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Summary

Autoantibodies to insulin (IAA) are one of the first markers of the autoim-
mune process leading to type 1 diabetes (T1D). While other autoantibodies in
T1D have been studied extensively, relatively little is known about IAA and
their binding specificities, especially after insulin treatment is initiated. We
hypothesize that insulin antibodies (IA) that develop upon initiation of
insulin treatment differ in their epitope specificities from IAA. We analysed
insulin antibody binding specificities in longitudinal samples of T1D patients
(n = 49). Samples were taken at clinical diagnosis of disease and after insulin
treatment was initiated. The epitope specificities were analysed using recom-
binant Fab (rFab) derived from insulin-specific monoclonal antibodies
AE9D6 and CG7C7. Binding of radiolabelled insulin by samples taken at
onset of the disease was significantly reduced in the presence of rFab CG7C7
and AE9D6. rFab AE9D6 competed sera binding to insulin significantly better
than rFab CG7C7 (P = 0·02). Binding to the AE9D6-defined epitope in the
initial sample was correlated inversely with age at onset (P = 0·005). The
binding to the AE9D6-defined epitope increased significantly (P � 0·0001)
after 3 months of insulin treatment. Binding to the CG7C7-defined epitope
did not change during the analysed period of 12 months. We conclude that
epitopes recognized by insulin binding antibodies can be identified using
monoclonal insulin-specific rFab as competitors. Using this approach we
observed that insulin treatment is accompanied by a change in epitope speci-
ficities in the emerging IA.
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Introduction

Type 1 diabetes (T1D) is an autoimmune disease character-
ized by the specific destruction of the insulin-producing beta
cells of the pancreas. While the disorder is T cell-mediated
(for reviews see [1,2]), loss of immune tolerance is best
reflected in the presence of autoantibodies to three major
islet autoantigens, namely the smaller isoform of glutamate
decarboxylase (GAD65), the tyrosine phosphatase-like
protein IA-2 and insulin. These autoantibodies can be found
in the circulation months to years prior to the clinical onset
of the disease [3,4]. The presence of these autoantibodies is
used to predict future development of diabetes, with risk
correlating directly to the number of autoantibodies present
[3,4]. Insulin autoantibodies (IAA), in contrast to GAD65Ab
and IA-2Ab, recognize a beta cell-specific autoantigen. They

are among the first autoantibodies to appear, and are found
typically in young children [5–8]. IAA are also found in
patients with insulin autoimmune syndrome [9], in first-
degree relatives of patients with T1D and in other autoim-
mune diseases [10,11].

The need for improved diagnosis together with the rise in
incidence of T1D, especially in young children [12–14], has
increased the focus of many investigations on IAA. The
studies of IAA isotypes, subclasses and affinities suggest that
IAA may be useful in early prediction of diabetes [15,16].

Once insulin treatment is initiated, insulin antibodies (IA)
are routinely detected [17]. These antibodies appear regard-
less of whether or not the patient was initially IAA-positive.
Because IAA are the result of an autoimmune reaction, while
IA react with an exogenous protein, the question arises as to
whether the antibodies differ in their epitope recognition.
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This issue has been addressed in part by epitope analyses
using phage display and insulin isoforms, and the results
suggest that IAA differ from IA [18–20]. However, these
studies compared IAA-positive samples obtained from T1D
patients at clinical diagnosis and IA-positive samples from
type 2 diabetes (T2D) patients treated with insulin. A
detailed analysis of possible longitudinal changes in the
epitope specificity of insulin-binding antibodies upon initia-
tion of insulin treatment is necessary, however, to under-
stand the mechanism that govern the formation of IA.

Analysis of conformational autoantibody epitopes using
recombinant Fab (rFab) has furthered our understanding of
the development of disease-specific autoantibodies in T1D
[21–23]. Here we use this approach to investigate the epitope
specificities of insulin-binding antibodies in longitudinal
samples obtained from T1D patients.

Materials and methods

Newly diagnosed IAA-positive T1D patients (n = 28)
(median age: 10 years, range: 3–14 years) were part of a study
conducted at the St Görans Children Hospital, Stockholm,
Sweden. These IAA-positive samples represent 18% of the
entire study cohort. The serum samples were obtained at the
clinical diagnosis of diabetes.

Another set of newly diagnosed IAA-positive T1D patients
(n = 21) (median age: 22 years, range: 15–34 years) were part
of the Diabetes Incidence Study in Sweden (DISS). These
IAA-positive samples represent 5% of the entire study
cohort. The newly diagnosed Swedish insulin-dependent
patients were registered in 1992–93.

Samples in the younger patient group were collected every
3 months after the initial insulin treatment, while samples in
the older patient group were collected 1 year after insulin
treatment. All patients were treated with recombinant
human insulin. A healthy control group (n = 50) (age
21–44 years) was used to determine the positive cut-off level
for the IAA-assay.

All subjects in this study, their parents or legal guardians,
gave informed consent. Local institutional ethics committee
approval was obtained prior to collection of all serum
samples.

Monoclonal antibodies

Both insulin-specific monoclonal antibodies used in this
study were raised in mice to human insulin. Monoclonal
antibodies AE6D9 [24] and CG7C7 [24] [American Type
Culture Collection (ATCC), Manassas, VA, USA] recognize
conformational epitopes located at the A chain loop of
insulin [21,24].

Competition studies using natural occurring isoforms of
insulin suggest that the antibodies recognize different
epitopes [24]. Moreover, both antibodies can bind simulta-
neously to the insulin molecule [25].

Bacterial expression and purification of recombinant
Fab

The heavy and light chain genes were subcloned into the
pAK19 expression vector [26] and expressed in Escherichia
coli 25F2 cells, as described previously [22]. Briefly, E. coli
25F2 cells containing the recombinant plasmid were grown
for 16 h at 30°C in complete morpholinopropanesulphonate
(MOPS) medium [27]. Cells were then subcultured and
grown in the absence of phosphate at 30°C for 4 h. The
recombinant Fab (rFab) was isolated from the bacteria as
described previously [22] and purified by two subsequent
affinity chromatography steps on Ni-NTA-agarose (Qiagen
Inc., Valencia, CA, USA) and protein G Sepharose (PGS)
(Zymed Laboratories, Carlton Court, CA, USA). Fractions
were examined by immunoblot for the presence of rFab and
by radioligand binding for insulin binding. Active fractions
were pooled and the protein concentration was determined.
The yield of functional purified rFab was ~ 0·5–1 mg/l bac-
terial culture.

Radiobinding assay (RBA) for antibodies to insulin

The binding capacity of serum samples, the monoclonal
antibodies (MoAbs) and rFab were determined in the insulin
antibody RBA as reported previously [28]. Briefly, 15 000
counts per minute (cpm) A14-[125]I-radiolabelled recombi-
nant human insulin (� 2000 Ci/mmol) (Amersham Phar-
macia Biotech, Piscataway, NJ, USA) was incubated
overnight at room temperature with the serum samples,
MoAbs or rFab. Subsequently the immunocomplexes were
absorbed by protein-A Sepharose (PAS) (Zymed Laborato-
ries) or PGS (for absorption of rFab). Results were expressed
in arbitrary units derived from a standard curve. Samples
were considered positive if they had levels above the 97·5th
percentile of 50 healthy controls (0·2 units). Our laboratory
participated in the Diabetes Antibody Standardization
Program (DASP) workshop [29] and the IAA assay showed a
sensitivity of 40% and good specificity (92%). We focused
our analysis on samples that tested positive repeatedly in our
IAA assay to avoid false-positive samples.

Competition experiments using rFab

The capacity of the rFab to inhibit [125]I-insulin binding to
human serum was tested in a competitive RBA using PAS as
the precipitating agent [21]. Fab lack the CH2 domain of the
Fc region and therefore do not bind to PAS. Serum samples
were tested at a serum dilution of 1/6. All longitudinal
samples from derived from one patient were analysed at the
same time to minimize interassay variations. The optimal
concentrations of rFab AE6D9 (0·2 mg/ml) and CG7C7
(1 mg/ml) were determined in competition assays using
the respective parent mAb as the competitor. Titration
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experiments confirmed that higher concentrations
(0·4 mg/ml and 1 mg/ml, respectively) did not yield signifi-
cant changes in the competition experiments.

Statistical analyses

Binding of IAA to insulin in the presence of rFab was
expressed as follows: cpm of [125]I insulin bound in the pres-
ence of rFab/cpm of [125]I insulin bound in the absence of
rFab ¥ 100.

The cut-off for specific competition was determined
as � 10% by using as a negative control rFab D1·3 (a kind
gift from Dr J. Foote, Fred Hutchinson Research Center,
Seattle, WA, USA), specific to an irrelevant target, anti-hen
egg-white lysozyme, at 5 mg/ml.

All samples were analysed in triplicate and the average
intra-assay coefficient of variation was 1·4% (range: 0·04–
5·9%). Significance of competition within serum groups was
tested using the Wilcoxon matched-pair test. Significant dif-
ferences in competition between serum groups were tested
for with the non-parametric Mann–Whitney U-test. A
P-value � 0·05 was considered significant.

Results

Sample analysis at time of clinical diagnosis

The samples taken at onset of disease were tested for binding
to radiolabelled insulin in the presence of rFab CG7C7 and

AE9D6 (Fig. 1a,b). We observed a significant reduction in
binding to insulin in the presence of either rFab AE9D6 or
CG7C7 (median binding in the presence of rFab AE9D6 and
CG7C7 of 61% and 78%, respectively). rFab AE9D6 com-
peted binding to insulin significantly better than rFab CG7C7
(P = 0·02). We observed a wide range of competition by both
rFab AE9D6 and CG7C7 (Fig. 1a). Competition by the
AE9D6-defined epitope was correlated inversely with age at
onset (P = 0·005) (Fig. 2). Competition by both rFab was
correlated inversely with the titre in the initial sample
(P � 0·0001) (Fig. 1b); however, a significant reduction in
low IAA-titre samples was observed. We did not find a cor-
relation between IAA-titre and age at onset, although a sig-
nificantly higher percentage of patients in the younger study
group was IAA-positive compared to the older study group
(5% versus 18%, P = 0·001). No correlation between the com-
petition by any of the rFab and the patients’ HLA or presence
of other autoantibodies was observed (data not shown).

Binding to the AE9D6-defined epitope increases
longitudinally

Longitudinal samples obtained every 3 months (0–18-year-
old patient group) or after 12 months (15–34-year-old
group) after initiation of insulin treatment were analysed for
their insulin antibody epitope specificity, as described above
(Fig. 3).

The IAA/IA titre in the IAA-positive sera increased signifi-
cantly from onset to 3 months (median increase of 300%)
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Fig. 1. (a, b) Epitope specificities of autoantibodies to insulin (IAA) at clinical diagnosis of type 1 diabetes (T1D). (a) Samples of patients with

newly diagnosed T1D were tested for binding to [125]I insulin in the presence of recombinant Fab (rFab) AE9D6 (black circles) or rFab CG7C7

(white circles). Binding was compared to uncompeted binding (set as 100%). Median binding is indicated. (b) Correlation of IAA-titre and

competition. Binding to [125]I-insulin in the presence of rFab AE9D6 (black circles), CG7C7 (white circles), and D1·3 (x) is plotted against the

binding to [125]I-insulin of the analysed sample in the absence of competing rFab (presented in counts per minute).
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(P = 0·0002), and remained stable for the subsequent longi-
tudinal samples (data not shown). The binding to insulin in
the presence of rFab AE9D6 was reduced significantly from a
median binding of 56% to 19% (P � 0·0001) after 3 months
of insulin treatment. The binding level stayed constant for
the next 9 months without significant changes. This longi-
tudinal change in epitope recognition was similar in both age
groups with a median decrease of 2·3%/month and 2·8%/
month for the younger and the older age group, respectively.
Binding to insulin in the presence of rFab CG7C7 did not
change during the analysed period of 12 months and
remained at a constant median of 80%.

In contrast to the samples taken at onset, no correlation
between competition by rFab AE9D6, age at onset or titre of
insulin binding antibodies was observed in the samples
analysed at 3–12 months.

Discussion

While epitope specificities of both GAD65Ab and IA-2Ab are
studied extensively (for review see [30]), much less is known
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Fig. 3. Longitudinal analysis of insulin binding antibodies in samples taken at clinical diagnosis and the indicated time-points. Samples of the

0–18-year-old patient group (1) and the 15–34-year-old patient group (2) were analysed for their binding to [125]I-insulin in the presence of

recombinant Fab (rFab) AE9D6 (a) and CG7C7 (b). Binding is reported as percentage in comparison to uncompeted binding (set as 100%) and

plotted against time after clinical onset of type 1 diabetes (T1D) (months).
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about the binding specificities of IAA [18–20]. Moreover, the
development of IA in response to insulin treatment hampers
the longitudinal analysis of IAA after the clinical onset of the
disease. Previous studies demonstrated differences in the
epitope specificities between IAA and IA present in T1D and
T2D patients, respectively [18]. To our knowledge the
present study addressed for the first time changes in epitope
specificities between IAA and IA in longitudinal samples
obtained from T1D patients. Our study aimed to determine
whether or not treatment with recombinant human insulin
elicits IA that differ from the IAA initially present in the sera
of newly diagnosed T1D patients. We tracked the progress of
epitope specificities of insulin binding antibodies in longi-
tudinal samples obtained from IAA-positive T1D patients.
Serum samples taken at onset of disease and after initiation
of insulin treatment were studied for their epitope specifici-
ties using two rFab derived from insulin-specific monoclonal
antibodies with different epitope specificities [21,24]. We
observed that while both rFab competed significantly with
the antigen binding by the serum samples, binding to the
AE9D6-defined epitope was significantly higher than to the
CG7C7-defined epitope. Furthermore, we observed that in
samples taken at onset the binding to the AE9D6-defined
epitope correlated with lower age at onset of the disease. In
the longitudinal analysis of the samples the binding to the
AE9D6-defined epitope significantly increased over time,
while no dynamic changes in the binding to the CG7C7-
defined epitope were observed.

In an earlier study the significance of amino acid A13 of
the A-chain for the binding of IAA in T1D was
demonstrated. Amino acid substitutions of A13 abolished
binding of IAA to insulin [31]. The authors concluded that
the major binding site for IAA is conformational and
includes amino acid residues A8–A13 on the A-chain and
B1–B3 on the B-chain. The suggested epitope for AE9D6
involves amino acids A8–A10; moreover, AE9D6 does not
bind to the isolated A-chain (Thomas, unpublished
observation), suggesting a conformational epitope. There-
fore, the binding sites for IAA identified by Castano et al.
[31] and in this study overlap.

The observed changes in insulin antibody binding speci-
ficities could be due to the loss of antibodies dominating the
initial IAA epitope specificities, with other antibodies with
epitope specificities identical or similar to that of AE9D6
emerging, leading to a change in the balance between the
AE9D6-like antibodies and other insulin-specific antibodies,
or to the differentiation of pre-existing B cell precursors.
Scatchard analysis of insulin binding sera at onset and after
insulin treatment suggest that sera at both time-points are
polyclonal and that the overall affinity to insulin of the poly-
clonal patient sera does not change after insulin treatment
(data not shown). This confirms earlier findings [32].
However, we cannot exclude that the affinities of antibody
subgroups change. A recent study of insulin-binding iso-
types after insulin treatment did not show the appearance of

IgM isotypes, suggesting that IA do not originate from the
new generation of antibodies [33]. Therefore, we hypoth-
esize that many IA arise from similar precursors as B cells
that differentiate to generate IAA.

In summary, we have demonstrated that epitopes of insulin
binding antibodies can be characterized using competition
with monoclonal insulin-specific rFab. Using this approach
we identified longitudinal dynamic changes in the specifici-
ties of insulin binding antibodies upon insulin treatment.
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