated delay of loss of C-peptide secretion [87, 88] and
larger studies are planned.

Conclusion

T 1A diabetes is almost certainly a �complex� genet-
ically determined autoimmune disease with T lym-
phocyte destruction of pancreatic b-cells. Studies in
animal models if relevant to humans have defined
many of the pathways important for b-cell destruction.
At present, we can predict type 1A diabetes, prevent
the disorder in animal models, but safe prevention in
humans remains to be achieved.
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Figure 2. Progression to type 1 diabetes of relatives of patients
subdivided by the number of anti-islet autoantibodies expressed (of
GAD65, IA-2 and insulin) [71].
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