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SUMMARY

 

We observed 42 initially non-diabetic siblings of affected children to characterize the humoral immune
response to the 65 kDa isoform of glutamic acid decarboxylase (GAD65) in preclinical type I diabetes.
During the observation period with a mean duration of 9·6 years 21 siblings progressed to type I dia-
betes. The humoral immune response to GAD65 was observed initially as a simultaneous response to
the middle (M) and carboxy (C)-terminal regions of the GAD65 molecule in most cases, and if the
response was restricted initially to the middle region, it spread rapidly to the C-terminal domain and in
a few cases later to the amino (N)-terminal domain. There was some heterogeneity in the GAD65 iso-
type response, but it was composed mainly of antibodies of immunoglobulin (Ig) G1 subclass.
Responses of IgG2-, IgG4-, IgM- and IgA-GAD65Ab were observed frequently, whereas IgE- and
IgG3-GAD65Ab responses were seen more rarely. Initially, the non-progressors tended more often to
have IgG2- and IgG4-GAD65Ab than the progressors. As a sign of a dynamic process a significant iso-
type spreading was seen for IgG2-GAD65Ab (

 

P

 

 

 

<

 

 0·05) and close to significant for IgM (

 

P =

 

 0·06)
among progressors and for IgM-GAD65Ab (

 

P

 

 

 

<

 

 0·05) among non-progressors during the observation
period. This study failed to identify any GAD65 epitope- or isotype-specific antibody reactivity that
could be used as a marker for progression to disease, as such progression was not associated with any
specific changes in reactivity over time. Our findings indicate that epitope- and isotype-specific GAD65
antibodies are hardly capable of separating progressors from non-progressors among GAD65Ab-
positive first-degree relatives of children with type I diabetes.
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INTRODUCTION

 

Type I diabetes is perceived as a chronic autoimmune disease,
which is thought to result from T-cell mediated destruction of the
insulin-producing pancreatic 

 

b

 

-cells [1]. During an asymptomatic
destructive process of variable duration various autoantibodies to
islet cell autoantigens can be detected, and these are useful for the
identification of individuals with an increased risk of clinical dis-
ease [2]. Several antigens have been observed to be targets of
humoral autoimmunity, the three major ones being insulin, the

protein tyrosine phosphatase-related IA-2 protein and the 65 kDa
isoform of glutamic acid decarboxylase (GAD65). Antibodies
against glutamic acid decarboxylase, reported originally as a
64 kDa islet protein by Baekkesskov 

 

et al

 

. [3,4], have turned out to
be one of the major antibodies related to type I diabetes [5–7].
There are two isoforms of GAD, one with a molecular weight of
approximately 65 kDa and the other 67 kDa, the former being the
principal autoantigen in type I diabetes [8]. GAD65 antibodies are
present in the majority of individuals with preclinical and recent-
onset type I diabetes [6–8], and especially in older age groups
GAD antibodies have shown a high diagnostic sensitivity [9].

Epitope analyses of GAD65 autoantibodies in type I diabetes
indicate that antibodies to GAD65 recognize at least three major
conformational epitopes located in the middle and C-terminal
domains of the molecule, while a fourth linear epitope is located
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in the N-terminus [10–13]. There are also data suggesting that the
epitope recognition of GAD65Ab changes during the preclinical
phase of type I diabetes [13]. It has been reported that the middle
region is an early target of the immune response to GAD65, and
that the epitope profile is dynamic in prediabetic individuals dur-
ing progression to clinical disease with spreading from the immu-
nodominant middle region to the C-terminal region [14,15].

The isotype profile of antigen-specific autoantibodies might
reflect the T helper 1/T helper 2 (Th1/Th2) balance of 

 

b

 

-cell
autoimmunity [16], which may change during the prediabetic
phase. It has been speculated that islet cell autoimmunity may
start out as a non-pathogenic Th2 response to the 

 

b

 

-cells that
turns subsequently into a pathogenic Th1 response associated
with the maturation of the humoral immune response to different
antigens, and most probably leads to type I diabetes in some
unfortunate individuals [17–20]. Th1 immunity is associated with
the generation of IgG2a and IgG3 in the mouse, while a Th2
response mainly results in the generation of IgG1 [16,21], but the
equivalent antibody responses have not been clearly defined in
man.

The natural history of preclinical diabetes is partly character-
ized, but still we have very limited information on the dynamics of
the immune response to 

 

b

 

-cell autoantigens during the course of
preclinical disease. The ultimate aim of this work is to characterize
the humoral immune response to GAD65 in preclinical type I dia-
betes by studying the occurrence of various isotypes (IgG sub-
classes, IgA, IgE, IgM) of GAD65 antibodies and to observe
possible signs of epitope spreading within the antigen after the
initial appearance of such antibodies. This could provide more
sensitive and specific markers for the discrimination between
early and later stages of preclinical type I diabetes.

 

SUBJECTS AND METHODS

 

Subjects

 

The subjects were derived from the Childhood Diabetes In Fin-
land (DiMe) Study, which is a prospective population-based fam-
ily survey designed to investigate the role of genetic,
immunological and environmental factors in the development of
type I diabetes [22]. From September 1986 to April 1989 all newly
diagnosed children with type I diabetes were invited to partici-
pate, together with their families. Blood samples were drawn from
siblings of the children with recently diagnosed type I diabetes. A
blood sample was available from 755 unaffected siblings of 977
(77·3%) younger than 20 years of age. A total of 58 (7·7%) sib-
lings were observed to test positive for GAD65 autoantibody at
the beginning of the study. Subsequent samples were taken at an
interval of 3 months for the first 2 years and thereafter with an
interval of 6–12 months, according to the study protocol. Thirteen
siblings (2·0%) seroconverted to GAD65Ab positivity during
prospective observation. Accordingly, the initial study population
comprised 71 siblings testing positive for GAD65Ab at least once.

A subject was included in the current series if he or she had at
least two serum samples available and antibodies to GAD65 had
been detected at a minimum level of 15 relative units (RU) in at
least one sample during the follow-up period. Altogether 42 sib-
lings (24 females) fulfilled the inclusion criteria. All 42 subjects
had at least three GAD65Ab-positive samples available for the
analysis of GAD67Abs, GAD65 epitope clusters and isotype-
specific antibodies. The mean age at the first GAD65Ab-positive
sample analysed was 9·5 years (range 3·2–16·3 years). The num-

ber of samples per subject varied from three to 15 (median 8).
The average interval between the first and last sample analysed
was 3·6 years (range 0·4–8·6 years). All siblings were observed for
progression to clinical type I diabetes to the end of December
1997. During that observation period, 21 (50%) siblings
progressed to clinical type I diabetes. The observation time
ranged from 8·7 to 11·2 years (mean 9·6 years) among the
non-progressors.

Antibodies to GAD67 were observed in 17 subjects, and
although the detected levels were generally low these antibodies
might contribute to the binding to the chimeric constructs, and
therefore we excluded all of them from the analysis of epitope-
specific GAD65 antibodies. As a consequence of matching pro-
gressors to non-progressors, seven GAD67Ab-negative children
were also excluded, resulting in a cohort of 18 siblings in the anal-
ysis of epitope-specific GAD65 antibodies. The 17 GAD67Ab-
positive and the seven GAD67Ab-negative children excluded
from the analysis of antibodies to GAD65 epitopes are shown in
Table 1.

 

Assays for GAD67/GAD65 antibodies

 

All samples were analysed for GAD65 antibodies with a
radiobinding assay, as described previously [23]. Briefly, 2 

 

m

 

l of
serum was incubated at + 4

 

∞

 

C overnight in 96-well plates with
20 000 cpm of 

 

35

 

S-labelled full-length GAD65 diluted in 50 

 

m

 

l of
TBST buffer (50 m

 

M

 

 Tris, 150 m

 

M

 

 NaCl, 0·1% Tween-20, pH 7·4).
After the protein A Sepharose precipitation, unbound radioactiv-
ity was washed with excess buffer. Remaining activity was
counted by a liquid scintillation counter (1450 MicroBeta Trilux,
PerkinElmer Wallac, Turku, Finland). The results were expressed
in relative units (RU) based on a standard curve constructed from
a dilution of a pool of highly positive samples with a negative sam-
ple. The cut-off limit for antibody positivity (5·35 RU) was set at
the 99th percentile of 373 non-diabetic Finnish children and ado-
lescents. The disease sensitivity of the GAD65Ab assay was 69%
and the specificity 100%, based on 140 samples included in the
1995 Multiple Autoantibody Workshop [24]. Three different
GAD65/GAD67 chimeras were used to analyse epitope-specific
antibodies; one (GAD65

 

1

 

-

 

95

 

/GAD67

 

102

 

-

 

593

 

) to measure aminoter-
minal-specific GAD65 antibodies (GAD65-N-Ab), another
(GAD67

 

1

 

-

 

101

 

/GAD65

 

96

 

-

 

444

 

/GAD67

 

453

 

-

 

593

 

) to determine antibodies
specific for the middle part of GAD65 (GAD65-M-Ab) and the
third (GAD67

 

1

 

-

 

453

 

/GAD65

 

445

 

-

 

585

 

) to quantify carboxyterminal-
specific GAD65 antibodies (GAD65-C-Ab), as described previ-
ously [15,23]. Antibodies against the 

 

in vitro

 

 transcribed and
translated 

 

35

 

S-labelled products were measured with a radiobind-
ing assay identical to that used to detect conventional GAD65Ab.
A serum pool with high levels of epitope-specific GAD65Ab was
used to construct a standard curve. A standard curve was run on
each plate and the antibody levels were expressed in RU. The cut-
off limit for positivity was set at the 99th percentile in 104 non-dia-
betic young Finnish subjects (mean age 10·9 years, range 0·5–
18·2 years) in the assays for GAD67Ab (0·91 RU), GAD65-N-Ab
(0·55 RU), GAD65-M-Ab (1·51 RU) and GAD65-C-Ab (1·59
RU). All samples from the same subject were analysed in the
same assay run as far as possible.

Isotype-specific GAD65Ab were analysed in an assay based
on the same principles as that used for total and epitope-spe-
cific GAD65Ab, except that the protein A Sepharose precipita-
tion was replaced by monoclonal subclass-specific antibodies
linked to streptavidin agarose (Pierce and Warriner, Chester,



 

122

 

S. Hoppu 

 

et al.

 

© 2004 Blackwell Publishing Ltd, 

 

Clinical and Experimental Immunology

 

, 

 

136

 

:120–128

 

UK). The biotinylated monoclonal mouse antibodies to human
IgG1 (clone G17-1), IgG2 (G18-21), IgG3 (HP6050), IgG4
(JDC-14), IgA (G20-359), IgM (G20-127) and IgE (G7-26) and
to rat IgM (G53-238) were obtained from PharMingen (San

Diego, CA, USA), except for IgG3 which was purchased from
SouthernBiotech (Birmingham, AL, USA). The streptavidin
agarose beads were washed thoroughly with phosphate-buff-
ered saline (PBS) (50 m

 

M

 

 phosphate buffer, 150 m

 

M

 

 NaCl,

 

Table 1.

 

Epitope- and isotype-specific responses to GAD65 in initially unaffected GAD65Ab-positive siblings of children with type I diabetes

Case no. Sex
HLA DR

alleles

Age (years) at
first sample

analysed

Age
(years) at last sample

analysed

 

Appearance of responses

 

* 

At the same time
as initial

GAD65Ab

Appearance order after initial GAD65Ab
response

1 2 3

Progressors
1505* F DR3/DR4 11·3 15·2 ICA,IA-2 A

 

1,2,4,IgM IgA

 

2703 M DR4/non-DR3 15·1 16·6 ICA,IA-2 A

 

C,M,1 IgA

 

2

 

8407** F DR4/non-DR3 4·8 9·3 IAA,IA-2 A

 

1

 

2

 

12805** M DR3/DR4 5·5 8·6 ICA,IA-2 A

 

1,4,IgM 2

 

13105* F Not available 8·0 11·2 ICA,IA-2 A

 

1,2,4,IgM IgA

 

14512** F DR3/DR4 9·7 12·7 ICA,IA-2 A

 

1,IgA 2,IgM

 

20004 M DR3/DR4 12·6 16·7

 

C,M,1,IgA 2,IgM 4

 

25603* M DR4/non-DR3 13·5 14·0 ICA,IA-2 A

 

1,2,

 

3

 

,

 

4,IgA,IgM

 

30303* F DR4/non-DR3 10·4 16·1

 

1,2,IgE,IgM 4,IgA 3

 

32403 F DR3/DR4 11·7 14·6 ICA,IA-2 A

 

C,M,1,2,

 

3

 

,4,IgA IgM

 

42303 F DR3/DR4 15·3 19·4 IA-2 A

 

C,M,N,1,2,4,IgA,IgM

 

45303 F DR3/non-DR4 4·4 6·0 ICA,IA-2 A

 

C,M,1,IgM

 

58803* M DR4/non-DR3 9·3 13·2

 

1,IgA IgM IgE

 

65103 F DR4/non-DR3 7·5 13·4 ICA,IA-2 A

 

C,M,1,2,4,IgM N,IgA

 

87303 F DR4/non-DR3 16·3 20·9 IA-2 A

 

C,M,1,2,4,IgA,IgM

 

75204* M DR3/DR4 4·9 9·8 ICA,IAA

 

1,2,4,IgA,IgM

 

68404 F DR4/non-DR3 7·8 9·9 ICA

 

C,M,1,2,

 

3

 

,

 

IgM

 

28305 M Not available 4·1 6·4

 

M,

 

N

 

,

 

1,

 

IgE

 

,

 

IgM C,2,4,IgA

 

51605** F DR4/non-DR3 3·2 6·0 ICA,IAA

 

1 2,4,IgM

 

57204** F DR3/DR4 7·7 9·8 ICA,IA-2 A

 

1,2,4,IgA,IgE,IgM

 

41904* F DR3/non-DR4 2·6 3·3 ICA,IAA

 

1,2,4,IgM 3,IgE IgA

 

Non-progressors
68705** F DR4/non-DR3 8·4 15·2 ICA,IAA

 

1,2,4,IgA,IgM

 

14513 M DR3/DR4 8·1 16·6 ICA,IAA,IA-2 A

 

1,2,IgM IgA

 

48003* F DR4/non-DR3 6·8 10·7 ICA,IA-2 A

 

1,2,4,IgA,IgM

 

38605* M DR3/non-DR4 4·9 8·9 ICA

 

1,2,3,4,IgA,IgM

 

33705* F DR4/non-DR3 8·5 11·5

 

1,4,IgA, 2,IgM

 

39103* F DR3/DR4 5·2 12·9

 

1,2,4,IgA,IgM

 

29104 M DR4/non-DR3 13·6 17·5

 

C,M,1,IgM IgA

 

44803* M DR4/non-DR3 14·7 15·1

 

1,2,4,IgA,IgM

 

14206* F DR4/non-DR3 11·0 17·1 ICA,IA-2 A

 

1,2,4,IgM

 

70905 F Not available 12·3 15·4 ICA,IAA,IA-2A

 

C,M,N,1,2,4,IgM IgA

 

37205 F non-DR3/non-DR4 13·3 19·5 ICA,IA-2 A

 

C,M,1,IgA 2,IgM 4

 

45205 M DR4/non-DR3 4·8 6·4 ICA,IAA,IA-2A

 

C,1,2,IgM M

 

3,4

 

78503* M DR4/non-DR3 9·5 13·6

 

1,IgE

 

IgM

 

2 4

 

81403 F non-DR3/non-DR4 11·1 15·9 ICA

 

C,M,1,2,4,IgM

 

1904 F DR4/non-DR3 13·2 19·7

 

C,M,N,1,2,

 

3

 

,4,IgA,IgM

 

64704* M DR3/DR4 11·9 17·8 ICA

 

1,2,4,IgA,IgM

 

85604 F DR4/non-DR3 13·6 15·4 ICA

 

C,M,1,2,4,IgA

 

IgM

 

4003 M DR4/non-DR3 13·4 15·4 ICA,IA-2 A

 

M,1,2,4

 

82804* M DR4/non-DR3 6·2 7·7 ICA,IAA

 

1,2,3,4,IgA,IgM

 

14204* M DR4/non-DR3 13·0 15·4 ICA,IA-2 A

 

1,2,4,IgM IgA

 

83005** M Not available 6·6 7·5

 

1,2,3,4 IgA,IgE,IgM

 

N: N-terminal Abs; M: middle region Abs; C: C-terminal Abs; IgA, IgE and IgM- isotype specific Abs; the numbers indicate IgG subclass-specific Abs.
Non-bold italic type represents the occurrence of the response in a single sample or fluctuating response. *GAD67Ab-positive siblings and **GAD67Ab-
negative siblings excluded from the analysis of epitope-specific GAD65 antibodies to eliminate the possible contribution of GAD67 antibodies.
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pH 7·4) before use, and the biotinylated antibodies were linked
to them by incubating 5 

 

m

 

g of antibody per 15 

 

m

 

l of beads in
50 

 

m

 

l of PBS with vigorous shaking at + 4

 

∞

 

C for 1 h. Thereafter
the beads were washed once with PBS and twice with TBST
buffer. Finally, 15 

 

m

 

l of the beads were suspended in TBST
buffer (total volume of suspension 50 

 

m

 

l) and used for the pre-
cipitation, which was performed at + 4

 

∞

 

C for 2 h with vigorous
shaking. The results were expressed as s.d. scores (s.d.s.) calcu-
lated from the following equation: s.d.s. = [delta cpm (= IgG
subclass or isotype-specific cpm – unspecific antirat IgM cpm) 

 

-

 

 mean delta cpm of control subjects]/s.d. delta cpm of control
samples, as described previously [25]. Forty non-diabetic young
Finnish subjects [mean age 9·9 

 

±

 

 4·0 (s.d.), range 0·6–16·6 years]
were used as controls. The threshold for positivity was set at 3
s.d.s. This cut-off limit was exceeded by one control subject in
the IgG1-GADA (5·0 s.d.s.), IgG2-GADA (3·0 s.d.s.) and IgG4-
GADA (5·9 s.d.s.) assays. We participated in the serum
exchange workshop carried out between the laboratories known
to measure isotype responses to GAD65 (results presented at
the 5th International Congress of the Immunology Diabetes
Society, 2001, Chennai, India). Our results were highly concor-
dant with the results of those laboratories, which used a method
similar  to  that  applied  in  our  laboratory.  All  samples  from
the same subject were analysed in the same assay run as far as
possible.

 

Assays for other diabetes-associated autoantibodies

 

Islet cell antibodies (ICA) were quantified by a standard indirect
immunofluorescence method on sections of frozen human pan-
creas from a blood group O donor [26]. The end-point dilution
titres of ICA-positive samples were recorded and the results
expressed in Juvenile Diabetes Foundation (JDF) units. The
detection limit was 2·5 JDF units. All samples initially positive for
ICA were retested to confirm antibody positivity. The sensitivity
of the ICA assay in our laboratory was 100% and the specificity
98% in the most relevant international standardization workshop
[24].

Insulin autoantibodies (IAA) were analysed with a radiobin-
ding assay modified from that described by Palmer 

 

et al

 

. [27].
Endogenous insulin was removed with acid charcoal prior to the
assay, and free and bound insulin were separated after incubation
with mono-

 

125

 

I(Tyr A 14)-human insulin (Novo Research Institute
(NRI), Bagsvaerd, Denmark) for 20 h in the absence or presence
of an excess of unlabelled insulin. The IAA levels were expressed
in nU/ml, where 1 nU/ml corresponds to a specific binding of
0·01% of the total counts. The interassay coefficient of variation
was less than 8%. A subject was considered to be positive for IAA
when the specific binding was 55 nU/ml (99th percentile in a ref-
erence population comprising 105 non-diabetic children and ado-
lescents) or more. The disease sensitivity of the IAA assay was
26%, and the disease specificity 97% based on 140 samples
included in the 1995 Multiple Autoantibody Workshop [24].

Antibodies to the protein tyrosine phosphatase-related pro-
tein (IA-2 A) were quantified with a radiobinding assay as
described previously [28]. Antibody levels were expressed in
RU based on a standard curve, as for GAD65Ab. The limit for
IA-2 A positivity was set at 0·43 RU, which represents the 99th
percentile in 374 non-diabetic Finnish children and adolescents.
The disease sensitivity of this assay was 62% and the specificity
97%, based on 140 samples derived from the 1995 Multiple
Autoantibody Workshop [24].

 

HLA typing

 

HLA typing was performed using conventional HLA serology as
described previously [29]. All HLA A, B, C and DR specificities
recognized by the Nomenclature Committee of the World Health
Organization (WHO) in 1984 were included in the test panel [30].
HLA typing data were available for 38 subjects.

 

Data handling and statistical analysis

 

In order to compare the antibody levels between progressors and
non-progressors, each progressor was matched as well as possible
with one non-progressor for sex (concordance 81%), age
(

 

±

 

 2 years; concordance 76%) and GAD65Ab-positive observa-
tion time (3·20 

 

versus

 

 3·19 years, respectively). The follow-up time
was calculated from the first GAD65Ab-positive sample to the
time of diagnosis in the progressors and to the temporally corre-
sponding samples in the non-progressors. Integrated antibody
levels over the antibody-positive observation period were calcu-
lated for each antibody by area-under-the-curve (AUC) analysis
[31]. The dominant epitope and isotype-specific responses were
defined based on the relative antibody values in the initial sample
and on the individual AUC values during the follow-up. Student’s

 

t

 

-test was used to compare mean ages and age differences. The
distribution of GAD65Ab epitopes and isotypes between the pro-
gressors and non-progressors was evaluated by cross-tabulation
and 

 

c

 

2

 

 statistics. The Mann–Whitney 

 

U

 

-test was used to compare
the AUCs between the two groups studied. Correlation analyses
were performed with the non-parametric Spearman’s rank test
(

 

r

 

s

 

). A two-tailed 

 

P

 

-value of 0·05 or less was considered to be sta-
tistically significant.

 

RESULTS

 

Positivity for autoantibodies

 

As defined by the inclusion criteria, all siblings tested positive for
GAD65Ab. ICA were observed initially in 14 progressors (67%)
and 14 non-progressors (67%), IAA in four progressors (19%)
and five non-progressors (24%) and IA-2 A in 13 progressors
(62%) and in eight non-progressors (38%) (Table 1). Positivity
for three or more antibodies was seen initially in 14 progressors
(67%) and 10 non-progressors (48%).

 

Initial response to GAD65

 

Antibodies to the middle domain of GAD65 were the most
abundant in the initial response to GAD65, as 17 of the 18 sib-
lings (94%) had GAD65-M-Abs in the first positive sample. In
addition, the initial response comprised GAD65-C-Abs in 15
subjects (83%), in 14 siblings together with GAD65-M-Abs and
in one case alone. GAD65-N-Abs were detected in four sub-
jects (22%), once together with GAD65-M-Abs and in three
cases in combination with both GAD65-M-Abs and GAD65-C-
Abs. One subject positive for GAD65Ab were observed to
have no initial response to any of the epitope clusters studied.
There were no statistically significant differences between the
progressors or non-progressors in the frequency of various
epitopes seen in the first sample (Fig. 1). The levels of total
GAD65Abs were higher among non-progressors than among
the progressors, but not significantly so (

 

P =

 

 0·31), and a simi-
lar trend was observed for the different GAD65Ab epitopes
(Table 2).
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Epitope responses during follow-up
Antibodies to the middle region were observed in all siblings
except one non-progressor with relatively high levels of total
GAD65 antibodies (Table 1, case no. 14513). He had no detect-
able epitope-specific antibodies. The individual spreading of the
humoral immune response to GAD65 epitopes is shown in
Table 1. There were no statistically significant differences between
the progressors or non-progressors in the number of epitopes seen
when comparing the maximal response. The median levels fell into
the same order GAD65-M-Ab > GAD65-C-Ab > GAD65-N-Ab,
but the median levels of GAD65-M-Ab and GAD65-N-Ab
tended to be higher in the progressors than in the non-progressors
in contrast to the first analysed sample. Among the progressors the
GAD65-M-Ab titres (rs = 0·75; P < 0·05) correlated with the
GAD65Ab levels, but no other correlations were seen.

Seroconversion to GAD65-M-Ab negativity was not seen at
all, but three (20%) progressors became negative for GAD65-C-
Ab before the manifestation of clinical type I diabetes. The
responses to the N-terminal region remained weak during the fol-
low-up, and negative seroconversions were frequent. Neither the
number of epitopes nor the median levels of epitope-specific anti-
bodies differed significantly between progressors and non-pro-
gressors at the time of diagnosis of overt diabetes in the
progressors.

Distribution of GAD65 isotypes in the initial sample
The humoral immune response to GAD65 was composed mainly
of IgG1 antibodies. The initial subclass-specific response com-
prised IgG1-GAD65Abs in all subjects, IgG2-GAD65Abs in 29/
42 (69%), IgG3-GAD65Abs in 7/42 (17%), IgG4-GAD65Abs in
27/42 (64%), IgA-GAD65Abs in 20/42 (48%), IgE-GAD65Abs
in 4/42 (10%) and IgM-GAD65Abs in 29/42 (69%). There were
no significant differences in the distribution of various isotype-
specific antibodies between the progressors and the non-progres-
sors, although the non-progressors tended to have IgG2- (81%
versus 57%; P = 0·10) and IgG4-GAD65Abs (76% versus 52%;
P = 0·11) more often than the progressors (Fig. 2). The number of
isotypes was equal in the initial sample collected (median 4 in
both groups; range 1–6 among progressors and 2–6 among non-
progressors).

Immunoglobulin G subclass and isotype changes 
during follow-up
All the siblings experienced seroconversion to positivity for addi-
tional IgG subclasses and isotypes, as shown individually in
Table 1, but no differences were observed in the distribution of
the various isotypes between the progressors and non-progressors
during the observation period (Table 1, Fig. 2). When comparing
the proportion of positive children between the initial sample and
the sample with the maximal number of detectable isotypes, a sig-
nificant isotype spreading was seen for IgG2-GAD65Abs
(P < 0·05) and close to significant for IgM-GAD65Abs (P = 0·06)
in the progressors. Inverse seroconversions occurred in eight
(38%) siblings, all of whom had initially tested positive for IgM-
GAD65Abs, six for IgA-GAD65Abs, five for IgG2-GAD65Abs
and four for IgG2-, IgG3- and IgG4-GAD65Abs. IgG1-
GAD65Abs represented the most consistent isotype. Positive
seroconversions were frequently seen among the non-progres-
sors. Isotype spreading was also common among the non-progres-
sors, and was found to be significant for IgM-GAD65-Ab
(P < 0·05). Inverse seroconversions occurred among the non-pro-

Fig. 1. Frequency of various epitope-specific GAD65Ab profiles in the
first positive sample (upper panel) and during follow-up (lower panel)
in nine siblings who progressed to clinical type I diabetes during
prospective observation (�) and in nine siblings who have remained
unaffected (�).
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Table 2. Levels (median; range) of epitope- and isotype-specific 
GAD65Ab in the first positive sample in the siblings who progressed to 
clinical type I diabetes (n = 9 for epitope-specific Abs and n = 21 for iso-
type specific Abs) and in those who have remained unaffected (n = 9 for 

epitope-specific Abs and n = 21 for isotype specific Abs)

Progressors Non-progressors P-value

GAD65Ab 91·8; 7·4–396·5 109·5; 8·2–294·3 0·30
GAD65-M-Ab 4·0; 1·8–72·6 12·6; 0·3–65·8 0·90
GAD65-C-Ab 4·1; 0·6–84·5 6·2; 1·1–39·6 0·97
GAD65-N-Ab 0·0; 0·0–1·0 0·0; 0·0–1·8 0·40
IgG1-GAD65 201·9; 3·9–769·2 447·0; 10·0–724·7 0·23
IgG2-GAD65 5·3; 0–48·9 7·5; 0·3–171·3 0·17
IgG3-GAD65 0·0; 0·0–8·5 0·3; 0·0–10·7 0·40
IgG4-GAD65 4·1; 0·0–22·5 6·5; 0·2–33·8 0·20
IgA-GAD65 2·6; 0·0–33·0 3·7; 0·0–12·3 0·74
IgE-GAD65 0·4; 0·0–9·3 0·0; 0·0–3·6 0·51
IgM-GAD65 5·2; 0·6–46·7 9·1; 0·1–44·4 0·22
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gressors as follows: nine of them had initially tested positive for
IgA-GAD65Abs, eight for IgM-GAD65Abs, six for IgG2-
GAD65Abs, four for IgG4-GAD65Abs and one for IgG3- and
IgE-GAD65Abs. IgG1-GAD65Ab was again the most consistent
isotype. The progressors and the non-progressors had equal num-
bers of isotypes during the follow-up (median 5; range 2–7) and at
the time of diagnosis of type I diabetes in the progressors, i.e. in
the last sample (median 3; range 1–6). Neither were there signif-
icant differences in the isotype profiles between the two groups in
the last sample (Fig. 2).

Dominant isotype responses
The IgG1-GAD65Ab response was initially dominant in 20 of the
21 progressors. One had a dominant IgA-GAD65Ab response.
The corresponding distribution among the non-progressors was
that 19 had a dominant IgG1-GAD65Ab response, one a domi-

nant IgG2-GAD65Ab and one a dominant IgG4-GAD65Ab. The
pattern was similar when relating the isotype levels to total
GAD65, the IgG1-GAD65Ab dominance being obvious, with
only one progressor having IgA-GAD65Ab dominance. Among
the non-progressors, a 13-year-old boy with IgG2-GAD65Ab
dominance and a 7-year-old boy with IgG4-GAD65Ab
dominance represented the exceptions, when relating the isotype
levels  to  total  GAD65  on  an  individual  basis.  When  calcu-
lating the AUC, we observed IgG1-GAD65Ab dominance in all
siblings but one non-progressor, a boy with IgG2-GAD65-Ab
dominance. The pattern was similar when relating the integrated
isotype  levels  to  total  GAD65.  Using  median  values,  we
noticed the rank order of the isotypes to be
IgG1 > IgG2 > IgM > IgG4 > IgA > IgE > IgG3 at the beginning
and to change to IgG1 > IgG4 > IgG2 > IgM > IgA > IgE > IgG3
during observation in the progressors, while the non-progressors
had the isotypes in the order of IgG1 > IgG2 > IgM >
IgG4 > IgA > IgG3 > IgE at the beginning, and it changed to
IgG1 > IgM > IgG2 > IgG4 > IgA > IgE > IgG3 during observa-
tion. There were no significant differences in the integrated levels
of various epitope- and isotype-specific GAD65Ab (Table 3)
between the progressors and non-progressors.

DISCUSSION

As previous reports in GAD65Ab-positive subjects with type I
diabetes have established [12–14], we found that the first
GAD65Ab response in initially non-diabetic siblings was directed
mainly towards both the middle and C-terminal domains of
GAD65. More than 90% of the siblings had GAD65-M-Abs in
the first GAD65Ab-positive sample, and in addition most of them
(87%) also had GAD65-C-Abs. One sibling (Table 1; case no.
45205) initially had GAD65-C-Abs alone, but seroconverted soon
to GAD65-M-Ab positivity. Primary reactivity to GAD65-N-Abs
was clearly less common, as it was detected weakly in four sub-
jects (22%), usually in combination with both GAD65-M-Ab and
GAD65-C-Ab. These results are well in concordance with the
observation in young offspring of parents with type I diabetes
[15], implying that both the middle and carboxyterminal regions
of GAD65 are early, perhaps even simultaneous targets of
humoral GAD immunity, while the N-terminal region is a second-
ary epitope. The clear immunodominance of the middle domain
at the beginning and spreading of the response from the middle
region to the C-terminal domain speculated on in previous papers
[12–14] was observed here only in a limited number of cases.
Especially among the non-progressors, the median levels of
GAD65-M-Ab were higher, however, at the beginning than those
of GAD65-C-Ab, which could indirectly support the idea that the
response to the middle region is dominant over the response to
the C-terminal region. This simultaneously observed immune
response instead of the middle dominance was probably seen
because a majority of the siblings tested positive for GAD65Ab
already in the first sample taken and only four of the 42 siblings
seroconverted to GAD65Ab positivity during prospective follow-
up, and we do not know for how a long time period the initially
positive siblings had been positive for GAD65Ab. From the study
on young genetically susceptible children recruited from the Finn-
ish DIPP (Diabetes Prediction and Prevention) Study we know
that the humoral immune response to GAD65 is very dynamic
over the first 2 years after initial seroconversion and usually starts

Fig. 2. Frequency of various isotype-specific GAD65 antibodies in the
first positive sample (upper panel), the maximum response seen during
follow-up (middle panel) and in the last sample analysed (lower panel) in
21 siblings who progressed to clinical type I diabetes during prospective
observation (�) and in 21 siblings who have remained unaffected (�).
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with a response to the middle domain of the GAD65 molecule.
After that period the immune response to GAD65 became more
stable (Ronkainen et al. submitted for publication).

None of the GAD65Ab reactivities nor any changes in reac-
tivity over time were associated with progression to type I diabe-
tes or diabetes presentation. Both the number of epitopes and the
median levels of epitope-specific antibodies were of the same
magnitude in both the progressors and the non-progressors, and
also the integrated levels of various epitope-specific GAD65Ab
were similar. High levels of GAD65-C-Ab were not observed to
distinguish progressors from non-progressors, although such a
phenomenon has been reported to predict rapid progression to
insulin deficiency in adults with latent autoimmune diabetes
(LADA) [32]. In fact, three progressors (33%) seroconverted to
negativity for GAD65-C-Ab before the manifestation of clinical
type I diabetes and the median levels of GAD65-C-Ab decreased
towards diagnosis. The responses to the N-terminal region
remained weak during the follow-up and negative seroconver-
sions were frequent, even when the responses to the middle and
C-terminal regions remained strong.

It has been discussed whether a Th1/Th2 imbalance would
lead to type I diabetes, and further whether the distribution of
different isotypes to antigens such as GAD65 might reflect the
ongoing T-cell response [17–21]. In the present study we
observed that the humoral immune response to GAD65 in sib-
lings of children with type I diabetes was composed mainly of
IgG1 antibodies. Significant differences in the initial distribu-
tion of various isotype-specific antibodies was not seen between
the progressors and the non-progressors, although the non-pro-
gressors tended to have IgG2- and IgG4-GAD65Abs more
often than the progressors. We failed to observe a dominance of

immature Th2-like isotypes (IgE- and IgM-GAD65Abs) in the
first samples analysed, but the rate of detectable IgM-
GAD65Ab was surprisingly high; 67% of the progressors and
71% of the non-progressors initially had IgM-GAD65Ab, and
in addition there was a relatively strong correlation between
IgM-GAD65Ab and total GAD65. Among progressors the ini-
tial frequency of detectable IgM-GAD65Ab was higher than
the frequency of any other isotype except IgG1-GAD65Ab.
This observation is inconsistent with a previous report by
Petersen et al., indicating a more immature isotype distribution
in non-progressors who had higher levels of IgE- and IgM-
GAD65 antibodies than the progressors [17]. The discrepancy
between these two studies is intriguing, as the study cohorts
were partly overlapping. In the former report the number of
siblings was limited, however, and in addition the human mono-
clonal antiantibodies used were derived from a different source,
which may contribute to the discrepancy.

During the prediabetic observation period there were no sig-
nificant differences in isotype responses between the two groups.
As a sign of a dynamic process isotype spreading was seen for
IgG2-GAD65Abs and was close to significant for IgM-
GAD65Abs among the progressors, while the non-progressors
experienced a significant isotype spreading for the latter
(P < 0·05). By using median values, we noticed the rank order of
the isotypes to change during observation so that the level of IgM-
GAD65Ab decreased in relation to the other isotype levels in the
progressors despite simultaneous increase in the frequency of the
IgM-GAD65Abs. This decreased rank order was mainly a conse-
quence of an increase in IgG4-GAD65Ab values. Among the
non-progressors the median level of IgM-GAD65Ab increased
over the IgG2-GAD65Ab in the rank order list during the follow-

Table 3. Absolute and relative (total GAD65-corrected) integrated levels of GAD65 and GAD65 epitopes and isotypes in the siblings who progressed 
to clinical type I diabetes (progressors; n = 9 for epitope-specific Abs and n = 21 for isotype specific Abs) and in those who have remained unaffected 

(non-progressors; n = 9 for epitope-specific Abs and n = 21 for isotype specific Abs). The data are medians; interquartile range

Progressors Non-progressors P-value

Absolute AUC values
GAD65Ab 174·9; 32·5–115·7 350·0; 12·5–964·1 0·75
GAD65-M-Ab 84·3; 20·7–236·9 50·3; 6·5–71·8 0·27
GAD65-C-Ab 5·7; 4·3–180·1 22·0; 2·5–33·9 0·97
GAD65-N-Ab 0·3; 0–0·9 0; 0–2·7 0·08
IgG1-GAD65 561·4; 54·6–3629·3 974·7; 24·6–2542·4 0·73
IgG2-GAD65 16·2; 1·2–67·0 20·5; 2·9–308·2 0·47
IgG3-GAD65 1·5; 0–14·5 1·2; 0–20·4 0·85
IgG4-GAD65 14·3; 0·7–67·6 10·8; 0·7–271·6 0·97
IgA-GAD65 9·2; 0·7–107·1 6·4; 0·6–29·4 0·52
IgE-GAD65 1·8; 0–7·4 1·4; 0–7·2 0·25
IgM-GAD65 15·4; 0·8–185·9 17·7; 1·4–105·1 0·85

Relative AUC values
GAD65-M-Ab/GAD65 0·3; 0·1–0·6 0·2; 0·1–0·3 0·27
GAD65-C-Ab/GAD65 0·1; 0·0–0·4 0·1; 0·0–0·2 0·83
GAD65-N-Ab/GAD65 0·0; 0·0–0·0 0·0; 0·0–0·0 0·81
IgG1-GAD65/GAD65 2·7; 1·4–5·7 2·8; 1·1–7·0 0·55
IgG2-GAD65/GAD65 0·1; 0·0–0·2 0·1; 0·0–7·1 0·49
IgG3-GAD65/GAD65 0·0; 0·0–0·0 0·0; 0·0–0·21 0·98
IgG4-GAD65/GAD65 0·1; 0·0–0·2 0·0; 0·0–0·9 0·80
IgA-GAD65/GAD65 0·0; 0·0–0·9 0; 0·0–0·2 0·74
IgE-GAD65/GAD65 0·0; 0·0–0·2 0·0; 0·0–0·1 0·52
IgM-GAD65/GAD65 0·1; 0·0–0·5 0·0; 0·0–0·6 0·72
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up period and the increase in the frequency of IgG4-GAD65Ab
was not so obvious.

We propose that the high levels of IgG1-GAD65Ab may
reflect the dominance of the IgG1 isotype within the humoral
immune response in general, rather than a bias of the response
into Th1 immunity, whereas the prevalence of IgM antibodies
during the early response may represent immature Th2 immunity,
but here the limitations of the study have to be considered. First,
a majority of the siblings had established humoral autoimmunity
to GAD65 already in the first sample collected, and we do not
know for how long such siblings had been positive for GAD65Ab;
secondly, it is possible that IgM-GAD65Ab actually reflects the
immune response in general. Previous papers on isotype-specific
GAD65Abs are consistent in relation to the dominance of IgG1
antibodies and the infrequent occurrence of other IgG subclasses
in type I diabetes-associated autoimmunity [17,25,33–35]. There is
one paper, based on an enzyme-linked immunoassay (ELISA),
indicating a Th2-like immune response including IgG2 and/or
IgG4-GADAb dominance to be characteristic of non-diabetic
antibody-positive first-degree relatives [33]. Contrasting results
have also been reported, according to which isotype switching was
not associated with progression to type I diabetes [25,34]. As-yet
unpublished data (Ronkainen et al.) from the DIPP study show
that among young genetically susceptible children monitored
from birth the occurrence IgG4 antibodies to GAD65 were char-
acteristic of those children who remained non-diabetic over the
first few years of humoral GAD65 autoimmunity.

To conclude, these results show that the humoral immune
response to GAD65 in siblings of subjects with type I diabetes is
dynamic. It seems to start out as a simultaneous response to the
middle and C-terminal regions of the GAD65 molecule, but if the
response was directed initially to the middle epitope cluster, it
spread rapidly to the C-terminal domain and later, in a few cases,
to the N-terminal domain. The response to GAD65 is composed
mainly of antibodies of IgG1 subclass, but responses of IgG2,
IgG4, IgM and IgA are observed frequently, whereas IgE and
IgG3 responses are seen more rarely. Our findings indicate that
the analysis of epitope- and isotype-specific GAD65 antibodies
do not seem to be capable of separating progressors from non-
progressors among GAD65Ab-positive first-degree relatives of
children with type I diabetes.
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