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ABSTRACT

Background: Individuals at risk for insulin-dependent
diabetes mellitus (IDDM), with an affected first-degree
relative, can be identified by the presence of islet cell
antibodies (ICA). ICA-positive relatives progress at vari-
able rates to IDDM and identification of those at highest
risk is a prerequisite for possible preventative treatment.
Those who develop IDDM may exhibit less genetic het-
erogeneity than their ICA-positive or ICA-negative rela-
tives. Specific human leucocyte antigen (HLA) genes
predispose to IDDM but could also influence the rate of
progression of preclinical disease. Therefore, by compar-
ing HLA antigen frequencies between first-degree rela-
tives, we sought to identify HLA genes that influence
progression to IDDM.
Materials and Methods: HLA antigen frequencies
were compared in 68 IDDM, 53 ICA-positive, and 96
ICA-negative first-degree relatives from 40 Caucasoid
families. Predictions were tested in a panel of 270 unre-
lated IDDM subjects. HLA typing was performed sero-
logically (HLA class I and II) and by sequence-specific
oligotyping (11th International Histocompatibility
Workshop protocol) (HLA class II). ICA tests were mea-
sured by an internationally standardized indirect immu-
nofluorescence assay.
Results: In general, known susceptibility class II HLA
antigens increased in frequency and known protective

class II HLA antigens decreased in frequency, from ICA-
negative to ICA-positive to IDDM relatives. Thus, DR4
and DQ8 increased whereas DR2 and DQ6 decreased;
DR3 and DQ2 increased from ICA-negative to ICA-pos-
itive relatives, but not further in IDDM relatives. The
high-risk DR3, 4 phenotype increased across the three
groups; DR4,X was unchanged, and DR3,X and DRX,X
both decreased. The HLA class I antigen, A24, occurred
more frequently in ICA-positive relatives who developed
IDDM and, in 270 unrelated IDDM subjects, was associ-
ated with an earlier age at diagnosis of IDDM in those
with the lower risk class II phenotypes DR4,4 and DR3,X.
Conclusions: HLA-DR3 and DQ2 predispose to islet
autoimmunity, but not development of clinical IDDM in
the absence and DR4 and DQ8. DR4 and DQ8 predispose
to the development of clinical IDDM in ICA-positive
relatives, in combination with DR3-DQ2 and other
haplotypes but not when homozygous. HLA-A24 is sig-
nificantly associated with rapid progression to IDDM in
ICA-positive relatives and with an earlier age at clinical
diagnosis. Analysis of IDDM families reveals that HLA
genes not only predispose to islet autoimmunity but
influence progression to clinical disease. The findings
have implications for identifying high-risk relatives as
candidates for possible preventative therapy.

INTRODUCTION
Insulin-dependent diabetes mellitus (IDDM) re-

sults from T cell-mediated destruction of pancre-
atic islet beta cells (1). Individuals at risk for
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IDDM can be identified by the presence of circu-
lating islet cell antibodies (ICA), but only a pro-
portion of them progress to clinical disease
within a decade of follow-up (2). Identifying fac-
tors that determine the rate of progression
through the preclinical stage is important for ac-
curate prediction and prevention of clinical dis-
ease. Evidence from the nonobese diabetic
(NOD) mouse suggests that progression to diabe-
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tes mellitus is a staged process regulated by dif-
ferent genes (3). In humans, the major known
component of genetic risk for IDDM is contrib-
uted by the HLA genes of the major histocom-
patibility complex (MHC) (4). In Caucasoids, the
highest risk is associated with haplotypes bearing
the HLA class II alleles DR3-DQ2 and DR4-DQ8,
and the lowest with DR2-DQ6 (4). Indepen-
dently of these class II haplotypes, no HLA class
I allele has been shown to confer risk. An intrigu-
ing association of specific HLA antigens with age
at clinical diagnosis (5,6) suggests that HLA genes
may influence the rate of beta cell destruction.
In first-degree relatives in families with IDDM,
the risk for disease increases step-wise, if they
share one then two HLA haplotypes with the
proband (7,8).

Against this background, individuals who
have developed IDDM might be expected to dis-
play less HLA genetic heterogeneity than their
healthy, ICA-positive "at risk" and particularly
their normal, ICA-negative first-degree relatives.
Comparison of HLA antigen frequencies between
IDDM relatives and ICA-positive and -negative
relatives could therefore delineate HLA genes
that predispose to the initiation of islet autoim-
munity from those that influence the progression
to clinical IDDM. To explore this possibility, we
analyzed the distribution of HLA antigen fre-
quencies in 217 members of 40 IDDM families
and tested predictions in a panel of 270 unrelated
IDDM subjects.

SUBJECTS AND METHODS
First-degree relatives in 40 IDDM families from
the Melbourne Prediabetes mellitus Study were
grouped as follows: 96 healthy, ICA-negative (53
parents, 43 children); 53 healthy, ICA-positive
(22 parents, 31 children); and 68 diabetic (12
parents, 56 children).

HLA-A, B, DR, and DQ typing was per-
formed by a standard serologically based mi-
crolymphocytotoxicity assay. T (class I) and B
(class II) lymphocytes were separated by a nylon
wool column method or by antibody-coated
magnetic beads. Sequence specific oligotyping
according to the 11th International Histocompat-
ibility protocol (9) was used to confirm diabetes
mellitus-associated DQ alleles in families. Four
hundred seventeen healthy Australian blood do-
nors served as unrelated controls. Predictions
from the family data were tested on a panel of

270 IDDM subjects attending clinics at the Royal
Melbourne Hospital.

Sera from all 217 relatives were tested for
ICA by an internationally standardized indirect
immunofluorescence assay using sections of hu-
man type 0 pancreata. Subjects with ICA 2 20
JDF units were selected because those with ICA
< 20 alone do not have a significantly increased
risk for IDDM within a decade.

Statistical analysis by the 2 x 2 x2 test with
Yates' correction was used to test the null hy-
pothesis that no difference in HLA antigen fre-
quencies existed between relatives comprising
the different groups. All relatives, including HLA
identical siblings, were included in the data set
because the null hypothesis predicts that all have
an equal opportunity to be either ICA-negative,
ICA-positive, or diabetic. The caveat is that some
of the ICA-negative subjects may still be too
young to have entered the other groups. Their
presence in the ICA-negative group would, how-
ever, only bias HLA frequencies towards similar-
ity, rather than differences, between groups. p
values were not corrected if the antigen in ques-
tion had previously been associated with IDDM.
Comparisons of ages at diagnosis within the un-
related IDDM subjects were made using the Wil-
coxon rank sum test for nonparametric data.
Comparisons of DR phenotype frequencies be-
tween family and unrelated IDDM subjects were
made using a 2 X 6 x2 test.

RESULTS
HLA Class II Alleles

The frequencies of HLA-DR3 and DR4 were
higher in each group of relatives (DR3, p <
0.0005; DR4, p < 0.005-<0.0005) than in unre-
lated controls, and lower in ICA-negative than in
IDDM relatives (DR3 47% versus 65%, p < 0.05;
DR4 50% versus 76%, p < 0.005) with ICA-
positive relatives being intermediate (DR3 60%,
DR4 66%) (Table 1). The frequency of DR2 did
not differ between unrelated controls and ICA-
negative relatives (27% versus 23%), but was
lower in the IDDM relatives than in unrelated
controls and ICA-negative relatives (1%, p <
0.0005, <0.005) with ICA-positive relatives be-
ing intermediate (9%).

Because there is synergy between DR3 and
DR4 in predisposing to IDDM, HLA-DR pheno-
types that included these risk alleles were also
compared between family groups (Table 2). The
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TABLE 1. Frequencies of HLA antigens which vary within IDDM families

IDDM Family Group
Unrelated
Controls ICA-Negative ICA-Positive IDDM

Antigens n % n % n % n %

DR4 138 33 48a 50 35b 66 52b,c 76
DR3 113 27 45b 47 32b 60 44b,d 65
DR2 113 27 22 23 5e 9 1bc I
DQ8 100 24 37f 38 24a 45 40bg 59
DQ7 150 36 20 21 1oh 19 14f 20
DQ2 191 46 49 51 36a 68 46a,d 68
DQ6 42 10 11 11 3 6 1df I
B8 104 25 36h 38 25a 47 30" 44
A1 138 33 37 39 29a 55 31 46
A2 208 50 46 48 28 53 23f 34
A24 67 16 23 24 5d 9 209i29

p values compared with unrelated controls: a<Q.005, b<0O005, e<O.Ol, f<0.05, h<o.025.
p values compared with ICA-negative relatives: c<0.005, d<0.O5, 9<O.025.
p values compared with ICA-positive relatives: i<o.o25.

frequency of DR3,4 was lower in ICA-negative mediate in ICA-positive healthy relatives (6 + 7
than in IDDM relatives (15% versus 44%, p < = 13%). The frequencies of phenotypes compris-
0.0005) with antibody positive relatives being ing a single risk antigen and nonrisk antigen
intermediate (30%). The combined frequency of (DR3,X and DR4,X) differed according to the risk
phenotypes homozygous for the known risk an- antigen. Thus, the frequency of DR3,X was
tigens DR3 and DR4 was lower in ICA-negative higher in ICA-negative than in IDDM relatives
relatives than in IDDM relatives (4 + 5 = 9% (28% versus 10%, p < 0.025), but was similar in
versus 10 + 12 = 22%, p < 0.05), being inter- ICA-positive and ICA-negative relatives (28%

TABLE 2. Frequency of DR Phenotypes

IDDM Family Group Unrelated
IDDM

ICA-Negative ICA-Positive IDDM Subjects
(n = 96) (n = 53) (n = 68) (n = 270)

Phenotype n % n % n % n %

DR3,4 14 15 16 30 30 44 107 40
DR3,3 4 4 3 6 7 10 26 10
DR4,4 5 5 4 7 8 12 24 9
DR4,Xa 30 31 15 28 14 21 64 24
DR3,X 27 28 13 25 7 10 22 8
DRX,X 16 17 2 4 2 3 27 10

ax = non-DR3, non-DR4.
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versus 25%). The frequency of DR4,X, however,
did not differ between the groups. DR pheno-
types without the risk antigens DR3 or DR4 were
more frequent in ICA-negative relatives than in
IDDM relatives (17% versus 3%, p < 0.025); the
frequency in ICA-positive relatives (4%) was
similar to that in IDDM relatives. There was no
significant difference between the frequencies of
DR phenotypes in IDDM relatives and a panel of
270 unrelated IDDM subjects (Table 2).

The frequency of DQ8 was increased with a
corresponding decrease in the frequency of DQ7
in the three groups of relatives compared with
unrelated controls (DQ8, p < 0.05-<0.005; DQ7,
p < 0.05<0.01, Table 1). The frequency of DQ8
was lower in ICA-negative than in IDDM rela-
tives (38% versus 59%, p < 0.025) with ICA-
positive relatives being intermediate (45%) (i.e.,
not significantly different to either group), whereas
the frequency of DQ7 did not differ between
groups (21% versus 20% versus 19%). The fre-
quency of DQ2 did not differ between unrelated
controls and ICA-negative relatives (46% versus
51 %) or between ICA-positive and IDDM relatives
(68% versus 68%) but was higher than unrelated
controls in ICA-positive and IDDM relatives (p <
0.005, <0.005) and higher than ICA-negative rel-
atives in IDDM relatives (p < 0.05). Only in the
ICA-positive relatives was DQ2 higher than DQ8
(68% versus 45%, p < 0.05). The frequency of
DQ6 did not differ between unrelated controls and
ICA-negative relatives (10% versus 11%) but was
lower than both in the IDDM relatives (1%, p <
0.05), with ICA-positive relatives being interme-
diate (6%).

HLA class I alleles
Most HLA class I antigens did not differ in fre-
quency between relatives. The frequency of
HLA-B8 was higher in each group of relatives
than in unrelated controls (p < 0.025 < 0.005),
reflecting the pattern of DR3 with which it is in
linkage disequilibrium. However the frequencies
of B8 in the ICA-negative, ICA-positive, and
IDDM relatives (38% versus 47% versus 44%)
did not differ significantly.

The frequency of HLA-A1 in unrelated con-
trols did not differ from ICA-negative relatives
(33% versus 39%), but was lower than in ICA-
positive relatives (55%, p < 0.005) and IDDM
relatives (46%, p < 0.05). The frequency of
HLA-A2 did not differ between unrelated con-
trols and ICA-negative or positive relatives (50%
versus 48% versus 53 %), but was lower in

IDDM relatives than in controls (34%, p < 0.05).
However, these p values did not remain signifi-
cant following correction.

Unexpectedly, the frequency of HLA-A24
was higher in the IDDM relatives than in unre-
lated controls (29% versus 16%, p < 0.05) and
even ICA-positive relatives (9%, p < 0.025) (Ta-
ble 1) but was higher in ICA-negative relatives
than in ICA-positive relatives (24% versus 9%, p
< 0.05). During 3 years of follow-up, eight ICA-
positive relatives developed IDDM. Of these, five
(63%) had A24 compared with 5/53 (9%, p <
0.0005) of the remaining ICA-positive relatives
who did not develop IDDM over the same pe-
riod. HLA-A24 was not significantly associated
with HLA-B alleles in specific haplotypes. The DR
phenotype with which it occurred varied in each
group of relatives (Table 3). DR4 occurred more
frequently in A24 phenotypes in IDDM relatives
(16/20, 80%) than in ICA-negative relatives (10/
23, 43%, p < 0.05), but not in ICA-positive
relatives (2/4, 50%, p < 0.1). In the ICA-nega-
tive relatives, A24 occurred predominantly with
DRX,X (7/16, 44%), DR4,X (7/30, 23%), and
DR3,X (6/27, 22%), whereas in the IDDM rela-
tives it occurred more frequently with DR3,4
(10/30, 33%), DR4,X (5/14, 39%) and DR3,X
(3/7, 43%). Because the number of relatives in
each phenotype group was too small to allow
statistical comparison, the phenotypes of the
panel of unrelated IDDM subjects (Table 2) were
examined for the frequency of A24 (Table 4).
The highest frequency of A24 (26%) was in the
DRX,X subjects but again it was not significantly
different than in other phenotype groups. How-
ever, when age of diabetes mellitus diagnosis in
each phenotype group was analyzed, those with
DR4,4 and DR3,X but not DR3,4 phenotypes had
significantly younger ages of onset if they also
had A24 (DR4,4 p < 0.005; DR3,X p < 0.05,
Table 4).

DISCUSSION
To determine if specific HLA antigens identify
individuals more likely to develop islet antibod-
ies or progress to IDDM, we compared HLA an-
tigen frequencies between ICA-negative, ICA-
positive, and IDDM first degree relatives. HLA
antigen frequencies in relatives of patients with
IDDM differ from those in unrelated controls,
but in first-degree relatives should be biased to-
wards similarity. Differences between relatives
would, therefore, be of interest. Significant dif-
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TABLE 3. HLA-A24 frequency in DR phenotypes

IDDM Family Group

ICA-Negative ICA-Positive IDDM
(n= 96) (n= 53) (n= 68)

Phenotype n % n % n %

DR3,4 1/14 7 0/16 0 10/30 33
DR3,3 0/4 0 0/3 0 1/7 15
DR4,4 2/5 40 0/4 0 1/8 13
DR4,X 7/30 23 2/15 13 5/14 39
DR3,X 6/27 22 2/13 15 3/7 43
DRX,X 7/16 44 0/2 0 0/2 0

ferences were revealed in HLA antigen frequen- develop IDDM, and relatives with DRX,X were
cies between relatives, depending on whether the least likely to develop ICA and IDDM.
they were positive for ICA (i.e., had evidence of IDDM is considered to be a T cell-mediated
islet autoimmunity denoting an increased risk disease in which antibodies have no primary
for IDDM) or had established IDDM. pathogenic role (1). In a previous study in at-risk

As might be expected, the class II antigens ICA-positive relatives, we found that DR3 was
DR3, DR4, DQ2, and DQ8 together identified associated with high levels of antibodies but not
relatives most likely to develop both ICA and proliferative CD4 T-cell responses to the islet au-
IDDM. DR2, and to a lesser extent DQ6, identi- toantigen glutamic acid decarboxylase (GAD)
fied those least likely. DR4 and DQ8 on one or (10). In the current study, the frequency of the
both haplotypes identified ICA-positive relatives DR3,X phenotype was 2.5 times lower in IDDM
most likely to develop IDDM, whereas DR3 and subjects than in their ICA-positive relatives (10%
DQ2 identified those likely to develop IDDM, versus 25%). In contrast, the frequency of the
only if present on both haplotypes. Considering DR4,X phenotype was unchanged between these
DR phenotypes, relatives with DR3,4 were most groups (21 % versus 28%) and, after DR3,4, was
likely to develop ICA and IDDM, relatives with the highest frequency DR phenotype in both
DR3,X developed ICA but were least likely to IDDM relatives and unrelated IDDM subjects.

TABLE 4. HLA-A24 frequency in DR phenotypes and age at diagnosis of diabetes meilitus: unrelated
IDDM subjects

Frequency Mean Age
HLA-A24 at Diagnosis of Diabetes

Phenotype n % A24+ A24-

DR3,4 21/107 20 13.1 ± 5.8 15.9 ± 10.3
DR3,3 2/26 8 24.5 ± 9.5 16.5 ± 11.2
DR4,4 4/24 17 7.0 ± 2.9 20.4 + 10.9a
DR4,X 11/64 17 13.9 ± 10.4 20.4 ± 12.5
DR3,X 3/22 14 11.7 + 6.8 24.3 ± 11.5b
DRX,X 7/27 26 31.1 ± 11.9 24.3 ± 12.3

p values, Wilcoxon rank sum test, a<0.005, b<0.05.
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Thus, this within-family analysis confirms that
DR4 confers a greater risk of IDDM than DR3.

The HLA class I antigen, HLA-A24, occurred
more frequently in IDDM than in ICA-positive
relatives. If A24 were an additional risk factor for
IDDM, it might be expected that its frequency
would be normal in ICA-negative relatives, in-
termediate in ICA-positive relatives, and high in
IDDM subjects. If, however, the risk only acted at
the later stages of the preclinical phase (i.e., after
the development of ICA), a relatively faster loss
of A24-positive, ICA-positive subjects into the
IDDM group of relatives would be expected. At
the time of data collection for this analysis, seven
ICA-positive subjects had developed IDDM, four
of whom had A24; subsequently, one further
A24-positive ICA-positive subject developed
IDDM. Thus, A24 was significantly more frequent
in the ICA-positive relatives who developed IDDM
than in those who did not. This implies that A24 is
an additional risk factor for IDDM, but not for ICA
positivity. The frequency of A24 was highest in the
low frequency DR3,X phenotype in IDDM relatives
and in the low frequency DRX,X phenotype in the
unrelated IDDM subjects (there were only two
DRX,X phenotypes in the IDDM relatives). As the
family data demonstrate, these DR phenotypes are
themselves associated with very low risk for IDDM.
The presence of A24 in subjects with these pheno-
types who have developed IDDM indicates there-
fore that A24 confers additional independent risk.
In this context, it may be relevant that of the five
ICA-positive relatives with HLA-A24 who pro-
gressed to IDDM, only two had the high-risk class
II HLA antigens DR3,4; DQ2,8. In addition, in the
unrelated subjects, the age at diagnosis of diabetes
mellitus was significantly lower in those with A24
and the phenotypes DR3,X; DR4,4. This effect of
A24 was again seen only in association with class II
phenotypes that confer less risk than DR3,4 or
DQ2,8. This may be because the latter already pre-
dispose to disease onset at a younger age (Table 4)
(5,6).

A24 has been reported, together with A2 or
A3 on the B62-DR4-DQ8 haplotype, to be more
frequent in Finnish IDDM subjects than in con-
trols (11). Insight into the significance of A24
comes from two studies of Japanese IDDM sub-
jects (12,13). In Japanese, IDDM is associated
with DR4-DQ9, a submaximal susceptibility hap-
lotype, and not with DR3-DQ2 as in Caucasoids,
and is usually of adult onset. However, A24 in
Japanese was significantly associated with a
young age at diagnosis (10 versus 52 years), a
shorter "honeymoon phase" of non-insulin de-

pendency (<3 months) and complete loss of re-
sidual insulin secretion within 1 year of diagnosis
(12,13). Our within-family analysis of relatives
including those progressing to IDDM, as well as
our cross-sectional analysis of unrelated IDDM
subjects, demonstrates that A24 in Caucasoids
also contributes to a more rapid and complete
loss of f3 cell function. We conclude that progres-
sive 13 cell destruction in some cases is class I
restricted and mediated by CD8 T cells which
target peptide(s) presented in A24 on ,B cells.
Further analysis of larger family groups might
suggest a similar role for other class I antigens in
association with particular class H phenotypes or
haplotypes.

The present findings can be interpreted in
the light of recent knowledge about binding of
antigenic peptides to MHC molecules and the
nature of the immune response evoked. Peptides
that bind with high affinity may be more likely to
drive differentiation of naive CD4 T cells towards
THI cells which produce IFN-y and IL-2 and
provide help to CD8 T cells, whereas those that
bind with low affinity may elicit TH2 cells which
produce IL-4 and IL- 5 and provide help to B cells
to generate antibodies (14,15). DR4 binds allele-
specific peptides at nanomolar concentrations
(16,17). On the other hand, binding to DR3 re-
quires a peptide motif distinct from that recog-
nized by most other DR(I alleles (18), and DR3
binds peptides at micromolar concentrations
(18,19). Thus, autoantigenic peptides bound to
DR4 could generate predominantly THl responses
and those bound to DR3 predominantly TH2 re-
sponses. This hypothesis might explain the well-
known synergy between DR4 and DR3 in IDDM.
DR4 would generate THI CD4 responses to a re-
stricted set of high-affinity autoantigen peptides,
followed by CD8 responses to autoantigen peptides
presented by class I antigens. DR3 would generate
TH2 responses to a wide range of low-affinity pep-
tides encompassing those not only from the pri-
mary autoantigen(s) but also from proteins re-
leased from damaged ,B cells. In the course of a TH2
response to multiple peptides, the generation of B
cells bearing specific antibodies would facilitate the
efficient uptake and processing of proteins, pep-
tides from which at high affinity and/or in suffi-
cient density would be bound and presented by
coexpressed DR4, to elicit TH1 responses. CD8 cells
would then be able to target a wide range of
epitopes in the context of a variety of class I alleles
on beta cells. If HLA-A24 is particularly suited to
binding peptides from a primary and/or dominant
autoantigen, then A24-bound peptides on the beta
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cell could hasten the destructive process in individ-
uals with either a less aggressive THI response (i.e.,
those with DR4,X, DR3,X, or DRX,X) or a THI
response to a restricted set of peptides (i.e., those
with DR4,4). However, in DR3,4 individuals in
whom CD8 cells would recognize many peptides
bound to whichever class I antigens were present,
an effect of A24 would not be evident.

In conclusion, analysis of cohorts of normal,
at-risk, and IDDM first-degree relatives reveals
that HLA genes not only predispose to islet au-
toimmunity but also influence progression to
clinical IDDM. These findings have implications
for the prediction and prevention of IDDM and
provoke a mechanistic hypothesis that could be
tested experimentally.
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