American Journal of Medical Genetics (Semin. Med. Genet.) 115:30-36 (2002)

ARTICLE

Estimation of Genetic Risk for Type 1 Diabetes
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ARIADNE MALAMITSI-PUCHNER, JOANNA THYMELLI, ANDRIANI VAZEOU,

AND CHRISTOS S. BARTSOCAS

The most important gene loci defining risk of type 1 diabetes mellitus (T1DM) are located within the HLA gene region.
HLA-DQ molecules are of primary importance but HLA-DR gene products modify the risk conferred by HLA-DQ. The
risk associated with an HLA genotype is defined by the particular combination of susceptible and protective alleles. The
highest risk is associated with a combination of two different risk haplotypes (7% risk to develop T1DM in Finland)
whereas protective genotypes covering 69% of population have a risk of less than 0.2%). The complicated analysis of
HLA genotypes is simplified by strong linkage disequilibrium between HLA-DRB1, -DQA1 and -DQB1 loci. In many
cases one can deduce the alleles of other loci based on determination of the alleles in one locus. Differences between
various populations in the frequency of marker alleles and in the linkages between them has to be taken into account.
We have developed PCR based typing methods that utilize blood spot samples, microtiter plate format and lanthanide
labeled oligonucleotide probes to define HLA-DQ and -DR alleles relevant for T1DM risk. Typing is run stepwise so that
after initial HLA-DQB1 typing only those samples will be further analyzed in which -DQA1 or -DRB1 typing is
informative and expected to contribute to the risk estimation. This method has been used to screen more than 50,000
newborn infants in Finland over a time period of 6 years, and it has been able to identify most children who have
developed T1D during the follow-up period. The efficiency of the procedure has also been tested in Finnish and Greek
populations.  © 2002 Wiley-Liss, Inc.
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INTRODUCTION

It is well known that the susceptibility to
develop type 1 diabetes mellitus (T1DM)
is inheritable. This is also reflected by the
familial aggregation of the disease. The
most important genes defining the risk
for T1DM are located within the HLA
gene complex and they are responsible
for about half of the total genetic
component [Vyse and Todd, 1996].
The remaining genetic susceptibility is
conferred by a large number of loci, each
one with a minor effect. Among the
genes outside the HLA region only
the effect of polymorphism within the
insulin gene region has been firmly esta-
blished, whereas others have been only
preliminarily localized [Cox et al., 2001].
The susceptibility associated with
the HLA region is also complex. The
prevailing view is that HLA-DQ hetero-
dimer molecules encoded by HLA-
DQAT1 and -DQB1 genes are the major
determinants of the disease risk. The
high polymorphism of these genes and
the existence of molecules associated
with different degree of risk or dominant
protection complicate the risk assess-
ment. HLA-DQ does not alone define
the risk, because HLA-DR molecules
have a modifying effect [She, 1996], and
still some authors have recently suggested
that the risk can be best defined by HLA-
DR typing alone [Zamani et al., 1996].
In addition to HLA-DQ and -DR
loci there is evidence that several other
HLA regions contribute to the risk. The
third Class II locus, HLA-DP seems to
have a small effect [Noble et al., 2000],
and also genes in the Class I region
appear to be of importance. Loci within
the TNF region as well as a locus
telomeric to Class I close to the micro-
satellite marker D6S2223 have been
reported to affect the disease suscept-
ibility [Moghaddam et al., 1998; Lie
et al., 1999]. In parallel a major effect of
the H2-A locus, homologous with
human HLA-DQ has been demon-
strated in the NOD mouse model of
autoimmune diabetes as well as the
modification of the disease risk by the
H2-E locus homologous to HLA-DR
[Lund et al., 1990; Ikegami et al., 1995].
This analogy further extends to the

TABLE I. HLA-DQ Molecules Associated With Susceptibility to or
Protection From Type 1 Diabetes

Genes

Haplotype (cis) or genotype (trans)

Encoding risk associated molecules
DQA1*0301-DQB1*0302
DQA1*0501-DQB1*0201
DQA1*0301-DQB1*0201

Encoding protective molecules
DQA1*0101-DQB1*0602
DQA1*0501-DQB1*0301
DQA1*0301-DQB1*0301

DR4-DQ8

DR3-DQ2

DR4-DQ2 (Mediterranean), DR7-DQ2 (Black),
DR3-DQ2/DR4-DQ8

DR 15(2)-DQ6
DR5-DQ7
DR4-DQ7

contribution of Class I loci in the mouse
model.

The polypeptide chains of the
HLA-DQ moleculesare usually encoded
by DQA1 and DQB1 genes in the same
chromosome, in cis position, but may in
some cases also be products of genes in
different parental chromosomes, enco-
ded in frans position. The very high risk
associated with DR3-DQ2/DR4-DQ8
or DQA1*0501-DQB1*0201/DQA1*
0301-DQB1*0302 genotype may thus
be associated with the fact that also
DQA1*0301 and DQB1*0201 in trans
position are encoding a specific hetero-
dimer. This heterodimer is also found in
cisin the black DR 7 haplotype and in the
Mediterranecan  DR4  (DRB1*0405)
haplotype.

The HLA-DQ molecules asso-
ciated with increased risk of or protec-
tion against the disease are listed in
Table I. Because of the very strong link-
age between HLA-DQA1 and DQB1
loci it is in fact necessary in most cases to
define only the DQBI1 allele, and the
DQAT1 allele can be deduced based on
the common linkage disequilibrium
although some notable exceptions from
this rule do exist.

RISK CALCULATION BASED
ON HLA-DQ GENOTYPE

The importance of HLA-DQ
molecules for diabetes risk is well
discerned, when the frequency of dif-
ferent HLA-DQB1 genotypes is com-
pared between children with T1D and

the background population. Various

measures of risk are used such as the
odds ratio (OR) representing the ratio
between the risk in subjects with and
without a certain genotype. One can
also calculate the positive predictive
value (PPV) that takes into account the
prevalence of the disease in the popula-
tion and reflects the probability of a
newborn infant with that genotype to
develop the disease. A simple HLA-
DQB1 typing that defines the presence
of the HLA-DQB1*02 and DQB1
*0302 alleles associated with risk as
well as protection associated DQB1*
0301, DQB1*0602, and DQB1*0603
alleles already produces a substantial

Dominant protection to type 1
Diabetes is associated with the
DQB1*0602 allele

number of genotypes (Table II), each
one with a characteristic risk of its own.
There is a gradient from very high risk
associated with the genotype with two
risk alleles to strong protection associated
with genotypes with protective alleles
alone or together with neutral alleles.
The hierarchy among risk and protection
associated alleles is clearly seen e.g., in the
dominant protection associated with the
DQB1*0602 allele. Even the DQBI
*0302/*0602 genotype, a combination
of a high risk and a strongly protective
allele is very rare among diabetic children
but DQB1* 0301/*0302 and DQBI1
*0302/*0603 genotypes combining the
same strong risk allele with an allele
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TABLE II. HLA-DQB1 Genotypes Among Finnish Children With Type 1 Diabetes (T1D) and Healthy Newborn Infants
Children with T1D Newborn infants
HLA-DQB1* genotype n % n % OR PPV
02/0302 161 28.8 303 2.9 13.63 7.03
0302 191 341 1039 9.9 4.73 2.55
0302/0603 17 3.0 213 2.0 1.52 1.12
0301/0302 23 4.1 293 2.8 1.50 1.10
02 102 18.2 1384 13.1 1.47 1.04
02/0301 9 1.6 321 3.0 0.52 0.40
302/0602 6 1.1 324 3.1 0.34 0.26
Others 27 4.8 1704 16.2 0.26 0.22
02/0603 4 0.7 273 2.6 0.27 0.21
0301 10 1.8 1049 10.0 0.16 0.14
02/0602 2 0.4 406 3.9 0.09 0.07
0301/0603 1 0.2 198 1.9 0.09 0.07
0602 4 0.7 1421 13.5 0.05 0.04
0602 or 0603 3 0.5 1264 12.0 0.04 0.03
0301/0602 0 0.0 349 3.3 0.00 0.00
560 10541
The positive predictive value (PPV) is calculated based on a risk of 0.75% to develop childhood type 1 diabetes.

of lesser degree of protection are more
common and in fact associated with
disease risk. These weaker protective
markers can instead easily protect against
the disease risk conferred by the weaker
risk allele DQB1*02, which alone is
associated with a low disease risk.

DQB1*02 and DQB1*0302
are associated with disease risk

For practical purposes this type of
grading system can be simplified for
example by grouping all genotypes with
a risk clearly smaller than that in the
general population. Odds ratio can also
be calculated against this group compris-
ing the vast majority (69%) of the
population. The risk of subjects with
the high-risk HLA-DQB1*02/*0302
genotype is in fact 58 times that of this
population majority.

The same HLA-DQ molecules
are associated with diabetes risk in
various Caucasian and black populations
although their relative frequency in
background populations varies, which

is also reflected in genotypes found
among type 1 diabetes patients. The
comparison of frequencies of HLA-DQ
genes associated with risk or protection
between Greek and Finnish children
with T1DM and newborn infants repre-
senting the background populations is
shown in Table III. Finland and Greece
represent the highest and the lowest
incidence of type 1 diabetes countries,
being on the extreme north and south of
the Europe [Green et al., 1992]. In both
populations DQB1*02 and DQB1*
0302 are associated with disease risk
and DQB1*0602/3 and DQB1*0301
with protection, but most Finnish chil-
dren with T1DM are positive for
DQB1*0302, whereas in Greece the
DQB1*02 is the risk allele observed in
most cases. It is tempting to hypothesize
that the high frequency of the protective
DQB1*0301 allele as well as the low
frequency of DQB1*0302 in Greece
might contribute to the lower disease
incidence there. This relationship, how-
ever, is not so simple as the strongly
protective DQB1*0602 allele is also
common in Finland as well as in other
Northern European countries, whereas

it is rare in Greece and many other
Mediterranean countries.

Effect of HLA-DQA1
and -DR4 Typing

Both HLA-DQB1 and -DQAT1 genes
are polymorphic and affect the confor-
mation of the molecule and especially
the peptide binding groove. These
polymorphisms define which peptide
will be bound and presented to T cells
thus shaping the T cell repertoire. This
variability is the most likely mechanism
behind the positive and negative disease
associations of specific HLA Class II
molecules including the associations
with type 1 diabetes [Thorsby, 1997].
We stated earlier that because of the
strong linkage disequilibrium between
DQB1 and DQAT1 genes one can in
most cases deduce the allele in the
DQA1 locus if the DQB1 allele is
known. Accordingly, when the HLA-
DQB1*0302 allele is present, one can
conclude that it is associated with
DQA1*0301, and the complete suscept-
ibility molecule is present. Similarly
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TABLE III. Comparison of the Frequencies of HLA-DQB1 Alleles Associated With Risk for and Protection From Type 1
Diabetes in Greece and Finland

Patients
HLA-DQB1 allele n % n % p OR
Greek
02 81 68.1 293 28.0 < 0.0001 5.49
0301 11 9.2 557 53.2 < 0.0001 0.09
0302 48 40.3 113 10.8 < 0.0001 5.59
0602 or 0603 1 0.8 150 14.3 < 0.0001 0.051
119 1047
Finnish
02 278 49.6 2688 25.5 < 0.0001 2.88
0301 43 7.7 2210 21.0 < 0.0001 0.31
0302 398 71.1 2172 20.6 < 0.0001 9.47
0602 or 0603 37 6.6 4448 42.2 < 0.0001 0.10
560 10541

DQB1*0602 is practically always asso-
ciated with DQA1*0102 but also with
the DRB1*15 and DRB5*0101 alleles.
Additional typing does not produce any
useful information in the case of this
strongly protective haplotype. HLA-
DQB1*0301 may be associated with
either DQA1*0301 (the DR4 haplo-
type) or DQA1*0501 (the DRS5 haplo-
type and the DR6 haplotype). None of
these is associated with diabetes risk,
although there may be differences in the
strength of protection. The value of
DQAT1 typing in this case remains of
negligible practical value. Instead it is
important to define the DQAT1 allele
associated with DQB1*02. In Northern
European Caucasians DQB1*02 is asso-
ciated with either DQA1*0201 (the
DR7 haplotype that is protective or
neutral) or DQA1*0501 (the DR3
haplotype associated with diabetes risk).
In Mediterranean countries and in black
populations it may also be associated
with DQA1*0301 and is in both cases
associated with diabetes risk, although
the haplotype is very difterent for the
DR locus, either DR7 or DR4
(DRB1*0405).

The major effect contributed by the
HLA-DR locus is seen in the variability
of diabetes-risk conferred by HLA-DR 4
positive HLA-DQB1*0302 haplotypes
depending on the specific DR 4 subtype.

HLA-DRB1*04 can now be divided
into 42 different alleles starting from
HLA-DRB1*0401-0442 of which
only the first eight alleles from HLA-
DRB1*0401-0408 are commonly de-
fined. The HLA-DRB1*0403 allele
present in Caucasian populations as well
as the very similar DRB1*0406 allele
found in Orientals are strongly pro-
tective according to several studies.
HLA-DRB1*0403 exerts a dominant
protection even in the high risk DR3-
DQ2/DR4-DQ8 genotype [Vander-
Auwera et al., 1995]. HLA-DRB1*
0401, *0402, *0404, and *0405 are
instead all associated with disease risk
[She, 1996]. The risk associated with
DRB1*0404 may be a lower than that
conferred by the other DRB1*04 risk
alleles, but it is affected by polymorph-
isms within the Class I region [Nejentsev
et al.,, 1997; Reijonen et al., 1997].

TYPING METHODOLOGY

There is a huge number of methods
available for definition of HLA alle-
les associated with diabetes risk. Various
DNA hybridization techniques have
replaced serology and lymphocyte cul-
ture based methods used earlier. A
multitude of methods are also used for
molecular typing and the development
of these techniques is rapidly pro-

gressing. Restriction fragment length
polymorphisms analyzed with long
radioactive cDNA probes were origin-
ally used for genome based typing but
were then replaced by PCR based
methods. Future development may
produce techniques that can handle
enormous amounts of reactions without
significant increase in analysis cost, but
so far the number of loci and specific
sequences to be analyzed are also impor-
tant due to economic considerations.
The results presented in this study
have been produced using a hybridiza-
tion assay based on microtiter plates and
lanthanide labeled probes developed for
screening of selected HLA alleles. This
methodology was developed during the
mid 1990s and has been applied in the
Finnish Diabetes Prediction and Pre-
vention project [Kupila et al., 2001].
The format based on microtiter plates
allows easy handling that can also be
automated. The laborious extraction of
DNA is avoided by using blood spots on
filter paper of which a small piece is
punched directly into the amplification
mixture in microtiter plate wells. One of
the HLA-DQB1 specific primers is
biotinylated and amplicons transferred
to streptavidin coated plates will thus be
bound to the wells. After denaturation a
hybridization mixture containing three
sequence specific probes for each well is
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added. Labeling of the probes with
different
simultaneous measurement of hybrid-

lanthanide chelates allows
ization reactions based on different
properties (time delay and wawe length)
of these chelates. The original system of’
two mixes able to define the HLA-
DQB1*02, *0301, *0302, and *0602/3
specificities [Sjoroos et al., 1995] was
later further developed to differentiate
between DQB1*0602 and *0603 as well
as applied to HLA-DQA typing (a mix
of DQA1*0201, *03, and *05 specific
probes) and HLA-DR4 subtyping (two
mixes defining DQRB1*0401, *0402,
*0403/6, *0404, *0405, *0407, and
*0408) [Nejentsev et al., 1999].

In the Finnish Diabetes Prediction
and Prevention (DIPP) study more
than 50,000 newborn infants have been
screened for T1D associated genotypes.
Prospective observation has demon-
strated that more than 70% of the first
50 children who progressed to clinical
T1D from among the screened cohorts
were correctly classified according to the
genetic screening. This result actually
exceeds the expected efficiency based on
estimations done on genotype frequen-
cies among affected children, probably
due to the increased frequency of HLA
risk gene alleles in children developing
the disease at a very early age [Komulai-
nen et al., 1999].

USE OF RISK ESTIMATION
AND TYPING STRATEGY

So far, there is no preventive treatment
of type 1 diabetes and the screening of
genetic susceptibility is mainly indicated
in the framework of specific research
projects. Among families with one or
more affected members one often meets,
however, requests for information con-
cerning on the genetic risk of unaftected
family members, especially that of sibs of
a child with TIDM. The knowledge ofa
low genetic risk in the sibs may be
comforting for the parents in some cases.
When estimating the disease risk of
siblings one has to take into account
the considerably higher prevalence of
the disease in first-degree relatives but
also the common presence of risk alleles
in the genotypes of unaffected family
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The sensitivity and specificity of various HLA based genetic screening
strategies for type 1 diabetes in the Greek population. (O) HLA-DQB1 typing (five
alleles). ([J) Additional HLA-DQA1 typing in DQB1*02 positives subjects (three
alleles). (A) Additional DR4 subtyping (6 alleles) in DQB1*0302 positive subjects.

Y T

100-specificity %

members. Familial aggregation of the
disease seems to be associated to some
extent with accumulation of HLA risk
genotypes. A comparative study in Fin-
land showed that familial cases had more
often high-risk associated HLA geno-
types than sporadic cases [Veijola et al.,
1996].

The main purpose of genetic
screening remains the enrichment of
subjects at genetic risk for various
research projects, either prevention trials
or etiological studies. If a prevention trial
is based on an absolute safe and cheap
treatment modality one can apply it to
large cohort without any screening, but
if the costs are considerably high or there
are possible risks associated with the
treatment, one has to identify subjects
with as high risk as possible. Because the
beta-cell destructive autoimmune pro-
cess usually starts years before clinical
disease, etiological studies aimed at

identifying environmental triggers need
extensive follow-up with frequent sam-
ple collection and the selection of
subjects with high genetic risk is of
apparent advantage. Secondary preven-
tion trials are targeted on subjects
positive for diabetes-associated auto-
antibodies. Also these subjects can most
efficiently and in an early phase of the
process be identified by testing fre-
quently for autoantibodies subjects who
have been identified to be at increased
risk by genetic screening.

The efficiency of genetic risk esti-
mation in terms of sensitivity and
specificity is presented in Figure 1.
Because of the graded risk associated
with various genotypes this can be best
expressed by a cumulative curve where
sensitivity increases when new geno-
types conferring smaller risk are inclu-
ded in the risk group. A reciprocal
decrease of specificity is naturally occur-
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ring. The specificity is expressed on the
x-axis as 100%-specificity reflecting the
proportion of the background popula-
tion in which the proportion of cases
indicated by sensitivity is detected. The
starting point of the curve identifies the
small group of very high risk individuals.
This group of heterozygotes with two
high risk haplotypes have a very low
frequency among the general population
but a considerable proportion of chil-
dren with TIDM are covered. By
gradual inclusion of genotypes with
lesser risk one can reach a sensitivity of
more than 90%, although the specificity
of the test is then very poor, about half of
the general population carrying the
genotypes being included. For various
purposes different strategies of screening
can be selected. The possibilities range
from targeting the small group of chil-
dren at the highest risk for frequent
sampling to a relatively extensive series
to be able to identify most of the children
eventually developing TIDM.

The efficiency of the screening can
be increased by adding new loci and
markers. It appears in Figure 1 how the
curve is moving to the left when initially
HLA-DQAT1 and thereafter HLA-DR 4
subtyping is added to the screening
protocol. This means increased sensitiv-
ity and specificity when more tests are
used. The cost of additional tests can
be considerably reduced by a stepwise
typing strategy in which these tests are
performed only in those samples in
which they will be informative based
on the HLA-DQB!1 typing results.

RISK ASSOCIATED WITH
EACH MARKER IN
DIFFERENT POPULATIONS:
AETIOLOGIC
CONSIDERATIONS

The population to which the screening
protocol will be applied has to be
considered when selecting the markers
to be used. As earlier stated the same
markers are associated with disease risk
and protection in most populations, but
the frequency of the markers may be very
difterent in the background population.
Thus in Finland more than 60% of the
children with T1DM are positive for
either the DQB1*02/DQB1*0302 or
DQB1*0302/x (x # *02,%0301, *0602
or *0603) genotypes, and these two
genotypes were originally selected in the
population based screening program.
Due to the low frequency of DQB1*
0302 in Greece these two genotypes
cover only 36% of the affected children.
The inclusion of DQB1*02 positive
genotypes s
when identifying children at genetic

accordingly important

diabetes risk in Greece. Figure 1 show-
ing the increase in screening efficiency
by additional DQA1 and DR 4 typings is
based on analyses done in the Greek
population. DQAT1 typing differentiat-
ing between the protective DQA1*0201
(DR7) allele and the susceptibility alleles
DQA1*05 (DR3) and DQA1*03
(DR4) is important among those with
the DQB1*02 haplotypes because all
these haplotypes are common in the
Greek population. DR4 subtyping in

DQB1*0302 positive haplotypes is also
essential, because the frequency of the
protective DRB1*0403 allele is high in
those haplotypes. In Finland the popula-
tion is much more homogeneous,
DQB1*02 is in most cases associated
with DQA1*05 and DQB1*0302 is in
the vast majority of cases either with
DRB1*0401 or with DRB1*0404,
whereas the protective DRB1*0403
allele is rare in the background popula-
tion [Nejentsevetal., 1999]. The benefit
of these additional typings in terms of test
sensitivity and specificity is accordingly
quite low in the Finnish population.

For an individual, however, the full
information might still be important.
Table IV shows the relative risk asso-
ciated with the high risk DQB1*02/
*0302 genotype when additional DQA1
and DRB1*04 typings are performed
and the result shows the presence of
higher or lower risk. Thus the child with
both DRB1*0403 and DQA1*0201has
in fact alow risk to develop diabetes even
if only very few of the children with
high risk DQB1*02/*0302 have this
protective genotype.

Although the same haplotypes are
associated with risk and protection in
various populations the strength of
association may still be different. The
DQA1*05-DQB1*02 (DR3) haplo-
type is more common in Greek than in
Finnish population and it also seems to
be associated with a higher risk in
Greece. Table V shows the different
OR values in the population according
to asimilar risk genotype. The difterence

TABLE IV. Risk Associated With the HLA-DQB1*02/*0302 Genotype in Finland When Additional Typing for DQA1 and
DRB1*04 Alleles Detects Alleles Conferring Either High or Low Risk

Diabetic children n =560

Newborns n= 10541

n % n % RR PPV

Increasing risk
HLA-DQB1*02/*0302 161 28.75 303 2.87 13.63 7.03
with HLA-DQA1*05-DQB1*02 144 25.63 224 2.12 15.88 8.36
and HLA-DRB1*0401-DQB1*0302 111 19.86 156 1.48 16.52 9.22

Decreasing risk
HLA-DQB1*02/*0302 161 28.75 303 2.87 13.63 7.03
with HLA-DQA1*0201-DQB1*02 17 3.12 79 0.75 4.26 3.05
with HLA-DRB1*0403-DQB1*0302 2 0.35 13 0.12 2.78 2.05
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TABLE V. Risk Conferred by HLA-DQA1*05-DQB1*02/y Genotype in
Finland and Greece

Unselected newborn

Children with T1D infants
Country n (%) n (%) OR (95% CI)
Finland 53/316 (16.8) 88/1000 (8.8) 2.09 (1.42-3.06)
Greece 37/119 (31.1) 58/1047 (5.5) 7.69 (4.68—12.83)

did not change when DQB1*0302
positive haplotypes were removed from
the calculation. Whether this difference
between Greek and Finnish DR haplo-
types reflects the effect of additional
genetic factors as demonstrated in DR 3-
positive haplotypes, e.g., in high inci-
dence Sardinia [Zavattari et al., 2001] or
iscaused by different environmental inter-
actions in Northern and Southern Eur-
opean populations remains to be defined.

CONCLUSIONS

In conclusion, HLA typing can be
applied for estimating the genetic risk
of T1D in various populations. The
accuracy of the estimation can be
increased by including multiple loci into
the protocol. The main purpose of the
risk estimation is at the moment the
identification of subjects at high risk for
research studies on the etiology and the
natural course of the disease process, and
increasingly also for therapeutic trials.
The efficiency of various markers in the
screening protocol is highly dependent
on the population to be studied.
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