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Maturation of the Humoral Autoimmune Response
to Epitopes of GAD in Preclinical Childhood Type 1
Diabetes 
Ezio Bonifacio, Vito Lampasona, Laura Bernasconi, and Anette-Gabriele Ziegler

GAD is a major target of autoimmunity in preclinical
t y p e 1 diabetes. Here we examine the maturation of the
humoral response to GAD epitopes sequentially from
birth to diabetes onset or current follow-up in 29 GAD
antibody (GADA)+ o ffspring of parents with diabetes
from the BABYDIAB Study. Antibodies were measured
against GAD65, GAD67, and GAD65/67 chimeras by
radiobinding assay. In 28 of 29 offspring, the first GADAs
contained reactivity against epitopes within GAD65
residues 96–444, suggesting that the middle GAD65
region is a primary target of GAD humoral autoimmunity.
In 7 of these 28 offspring, initial antibody reactivity was
against all epitope regions tested (middle GAD65,
COOH-terminal GAD65 residues 445–585, NH2- t e r m i n a l
GAD65 residues 1–95, and GAD67); in 16 offspring, reac-
tivity was to middle and COOH-terminal GAD65 epi-
topes, and in 5 offspring, reactivity was only to the mid-
dle GAD65 epitopes. The single offspring without middle
GAD65 reactivity had antibodies to the NH2-terminal epi-
topes in the absence of all other islet autoimmunity. Sub-
sequent GADA epitope spreading was frequent and seen
in 10 of 15 offspring with informative follow-up samples.
Spreading was mostly (eight cases) to NH2- t e r m i n a l
GAD65 epitopes. In two offspring, spreading to new epi-
topes was found when antibody titers to GAD65 and
early epitopes were declining, suggesting determinant-
s p e c i fic regulation of the humoral response. None of the
GADA reactivities nor any changes in reactivity over
time were specifically associated with diabetes onset.
The findings suggest that the humoral autoimmune
response to GAD found in childhood is dynamic, is ini-
tially against epitopes within the middle portion of
GAD65, and spreads to epitopes in other regions of
GAD65 and GAD67. D i a b e t e s 4 9 :2 0 2–208, 2000

A utoantibodies to islet proteins are detected
before the onset of type 1 diabetes, and their
measurement identifies individuals at high risk
for developing the disease (1). Whereas the

majority of genetically susceptible individuals who have islet
antibodies develops disease, little is known of the manner in

which the immune response to islet autoantigens develops
and behaves in the preclinical phase of diabetes. The identi-
fication of autoantigen targets and their major epitope-con-
taining regions allows the maturation of the islet autoim-
mune response leading to diabetes to be studied.

GAD is one of the major autoantigens of type 1 diabetes (2).
There exist two isoforms: 1) GAD65, which is 585 amino
acids in length and the principal target of autoantibodies,
and 2) GAD67, which is 593 amino acids in length and to
which antibodies can be detected in a minority of patients
(3–6). Autoantibodies most frequently bind to conforma-
tional epitopes of GAD65 contained within its central portion
(amino acids 240–440) and within the COOH-terminal amino
acids 440–585 (7–10). Other epitopes are found in NH2- t e r-
minal residues (11–14), while the GAD67 reactivity is thought
to be mainly against epitopes shared with GAD65 (5). Reac-
tivity to linear epitopes at both the COOH- and NH2- t e r m i n a l
portions is infrequent, but it may be a distinguishing feature
of patients with neurological disorders associated with very
high titers of GAD65 antibodies (11–14). Whereas the major
autoantibody epitopes are mapped, no studies of the matu-
ration or spreading of GAD autoantibody reactivity over time
have been reported. Here we measure antibodies to the prin-
cipal epitope regions of GAD in sequential samples from
birth in the BABYDIAB cohort of offspring of parents with
t y p e 1 diabetes. This is a cohort of genetically susceptible chil-
dren who have been followed from birth to the development
of autoimmunity and subsequently type 1 diabetes, and it
provides an opportunity to examine the maturation of auto-
immunity associated with childhood disease. We examined
which epitopes are first recognized by antibodies, whether
there are changes over time in the epitopes recognized, and
whether there are epitope-specific GAD antibodies (GADAs)
or specific changes associated with progression to diabetes.

RESEARCH DESIGN AND METHODS
Study subjects. BABYDIAB is a prospective German multicenter study in which
offspring of parents with type 1 diabetes are scheduled for regular visits with
venous blood sampling at birth (cord blood), 9 months, and 2, 5, and 8 years of
age (15). Subjects in whom islet autoantibodies are found are subsequently
requested to provide yearly blood samples. Ethical committee approval for the study
was granted by the Bayrische Landesärztekammer. At the time of this study, 1,036
newborns of mothers with type 1 diabetes, 497 newborns of fathers with type 1 dia-
betes, 36 newborns of two parents with type 1 diabetes, and 602 newborns of moth-
ers with gestational diabetes had been recruited at birth and followed up to the age
of 9.6 years. From the 2,171 children recruited, 1,436 9-month samples, 1,121 2-year
samples, and 300 5-year samples have been obtained. All offspring have been
tested for insulin autoantibodies (IAAs), GADAs, protein tyrosine phosphatase IA-2
antibodies (IA-2As), and islet cell antibodies (ICAs). A total of 28 offspring of par-
ents with type 1 diabetes and 1 offspring from a mother with gestational diabetes
(case 1,085) have developed GADAs after birth. From these 29 offspring, samples
were collected in intervals from birth up to the age of 7.7 years and were included
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in this study (Ta b l e 1). The median follow-up time (time to diabetes or last contact)
of the offspring from birth was 4.6 years (range 1.3–9.6 years). A total of 99 sam-
ples from the 29 offspring were available for this study. These included 24 samples
at time points before that of the first GADA+ sample from 23 offspring; the remain-
ing 65 samples had GADAs above the threshold for positivity. Nine of the offspring
developed overt type 1 diabetes during their participation in the study (median age
at onset was 3.1 years, range 1.3–8.5 years); two of the GADA– cohort have also
developed diabetes. Diabetes onset was defined as a 2-h blood glucose value
> 1 1 . 4 mmol/l in the oral glucose tolerance test. Insulin treatment commenced on
the day of diagnosis.
GAD constructs. The full-length human GAD65 cDNA (accession no. M81882)
was previously cloned into the pGEM3 vector (Promega, Madison, WI) under the
control of the SP6 promoter (16). A full-length human GAD67 cDNA (accession
no. M81883) was amplified from brain mRNA by reverse transcriptase–poly-
merase chain reaction and cloned into the pGEM-T Easy vector (Promega). To
detect GADAs reactive with epitopes contained within the NH2-terminal, middle,
and COOH-terminal regions of GAD65, GAD65/GAD67 chimeric constructs were
prepared. First, both GAD65 and GAD67 cDNAs were mutagenized by site-
directed mutagenesis (Stratagene, La Jolla, CA), respectively, to introduce a B g lI I
restriction site at position 336 of the GAD65 sequence, to introduce a S t uI site in
nucleotide position 1902, and to abolish a B g lII site in nucleotide position 687 of
the GAD67 sequence. The GAD651 – 95/ G A D 6 71 0 2 – 5 9 3 chimeric construct (NH2- t e r-
minal GAD65 epitopes) was made by subcloning an E c oR I –B g lII fragment from
GAD67 into the corresponding sites of the mutagenized GAD65. The GAD671 – 1 01/
G A D 6 59 6 – 4 44 / G A D 6 74 5 3 – 5 9 3 chimeric construct (middle GAD65 epitopes) was made
by subcloning a partial B g lI I –S t uI restriction fragment from the mutagenized
GAD65, and containing the nucleotides coding for amino acids 96–444, into the
corresponding sites of the mutagenized GAD67. The GAD671 – 4 52/ G A D 6 54 4 5 – 5 8 5

chimeric construct (COOH-terminal GAD65 epitopes) was made by subcloning
a S a lI –S t uI fragment from the mutagenized GAD67 into the corresponding sites
of the full-length GAD65 clone. All constructs were under the control of the SP6
promoter and correctly corresponded to expected chimeric sequences as verifie d
with an automated sequencer (Applied Biosystems, Foster City, CA).

Autoantibody measurement. P u r i fied plasmid DNA of the constructs was
obtained by Quantum Prep spin column preparation (Bio-Rad, Hercules, CA) and
in vitro transcribed and translated using the TnT SP6 Coupled Rabbit Reticulo-
cyte Lysate System (Promega) in the presence of [3 5S]methionine (Amersham Inter-
national, Bucks, U.K.), according to the manufacturer’s instructions. Unincorpo-
rated [3 5S]methionine was removed by gel chromatography on a NAP5 column
(Pharmacia, Uppsala, Sweden). The correspondence of the molecular size for all
translated proteins to that predicted from amino acid sequence was verified by
S D S - PAGE and autoradiography. Radioimmunoassay was carried out as previously
described (17). Results were expressed as arbitrary units relative to a standard
curve prepared by measurement in each assay of a serum from a patient with stiff-
man syndrome with high autoantibody levels serially diluted in normal serum. The
upper value of 50 control sera was used as the threshold of autoantibody
detection for each construct. This was 3 U for GAD65, 5 U for GAD67, 6 U for
G A D 6 71 – 1 01/ G A D 6 59 6 – 4 44 / G A D 6 74 5 3 – 5 9 3, 8 U for GAD671 – 4 52 / G A D 6 54 4 5 – 5 8 5, and 4 U
for GAD651 – 95 / G A D 6 71 0 1 – 5 9 3. Conformation of the GAD671 – 1 01 / G A D 6 59 6 – 4 44 /
G A D 6 74 5 3 – 5 9 3 and the GAD671 – 4 52/ G A D 6 54 4 5 – 5 8 5 products was validated using the
human monoclonal antibodies MICA4, -6, -10, and -3, which were provided by
D r. Wiltrud Richter (18), and conformation of the GAD651 – 95 / G A D 6 71 0 1 – 5 9 3 p r o d-
uct was validated using sera from patients with stiff-man syndrome after com-
petition with unlabeled GAD67 to remove reactivity to GAD67. In sera with reac-
tivity to GAD67, the reactivity to the GAD65 portion of the chimeric constructs
was verified by competition with unlabeled GAD67. Competition experiments
in the study were performed by the addition of either purified baculovirus
human GAD65 (1 µg), produced and purified in our laboratory in a manner sim-
ilar to previously described procedures (19), or 15 µl of an in vitro translated
unlabeled GAD67 reaction to 2 µl of serum for 1 h before performing the
radiobinding assay.
Statistical analysis. Linear regression was used to correlate antibody titers to
GAD65/67 chimeras and GAD67 with those against full-length GAD65. Spreading
was defined as the detection of epitope binding above thresholds for positivity in
follow-up samples but not in the initial GADA+ sample in individual offspring. The
difference between the frequency of detecting binding to chimeras in initial sam-

TA B L E 1
Offspring of parents with type 1 diabetes who developed GADAs in BABYDIAB

Samples tested Age at first Age at diabetes or 
C a s e Total antibodies (age [years]) GADA (years) last contact (years)

4 8 4 9 IAA, GADA, IA-2A, ICA 0, 0.8, 1.3 0 . 8 1.3 D
2 2 7 7 IAA, GADA, IA-2A, ICA 0.8, 1.7 1 . 7 1.8 D
4 2 6 2 IAA, GADA, IA-2A, ICA 0.6, 0.8, 2.2 0 . 6 2.2 D
1 6 2 8 IAA, GADA, IA-2A, ICA 0.7, 2.0, 3.0 2 . 0 3.0 D
4 0 0 5 IAA, GADA, IA-2A, ICA 0.8, 2.1, 3.1 2 . 1 3.1 D
3 9 4 1 IAA, GADA, IA-2A, ICA 0.7, 2.0 2 . 0 3.8 D
1 0 8 5 IAA, GADA, IA-2A, ICA 0.8, 2.3, 3.0, 3.8, 6.1 2 . 3 6.1 D
1 0 3 2 IAA, GADA, IA-2A, ICA 0.8, 1.9, 2.4, 2.9, 3.5, 4.0, 5.0, 6.1 1 . 9 7.1 D
1 0 8 8 IAA, GADA, IA-2A, ICA 0.9, 2.1, 2.9, 3.5, 3.9, 5.0, 5.7, 7.0 2 . 8 8.5 D
5 0 0 6 IAA, GADA, ICA 0.8, 2.2, 3.3 0 . 8 3 . 9
1 6 4 9 IAA, GADA, IA-2A, ICA 0.9, 2.1, 2.2, 2.3, 3.5, 4.9 0 . 9 7 . 0
6 7 4 6 IAA, GADA, IA-2A, ICA 0.8, 2.0 2 . 0 2 . 3
2 2 2 3 IAA, GADA, IA-2A, ICA 0.8, 2.1, 2.5, 3.6, 4.6 2 . 1 6 . 6
4 0 5 0 IAA, GADA, IA-2A, ICA 0.9, 2.1, 3.2 2 . 1 4 . 6
4 2 0 4 IAA, GADA, IA-2A, ICA 1.0, 2.1, 3.0 2 . 1 4 . 4
6 3 5 4 IAA, GADA, IA-2A 1.5, 2.1 2 . 1 3 . 3
6 2 2 6 IAA, GADA, ICA 0.9, 2.2 2 . 2 3 . 2
2 1 6 0 G A D A 1.0, 2.4 2 . 4 3 . 8
3 9 7 5 IAA, GADA, ICA 0.8, 2.4 2 . 4 3 . 2
3 3 2 2 IAA, GADA, ICA 2 . 6 2 . 6 3 . 1
3 9 2 9 IAA, GADA, IA-2A, ICA 0.9, 2.1, 3.1, 3.2, 4.2 3 . 1 5 . 6
4 2 1 5 IAA, GADA, IA-2A, ICA 0.8, 2.1, 3.8, 4.8 3 . 8 5 . 3
4 0 0 0 IAA, GADA, ICA 0.8, 3.8 3 . 8 4 . 8
4 4 5 3 IAA, GADA 0.8, 3.8 3 . 8 4 . 3
1 0 6 8 IAA, GADA 0.9, 1.8, 3.2, 4.2, 5.3 4 . 2 8 . 6
1 1 0 3 G A D A 0.8, 1.9, 5.2, 6.4, 9.0 5 . 2 9 . 5
1 9 4 8 IAA, GADA, ICA 5.4, 6.3 5 . 4 8 . 6
1 0 6 3 GADA, IA-2A 0.9, 2.1, 5.8 5 . 8 6 . 4
2 7 2 1 IAA, GADA 0.9, 3.5, 6.5 6 . 5 8 . 0

D, offspring who have developed type 1 diabetes.



204 DIABETES, VOL. 49, FEBRUARY 2000

GADAEPITOPE SPREADING IN TYPE 1 DIABETES

ples and follow-up samples was determined using McNemar’s test for matched
samples. For all statistical methods, the Statistical Package for Social Sciences
(SPSS, Chicago) was used.

R E S U LT S

Epitopes recognized by offspring with GADAs.
Antibody reactivity to the constructs used in the study is
shown in Fig. 1. Antibodies to each of the constructs were
detected. Binding to GAD65 was always completely inhibited
by competition with unlabeled GAD65, but not with unla-
beled GAD67. Binding to GAD67 was completely inhibited by
both unlabeled GAD65 and GAD67 in some sera (Fig. 1, l a n e s
5 – 1 0), but by only GAD67 in others (Fig. 1, lanes 11–13), indi-
cating the presence of antibodies that are against epitopes
shared between GAD65 and GAD67 and antibodies that are
s p e c i fic for GAD67, respectively. Binding to the GAD671 – 1 01/
G A D 6 59 6 – 4 44 / G A D 6 74 5 3 – 5 9 3 and GAD671 – 4 52 / G A D 6 54 4 5 – 5 8 5
chimeras was completely inhibited by GAD65 and not
GAD67, indicating that antibodies against the GAD65 portions
of the chimeras were present in all samples except the 6.3-
year sample of offspring 1948. This sample (Fig. 1, l a n e s
1 1 – 1 3) has GAD67-specific antibodies that bound the GAD67
portion of these chimeras. Binding was only marginally inhib-
ited by GAD65, and antibodies to the GAD65 portion of the
chimeras was indicated by incomplete inhibition with
GAD67. The lack of binding to the GAD651 – 95/ G A D 6 71 0 1 – 5 9 3
chimera in this sample indicates that this GAD67 reactivity
requires residues within NH2-terminal amino acids 1–100 of
GAD67. Antibody reactivity to the GAD65 portion of the
G A D 6 51 – 95 / G A D 6 71 0 1 – 5 9 3 chimera was indicated either by the
absence of GAD67 reactivity or, in the case of samples with
GAD67 reactivity, incomplete inhibition by GAD67.

The level of antibody binding to the GAD671 – 1 01/ G A D 6 59 6 – 4 44/
G A D 6 74 5 3 – 5 9 3 and to the GAD671 – 4 52 / G A D 6 54 4 5 – 5 8 5 chimeras cor-
related with that against the full-length GAD65 molecule (r =
0.5 and 0.8, respectively). A total of 5 sera from 3 offspring had
antibodies to full-length GAD65 without detectable binding to
G A D 6 71 – 1 01/ G A D 6 59 6 – 4 44/ G A D 6 74 5 3 – 5 9 3, and 13 sera from 6 off-
spring bound full-length GAD65 and not the GAD671 – 4 52 /
G A D 6 54 4 5 – 5 8 5 chimera. Antibody levels to the GAD651 – 95 /
G A D 6 71 0 1 – 5 9 3 chimera and to GAD67 correlated weakly with that
against the full-length GAD65 molecule (r = 0.2 and 0.4, respec-
tively), and reactivity to these constructs was not confined to
those sera with the highest GAD65 antibody titers.
Epitopes recognized by early GADAs. In all but 1 of the
29 offspring, the first serum with detectable GAD65 anti-
bodies showed binding to the GAD671 – 1 01/ G A D 6 59 6 – 4 44 /

G A D 6 74 5 3 – 5 9 3 chimera (middle GAD65 epitopes), suggesting
that the middle GAD65 epitopes were very early (Fig. 2 and
Ta b l e 2). The single offspring without middle GAD65 reactivity
(case 1103) had persistent high-titer antibodies to the
G A D 6 51 – 95 / G A D 6 71 0 1 – 5 9 3 chimera (NH2-terminal epitopes) in
the absence of all other islet autoimmunity. Of the 28 offspring
with middle GAD65 reactivity, 7 had antibody reactivity to all
constructs (cases 4849, 4262, 6746, 3322, 4000, 1068, and
1063). Of the remaining 21 offspring, 16 showed binding also
to the GAD671 – 4 52 / G A D 6 54 4 5 – 5 8 5 chimera (COOH-terminal
GAD65 epitopes), 1 also to GAD67, and none to the
G A D 6 51 – 95 / G A D 6 71 0 1 – 5 9 3 chimera (NH2-terminal epitopes) in
their first GADA+ sample. The prevalence of antibodies to
each epitope region was significantly increased in the fir s t
G A D A+ sample compared with the prior GADA– sample (P <
0.01). The proportion of offspring with antibodies binding the
G A D 6 51 – 95/ G A D 6 71 0 1 – 5 9 3 chimera (8/29) or GAD67 (8/29) were
s i g n i ficantly less than those with binding to the GAD671 – 1 01/
G A D 6 59 6 – 4 44 / G A D 6 74 5 3 – 5 9 3 chimera (P < 0.0001) and to the
G A D 6 71 – 4 52 / G A D 6 54 4 5 – 5 8 5 chimera (P < 0.0005).
Spreading of GADA reactivity. In 18 of the offspring, one
or more follow-up samples more than 1 year after first detec-
tion of GADAs and before or at diabetes onset were available
for testing (Ta b l e 2 and Fig. 3). Three of these had reactivity
to all constructs already in their first GADA+ sample, and
one offspring had persistent binding to the GAD651 – 95 /
G A D 6 71 0 1 – 5 9 3 chimera only. Four had initial reactivity to the
middle GAD65 epitopes only, and follow-up samples from

FIG. 1. Immunoprecipitation of GAD65,
GAD67, and GAD65/67 chimeras. Direct
binding (lanes 2, 5, 8, and 1 1) and binding
after competition with unlabeled GAD65
(lanes 3, 6, 9, and 1 2) or unlabeled GAD67
(lanes 4, 7, 10, and 1 3) to the labeled pro-
teins indicated on the right of the figure are
shown for the MICA6 human monoclonal
antibody (lanes 2–4), a serum from a patient
with stiff-man syndrome (SMS) (lanes 5–7) ,
a serum from BABYDIAB offspring 4050
(lanes 8–11), and a serum from off s p r i n g
1948 (lanes 12–14). Binding by a serum from
a control subject is shown in lane 1.

FIG. 2. Antibody titers to the GAD65/67 chimeras and to GAD67 in the
first sample with GADAs in each of the 29 BABYDIAB offspring. , Off-
spring who have developed type 1 diabetes.
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three of these (cases 1628, 3929, and 1948) had additional
binding to the GAD671 – 4 52 / G A D 6 54 4 4 – 5 8 5 chimera (COOH-ter-
minal GAD65 epitopes); follow-up samples from one (case
1948) also had binding to GAD67 epitopes, and those from the
fourth (case 1088) had binding to the GAD651 – 95 / G A D 6 71 0 1 – 5 9 3
chimera (NH2-terminal GAD65 epitopes). From the remain-
ing 10 offspring with both middle and COOH-terminal reac-
tivity in their first GADA+ sample, 6 showed additional NH2-
terminal GAD65 reactivity, but no additional GAD67 reactiv-
ity in follow-up samples (cases 4005, 1085, 1032, 1649, 4050,
and 2721). Antibodies to the GAD651 – 95 / G A D 6 71 0 1 – 5 9 3 c h i m e r a
were significantly more frequent in follow-up than in the ini-
tial GADA+ samples (P < 0.01). Whereas large changes (>100
U) in GAD65 antibody levels were usually concurrent with
similar changes in antibody levels to the GAD671 – 1 01/
G A D 6 59 6 – 4 44 / G A D 6 74 5 3 – 5 9 3 and/or GAD671 – 4 52 / G A D 6 54 4 4 – 5 8 5
chimeras, changes were not always unidirectional for all epi-
tope regions (Fig. 3). Spreading to new epitopes occurred con-
currently with a rise in GAD65 antibody titer in five offspring,
in three offspring (cases 4005, 1088, and 1948) in a period of
stable GAD65 titers, and in two offspring (cases 1032 and
1085), spreading to NH2-terminal epitopes occurred when
titers to GAD65 and the other epitopes were declining
( F i g s . 3 and 4). In two offspring (cases 1088 and 5006), reac-
tivity to the GAD671 – 1 01/ G A D 6 59 6 – 4 44 / G A D 6 74 5 3 – 5 9 3 c h i m e r a

was not detectable in follow-up samples, despite the presence
of GAD65 antibodies and binding to other chimeras. No other
loss of reactivity was observed.
Relationship of autoantibody epitope reactivity to
progression to type 1 diabetes. So far, nine of the offspring
with GADAs have developed type 1 diabetes, and their GAD
epitope reactivity is shown in Ta b l e 2 and Fig. 4. Two of these
(cases 4849 and 4262) had antibody reactivity against all con-
structs very early (ages 0.8 and 0.6 years) and developed dia-
betes at 1.3 and 2.2 years of age. One offspring (case 2277)
developed GADA reactivity shortly before diabetes onset at
age 1.8 years; another three offspring (cases 1628, 4005, and
1085) showed spreading of GADA reactivity in the diabetes
onset sample, indicating spreading shortly before disease
onset; and in the remaining three offspring, a sample at
onset or within 1 year before onset was unavailable for test-
ing. Neither broad reactivity nor spreading of reactivity
were, however, specific indicators of rapid progression to dia-
betes: six offspring (cases 6756, 3322, 4050, 4000, 1068, and
1063) had reactivity against all constructs later in life (2.0, 2.6,
3.2, 3.8, 4.2, and 5.8 years) and have not yet developed dia-
betes; and spreading also occurred without rapid disease pro-
gression in three others (case 1032: diabetes onset 4.2 years
after first spreading; case 1088: diabetes onset 3.5 years after
first spreading; and case 1649: no diabetes 4.2 years after fir s t

TA B L E 2
First GADA epitope reactivity and spreading in BABYDIAB offspring

Age at first First epitopes Total epitopes Age at spreading Age at diabetes
C a s e GADA (years) M i d d l e C O O H N H2 6 7 M i d d l e C O O H N H2 6 7 ( y e a r s ) ( y e a r s )

4 8 4 9 0 . 8 + + + + * + + + + * 1 . 3
2 2 7 7 1 . 7 + + – – N T 1 . 8
4 2 6 2 0 . 6 + + + + † + + + + † 2 . 2
1 6 2 8 2 . 0 + – – – + + – – 3 . 0 3 . 0
4 0 0 5 2 . 1 + + – – + + + – 3 . 1 3 . 1
3 9 4 1 2 . 0 + + – – N T 3 . 8
1 0 8 5 2 . 3 + + – – + + + – 6 . 1 6 . 1
1 0 3 2 1 . 9 + + – – + + + – 2 . 9 7 . 1
1 0 8 8 2 . 8 + – – – + – + – 5 . 0 8 . 5
5 0 0 6 0 . 8 + + – – + + – – N o n e
1 6 4 9 0 . 9 + + – – + + + – 2 . 1
6 7 4 6 2 . 0 + + + + N T
2 2 2 3 2 . 1 + + – – + + – – N o n e
4 0 5 0 2 . 1 + + – + † + + + + † 3 . 2
4 2 0 4 2 . 1 + + – – + + – – N o n e
6 3 5 4 2 . 1 + + – – N T
6 2 2 6 2 . 2 + + – – N T
2 1 6 0 2 . 4 + + – – N T
3 9 7 5 2 . 4 + – – – N T
3 3 2 2 2 . 6 + + + + N T
3 9 2 9 3 . 1 + – – – + + + – 4 . 2
4 2 1 5 3 . 8 + + – – + + – – N o n e
4 0 0 0 3 . 8 + + + + N T
4 4 5 3 3 . 8 + + – – N T
1 0 6 8 4 . 2 + + + + * + + + + *
1 1 0 3 5 . 2 – – + – – – + – N o n e
1 9 4 8 5 . 4 + – – – + + – + * † 6 . 3
1 0 6 3 5 . 8 + + + + * N T
2 7 2 1 6 . 5 + + – – + + + – 7 . 7

*Antibodies recognizing GAD67-specific epitopes; †antibodies recognizing GAD67 epitopes shared with GAD65. NT, no follow-up
sample >1 year after first GADA detection available.
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spreading). Of note is that the four cases in whom no spread-
ing has been observed (cases 5006, 2223, 4204, and 4215)
have not developed diabetes 2.9, 4.7, 2.4, and 1.5 years after
first detection of GADAs (Ta b l e 2 ) .

D I S C U S S I O N

Autoantibodies to GAD often occur concomitantly or soon
after the first detectable autoantibody response in infants
who develop diabetes-associated autoimmunity (15). Here

FIG. 3. Changes in antibody levels to epitope regions relative to changes in overall GAD65 levels. For each of the 18 offspring in whom fol-
low-up samples were available, the difference in antibody units between the first GADA+ sample and the follow-up sample in which spread-
ing occurred (10 offspring) or the first follow-up sample tested (8 offspring) is shown for each of the epitope regions. , Antibodies detected
for the first time in the follow-up sample. *Reactivity against GAD67-specific epitopes. Differences are plotted on a logarithmic scale. The
scales used for the GAD65 NH2-terminal epitope chimera and GAD67 differ from the remainder. Units are arbitrary and cannot be compared
between epitope regions.

FIG. 4. Antibody titers to the GAD671 – 1 01/ G A D 6 59 6 – 4 44 / G A D 6 74 5 3 – 5 9 3 (middle GAD65 epitopes; ), GAD671 – 4 52 / G A D 6 54 4 5 – 5 8 5 (COOH-terminal GAD65
epitopes; ), and GAD651 – 95 / G A D 6 71 0 2 – 5 9 3 ( N H2-terminal GAD65 epitopes; ) chimeras and GAD67 ( ) in sequential samples from birth in the
nine GADA+ BABYDIAB offspring who developed type 1 diabetes. An arrow indicates the age at diabetes onset in each case.
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it is shown that the first GADA reactivity almost always
includes binding to epitopes contained within the central
portion of GAD65, which corresponds to the previously
described MICA4/6 reactivity (9) in the IDDM-E1 region (8).
Binding to the COOH-terminal region corresponding to
MICA1/3 reactivity in the IDDM-E2 region was also found
in the majority of cases, indicating either a rapid spread-
ing of reactivity or simultaneous immunization against
distinct GAD65 regions, and showing the polyclonal
nature of the GAD autoimmune response. Reactivity to
N H2-terminal GAD65 epitopes was less common, weaker,
and usually appeared after that against central and COOH-
terminal epitopes, suggesting that these autoantibody epi-
topes are secondary in the diabetes-associated autoim-
m u n i t y. GAD67 antibody reactivity was also relatively
uncommon. Spreading was frequent, sometimes occurring
several years after the first detection of GADAs, and was not
always concurrent with increasing GADA titers. The few
cases that showed stability in antibody reactivity did not
develop disease, but diabetes development could not be pre-
dicted by antibody reactivity to GAD epitopes or by
changes over time in this reactivity.

Whether there is a primary epitope is relatively important
for understanding potential mechanisms of immunization and
propagation of diabetes autoimmunity. In the nonobese dia-
betic mouse model of diabetes, it is reported that T-cell reac-
tivity initiates against a COOH-terminal GAD65 peptide and
subsequently spreads to other regions and other autoanti-
gens (20). Others have also shown COOH-terminal and mid-
dle region T-cell epitopes in the mouse (21,22). In humans,
T-cell clones derived from peripheral blood at onset of disease
have been found to respond to epitopes in both the middle and
COOH-terminal GAD65 regions (23–25), but studies in the
early prediabetic phase are absent. Material in which the early
responses can be studied in humans is scarce.

The German BABYDIAB Study is the first that examines the
early phase of autoimmunity in children of parents with
t y p e 1 diabetes with sequential serum samples from birth
(26), and allows analysis of the earliest epitopes recognized
by the humoral arm of the autoimmune response. In this
cohort, the early GADA response was against epitopes within
GAD65 amino acids 235–444 in all but one case (see N O T E

A D D E D I N P R O O F). Additional early antibody binding to epi-
topes in the GAD65 COOH-terminal region in the majority of
the offspring indicates that both the middle and COOH-ter-
minal regions of GAD65 are dominant early targets of the
humoral GAD autoimmunity. However, no offspring had
COOH-terminal GAD65 antibodies alone, while five offspring
had antibodies to only the middle GAD65 epitopes, suggest-
ing that the latter may be the principal primary humoral GAD
target. Consistent with this hypothesis is the rapid spreading
of antibody reactivity to the COOH-terminal epitopes in two
of these offspring. Rapid spreading of GAD humoral reactiv-
ity is also suggested by the initial presence of antibodies to
all four GAD specificities in seven offspring, two of these
having such reactivity together with antibodies to other islet
autoantigens already at 0.7 years and 1.3 years of age, respec-
t i v e l y. Spreading, especially to minor epitopes, was not, how-
e v e r, always so rapid, and in two cases was seen 3 years
after initial GADAs. Overall, the data are consistent with an
initial humoral response to the middle region of GAD65 with
rapid spreading to the second dominant region found in the

COOH-terminal of GAD65, and less frequently to GAD67,
and subsequently to NH2-terminal GAD65 epitopes. One case
was exceptional with reactivity to only the stiff-man syn-
drome–associated NH2-terminal GAD65 epitopes (13). Inter-
e s t i n g l y, this offspring had no other islet autoantibodies, and
such reactivity may be atypical of type 1 diabetes. Similar stud-
ies of IA-2A reactivity in this cohort differed, with no single
common early target region and independent reactivity to dis-
tinct portions of the protein (27). The epitope specificity of
the early IA-2 humoral response was HLA linked. No HLA
association was found for antibody reactivity to GAD epitopes
(data not shown).

This middle portion of GAD65 contains both the pyridoxyl
phosphate-binding domain and the region of GAD65 (amino
acids 250–273), which has homology with the Coxsackie
P C-2 protein (3). It was previously demonstrated that T-c e l l
reactivity of patients can be detected against the corre-
sponding peptides of both proteins (28). Cross-reactivity of
GADAs with this region of the Coxsackie protein was, how-
e v e r, excluded (29), and we therefore predict that the major
determinants reactive with these early middle GAD65
autoantibodies most likely correspond to the dominant con-
formation-dependent MICA4/6 specificity contained within
GAD65 amino acids 245–440 (9).

For the first time, GAD67 has been shown as a unique
autoantigen of the humoral diabetes-associated autoimmune
response and not just as a consequence of cross-reactivity
with GAD65. GAD67-specific antibodies were found in addi-
tion to antibodies against the GAD65 middle and COOH-ter-
minal epitopes in the first GAD humoral response in three off-
spring and soon after middle GAD65 epitope reactivity in a
fourth, indicating that GAD67-specific autoimmunity can
appear early in the GAD response. Moreover, GAD67 binding
in two of these offspring was not inhibited by competition
with GAD65, suggesting the absence of antibodies cross-
reactive with GAD65 and, therefore, a mechanism of antibody
spreading that may not be via shared epitopes. T-cell reactivity
to GAD67 has been reported and is likely to include recog-
nition of GAD67-specific epitopes (30). The previous inabil-
ity to identify GAD67-specific antibodies may have been due
to the use of rat GAD67 as antigen in most studies. Similarly,
binding to human and not rat protein has been reported for
the diabetes-associated IA-2 - s p e c i fic autoantibodies (17).

This study failed to identify GAD epitope–specific anti-
body reactivity that could be used as a marker for progression
to disease. Neither the GADA reactivities nor any changes in
reactivity over time were specifically associated with dis-
ease onset. However, while humoral intramolecular deter-
minant spreading was seen in offspring with and without
disease development, the absence of spreading was only
found in offspring who did not develop disease and, therefore,
may be an indicator of relative stability in the disease
process. Previously reported IA-2A reactivity showed that
spreading was limited to the autoimmune response found in
early life, and that the autoimmunity seen in older subjects
was stable with few or no changes in the autoantibody epi-
tope repertoire (27). Such stability in later stages of the pre-
diabetic period, also evidenced by relatively few changes in
autoantibody titer (31,32), suggest that the humoral autoim-
mune response may be dampened either through self-regu-
lation or reduced stimulus. The observation here for GAD and
previously for IA-2 that spreading to some epitopes can
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occur concurrently with a fall in antibody titer to others is con-
sistent with a presence of determinant-specific regulatory
m e c h a n i s m s .

In conclusion, the humoral GAD autoimmunity associated
with childhood type 1 diabetes appears to be first directed
against epitopes within the middle portion of GAD65, with a
rapid spreading to epitopes in other regions of GAD65 and less
frequently GAD67. This dynamic early response is consis-
tent with the previously observed marked intramolecular
spreading of antibody reactivity against the IA-2 and IA-2
autoantigens (27) and intermolecular spreading of reactivity
among the various islet autoantigens (15), and it suggests an
active and aggressive autoimmunization in the early period of
diabetes-associated autoimmunity in children.

Note added in proof. All 28 offspring with antibodies to mid-
dle GAD65 epitopes were also positive against a GAD671 – 2 4 3/
G A D 6 52 3 5 – 4 4 4/ G A D 6 74 5 3 – 5 9 3 chimera in their first GADA+ s a m p l e ,
suggesting that GAD652 3 5 – 4 4 4 contains the early GADA epitope.
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