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ABSTRACT

Type 1A diabetes is an autoimmune disease with genetic and environmental factors contributing
to its etiology. Twin studies, family studies, and animal models have helped to elucidate the genetics
of autoimmune diabetes. Most of the genetic susceptibility is accounted for by human leukocyte
antigen (HLA) alleles. The most-common susceptibility haplotypes are DQA1*0301-DQB1*0302 and
DQA1*0501-DQB1*0201. Less-common haplotypes such as DQA1*0401-DQB1*0402 and
DQAT1*0101-DQB1*0501 are associated with high risk for diabetes; however, large study populations
are needed to analyze their effect. The DQA1*0102-DQB1*0602 haplotype is associated with diabetes
resistance. DR molecules, such as DRB1*1401, confer protection from diabetes. Monozygotic twins
of patients with type 1A diabetes have a diabetes risk higher than that for HLA-identical ordinary
siblings, suggesting that non-HLA genes contribute to diabetes risk. Polymorphisms in the regulatory
region of the insulin gene (designated IDDM2), polymorphisms in cytotoxic T lymphocyte antigen-4
(CTLA-4) gene (IDDM12), and other genes are likely to contribute to diabetes risk and susceptibility
in some individuals. In selected families, major diabetogenes (e.g., IDDM17, autoimmune regulator
gene (AIRE)) are likely to be of importance. Other factors — either noninherited genes (i.¢., somatic
mutations and T-cell receptor or immunoglobulin rearrangements) or environment — may have a role
in progression to diabetes. This is suggested by the finding that the risk for monozygotic twins of
patients with type 1A diabetes is not 100 percent. Studying the genetics of type 1A diabetes will allow
us to better define this disease, to improve our ability to identify individuals at risk, and to predict the
risk of associated disorders.

I. Introduction

Type 1A diabetes, formerly known as juvenile-onset diabetes or insulin-de-
pendent diabetes mellitus (IDDM), is defined as immune-mediated diabetes
(American Diabetes Association, 1997). Serum anti-islet autoantibodies, a marker
of immune diabetes, are found in more than 90 percent of European patients with
childhood-onset diabetes. Some cases of autoantibody-negative diabetes are clini-
cally similar to those with positive autoantibodies (e.g., appear in lean, young
individuals who need insulin therapy to avoid ketosis). At least some of these
cases are likely to have immune-mediated diabetes in which current techniques
cannot detect serum autoantibodies. The remaining cases of autoantibody-nega-
tive diabetes in children correspond to diabetes that is distinguishable from type
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1A diabetes: type 1B diabetes, type 2 diabetes, maturity onset diabetes of the
young (MODY), cystic fibrosis-related diabetes, or other defined forms of diabe-
tes. Type 1A diabetes has been described among adults. Probably as many adults
as children develop type 1A diabetes, although type 2 diabetes is far more preva-
lent in adults than type 1A.

Knowledge of the genetics of type 1A diabetes allows better disease defini-
tion and improved ability to identify individuals at risk of diabetes and its asso-
ciated disorders.

II. Twin Studies

Twin studies help define the role of genetic and environmental factors in the
etiology of disease (Martin ef al., 1997, Phillips, 1993; Smith, 1974). In a primar-
ily genetic disorder, concordance (i.e., both twins affected) is higher in monozy-
gotic (identical) than dizygotic (fraternal) twins. Differences between monozygo-
tic twins must be due to environmental factors, to genetic factors not coded in the
germ line (e.g., somatic mutations), or to genes that undergo random rearrange-
ment (e.g., immunoglobulin, T-cell receptor genes). Limitations of twin studies
are small sample sizes, assignment of zygosity, and a patient-referral bias leading
to over-ascertainment of concordant twin pairs (Hawkes, 1997; Phillips, 1993;
Rowe and Leslie, 1995).

The problem of over-ascertainment has been addressed by analyzing twins
identified through national registries (Petersen et al,, 1997; Kyvik et al., 1995)
and prospective studies of twins discordant for diabetes when recruited (Srikanta
et al., 1983; Verge et al.,, 1995; Hawa et al.,, 1997). Concordance rates for type
1A diabetes have been reported among dizygotic twins of between zero percent
(Hawa et al, 1997) and 13 percent (Kumar et al,, 1993; Lorenzen et al., 1994;
Redondo et al., 1999a). The concordance rate among monozygotic twins has been
reported between 21 percent and 70 percent (Verge et al., 1995; Hawa et al., 1997;
Srikanta et al., 1983; Kyvik et al, 1995; Redondo et al, 1999b). We have
observed that monozygotic twins may become concordant many years after diag-
nosis in the index twin (the first twin to be diagnosed). Studies with long-term
follow-up and lifetable projections have the highest concordance in monozygotic
twins (Petersen et al., 1997; Verge et al., 1995). Nondiabetic monozygotic twins
of patients with type 1A diabetes show a high prevalence of anti-islet autoanti-
bodies, between 42 and 76 percent (Verge et al., 1995; Hawa et al., 1997; Petersen
et al, 1997). The appearance of muitiple autoantibodies is followed in most
instances by progression to diabetes (Verge et al., 1995; Hawa et al,, 1997).

We recently assembled a series of nondiabetic dizygotic twins of patients with
type 1A diabetes to compare with our series of monozygotic twins. Anti-islet
autoantibody expression was analyzed in nondiabetic monozygotic twins (n = 53),
dizygotic twins (n = 30), and siblings (n = 149) of patients with type 1A diabetes,
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plus 101 controls (Redondo et al., 1999a). To reduce a potential patient-referral
bias, we included only those pairs that were discordant at referral (i.e., one twin
was diabetic and the other was not). Monozygotic twins had a much-higher risk
of progressing to diabetes and expressing autoantibodies than did dizygotic twins.
This finding is consistent with previous studies (Kaprio ef a/., 1992; Kumar et al.,
1993; Hawa et al., 1997, Petersen et al., 1997) and supports the hypothesis of an
important role for genetic factors in the determination of anti-islet autoimmunity.
The risk for dizygotic twins and siblings was similar. This latter observation
suggests that environmental factors, shared by dizygotic twins more than by
ordinary siblings, does not increase progression to diabetes. There was also a
higher penetrance of anti-islet autoimmunity in monozygotic twins who were
heterozygous for the two high-risk human leukocyte antigen (HLA) haplotypes,
DQ2/DQ8. Johnston ez al. (1983) found a higher concordance for monozygotic
twins with HLA DR3/DR4, the alleles most-frequently found on the same haplo-
type with DQ2/DQ8. This finding further supports the hypothesis that islet-cell
autoimmunity may be predominantly genetically determined.

The observation that the concordance rate in monozygotic twins is not 100
percent indicates that nongermline (i.e., noninherited) genetic or environmental
factors play a role. We recently combined two series, from Britain and the United
States, to provide a database with 187 monozygotic twins of patients with type
1A diabetes, with many twin pairs followed for up to 40 years (Redondo et al,
1999b). Progression to diabetes was similar in both series of monozygotic twins
from the two countries. The hazard rate of progression to diabetes was higher
within 10 years from diagnosis in the index twin, in line with observations by
Olmos and coworkers (1998). However, progression to diabetes may happen
many years after diagnosis in the index twin. In the combined series from Britain
and the United States, 20 percent of the twins who progressed did so after more
than 14 years of discordance, consistent with our previous studies (Verge ef al,
1995). In addition we observed a higher progression rate to diabetes for twins
whose index twin developed diabetes at a younger age.

Studies of identical twins of patients with type 1A diabetes provided the first
evidence that the disorder developed chronically with progressive loss of first-
phase insulin secretion (Srikanta, 1983). The observation that linear loss of first-
phase insulin secretion preceded diabetes has been confirmed by Colman and
coworkers (2000) in studies of first-degree relatives.

III. Family Studies

The observation of familial clustering of type 1A diabetes is a strong indica-
tion that genetic factors are involved in the etiology of type 1A diabetes. Eighty-
five percent of newly diagnosed cases are sporadic; that is, the patients do not
have a first-degree relative with type 1A diabetes. In spite of this, first-degree
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relatives of patients with type 1A diabetes are at increased risk of developing
positive autoantibodies and diabetes, compared to the general population. The
familial clustering (A,) for a given disease can be calculated as the ratio of the risk
for siblings divided by the prevalence in the general population (Risch et al., 1993;
Todd and Farrall, 1996). The risk of type 1A diabetes in the general population
is 0.4 percent, while the risk for siblings of affected individuals is approximately
6 percent. Thus, A, for type 1A diabetes is approximately 15 times as great. The
offspring of a mother with type 1A diabetes has a 1.3-4 percent risk of developing
type 1A diabetes. The risk for the offspring of a father with type 1A diabetes is
approximately six to nine percent (Warram et al., 1984; Tillil and Kobberling,
1987; Bleich et al, 1993). This parent-of-origin difference in transmission of
diabetes is observed also for expression of anti-islet autoantibodies. The frequency
and levels of expression of islet autoantibodies (glutamic acid decarboxylase
(GAD)65, insulin antibodies (IAA), and islet cell antibodies (ICA)) were in-
creased in 148 offspring of 103 fathers with diabetes, compared to 144 offspring
of 102 mothers with diabetes (Yu et al., 1995).

The gender bias in transmission rate of diabetes has not been fully explained.
Environmental hypotheses include maternal sex hormones modulating suscepti-
bility in utero, immunologic tolerance to islet autoantigens, or selective fetal loss
of potentially diabetic offspring (Warram et al.,, 1988). We did not find evidence
for an effect of duration of diabetes in mothers before pregnancy nor the presence
vs. the absence of diabetes at the time of the pregnancy (Yu et al., 1995). Genetic
hypotheses for this parent-of-origin effect include genomic imprinting. Imprinting
has been reported for a 19-kb region in the insulin-like growth factor-2 associated
with diabetes risk (Baker et al., 1995). We found evidence for maternal imprinting
of the insulin gene, with the B FOK allele of the insulin gene associated with
protection only upon paternal transmission (Schwartz, 1990). It is not known how
this observation correlates with the contradictory finding of a higher risk of
diabetes transmission to offspring from diabetic fathers, compared to diabetic
mothers.

IV. Genes Underlying Diabetes Susceptibility

A. MAJOR HISTOCOMPATIBILITY COMPLEX (MHC):
DESCRIPTION AND NOMENCLATURE

Peptides bound to MHC class I molecules are recognized by CD8 T cells.
Antigens bound to MHC class IT molecules are recognized by CD4 T cells. Nearly
all nucleated cells express MHC class I molecules. MHC class II molecules are
expressed by B lymphocytes, macrophages, and other antigen-presenting cells,
and, in humans, by activated T lymphocytes. In addition, most epithelial cells can
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be induced to express class II molecules. The MHC molecules (in humans, also
called HLA, human leukocyte antigen) are highly polymorphic; multiple different
peptides can be presented to T cells. MHC polymorphism results from different
genes encoding families of MHC molecules, with each of these genes having
multiple, germline-encoded alleles (Figure 1). Both MHC class I and class II
molecules consist of two chains, alpha and beta. The alpha chain of MHC class I
and both chains of MHC class 1l are encoded by genes within the MHC region
on chromosome 6. The beta chain of MHC class I (beta-2-microglobulin), which
is not polymorphic, is encoded by a gene on chromosome 15. The MHC region
in humans contains more than 100 genes, including HLA genes, extending over
4x10° base pairs of DNA. The alpha chains of three major MHC class I molecules
are encoded by three different genes, HLA-A, HLA-B, and HLA-C. Each allele
is identified by a unique number corresponding to a unique nucleotide sequence
of the alpha chain (e.g., HLA-B0801).

The class 11 molecules, also known as immune response genes, are termed
DR, DP, and DQ. Only the beta chain in DR molecules is polymorphic. Thus,
different DR molecules are identified by one number denoting the allele encoding
the beta chain (e.g., DRB1*0401). Both beta and alpha chains in DQ molecules
are polymorphic. The resulting DQ molecule is therefore identified by two num-
bers (e.g., DQA1*0301, DQB1*0302). Additional genes within the MHC encode
other molecules involved in the immune response, such as transporters associated
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FIG. 1. Outline of the major histocompatibility complex region on chromosome 6.
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with antigen processing (TAP-1 and TAP-2), the DM molecule, and proteosome
subunits. The MHC class III region encodes complement and other genes.

B. HLA AND TYPE 1A DIABETES

1. HLA Molecules Associated with Diabetes Susceptibility or Resistance

The association of HLA alleles and type 1A diabetes was recognized more
than 20 years ago by Nerup and co-workers (Nerup et al., 1974). Polyglandular
failure syndrome type 2, a constellation of autoimmune disorders associated with
type 1A diabetes, was also associated with HLA class I alleles, specifically,
HLA-B8 (Eisenbarth ef al,, 1978). HLA class II alleles were found to be more-
significantly associated with type 1A diabetes than class I alleles. It is currently
believed that approximately half of the familial aggregation of type 1 diabetes is
determined by HLA genes.

HLA DR4 and DR3 are strongly associated with type 1A diabetes. However,
this association is likely in part secondary to linkage disequilibrium (nonrandom
association of alleles) between DR and DQ (Park e al, 1998). A haplotype is
defined as a series of alleles of different genes on a chromosomal segment. HLA
DRBI1*0401, *0402, and *0405 alleles with DQA1*0301-DQB1*0302 (also
called DQ8) are associated with high risk for diabetes. HLA DRB1*0301-
DQA1*0501-DQB1*0201 (also called DQ2) is another high-risk haplotype.
Ninety percent of individuals with type 1A diabetes have at least one of these two
high-risk HLA haplotypes, compared to 20 percent of the general population.
Approximately 35 percent of U.S. patients with type 1A diabetes are “DR3/DR4”
heterozygotes, vs. only 2.4 percent of the general population. Overall, siblings of
a patient with type 1A diabetes have a risk of diabetes of approximately 6 percent.
However, if a sibling is HLA identical to a sibling with type 1A diabetes, the
estimated risk increases to 20 percent. If the nonaffected sibling of a patient with
diabetes carries both high-risk haplotypes DR4-DQA1*0301-DQB1*0302 and
HLA DR3-DQA1*0501-DQB1*0201, the risk of diabetes is approximately 25 to
40 percent. The risk conferred by the DQ8 molecule is modified by the DRBI
allele present on the same haplotype. The DRB1*0402, *0401, and *0405 alleles
are associated with high susceptibility, the DRB1*0404 with moderate suscepti-
bility, and the DRB1*0403 with “protection’ against type 1A diabetes (Park et
al., 1998). The presence of the HLA-DR4-DQ8 haplotype in first-degree relatives
of patients with type 1A diabetes is associated with anti-insulin and ICA512
autoantibodies, both in individuals who developed diabetes on follow-up and in
those who did not (Ziegler ef al., 1991). In another study where 72 ICA-positive,
first-degree relatives and 126 autoantibody-negative, first-degree relatives were
studied, the frequency of the high-risk haplotypes was higher among ICA-positive
relatives, compared to autoantibody-negative relatives (Pugliese et al., 1995). In
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addition, first-degree relatives with the high-risk allele DQB1*0302 progressed
to diabetes at a younger age than relatives without this allele. The relatives with
the high-risk allele DQB1*0201 without DQB1*0302 progressed at an older age,
compared to those relatives without it.

Uncommon HLA alleles also significantly affect diabetes risk of protection.
However, large study populations are needed to identify their influence. The
Human Biological Data Interchange (HBDI) type 1 repository has made it possi-
ble to analyze transmission of DQ haplotypes to affected and unaffected offspring
from 276 families. The HBDI created a repository for DNA and cell lines in part
for the purpose of mapping non-HLA genes associated with type 1A diabetes by
linkage analysis. Over 95 percent of the HBDI families were multiplex; that is,
ascertained with two or more affected siblings. Spurious association can result
from artifacts of population structure, such as admixture or stratification. The
transmission disequilibrium test (TDT) has been used to help distinguish between
association due to linkage and spurious association (Spielman and Ewens, 1996).
Under the null hypothesis of no linkage, a haplotype is expected to be transmitted
50 percent of the time from a heterozygous parent to an offspring. The TDT
compares the observed transmission frequency to diabetic offspring against the
expected 50 percent. A significant TDT result could be due to meiotic segregation
distortion. If so, both affected and unaffected offspring would have this distortion.
To rule out this possibility, the haplotype transmission frequencies to affected and
unaffected offspring are compared by a 2x2 contingency chi-square test. We used
the TDT analysis to assess the transmission of DQ haplotypes from heterozygous
parents to children with diabetes and to their nondiabetic siblings. The rank order
of transmission to affected offspring was DQA1*0301-DQB1*0302 (associated
with the highest risk), DQA1*0501-DQB1*0201, DQA1*0401-DQB1*0402, and
DQA1*0101-DQB1*0501. The DQ haplotype that was least-often transmitted to
affected offspring was the well-known protective DQA1*0102-DQB1*0602, fol-
lowed by DQA1*0103-DQB1*0603.

HLA alleles also confer protection from diabetes (Pugliese er al, 1995;
Baisch ef al., 1990). The best-known ‘‘protective’ allele is DQB1*0602, usually
found on “DR2” (DRB1*1501-DQA1*0102-DQB1*0602) haplotypes. Approxi-
mately 20 percent of Americans and Europeans have DQA1*0102-DQB1*0602,
while less than one percent of children with type 1A diabetes carry these alleles.
Table I illustrates the risk or protection associated with different HLA alleles. The
protection conferred by the DQA1*0102-DQB1*0602 haplotype appears to be
dominant, since it is protective even in the presence of a high-risk haplotype in
the same individual. Of note, the frequency of the protective allele DQB1*0602
was similar among 72 ICA-positive, first-degree relatives and 126 first-degree
relatives who were autoantibody negative (Pugliese ef al., 1995). Progression to
diabetes is, however, rare in 0602-positive, first-degree relatives, even in the
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TABLE 1
Risk of Type 1A Diabetes Associated with DR and DQ Alleles

DQAL DQBI DRB
High Risk
0301 0302 0401
0301 0302 0402
0301 0302 0405
0501 0201 0301
Moderate Risk
0401 0402 0801
0101 0501 0101
0301 0303 0901

Weak or Moderate Protection

0301 0302 0403
0201 0201 0701
0501 0301 1101

Strong Protection

0102 0602 1501
0101 0503 1401
0201 0303 0701

presence of positive autoantibodies. Interestingly, autoantibody-positive, 0602-
positive patients who did not develop diabetes had a restricted pattern of ICA
staining, associated with high titers of GAD®65 autoantibodies (Verge et al., 1996).
Among ICA-positive, 0602-positive relatives, there is a more-limited response to
islet antigens, often directed to GAD, compared to ICA-positive relatives without
the 0602 allele (Gianani ez al., 1992,1996).

A progressive decrease in first-phase insulin release (FPIR) on intravenous
glucose tolerance testing (IVGTT) predicts progression to diabetes. DQB1*0602-
positive, ICA-positive relatives were more likely to have a normal insulin secre-
tion on IVGTT. In another study among individuals identified through the Dia-
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betes Prevention Trial, 0602-positive individuals were less likely to have positive
insulin autoantibodies or low FPIR than relatives without DQB1*0602 (Green-
baum et al., 2000). However, 29 percent of the ICA-positive, 0602-positive
relatives did have insulin autoantibodies or low FPIR, defined as below the 10th
percentile. These findings suggest that the protective effect of the DQB1*0602
allele is likely to occur after the autoimmune destruction of the pancreas has
begun. The presence of DQB1*0602 or sequence-related alleles protects from
diabetes also in patients with stiff-man syndrome, who are otherwise at increased
risk for type 1A diabetes. Of note, this syndrome is associated with extremely
high values of GAD autoantibodies.

It was reported that four patients with type 1A diabetes who were initially
found to have the conventional DQB1*0602 with standard sequence-specific
oligonucleotide (SSO) typing techniques actually had novel variants of this allele
with sequencing (Hoover and Marta, 1997). This finding would suggest that the
conventional DQA1*0102-DQB1*0602 haplotype is never found in patients with
type 1A diabetes and that this haplotype confers absolute protection from the
disease. However, we have documented eight nondiabetic, [CA-positive, first-de-
gree relatives and six patients with type 1 diabetes who carry the DQA1*0102-
DQB1*0602 haplotype. These individuals were first typed with standard SSO
techniques, then confirmed by direct sequencing of the second exon of
DQB1*0602 and DQA1*0102 alieles. All subjects carried conventional
DQA1*0102-DQB1*0602 exon 2 sequences (Pugliese et al, 1999). Type 1A
diabetes can develop in individuals carrying the DQB1*0602 allele, indicating
that the protective effect associated with this allele is not absolute. The protective
effect of DQB1*0602 may differ among ethnic groups. African American, ICA-
positive relatives were more likely to carry the DQA1*0102-DQB1*0602 haplo-
type than other ethnic groups. Hispanic, ICA-positive relatives with DQB1*0602
were more likely to have positive insulin autoantibodies or to have low FPIR than
other racial groups (Greenbaum et al,, 2000).

The DQB1*0602 allele is usualty found on DR2-DRB1*1501-DQA 1*0102-
DQB1*0602 haplotypes. However, protection from diabetes by this haplotype
seems to be an effect of the DQB molecule. We described three siblings with type
1A diabetes who carried DR2 (Erlich et a/l, 1991). Utilizing sequence analysis,
an unusual DQB1 allele was found on their DR2 haplotype, while the DRB1
alleles on these DR2 haplotypes was the conventional allele (*1501). Further
evidence was found in a recent study of 1371 subjects from the HBDI type 1
diabetes repository and 2441 subjects from the Norwegian Type 1 Diabetes
Simplex Families (NODIAB) study (Redondo er al, 2000). DQA1*0102-
DQB1*0602 haplotypes were infrequently transmitted to diabetic offspring
(2/313), while rare DRB1*1501 haplotypes without DQA1*0102-DQB1*0602
were transmitted to 5/11 affected offspring. This finding again supports the hy-
pothesis that the protection associated with the DQA1*0102-DQB1*0602 haplo-
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type is an effect of the DQ alleles rather than the DRB1*1501 in linkage dise-
quilibrium.

DR alleles also may be protective against type 1A diabetes. In the non-obese
diabetic (NOD) mouse, both I-E and I-A (DR and DQ molecules) protect from
autoimmune diabetes (Yamane ef al., 1996). Combining families from NODIAB
and the HBDI, 728 patients with type 1A diabetes, and 110 healthy controls from
the Barbara Davis Center provided us with a database to analyze the risk or
protection associated with uncommon alleles. The HBDI study has been described
above. The NODIAB study included 526 Norwegian families with one child
diagnosed with diabetes before age 15. Less than three percent of families in this
study had two affected children. We used the TDT analysis to analyze transmis-
sion to affected and unaffected offspring within families in the HBDI and NO-
DIAB studies. DQA1*0101-DQB1*0503 is a rare haplotype, present only in 1.6
percent of haplotypes in North America (Gjertson and Terasaki, 1998). This
haplotype was transmitted from heterozygous parents to affected offspring only
2/42 times. In the analysis of patients and controls, we also found that this allele
is significantly less frequent among cases than controls. These findings are in
agreement with previous reports (Ronningen er al., 1991). Interestingly, the only
two affected offspring who inherited this haplotype in our combined family study
did not have the DRB1*1401 allele usually found on the same haplotype with
DQB1*0503, while all nonaffected children who inherited DQA1*0101-
DQB1*0503 had DRB1*1401. Among the three patients with type 1A diabetes
from the Barbara Davis Center who had DQB1*0503, only one had DRB1*1401.

Polymorphisms in the heat shock protein genes located within the MHC are
associated with type 1A diabetes. However, this association is believed to be due
to linkage disequilibrium of alleles on extended haplotypes associated with dia-
betes (Pugliese et al,, 1992). Similarly, tumor necrosis factor (TNF) microsatellite
haplotype associations with type I diabetes and multiple sclerosis were attributable
to the known extended haplotype associations of these diseases (Garcia-Merino,
et al., 1996).

2. Mechanisms of Diabetogenicity of HLA Molecules

The diabetes susceptibility or protection associated with HLA molecules may
be related to their ability to present peptides of relevance to diabetogenic T cells.
Individuals with HLA molecules that are not able to effectively present specific
peptides to naive T cells in the thymus might fail to engender tolerance. Alterna-
tively, specific HLA alleles may selectively present an islet peptide to mature T
lymphocytes that have escaped negative selection. The two mechanisms — lack
of central tolerance affecting the T-cell repertoire in the thymus or abnormal
tolerance in the periphery — are not mutually exclusive and could coexist. The
ability to present antigens may depend on conformational properties of the HLA
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molecule, with some alleles binding to peptides in such a fashion that the antigen
would never be effectively presented to the T cells. The DQA1*0301 allele
frequently found on DR4 haplotypes, as well as *0101, *0102, *0103, and *0201
(lineage 1-3 DQAT1 alleles), are associated with high serum levels of insulin
autoantibodies (Pugliese ef al., 1994b).

The hypothesis of conformational structure influencing diabetogenicity of
some HLA alleles or haplotypes is further supported by inter-ethnic group studies.
For instance, among the Japanese, the DQB1*0401 allele is usually found on
DR4-DQA1*0301-DQB1*0401 haplotypes and is associated with diabetes risk
(Aparicio et al., 1988). The DQB1*0401 and DQB1*0402 alleles differ only by
one amino acid. Among Norwegians, the heterozygous DQA1*0301-
DQB1*0302/DQA1*0401-DQB1*0402 genotype appears to be associated with
type 1A diabetes. A very similar molecule could be formed among Japanese in
cis (DR4-DQA1*0301-DQB1*0401) and among Norwegians in trans
(DQA1*0301- DQB1*0402).

Animal models of type 1A diabetes, such as the NOD mouse or transgenic
mice, are helping in the identification of self antigens and MHC molecules
associated with anti-islet autoimmunity. Sherwin and coworkers have demon-
strated that transgenic mice expressing human DQ8 with beta-cell expression of
the co-stimulatory molecule B7-1 develop type 1A diabetes (Wen ef al., 2000).
The crystal structure of the diabetogenic I-A¢7 molecule, the only class 11 allele
expressed by the NOD mouse, has been elucidated. The molecule has a “‘normal”’
class I1 binding cleft with a large pocket and the ability to bind multiple peptides
(Corper et al., 2000). Santamaria and colleagues have defined the structure of a
peptide mimotope that elicits the preferential expansion of beta-reactive T cells
in NOD mice (Anderson et al., 1999). Finally, a mouse with a transgene encoding
a “‘diabetogenic’’ T-cell receptor is protected from diabetes by multiple ‘‘deleting™
class II alleles (Schmidt er al.,, 1999).

The protective DQ haplotype, DQA1*0102-DQB1*0602, has an aspartic acid
at position 57 of the DQ beta chain. On the other hand, the two DQ haplotypes
that determine the highest risk for diabetes, DQA1*0301-DQB1*0302 and
DQA1*0501-DQB1*0201, do not have an aspartic acid residue at that position
but rather alanine. It was hypothesized that the presence of aspartic acid at position
57 of the DQ-beta chain determines protection from diabetes (Morel et al., 1988).
Further reports suggested that an arginine at position 52 of the DQ-alpha chain
determined susceptibility to type 1A diabetes, as it is found on the DQA1*0301-
DQB1*0302 and DQA1*0501-DQB1*0201 haplotypes (Gutierrez-Lopez, 1992;
Khalil et al., 1990,1992). However, the DQA1*0401-DQB1*0402 haplotype is
also associated with diabetes risk. Although it has arginine at position 52 of the
DQ-alpha chain, it has aspartic acid at position 57 of the DQ-beta chain, as do
DQB1*0301 and DQB1*0303 alleles associated with moderate risk.
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V. Disorders Associated with Type 1A Diabetes

Individuals with type 1A diabetes experience other diseases at an increased
frequency, compared with the general population. In most cases, that association
is with autoimmune disorders. Most dramatic are the autoimmune polyendocrine
syndromes (APS) type 1 and type 2. APS type 1 is a rare constellation of
autoimmune disorders often diagnosed in infancy, with hypoparathyroidism, mu-
cocutaneous candidiasis, Addison’s disease, and hepatitis (Maes and Eisenbarth,
1999). This syndrome is associated with mutations of the autoimmune regulator
gene (AIRE) on chromosome 21(Aaltonen et al., 1997; Nagamine et al., 1997)
and has no association with HLA alleles. The basis for the association of the
different disorders that constitute this syndrome is not yet clear. Therefore, APS-1
is an interesting case of HLA-independent autoimmune diabetes, although the
diabetes is clinically similar to HLA-dependent type 1A diabetes and is associated
with anti-islet autoantibodies such as GAD. However, the presence of GAD
anti-islet autoantibodies in individuals with this syndrome does not seem to
predict progression to diabetes, as it does in sporadic cases of type 1A diabetes
(Husebye et al, 1997), while individuals with ICAS12 (IA-2) autoantibodies
frequently progress.

The disorders commonly associated in APS type 2 are Addison’s disease,
type 1A diabetes, autoimmune thyroid disease, gonadal failure, celiac disease,
pernicious anemia, and vitiligo (Redondo and Eisenbarth, 1997). This syndrome
is associated with HLA DR and DQ alleles. Table II illustrates the HLA associa-
tion of disorders found in APS type 2.

Stiff-man syndrome (SMS) is a rare neurologic disorder characterized by
rigidity of the body musculature, with spasms triggered by sensory or emotional
stimuli with a characteristic electromyographic pattern. Autoantibodies against
GAD are found in the serum and cerebroespinal fluid of 60 percent of patients
with SMS. SMS is associated with DQB1*0201 (Pugliese et al., 1993).

Patients with type 1A diabetes have an increased risk of celiac disease. This
is a common autoimmune disorder associated with characteristic intestinal lesions
that occur upon the ingestion of gliadin, a glutamine-rich protein present in wheat,
rye, and barley. Typically, the lesions disappear rapidly when this protein is
removed from the diet. Patients may present with gastrointestinal complaints and
poor growth. In rare instances, intestinal lymphoma may occur. Extra-intestinal
lesions include skin and enamel lesions. Intestinal biopsy is the standard procedure
for the diagnosis of this condition. The major autoantigen in celiac disease is
transglutaminase, accounting for the presence of serum antiendomysial autoanti-
bodies. We developed a radioassay for autoantibodies to tissue transglutaminase
and found that transglutaminase autoantibodies are highly predictive of celiac
disease. All patients (13/13) with an index greater than 0.7 had a positive intestinal
biopsy (Bao et al., 1999b). Patients with transglutaminase autoantibodies at a titer
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TABLE 11
Major HLA Associations of Disorders Found in Autoimmune Polyendocrine Syndrome Type 2

Disease DRB Association DQA/DQB Association
Addison’s disease 0404 0301/0302
0301 0501/0201
DRS 0501/0301
Graves’ disease 0301 0501/0201
Type 1A diabetes 0401, 0402, 0404 0301/0302
0301 0501/0201
Pernicious anemia DRS
Celiac disease 0301 0501/0201 in “‘cis”
DRS/DR7 0501/0201 in “‘trans™
Myasthenia gravis 0301 0501/0201
Sjogren syndrome 0301 0501/0201

lower than 0.3 had a negative biopsy. Patients (49/49) with the conventional
antiendomysial autoantibodies had positive transglutaminase antibodies. Suscep-
tibility to celiac disease is mainly associated with the DQA1*0501-DQB1*0201
haplotype. Interestingly, this heterodimer may be encoded either in cis, usually
with a DR3 haplotype, or in trans, with DR7-DQA1*0201-DQB1*0201 on one
chromosome and DR5-DQA 1*0501-DQB1*0301 on the other (Bao ef al., 1999a).
The expression of transglutaminase antibodies was greatly increased (approxi-
mately one third) among patients with type 1A diabetes homozygous for
DQA1*0501-DQB1*0201.

Addison’s disease is an uncommon condition associated with autoimmune
failure of the adrenal gland that leads to fatigue, hyperpigmentation of the skin,
abdominal pain, dehydration, low blood pressure, cardiovascular shock, and, if
untreated, death. Adrenal cortex autoantibodies (ACA) are found in 43 to 84
percent (Soderbergh ef al., 1996; Falorni et al., 1997) of patients with idiopathic
adrenal failure. The major target of ACA is the steroidogenic enzyme P450¢21
(21-hydroxylase). Autoantibodies against 21-hydroxylase have been documented
in over 90 percent of patients with Addison’s disease associated to APS-1 or
APS-2 (Tanaka et al., 1997) and have not been found in nonautoimmune adrenal
insufficiency and other conditions. We did not find positive 21-hydroxylase
autoantibodies in any of 240 healthy controls. Approximately 1.5 percent of
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patients with type 1A diabetes are positive for these autoantibodies. Five percent
(10/208) of patients with type 1 diabetes heterozygous for DQ8 and DQ2 ex-
pressed 21-hydroxylase antibodies, compared to less than 0.5 percent in patients
with type 1A diabetes who have neither DQ8 nor DQ2. Three of the 21-hydroxy-
lase diabetic patients were found to have Addison’s disease. The genotype
DRB1*0404-DQA1*0301-DQB1*0302/DRB1*0301-DQA1*0501-DQB1*0201
was present in 14/21 patients with Addison’s disease (8/12 with diabetes and 6/9
without diabetes or anti-islet antibodies), vs. 0.7 percent of the general population
(109/15,547) and 11 percent of patients with type 1A diabetes without Addison’s
disease (62/578). Among patients with diabetes with DQA1*0301-DQB1*0302,
Addison’s disease was strongly associated with DRB1*0404. Eighty percent
(12/15) of patients carrying DRB1*0404-DQA1*0301-DQB1*0302 and positive
for 21-hydroxylase autoantibody had Addison’s disease, in contrast to 10 percent
(1/10) 21-hydroxylase autoantibody-positive patients who had other DRB1 alleles
(DRB1*0401 or DRB1*0402) (Yu, 1999).

VL. Insulin Gene (IDDM2)

Most of the genetic susceptibility for type 1A diabetes is determined by HLA
genes. However, polymorphisms in a noncoding region of the insulin gene, on
chromosome 11p15, have long been known to be associated with diabetes risk
(Bennett et al., 1995,1996; Bell et al., 1984). This locus has been termed IDDM?2
and includes a variable nucleotide tandem repeat (VNTR) minisatellite located at
the 5’ end of the insulin gene. There are three main VNTR classes defined by
VNTR size: class I (26-63 repeats), class Il (approximately 80 repeats), and class
[II (140-200 repeats). Each of these classes may be further divided. Homozygosity
for class I VNTR determines high risk for diabetes, while class III VNTRs confer
dominant protection. The VNTR class III allele is associated with higher expres-
sion of messenger RNA for insulin within the thymus (Pugliese et al., 1997). One
hypothesis is that expression of insulin within the thymus leads to negative
selection (deletion) of autoreactive T cells and thus to development of tolerance.
VNTR class I alleles, associated with low levels of proinsulin and insulin in the
thymus during fetal life and childhood, may fail to shape the T-cell repertoire and
lead to the presence of anti-insulin autoreactive T cells. A parent-of-origin effect
has been described for IDDM2, with protective alleles protecting when paternally
inherited (Pugliese et al, 1994a; Sospedra ef al., 1998)

VIIL. IDDM3-17

At least 15 more loci have been associated with type 1A diabetes, in addition
to HLA (IDDM1) and the insulin VNTR (IDDM2) (Table III). For most associa-
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TABLE III
Defined and Putative IDDM loci

Locus Chromosome Marker

IDDMI1 6p21.31 HLA

IDDM2 l1pl5.5 5" insulin VNTR
IDDM3 15926 DI15S107
IDDM4 t1q13 Fibroblast growth factor-3 (FGF3)
IDDMS 6q24-27 D65476-D65448
IDDM6 18q21 D18S64
IDDM7 2q31-33 D2S152

IDDM8 6q27 D6S1590
IDDM9 3q21-q25 D3S1303
IDDM10 10plli-gl1 D10S193
IDDMI1 14g24.3-14g31 DD14567
IDDM12 2933 CTLA-4
IDDM13 2q34 D2S164
IDDM15 6q21 D65283
IDDM17 10g25.1 D10S1681

No “IDDM” 16q D1653098

No “IDDM” lgq D15617

tions, the responsible gene has not been identified. Of note, there are three more
loci in addition to HLA located on chromosome 6, three loci on the short arm or
chromosome 2, and three loci on chromosome 10. The polymorphic, cytotoxic,
T-lymphocyte-associated antigen-4 (CTLA-4) gene on chromosome 2q33 (desig-
nated IDDM12) encodes a receptor expressed by activated T cells. CTLA-4 binds
B7 molecules and limits the proliferative response of activated T cells. An A/G
polymorphism in the first exon in CTLA4 results in an amino acid change
(Thr/Ala). The presence of an alanine at codon 17 of CTLA4 has been associated
with susceptibility to type 1A diabetes, autoimmune thyroid disease, and primary
biliary cirrhosis (Agarwal ef al., 2000). The effect of IDDM12 is independent of
other genetic markers of type 1A diabetes, such as HLA alleles or haplotypes, or
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the INS VNTR I/ risk genotype (van der Auwera ef al,, 1997). Ethnic hetero-
genity has been reported with strong effect in three Mediterranean-European
populations (Italian, Spanish, and French), the Mexican American population, and
the Korean population. There is a weak transmission deviation in the Caucasian
American and no deviation in the British, Sardinian, and Chinese populations
(Marron et al., 1997). Another study in the Danish population did not support
IDDM12 as a type 1 diabetes susceptibility locus (Larsen et al., 1999).

In nonautoimmune BALB/c mice, CTLA-4 (CD152) is also a downregulator
of T-cell activation responses. CD152 blockade unmasked islet cell-specific,
autoreactive T cells. Conversely, CD152 blockade in NOD mice failed to regulate
islet-specific, auto-reactive T-cell responses but enhanced the T-cell response to
the exogenous, foreign antigen KLH in both nonautoimmune BALB/c and
autoimmune NOD mice. These results suggest that there is not a global defect in
CD152-mediated regulation of peripheral T-cell immune responses in NOD
autoimmune mice. Rather, there is a defect specific to T cells recognizing self
antigen (Piganelli et a/., 2000). In the NOD mouse, macrophages, dendritic cells,
and T cells, but not B cells, express lower basal levels of CD86. It has been
proposed that this low level of CD86 expression contributes to a defective regu-
lation of autoreactive T cells by preventing the full activation of T cells and
therefore the upregulation of CTLA-4 (Dahlen et al, 2000). Protection against
diabetes in the NOD mouse has been associated with increased CD40L and
CTLA-4-expressing Th cells and with the generation of a CD40- 1gG+ B cells.
This study associated the induction by mycobacterial infection of regulatory
CD45RBlo CD38+ Th cells with the ability to trigger deletion or anergy of
peripheral, self-reactive lymphocytes and shutting down IgG+ B-cell responses
(Martins and Aguas, 1999). Interestingly, in spontaneously diabetic BB rats, ex
vivo, adenovirus-mediated CTLA4Ig gene transfer induced local immunomodu-
lation, blocking autoimmune recurrence and rejection of pancreaticoduodenal
grafts. The transferred CTL.A4lg gene was strongly expressed in both endocrine
and exocrine tissues. These results indicate the potential utility of local CD28-B7
co-stimulatory blockade for prevention of alloimmune and autoimmune destruc-
tion of pancreatic grafts in type 1 diabetic hosts (Uchikoshi et al., 1999).

An alternative hypothesis to polygenic inheritance is that type 1A diabetes is
an oligogenic, heterogeneous disease. In this hypothesis, HLA is a major diabe-
togenic locus with relatively few non-HLA genes determining diabetes suscepti-
bility (i.e., different genes causing disease in different families). We have studied
a Bedouin Arab family with 21 members with type 1A diabetes. Based on a search
for linkage, we identified a locus (termed IDDM17) contributing to type 1 diabetes
mapping to the long arm of chromosome 10 (10g25; nonparametric linkage =
4.99, p = 0.00004). In this family, HLA DR3 or DR4 plus IDDM17 is associated
with a diabetes risk of 40 percent (Verge et al., 1998).
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VIIL. Summary

Type 1A diabetes is an autoimmune disease with genetic and environmental
factors contributing to its etiology. Most of the genetic susceptibility is accounted
for by HLLA alleles. The most-common susceptibility haplotypes are DQA1*0301-
DQB1*0302 and DQAI1*0501-DQB1*0201. Other haplotypes (e.g.,
DQA1*0401-DQB1*0402 and DQA1*0101-DQB1*0501) are diabetogenic;
strongly protective alleles (e.g., DQB1*0602) exist. Differential expression of
insulin or proinsulin in the thymus may contribute to diabetes susceptibility. This
autoimmune process also can result from mutations of a transcription factor (AIRE
gene), independent of HLA alleles. It is likely that an abnormal presentation of
antigens, potentially insulin or proinsulin, to T cells either within the thymus or
in the periphery, or both, results in an abnormal T-cell repertoire or an abnormal
immune response. Interestingly, protective HLA alleles continue to have an effect
after the autoimmune process has started. The observation that the diabetes risk
for monozygotic twins of patients with type 1A diabetes is higher than the diabetes
risk for HLA-identical ordinary siblings supports the hypothesis of non-HLA
genes contributing to diabetes risk. The non-HLA genetic susceptibility is prob-
ably explained by multiple genes, different in different families. In addition, the
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observation that the risk for monozygotic twins of patients with type 1A diabetes
is not 100 percent indicates that there are other factors — either nongermline
(noninherited) genes or environment — that have a role in progression to diabetes.
Type 1A diabetes is predictable, based on genetic, immunologic, and metabolic
factors (Figure 2), such that trials of diabetes prevention are underway (e.g.,
Diabetes Prevention Trial 1 (DPT-1)). Several studies, including DAISY (Diabe-
tes Autoimmunity Study of the Young) in the United States, suggest that diabetes
will be predictable for individuals in the general population as well as first-degree
relatives of patients. This should facilitate future preventive trials.
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