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Summary

Insulin autoantibodies (IAA) can appear in children within months of intro-
ducing solid foods to the diet and before clinical type 1 diabetes. The aim of
this study was to determine whether infant dietary antigens could be immu-
nizing agents of IAA. To this end, IAA binding to [125I]insulin was competed
with food preparations and extracts of foods encountered in the infant diet
(milk formulas, bovine milk, wheat flour, fowl meal). Bovine milk powder
extracts inhibited IAA-positive samples from six of 53 children (age 0·3–14·0
years) participating in German prospective cohorts. Inhibition in these sera
ranged from 23 to 100%. Competition was abolished when hydrolyzed milk
powder was used. Competition with protein components of bovine milk
found that two of the six milk-reactive sera were inhibited strongly by alpha-
and beta-casein; none were inhibited by the milk proteins bovine serum
albumin or lactoglobulins. The two casein-reactive sera had high affinity to
alpha-casein (1·7 ¥ 109; 3·1 ¥ 109 l/mol), and lesser affinity to beta-casein
(4·0 ¥ 108; 7·0 ¥ 107 l/mol) and insulin (2·6 ¥ 108; 1·6 ¥ 108 l/mol). No children
with milk-reactive IAA developed autoantibodies to other islet autoantigens
or diabetes (median follow-up 9·8 years). These results suggest that autoim-
munity to insulin can occur infrequently via cross-reactivity to food proteins,
but this form of IAA immunization does not appear to be associated with
progression to diabetes.
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Introduction

Type 1 diabetes (T1D) is a T cell-mediated autoimmune
disease leading to the destruction of insulin producing beta
cells in the pancreatic islets of Langerhans. Autoantibodies
against islet beta cell antigens can appear early in life and
predict the development of T1D [1–5]. Autoantibodies
against insulin (IAA) are often the first autoantibodies that
are detected in childhood. Some, but not all children who
have IAA also develop antibodies to other beta cell antigens,
and subsequently overt T1D [1,2,5,6].

Genetic risk factors predispose, and environmental factors
modify, the risk of developing T1D [7]. There are several
suggestions that antigen exposure in the gut and through
diet may modify the risk of T1D [8]. Food introduction into
the human diet varies between countries and ethnicity, but
general principles are exclusive breast milk or formula
feeding during the first 4–6 months of life, with solid foods
such as cereal, vegetables and fruit being introduced between

17 and 26 weeks of age [9]. Exposure to food components
such as the wheat protein gluten [10,11] and bovine insulin
from cow’s milk [12–15], as well as the bovine milk compo-
nent casein [16–18], have been discussed as causes of T1D,
and in the case of bovine insulin as the primary immunizing
antigen giving rise to antibodies that are reactive with
human insulin. Other evidence of gut-related immunization
includes an increased gut permeability in islet autoantibody-
positive relatives [19], preferential trafficking of immune
cells and antigens from the gastrointestinal tract to the pan-
creatic lymph nodes [20] and a role of gut commensal bac-
teria in the development of autoimmune diabetes [21].
Specifically with respect to IAA, we recently identified
insulin binding immunoglobulin (Ig)A that has increased
affinity to insulin of species other than human [22]. Relevant
to a potential immunization through the gut, islet autoanti-
bodies, including IAA, appear from around 6 months of age,
which is after the cessation of full breast feeding and the first
introduction of food supplements. Here we have investigated
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whether IAA contain a component of infant food-reactive
antibodies. Specifically, we have performed insulin binding
competition with infant food ingredients. We report the
identification of insulin binding antibodies that are strongly
cross-reactive to casein in a minority of subjects.

Materials and methods

Subjects and samples

Samples were obtained from persistent IAA-positive chil-
dren participating in the BABYDIAB and BABYDIET
studies, where children who are genetically at risk for T1D
are followed from birth for the development of islet autoan-
tibodies and diabetes [1,6,23]. Human leucocyte antigen
(HLA) typing at the HLA DRB1, DQA1 and DQB1 loci
is also performed in the children. The studies were carried
out in accordance with the Declaration of Helsinki and
all families gave written informed consent to participate
in the studies. The ethics committee of Bavaria, Germany
(Bayerische Landesaerztekammer no. 95357) approved
the BABYDIAB study, and the BABYDIET study was
approved by the ethics committee of the Ludwig-Maximilian
University, Munich, Germany (Ethikkommission der Mediz-
inischen Fakultaet der Ludwig-Maximilians Universität
no. 329/00).

In order to preserve serum from precious samples, the
current study design had an exploratory phase in which a
limited number of sera were tested against multiple food
extracts, and an investigation phase where sera from the
majority of IAA-positive children in the BABYDIAB and
BABYDIET studies were tested against milk proteins. For
the exploratory phase, seven IAA-positive children from the
BABYDIAB study whose IAA were heterogeneous in eptiope
specificity and affinity, as determined previously [22,24],
were selected for competition studies against food proteins.
These children had IAA that ranged in affinity to human
insulin from 3·0 ¥ 105 l/mol to 3·8 ¥ 108 l/mol and epitope
specificity representative of the majority of those we had
identified previously in the BABYDIAB study [24]. For the
subsequent experiments examining competition with milk
proteins, an additional 46 children were identified with per-
sistent IAA and sufficient serum available at or soon after
IAA seroconversion from the BABYDIAB and BABYDIET
studies. The 53 children included five who had a sibling with
T1D, 30 with a T1D mother and 18 with a T1D father; 25
were boys. Their median age at IAA seroconversion was 2·0
years (range: 0·3 to 14·0 years) and nine developed IAA prior
to age 1 year. Where possible, the earliest available IAA-
positive sample of the subjects was used, and for children
with IAA that was inhibited by food extracts the findings
were confirmed in multiple samples from each child. In 45 of
the 53 samples, the IAA affinity was determined previously
by competitive inhibition using a protein A/G radio-binding
assay, as described previously [24].

Protein extractions

Whole organic bovine milk powder (Bayerische Milchindus-
trie eG, Landshut, Germany), milk-containing infant
formula [regular non-hydrolyzed (REG); Milumil 1; Milupa
GmbH, Friedrichsdorf/Ts, Germany], infant formula
adapted closely to human breast milk (PRE; Milupa GmbH);
hypo-allergic follow-on formula with hydrolyzed milk com-
ponents (HA; Milumil HA 2; Milupa GmbH), special milk-
free infant formula (SOM; Milupa GmbH), wheat flour
(type 550; Davert GmbH, Senden, Germany), fowl meal
(Altromin GmbH & Co. KG, Lage, Germany) and defined
components from bovine milk such as alpha- and beta-
casein (Sigma-Aldrich, St Louis, MO, USA), lactoglobulin
(Sigma-Aldrich) and bovine serum albumin (BSA; Sigma-
Aldrich) were homogenized into assay buffer (50 mM Tris,
1% Tween, pH 8). After removal of undissolved components
by centrifugation, the protein solutions were incubated with
Protein A Sepharose (6 mg/ml; GE Healthcare, Chalfont St
Giles, UK) and GammaBind Plus Sepharose (8 mg/ml; GE
Healthcare) overnight to remove components with non-
specific binding. The supernatant protein contents after cen-
trifugation were analysed for purity by gel electrophoresis
and for concentration using the BCA Protein Assay Kit
(Thermo Fisher Scientific Inc., Rockford, IL, USA) before
inclusion into the radio-binding assays.

IAA reactivity and affinity to food proteins

Antibody binding to Tyr14A [125I]human insulin (Sanofi-
Aventis Deutschland GmbH, Frankfurt, Germany) was com-
peted with either single or increasing concentrations
(4·6 ¥ 10-4 to 113·6 mg/ml) of the individual food protein
extracts using the method for IAA affinity determination
[24]. Half maximal inhibitory concentration (IC50) and Kd
values were calculated using the GraphPad Prism 3 program
(GraphPad Software Inc., San Diego, CA, USA), and anti-
body affinity was expressed as reciprocal Kd values (l/mol) as
described previously [24].

T lymphocyte proliferative responses

Peripheral blood mononuclear cells were isolated by Ficoll-
Hypaque (Lonza, Basel, Switzerland) density gradient cen-
trifugation from sodium-heparinized venous blood. CD4+ T
cells were isolated using a CD4-negative isolation kit II
(Miltenyi Biotec, Bergisch Gladbach, Germany). The CD4-
negative fraction, containing antigen-presenting cells, was
mixed 1:1 with the CD4-positive T cell fraction. The cell
mixture was labelled with 0·5 mM carboxyfluorescein succin-
imidyl ester (CFSE; Invitrogen, Carlsbad, CA, USA) [25] and
cultured at 2 ¥ 105 cells/well with antigen and 100 ng/ml
recombinant human Fas (Sigma-Aldrich) in X-VIVO 15
medium (Lonza) supplemented with 5% pooled human
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AB serum in 96-well round-bottomed plates in a standard
37°C CO2 incubator for 7 days. Antigens were alpha- and
beta-casein, lactoglobulin, BSA (Sigma-Aldrich), all at 5 mg/
ml, tetanus toxoid (TT; Sanofi Pasteur MSD, Leimen,
Germany) at 1 ml/ml, and recombinant human proinsulin
(Eli Lilly, Indianapolis, IN, USA) at 10 mg/ml. Proliferation
of live cells was detected via CFSE dilution and surface
marker expression by first staining with anti-human CD3
allophycocyanin (APC)-Cy7, anti-human CD4 APC, anti-
human CD25 phycoerythrin (PE) and anti-human CD45RO
PE-Cy7 (all BD Bioscience, Franklin Lakes, NJ, USA) and
subsequently analysing on a BD LSR-II flow cytometer (BD
Bioscience); 7AAD (BD Bioscience) was used to exclude
dead cells.

Results

IAA binding to food protein extracts

Initial competition experiments were performed on selected
sera from seven children identified previously to have atypi-
cal and typical IAA binding patterns [22,24] and two sera
from insulin-treated T1D patients (Fig. 1). In all sera,
binding to human [125I]insulin was inhibited by insulin.
None of the food protein extracts inhibited insulin antibod-
ies in the two insulin-treated patients (T1D·1 and T1D·2),
and in two of the seven IAA-positive samples (subjects 1 and
4). In contrast, IAA in two of the seven children were inhib-
ited strongly (subject 2, 100%; subject 6, 93%) and three

were inhibited weakly (subject 7, 42%; subject 3, 30%;
subject 5, 26%) by high concentrations (100 mg/ml) of whole
bovine milk powder (marked by arrows in Fig. 1). Compe-
tition curves could confirm inhibition by lower concentra-
tions of whole bovine milk powder extract (Fig. 2a and data
not shown). IAA binding in the five sera was also inhibited
by regular and hydrolyzed milk formula. The two strongly
inhibited sera were also inhibited partially by high concen-
trations of wheat flour extract (64% and 63%), but not by
lower concentrations (data not shown). None of the sera
were inhibited by fowl meal.

Subsequently, serum samples from a further 46 IAA-
positive children representing the majority of the remaining
IAA-positive children in the BABYDIAB and BABYDIET
studies were screened for milk-reactivity using 9·1 mg/ml
whole bovine milk for competition. One of these 46 samples
had IAA that could be inhibited partially by milk compo-
nents (subject 8; 62% inhibition of IAA binding, data not
shown). Thus, a total of six children were identified with IAA
that could be inhibited partially or fully by whole bovine
milk powder.

In contrast to the majority of IAA that were not inhibited
by milk proteins which had affinities > 109 l/mol, as reported
previously, the six milk-reactive IAA were of low to moderate
affinity to insulin (range 3·5 ¥ 105 to 3·8 ¥ 108 l/mol), did not
usually bind proinsulin, often bound chicken insulin and/or
had an IgA IAA component as determined previously
(Table 1). Of note, binding to insulin was shown previously
to require the native sequence to residues B28 and B29 in five
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of the six milk-reactive IAA [24], and this was atypical for
IAA associated with progression to T1D [24]. Also, in con-
trast to other IAA-positive children, none of the six children
with milk-reactive IAA developed glutamic acid decarboxy-
lase (GAD) and/or IA-2 autoantibodies or T1D within a
median follow-up of 9·8 years [interquartile ratio (IQR)
8·7–11·6].

IAA binding to bovine milk protein fractions

IAA competition curves were generated for the sample with
the strongest binding to bovine milk (indicated as subject 2
in Fig. 1) using multiple concentrations of protein extrac-
tions from whole bovine milk powder, four milk-containing
infant formula diets and wheat flour (Fig. 2a). The IAA in
this sample showed preferred binding to whole bovine milk
and to regular (non-hydrolyzed) milk-containing infant
formula. The hydrolyzed milk formula extract (HA) and the
human breast milk-adapted formula (PRE) were inhibitory
only at high concentrations, whereas the milk-free formula
extract (SOM) and wheat protein extracts were only partially
inhibitory at the highest concentration used. Sample 2 was
also used to investigate the ability of selected bovine milk
proteins to compete the binding of IAA to human [125I]in-
sulin (Fig. 2b). IAA binding to insulin was inhibited com-
pletely by alpha- and beta-casein, and was unaffected by
lactoglobulin or BSA, indicating caseins as preferred targets
of IAA in subject 2. Identical competition curves were
obtained on multiple samples obtained from subject 2 (data
not shown).

The IAA affinities to alpha- and beta-casein in compari-
son to human insulin were determined for the six subjects
that were inhibited by whole bovine milk (Fig. 3). For the
two strongly milk-reactive IAA (subjects 2 and 6), affinities
to the alpha-casein (1·7 ¥ 109 and 3·1 ¥ 109 l/mol) were

approximately 1 log higher than to insulin (2·6 ¥ 108 and
1·6 ¥ 108 l/mol, respectively). Affinity to beta-casein was
similar to that against insulin in these two sera. The IAA of
the remaining four sera tested that had only partial inhibi-
tion with whole milk were not inhibited with casein. None of
the six sera were inhibited by BSA or lactoglobulin (data not
shown).

T cell responses to casein

Fresh peripheral blood was obtained from subject 2
(strongly casein-reactive IAA), subject 5 (partially milk-
reactive, but not casein-reactive IAA) and the two T1D
patients (T1D·1 and T1D·2), and T cell proliferative
responses to alpha-casein, beta-casein, BSA, proinsulin and
TT were examined by the CFSE dilution assay. In this assay
we identify the activated proliferated CD4+ T cell population
(CSFEdimCD25+CD45RO+CD4+ cells) in the cell culture after
7 days as the antigen responsive cells and express this as a
percentage of all CD4+ cells at the end of culture (Fig. 4a).
Compared to the medium control (0·02%), a clear response
was seen in subject 2 to alpha-casein (0·35%; stimulation
index 17·5), beta-casein (0·20%; stimulation index 10) and
BSA (0·13%; stimulation index 6·5), as well as the recall
antigen TT (0·80%; stimulation index 160), but not to pro-
insulin (0·04%; stimulation index 2) (Fig. 4b). None of the
other subjects had responses to alpha- or beta-caseins (all
had stimulation indices <1·5). A response to proinsulin was
observed in only patient T1D·2 (0·07%; stimulation index
7·4).

Discussion

Immune responses to dietary constituents that are associated
with autoimmunity would provide evidence for causal
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factors in the pathogenesis of autoimmune disease. In this
study we have continued previous efforts to investigate the
effects of early dietary food supplements on initial immune
reactions to insulin [22,26]. We tested whether autoantibod-
ies to insulin could cross-react with food substances intro-
duced typically into the diet of young infants. Remarkably,
we found that the milk protein casein is a high-affinity target
of IAA in a minority (4%) of children. However, children
with these casein-reactive IAA are not characteristic of pre-
diabetic individuals as they have no evidence of autoimmu-
nity to the other diabetes-associated antigens GAD65, IA-2
and zinc transporter 8, and moderate- to low-affinity IAA.
We suggest that autoimmunity can be secondary to immu-
nization against exogenous antigens, but in the case of IAA
this rarely leads to disease.

The influence of bovine milk and its constituents on the
development of autoimmune diabetes in animal models as
well as in humans remains controversial [27,28]. Caseins,
beta-lactoglobulin, alpha-lactalbumin, gamma-globulin and
BSA are the five major protein fractions from bovine milk
[29]. Among those proteins, beta-casein, beta-lactoglobulin
and BSA have been implicated as sources of potential
diabetes-relevant antigens [30]. Here we identify casein-
reactive IAA by screening a panel of previously characterized
IAA that were heterogeneous in their affinity and insulin
epitope specificity. A number of food homogenates were
tested for their ability to inhibit binding of these IAA to
insulin. Only infant foods containing milk products were
shown to have potent inhibitory effect on the selected IAA.
Although the panel of sera selected may not include all IAA
specificities, they probably include the vast majority that
develop during childhood in an at-risk cohort. Specificity to
cow milk proteins was suggested further by the fact that
hydrolyzed infant milk formulas and human breast milk-
adapted milk formulas were only inhibitory of IAA at high
concentrations. In two of six cases containing IAA that were
inhibited by the milk-containing preparations, low amounts
of the casein proteins but not lactoglobulin or albumin com-
peted antibody binding to insulin. Thus, casein and insulin
are the only molecules bound by these antibodies with sub-
stantial affinity. Moreover, the affinity of the antibodies to
the alpha-casein was up to 1 log higher than that against
insulin. These findings suggest that the casein and insulin
molecules include portions that share similar conformation,
that this conformationally similar region can be a target of
humoral immune responses, and that the humoral immune
response against this region binds an alpha-casein counter-
part preferentially.

There were some similarities among the two children who
had casein-reactive IAA. Both developed their IAA at around
2 years of age and both had the HLA DR4 allele. The IAA
affinity to insulin was similar for both cases and was between
108 and 109 l/mol. In both children, IAA were confirmed
in a second laboratory using a different insulin tracer.
IAA were persistently positive for 6·0 and 4·5 years. TheTa
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best-characterized of the two casein-reactive IAA bound
insulin from other species, including the relatively distant
chicken and fish insulins with similar affinity [22,24]. In
both children, the IAA were strictly dependent on the correct
confirmation at positions B28 and B29. Of interest, most of
the other milk-reactive IAA were also dependent on having
proline and lysine at B chain positions 28 and 29,
respectively. Examining the sequences of alpha- and beta-
casein shows potential similarities with bovine alpha-S2-
casein (NP_776953·1, GI:27806963), where the amino acid
sequence proline, lysine and threonine at positions 211 to
213 is identical to positions 28, 29 and 30 of the human
insulin B chain. Beta-casein has proline, valine and lysine at
these positions, indicating that if this region was involved in
the antibody binding, it is likely to be only a portion of the
epitope.

Reactivity to multiple antigens by single antibodies has
been demonstrated previously [31]. These are the so-called
polyreactive antibodies of IgM isotype and include binding
to insulin, tetanus, DNA, thyroglobulin and other molecules
[32]. The fact that the casein-reactive IAA were of IgG
isotype speaks against a form of similar polyreactive
antibodies. We sought to find further evidence for a primary
immune response to casein by examining T cell responses in
one of the children with high titre casein-reactive IAA. We
reasoned that if casein was the primary antigen target of the
autoantibodies, we were likely to see a T cell response to
casein. Relatively pronounced responses to alpha- and beta-
casein and BSA, but not proinsulin, were observed in the
T cell population from the peripheral blood of this child,
suggesting that a pool of T cells with the potential to respond
to casein was present. Casein-responding T cells were not

Fig. 3. Competition of binding to human

[125I]insulin by alpha- (dotted line) and

beta-casein (grey line) in comparison to human

insulin (black line) from the six children with

insulin autoantibodies (IAA) that bind to whole

bovine milk; in (a) subject 2, (b) subject 3,

(c) subject 5, (d) subject 6, (e) subject 7 and

(f) subject 8. The affinities to the competing

protein are indicated by the numbers within the

figures (l/mol). IAA in (a) and (d) bind better

to alpha-casein than to human insulin, and in

(b), (c), (e) and (f) bind to human insulin only.

IAA are expressed as bound radioactivity in

counts per minute (cpm).
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observed in subject 5 with milk-reactive IAA that were not
against casein and in the patients with type 1 diabetes. We
did not, however, determine whether the casein-responding
T cells from subject 2 included T cells from the starting
memory T cell pool and cannot be certain that the child had
a casein-primed T cell pool. Thus, it remains possible that a
related or different antigen could be the primary target of the
immunity. Further evidence for casein as a driving antigen of
the insulin autoimmunity in these children would be

obtained by dietary deprivation followed by dietary
challenge. This was not considered sufficiently important for
the children, as none reported obvious signs of dairy intol-
erance or hypoglycaemia which has been observed previ-
ously in some patients with insulin autoimmune syndrome
[33].

In conclusion, we present evidence that IAA can arise
secondarily to immunization against other proteins and
suggest that one of these could be the alpha- and/or beta-
caseins which are derived from dietary sources such as milk.
However, in contrast to previous reports that have suggested
a causative role for immunity against milk proteins in the
pathogenesis of diabetes, we do not find any evidence that
these milk-reactive IAA are related to the pathogenesis of
T1D, and believe that the children with such IAA are highly
unlikely to develop autoimmunity to other beta cell autoan-
tigens or T1D.
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