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Abstract
Aims/hypothesis Autoantibodies that precede type 1 diabetes
frequently develop in early childhood and target distinct beta
cell proteins. The aim of this study was to determine the het-
erogeneity of islet autoantibody development and fate.
Methods The ages of development of insulin autoantibodies
(IAA) and GAD autoantibodies (GADA), followed by multi-
ple islet autoantibodies and progression to diabetes were ex-
amined in 2,441 children participating in two German birth
cohorts.
Results In 218 children who developed islet autoantibodies,
the first islet autoantibody-positive sample was characterised

by single IAA in 80 (37%), multiple islet autoantibodies in 68
(31%) and single GADA in 63 (29%) children. Of the children
who were single antibody positive at seroconversion, 35
(44%) IAA-positive and 15 (24%) GADA-positive children
developed multiple islet autoantibodies. Single persistent an-
tibodies had heterogeneous affinities; GADA were also het-
erogeneous in their binding to N-terminally truncated GAD65
and in an ELISA. Progression to diabetes occurred in >50% of
children within 10 years in all groups that developed multiple
islet autoantibodies and in 44% of children with persistent
single high-affinity IAA or persistent single GADA that were
positive in both a radiobinding assay and ELISA. The earliest
autoantibody development was seen in children with single
IAA that progressed to multiple islet autoantibodies or in
those with persistent high-affinity single IAA, with a sharp
peak in incidence observed at age 9 months. The peak inci-
dence occurred at age 2 years for children who underwent
seroconversion directly to multiple islet autoantibodies and
at 5 years for children who first seroconverted to GADA and
subsequently developed other autoantibodies. Seroconversion
to low-affinity IAA or persistent single GADA occurred at a
low incidence after the age of 9 months.
Conclusions/interpretation Children of different ages have
differing susceptibilities to autoimmunisation against specific
beta cell autoantigens.
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Introduction

The clinical onset of type 1 diabetes is usually preceded and
characterised by circulating autoantibodies against the beta
cell antigens insulin (IAA), GAD (GADA), insulin-
associated antigen-2 (IA-2; IA-2A), and/or zinc transporter-8
(ZnT8; ZnT8A) [1, 2]. These autoantibodies may develop
throughout childhood, but seroconversion is most frequent
from 6 months to 2 years of age [3].

Seroconversion typically involves IAA and/or GADA, and
is often followed quickly by expansion to multiple islet auto-
antibodies [4], an event that defines an asymptomatic stage of
type 1 diabetes. Over 80% of children with multiple islet au-
toantibodies progress to symptomatic, insulin-requiring diabe-
tes within 15 years [2]. In contrast, only a minority of the
children who remain positive for a single islet autoantibody
develops type 1 diabetes [2]. There is heterogeneity in the IAA
and GADA found in children who remain single autoanti-
body-positive. Some of the IAA and GADA are typical of
the high-affinity autoantibodies seen in children who have
multiple autoantibodies, and others are low affinity or react
only against atypical epitopes [5, 6].

We have been able to track the appearance and fate of islet
autoantibodies in children for over 20 years [2]. In this study,
we defined different phenotypes of IAA or GADA based on
their order of appearance, their expansion to multiple islet
autoantibodies, and their affinity or epitope specificity. We
related islet autoantibody phenotype to the age of autoanti-
body appearance and risk of clinical diabetes. The findings
suggest differences in the timing of insulin and GAD autoim-
munity, and have implications for both the pathogenesis and
prediction of type 1 diabetes.

Methods

Study population Data from two ongoing German birth co-
horts of individuals with a family history of type 1 diabetes
born between 1989 and 2000 (BABYDIAB [7]) and between
2000 and 2006 (BABYDIET [8]) were combined for this
analysis. Both studies aimed to prospectively examine the
natural history of islet autoimmunity and type 1 diabetes.
The BABYDIAB study recruited 1,650 children born to a
mother or father with type 1 diabetes between 1989 and
2000 [7]. Between 2000 and 2006, the BABYDIET study
recruited 791 children with a first-degree relative with type 1

diabetes. A subgroup of 150 children carrying high-risk HLA
genotypes participated in the BABYDIET gluten intervention
study (ClinicalTrials.gov NCT01115621) to investigate
whether delay of exposure to gluten could reduce the risk of
developing autoantibodies. The intervention failed to show an
effect on islet autoantibody development and all participants
continued with follow-up examinations according to the nat-
ural history protocol [8]. Detailed descriptions of the design of
each study have been reported [7, 8]. The studies were ap-
proved by the ethics committee of Bavaria, Germany
(Bayerische Landesärztekammer no. 95357 and Ludwig-
Maximilians University no. 329/00, respectively) and per-
formed in accordance with the principles of the Declaration
of Helsinki, including the provision of written informed con-
sent for all participants.

Islet autoantibodies (IAA, GADA, IA-2A and ZnT8A)
were measured in venous blood samples obtained at sched-
uled visits: at birth, 9 months and 2, 5, 8, 11, 14, 17 and
20 years, and at 3-monthly visits from birth until the age of
3 years and yearly until the age of 14 years for the 150 children
who participated in the gluten intervention study.
Measurement of islet autoantibodies in these studies was per-
formed using radiobinding assays (RBAs), as described else-
where [9–11]. Islet autoantibody positivity was defined as the
development of persistent autoantibodies against one or more
of the antigens insulin, GAD65, IA-2 or ZnT8, with sample
values above the 99th percentile of published population
control children classified as positive. Persistence was de-
fined as autoantibody positivity in at least two consecutive
samples. Age at the first autoantibody-positive sample was
considered the seroconversion age in children. Children
were classified as multiple islet autoantibody-positive if
they tested positive for more than one of the islet autoan-
tibodies on at least one occasion. Islet autoantibody assays
were evaluated according to the Diabetes Autoantibody
Standardization Program [9–11] and type 1 diabetes was
diagnosed according to ADA Expert Committee criteria
[12].

In children who were positive for GADA in the absence of
other islet autoantibodies, GADA were also assessed for
GAD-binding affinity [5], ELISA (Medizym anti-GAD
ELISA Kit, Medipan, Berlin, Germany) positivity, and their
binding to in vitro transcribed/translated, 35S-labelled human
N-terminally truncated GAD65 (GADA96–585, amino acids
96–585; construct provided by V. Lampasona, San Raffaele
Institute, Milan, Italy; threshold for positivity, ≥22 units/ml).
Single GADAwere categorised as RBA plus ELISA-positive
or RBA-positive/ELISA-negative. In children who were pos-
itive for IAA in the absence of other islet autoantibodies, IAA
were assessed for insulin-binding affinity, as previously de-
scribed [6]. IAA affinity was expressed as reciprocalKd values
(l/mol) and categorised as high affinity (≥109 l/mol) or low
affinity (<109 l/mol).
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HLA-DRB1, HLA-DQA1 and HLA-DQB1 genotyping in
the BABYDIAB and BABYDIET studies has been described
elsewhere [13].

Statistical analysis Time-to-event analyses (Kaplan–Meier
estimates) were used to examine progression from islet auto-
antibody seroconversion to type 1 diabetes. The period from
the age of seroconversion to the age at diagnosis of diabetes or
the age at last follow-up was used as the event time. The log-
rank test was used to compare progression to type 1 diabetes
in children stratified by antibody phenotype.

In accordance with the visit schedule, antibody incidence
(per 1,000 person-years) was calculated from samples obtain-
ed within the age intervals 0–18 months (mean age of sample
group, 0.85 years), 18–42 months (mean age of sample group,
2.0 years), 42–78 months (mean age of sample group,
5.0 years), 78–114 months (mean age of sample group,
8.0 years), 114–150 months (mean age of sample group,
11.0 years), 150–186 months (mean age of sample group,
14.0 years) and 186–204 months (mean age of sample group,
17.0 years), by dividing the number of children who had new-
ly seroconverted to islet autoantibody positivity by the num-
ber of children followed at each interval [3]. SE calculations
were based on the Cooper–Pearson methods. Incidences of
different islet autoantibody types were compared using
Fisher’s exact test. All statistical analyses were performed
using the IBM SPSS Statistics software (version 22.0,
Chicago, IL, USA).

Results

The median follow-up for all 2,441 children was 9.5 years
(interquartile range, 6.5–15.5 years) for a total of 30,214 per-
son-years. During follow-up, 218 children developed persis-
tent islet autoantibodies (electronic supplementary material
[ESM] Fig. 1). These included 150 children who had one
autoantibody and 68 children who had multiple islet autoan-
tibodies in the first positive sample. Of the 150 children with
one islet autoantibody at seroconversion, 56 developed multi-
ple islet autoantibodies during follow-up.

Based on the islet autoantibodies present in the first posi-
tive sample and at follow-up, children were categorised into
the following phenotypes: IAA at seroconversion progressing
to multiple islet autoantibodies later (P1; n=35, 16.1%);
GADA at seroconversion progressing to multiple islet autoan-
tibodies later (P2; n=15, 6.9%); multiple islet autoantibodies
in the first positive sample (P3; n=68, 31.2%); single IAA (n=
45, 20.6%) with a high-affinity antibody phenotype (n=9;
P4), and with a low-affinity antibody phenotype (n=36; P5);
and single GADA (n=48, 22.0%) that was positive by ELISA
(n=9; P6) or negative by ELISA (n=38; P7). Of note, single
GADA were heterogeneous in their binding to GAD in the

different assays and in their affinities (ESM Table 1). Single
GADA that were positive in both the RBA and ELISAwere of
high affinity (>109 l/mol) and eight out of nine were also
positive for N-terminally truncated GAD6596–585. Most single
GADA that were negative by ELISA were of low affinity
(23/38), were negative against N-terminally truncated
GAD6596–585 (30/39) and included a large number that had
binding properties consistent with two or more binding sites.

Islet autoantibody phenotype and type 1 diabetes risk A
total of 82 islet autoantibody-positive children developed di-
abetes during follow-up. Progression to type 1 diabetes was
observed in each of the groups with IAA or GADA pheno-
types that included multiple islet autoantibodies (P1–P3), and
in those who had single islet autoantibodies that were high
affinity or, for GADA, ELISA-positive (P4, P6) (Fig. 1).
The 10-year risk of type 1 diabetes was 56% (95% CI 38%,
74%) in children who had IAA and developed multiple islet
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Fig. 1 Progression to type 1 diabetes from islet autoantibody serocon-
version. Kaplan–Meier analysis of children who had IAA at seroconver-
sion and subsequently developed other islet autoantibodies (P1; black
line), GADA at seroconversion and subsequently developed other islet
autoantibodies (P2; grey line), multiple islet autoantibodies in the first
positive sample (P3; red line), single IAA with a high-affinity antibody
phenotype or single GADA positivity in RBA and ELISA (P4, P6; blue
line) and single IAA with a low-affinity antibody phenotype or single
GADA positivity in RBA only (P5, P7; black dashed line). Progression
to type 1 diabetes was different in children with a single low-risk islet
autoantibody phenotype compared with a single high-risk islet autoanti-
body phenotype ( p<0.001) or multiple islet autoantibody phenotype
( p<0.001). Numbers under the x-axis indicate the number of children
still being followed at each time point
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autoantibodies later (P1), 53% (95% CI 26%, 80%) in chil-
dren who had GADA and developed multiple islet autoanti-
bodies later (P2), 69% (95% CI 57%, 81%) in children who
had multiple islet autoantibodies in the first positive sample
(P3) and 44% (95%CI 0.1%, 91%) in children who had single
high-affinity IAA (P4) or single GADA that were RBA and
ELISA-positive (P6). Type 1 diabetes risk did not differ be-
tween these four groups. In contrast, none of the 74 children
with single low-affinity IAA or single GADA RBA-positive/
ELISA-negative antibodies (P5 or P7) developed diabetes
during follow-up ( p<0.001 vs single high-risk islet autoanti-
body phenotype; p<0.001 vs multiple islet autoantibody
phenotypes).

Incidence of islet autoantibody phenotype Seroconversion
age was heterogeneous amongst groups with different pheno-
types. The earliest peak incidence was observed for children
who first developed IAA and later became multiple islet
autoantibody-positive (P1: peak incidence at age 9 months,
8.7 [SE ±2.0] per 1,000 person-years; Fig. 2a), and children
who developed single high-affinity IAA (P4: peak incidence
at age 9 months, 1.9 [±1.0] per 1,000 person-years; Fig. 2b).
The peak incidence of seroconversion to multiple islet auto-
antibodies occurred at age 2 years (P3: 10.3 [±2.0] per 1,000
person-years; Fig. 2a); in children who first seroconverted to
GADA and subsequently developed other autoantibodies, the
peak incidence occurred at age 5 years (P2: 1.7 [±0.5] per
1,000 person-years; Fig. 2a). For children with single low-
affinity IAA (Fig. 2b) and single GADA (Fig. 2c), there was
no clear peak incidence age: seroconversion occurred at a low
incidence after age 9 months.

Overall, the incidence of GADA preceding other islet au-
toantibodies was lower during the first 5 years of life com-
pared with the incidence of IAA preceding other islet autoan-
tibodies ( p<0.001) or with multiple islet antibodies at sero-
conversion ( p=0.04). In addition, the incidence of single
high- and low-affinity IAA phenotypes or a single GADA
phenotype was lower during the first 5 years compared with
multiple islet autoantibody phenotypes ( p<0.001).

Incidence of high-risk islet autoantibody phenotypes
byHLA genotype Differences in the incidence and incidence
peaks were observed relative to the HLA DR-DQ genotype
(Fig. 3). Amongst children with the HLA DR3/DR4–DQ8
(Fig. 3a) or DR4–DQ8/DR4–DQ8 (Fig. 3b) genotypes, sero-
conversion to IAA preceding other islet autoantibodies or sin-
gle high-affinity IAAwas the dominant autoantibody pheno-
type, and the peak incidence of seroconversion occurred at age
9 months for both genotypes. In contrast, amongst children
with the HLA DR3/DR3 genotypes (Fig. 3c), seroconversion
to GADA preceding other islet autoantibodies or single RBA-
and ELISA-positive GADAwas the dominant phenotype, and
the peak incidence of seroconversion occurred at age 2 years.

This was earlier than seen for those with the HLA DR3/DR4–
DQ8, DR4–DQ8/DR4–DQ8 and other HLA genotypes.
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Fig. 2 Incidence (cases per 1,000 person-years) of specific islet autoan-
tibody phenotypes, (a) Single IAA at seroconversion progressing to mul-
tiple islet autoantibodies (P1; black line; total positive=35), single GADA
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and single IAAwith a low-affinity antibody phenotype (P5; black dashed
line; total positive=36). (c) Single GADA positivity in RBA and ELISA
(P6; grey line; total positive=9) and single GADApositivity in RBA only
(P7; black dashed line; total positive=38). Error bars represent the SE;
numbers under the x-axes indicate the total number of children still being
followed at each time point
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Discussion

The profile and antigenic specificity of islet autoantibodies at
seroconversion varies between children. We categorised these
profiles into phenotypes and showed temporal variation in the
appearance of different islet autoantibody phenotypes.
Autoimmunity that started with autoantibodies against insulin
typically occurred sharply around 1 year of age and was asso-
ciated with the DR4–DQ8 genotype, whereas autoimmunity
directed against GAD occurred over a wide age range starting
from age 2 years. These findings suggest that susceptibility to
autoimmunity against specific beta cell autoantigens occurs at
distinct age periods.

This study extends previous work from our own
BABYDIAB study [3], the Finnish Type 1 Diabetes
Prediction and Prevention (DIPP) study [14] and The
Environmental Determinants of Diabetes in the Young
(TEDDY) study [15]. It involved substantial follow-up of
the cohort and uniquely characterised the islet autoantibodies
at seroconversion and follow-up. A limitation was sampling
intervals that were >1 year apart for many of the children.
Therefore, seroconversion peak ages were rounded to the
9 month, 2 year and 5 year time points, and we have probably
missed the initial single islet autoantibody stage in some chil-
dren who were classified as having multiple islet autoanti-
bodies in their first positive sample. We have not included
single sample transient islet autoantibody-positive children;
therefore, the total number of seroconversions is likely to be
under-represented.

The predominant phenotypes observed were IAA preced-
ing other autoantibodies (P1) and multiple islet autoantibodies
in the first positive sample (P3), both of which were strongly
associated with progression to clinical diabetes. The major
islet autoantibody present in both phenotypes was IAA.
Thus, initiation of autoimmunity against beta cell antigens
including insulin often occurs within a window of susceptibil-
ity early in life. This was similar to findings of the Finnish
DIPP study and the TEDDY study. Moreover, this period
included the peak incidence of seroconversion to single
high-affinity IAA. Of note, we observed that the appearance
of IAA prior to other antibodies occurred earlier than IAA
appearing together with other islet autoantibodies. This may
reflect the time interval between sampling, but is consistent
with an increased susceptibility period to autoimmunity
against insulin at around 1 year of age. There was also a higher
incidence of early insulin autoimmunity in children with HLA
DR4-DQ8/DR4-DQ8 and DR3/DR4-DQ8 genotypes, consis-
tent with previous associations observed at diabetes onset
[16–18]. These observations suggest that autoimmunity sus-
ceptibility linked to theHLADR4–DQ8 genotype is poised for
activation by environment.

In contrast, the susceptible period for autoimmunity against
GAD as the first islet autoantibody was broader and occurred
later compared with insulin, as observed in the TEDDY study
[15]. Moreover, there was a link to the HLA DR3 allele as
opposed to the DR4–DQ8 alleles. Indeed, children homozy-
gous for theHLA DR3 genotype had a clear peak incidence of
GAD first islet autoimmunity at around 2 years of age, while
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other children had a broader incidence pattern that started at
around 2 years of age and was maximal at age 5 years. GADA
were also heterogeneous in their binding profiles in different
assays. We analysed the single GADA and found that more
than half could not detect an N-terminally deleted antigen,
suggesting that their epitopes were within the N-terminus,
and that only a minority of single RBA-positive GADAwere
also positive in an ELISA shown to have high sensitivity at
international workshops [19]. All single GADA-positive chil-
dren who developed diabetes were GADA-positive in both the
RBA and ELISA, suggesting that there may be prognostic
value in measuring single GADA-positive samples with both
assays.

In conclusion, our results show important differences in the
temporal immunisation profiles for islet autoantigens. These
may imply differences in the aetiology of islet autoimmunity
in infancy. We suggest that there may be important benefits to
categorising the autoantigen and the age period of autoimmu-
nity development when investigating the genetic and environ-
mental aetiology of type 1 diabetes. We also suggest that these
findings could have implications for the timing of antigen-
specific prevention using autoantigens such as insulin, proin-
sulin and GAD.
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