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Abstract

Background Enteral virus infections and early introduction of cow’s milk
(CM)-based formula are among the suggested triggers of type 1 diabetes
(T1D)-associated autoimmunity, although studies on their role have remained
contradictory. Here, we aimed to analyse whether interactions between these
factors might clarify the controversies.

Materials The study population comprised 107 subjects developing positivity
for at least two T1D-associated autoantibodies and 446 control subjects from
the Finnish diabetes prediction and prevention cohort. Enterovirus, rotavirus,
adenovirus, respiratory syncytial virus and bovine insulin-binding antibodies
were analysed from prospective serum samples at 3-24 months of age. Data
on infant cow’s milk exposure were available for 472 subjects: 251 subjects were
exposed to cow’s milk before 3 months of age and 221 subjects later in infancy.

Results  Signs of an enterovirus infection by 12 months of age were
associated with the appearance of autoimmunity among children who were
exposed to cow’s milk before 3 months of age. Cox regression analysis revealed
a combined effect of enterovirus infection and early cow’s milk exposure for
the development of ICA and any of the biochemically defined autoantibodies
(p =0.001), of IAA (p = 0.002), GADA (p = 0.001) and IA-2A (p = 0.013).

Conclusions  The effect of enterovirus infection on the appearance of
T1D-associated autoimmunity seems to be modified by exposure to cow’s milk
in early infancy suggesting an interaction between these factors. Moreover,
these results provide an explanation for the controversial findings obtained
when analysing the effect of any single one of these factors on the appearance
of T1D-associated autoimmunity. Copyright © 2011 John Wiley & Sons, Ltd.

Keywords autoantibody appearance; cow’s milk formula exposure; coxsackievirus
B4 infection; enterovirus infection; interaction; type 1 diabetes

Introduction

Type 1 diabetes (T1D) is an autoimmune disease resulting from the destruc-
tion of the pancreatic f§ cells by an autoimmune process. Genetic predisposition
to the loss of self tolerance is well-known. Among the T1D susceptibility genes,
the human leukocyte antigen (HLA) region is the major determinant, being
responsible for about 50% of the inherited disease risk. Outside the HLA region,
the INS gene polymorphism and PTPN22 Arg620Trp polymorphism seems to be
important contributors to the autoimmune process leading to T1D [1].
Despite the evident role of the inherited component of T1D risk, only a small
proportion of the individuals with predisposing genotypes present with clinical
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disease. Thus, in addition to the genetic background,
environmental factors are crucial for the initiation and
progression of the disease process. Both virus infections,
especially enterovirus and rotavirus infections, and early
exposure to a cow’s milk (CM)-containing diet during
infancy have been implicated as triggering factors of the
autoimmune process [2]. However, the outcomes of
several recent studies have remained controversial, and
accordingly, the role of these environmental factors in
the disease process is still unknown [2].

In a recent study from our group, an association
between enteral virus infections during early infancy and
increased bovine insulin-binding antibody levels was
observed, indicating a role for early acquired enteral virus
infections (enterovirus, rotavirus or adenovirus) in the
induction of insulin immunity [3]. The effect of enteral
virus infections on the humoral insulin immunity was
more common among subjects exposed to CM-based
formula feeding during early infancy, suggesting an inter-
action between these two environmental factors in the
formation of insulin immunity. Therefore, we now set
out to confirm this finding in a larger cohort and to
further investigate the combined effect of early acquired
enteral virus infections and CM-based formula exposure
on the emergence of T1D-associated humoral autoimmu-
nity and clinical T1D. For comparison with other virus
infections, respiratory syncytial virus (RSV) infection
during infancy was also analysed.

Subjects and methods
Subjects

The study subjects were participants in the Finnish diabe-
tes prediction and prevention (DIPP) study and carried
HLA-DQBI1 genotypes associated with an increased risk
for T1D. According to the study protocol, the subjects
were prospectively followed at 3-month intervals until
the age of 12 months, 3-6-month intervals up to
24 months and 6-12-month intervals thereafter depend-
ing on the study centre for the appearance of serological
signs of T1D-associated autoantibodies [islet cell antibodies
(ICA), insulin autoantibodies (IAA), antibodies to the 65 kD
isoform of glutamic acid decarboxylase (GADA) and
antibodies to the protein tyrosine phosphatase-related IA-2
molecule (IA-2A)] [3,4]. The study subject was considered
to be positive for a specific autoantibody if the autoantibody
test was positive in at least two consecutive serum samples.
Timing of primary exposure to CM-based formula in infancy
was asked about during the regular follow-up visits at 3 and
6 months of age.

The current study population consisted of participants
from two research centres, Turku and Oulu, comprising
99 subjects who turned positive for at least two of the
T1D-associated autoantibodies during the follow-up, and
477 control subjects matched for HLA-DQBI1 genotype,
gender and place and date of birth (3-5 controls per case,
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median 5 controls, follow-up 4.5-12.0 years) who were
not included in the pilot study group [3]. During the study
implementation, 23 of the control subjects developed
positivity for a single autoantibody and eight controls
presented with multiple autoantibodies. Controls devel-
oping single autoantibody positivity were excluded from
further analysis, and controls emerging with multiple
autoantibodies were analysed with the case group.
Descriptive characteristics of the case-control cohort used
in the analysis are provided in Table 1. Forty-seven of the
case subjects developed clinical T1D during the follow-up.
Information on the exposure to CM-based formula feeding
was available from 472 study subjects: 251 subjects were
exposed to formula feeding before 3 months of age and
221 subjects at the age of 3 months or later. The informa-
tion on CM-based formula exposure was supported by the
higher levels of bovine insulin-binding antibodies at the
age of 3months among subjects exposed to CM-based
formula before 3 months of age compared with those
exposed later during infancy [p = 0.007, Mann-Whitney
U test (MWU test)]. All subjects with clinical T1D were
diagnosed according to the WHO criteria.

The study protocol was approved by the local ethical
committees, and informed consent was obtained from
the parents of the study participants.

Analyses of enterovirus, adenovirus and
rotavirus IgG and IgA antibodies

IgG and IgA antibodies against purified coxsackievirus B4
(CBV4) antigen and adenovirus hexon protein were
measured by enzyme immunoassay (EIA) as described
earlier [3,5]. A twofold or higher increase in absorbance
between consecutive samples, exceeding the cut-off level
(0.20 optical density units) was considered evidence of
an infection. The detection of rotavirus-specific serum
IgG and IgA antibodies was performed as described previ-
ously [3]. For the rotavirus IgG and IgA assays, a positive
result was defined as a twofold or higher increase in

Table 1. Descriptive characteristics of the final autoantibody
positive case and autoantibody negative control subjects

Final cohort of AAB positive case and AAB negative control subjects

n (%) of AAB
positive subjects

n (%) of AAB
negative subjects

Gender Female 43 (40.2) 184 (41.3)
Male 64 (59.8) 262 (58.7)
HLA DQB1 *02/*0302 44 (41.1) 162 (36.3)
*0302/x° 61 (57.0) 275 (61.7)
*02/y? 2(1.9 9 (2.0)
Centre Turku 53 (49.5) 209 (46.9)
Oulu 54 (50.5) 237 (53.1)
T1D T1D 47 (43.9) 0 (0)
Healthy 60 (56.1) 446 (100.0)
Follow-up Range (years) 0.9-12.1 4.5-12.1
Mean 6.9 8.2
Median 7.5 8.0

AAB, autoantibody; T1D, type 1 diabetes
®For x and y, see the Methods.
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the absorbance between consecutive samples, or a
threefold or higher absorbance compared with a negative
control specimen, exceeding the cut-off level (0.15
optical density units).

Analysis of RSV IgG antibodies

Respiratory syncytial virus-specific IgG antibodies were
analysed using EIA. Briefly, lysate antigen of RSV A
(Randall strain)-infected VERO cells was used. Microstrip
96-well plates (Immunoplate, Nunc, Roskilde, Denmark)
were coated with RSV antigen diluted in phosphate-
buffered saline (PBS) and incubated over night at room
temperature (RT). Plates were washed with wash buffer
(1% Tween in PBS) and serum samples diluted in 1:100
assay buffer (5% pork serum, 0.5% Tween in PBS) were
added to the plate and incubated at +37°C for 2 h. Each
sample was tested in duplicate, and all samples from one
subject were tested on the same plate. After washes, perox-
idase conjugated antihuman IgG antibody (Dako, Copen-
hagen, Denmark) was added in 1:2500 dilution, and the
plates were incubated at +37°C for 1 h. O-phenylene-
diamine tablets (Kem-En-Tec Diagnostics, Copenhagen,
Denmark) were used as substrate. The reaction was stopped
by 1M HCI, and the absorbance at 490 nm (A490) Was mea-
sured using a spectrophotometer. A positive result was
defined as a twofold or higher increase in the absorbance
between two consecutive samples or by an absorbance
three times higher or more than the negative control
exceeding the cut-off level (0.15 optical density units).

Analysis of bovine insulin-binding IgG
antibodies

Bovine insulin-binding IgG antibodies were detected
using an EIA method [6]. Briefly, microtitre plates
(Combiplate Enhanced Binding, Labsystems, Helsinki,
Finland) were coated with bovine insulin (Sigma, St.
Louis, MO, USA) (1pg/well in PBS) and incubated at
+4°C overnight. The plates were washed with buffer
containing 0.05% Tween 20 in PBS and residual coated
with 1% human serum albumin. Samples were diluted
1:10 in PBS+ 0.2% human serum albumin + 0.05%
Tween 20 and incubated at RT for 2 h. After washes,
alkaline phosphatase-conjugated rabbit antihuman IgG
antibody (Vector Laboratories, Burlingame, CA, USA)
was added in a 1:100 dilution, and the plates were
incubated at RT for 90 min. P-nitrophenyl phosphatase
tablets (Sigma) were used as substrate, and the
absorbance was read on a spectrophotometer.

The autoantibody analysis
The antibody assays have been described previously [7].
The detection limit for ICA was 2.5 Juvenile Diabetes

Foundation Units. The cut-off limits for IAA, GADA and
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IA-2A positivity were 1.56 RU, 5.36 RU and 0.43 RU,
respectively, representing the 99th percentiles in a series
comprising more than 370 nondiabetic Finnish children
and adolescents. The disease sensitivity of the IAA, GADA
and IA-2A assays were 58%, 82% and 72%, respectively,
while the specificity values were 98%, 96% and 100%,
respectively, based on the 2005 Diabetes Autoantibody
Standardization Programme Workshop.

The genetic analysis

The methods for the HLA-DQBI and HLA-DQA1 genotyp-
ing typing were performed as described previously [8].

Statistical analysis

All statistical analyses were performed with spss 15.0
(SPSS Inc., Chicago, 11, USA). The Log Rank test was used
in the Kaplan—-Meier analysis to compare the appearance
of autoantibodies or T1D between the groups. Cox regression
was employed to analyse the combined effect of viral
infections and CM milk formula exposure on the appearance
of autoimmunity. ANOVA for repeated measurements was
used to compare the antibody levels between the groups over
time and the MWU-test to analyse the differences in the
antibody levels at specific time points.

Results

The effect of enterovirus, adenovirus,
rotavirus and RSV infections in infancy
on bovine insulin-binding antibody levels

The effect of enterovirus, adenovirus, rotavirus and RSV
infection by 6 and 12 months of age on the development
of bovine insulin-binding antibodies at the age of 6, 12,
18 and 24 months was analysed. Among the study
group, 15 subjects with enterovirus, 13 subjects with
adenovirus, 28 subjects with rotavirus and 42 subjects
with RSV infections were detected by 6 months of age.
By the age of 12months, 83, 68, 97 and 152 subjects
had signs of these infections, respectively. Occurrence of
enterovirus, adenovirus or rotavirus infection before
6 months of age was associated with elevated bovine insu-
lin-binding antibody over time (p = 0.01, ANOVA for re-
peated measurements). When time points were analysed
separately, bovine insulin-binding antibody levels were
higher at 6 months of age among subjects with any of
the enteral virus infections by that age, but no differences
were observed at the age of 12, 18 or 24 months (for
6 months of age p < 0.001, MWU-test). Positivity for anti-
bodies against any of these enteral virus infections by
12 months of age did not affect the bovine insulin-binding
antibody levels in the subsequent samples analysed.
When each virus infection was analysed separately,
rotavirus infection before 6 months of age was associated

Diabetes Metab Res Rev 2012; 28: 177-185.
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with elevated bovine insulin-binding antibody levels over
the follow-up period (p=0.03, ANOVA for repeated
measurements) and at the age of 6 months (p=0.02,
MWU-test). When analysed separately, adenovirus,
enterovirus and RSV infections before 6 and 12 months
of age did not affect the bovine insulin-binding antibody
levels in infancy.

p-value*
0.078
0.34

T1D
3/19 (15.8)

14/206 (6.8)
1/7 (14.3)

14/195 (7.2)

The effect of infections and CM
formula-based feeding on the
appearance of T1D-associated
autoimmunity

p-value*
0.11
0.37

When the effect of the virus infections on the appearance
of T1D-associated autoantibodies (ICA, IAA, GADA or
IA-2A) or clinical T1D was analysed, no association
between enterovirus, adenovirus or RSV infection by 6
or 12 months of age on appearance of autoantibodies or
clinical T1D could be observed. No effect of CM-based
formula nutrition was observed on the appearance of
T1D-associated humoral immunity or clinical T1D when
comparing subjects exposed to CM formula nutrition
before the age of 3 months or later in infancy. However,
enhanced emergence of GADA was observed among
subjects with rotavirus infection before 6 months of age
(among subjects with rotavirus infection, seven of 28
(25.0%) subjects developed GADA compared with 65 of
465 (14.0%) subjects in the group without rotavirus
infection by that age, p = 0.04, respectively, Kaplan-Meier

1A-2A

4/19 (21.1)
24/206 (11.7)
0/7 (0)
26/195 (13.3)

92

p-value*
0.031
0.

Table 2. The cumulative appearance of islet cell antibodies with any of the biochemically defined autoantibodies or specifically of insulin autoantibodies, glutamic acid decarboxylase,
antibodies to the protein tyrosine phosphatase-related 1A-2 molecule and type 1 diabetes [autoantibody positive or type 1 diabetes (n) /total (n), (%)] among subjects with or without
rotavirus antibodies indicating an infection before the age of 6 months in the group exposed to cow’s milk-based formula before 3 months of age or in the group exposed to cow’s milk
GADA

5/19 (26.3)

26/206 (12.6)

1/7 (14.3)

30/195 (15.4)

ICA, islet cell antibodies; IAA, insulin autoantibodies; GADA, glutamic acid decarboxylase; IA-2A, to the protein tyrosine phosphatase-related IA-2 molecule; T1D, type 1 diabetes; CM, cow’s milk.

X
analysis, Log rank test). No effect of rotavirus infection E T ®
later in infancy on the appearance of autoimmunity could %: s o
be observed.
The combined effect of enteral virus SC93
infection and exposure to CM-based 2 o9~ 0
formula in infancy on the appearance $8°2
of T1D-associated autoimmunity and ~om
clinical disease .
33w

When the effect of various virus infections on the appear- %: 3 3
ance of humoral autoimmunity was analysed separately
among subjects exposed to CM-based formula before
3 months of age and among subjects exposed to CM later [CANYONTY
in infancy, the predisposing effect of the rotavirus infec- g nesg
tion before 6 months of age was observed only among - 2§ Eg
subjects exposed to CM-based formula in early infancy © S @ +
(Table 2). However, Cox Regression analysis showed no ﬁ
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between early rotavirus infection and CM formula expo- S :12: % % % >
sure before 3 months of age. No effect on autoimmunity E‘ g E g;_é § .
appearance was seen for other infections before 6 months \.g Z
of age when the two dietary groups were analysed - %
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experienced before 12 months, the appearance of ICA, 2 E ;E, '%
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having an enterovirus infection during the first year of life £ o U ¥
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in the early CM exposure group (Table 3, Figure 1). No
clear interaction between adenovirus or RSV infection
and early CM-based formula exposure could be observed.
Similarly, no interaction between rotavirus infection by
12 months of age and early CM exposure could be
seen (Table 3).

In Cox Regression analysis for the combined effect of
enterovirus infection in infancy and CM formula
exposure, we observed an association between enterovi-
rus infection before 12 months of age and the appearance
of ICA together with any of the biochemically defined
autoantibodies, the appearance of IAA, GADA and IA-2A
among subjects exposed to CM-based formula before
3 months [for ICA p=0.001, hazard ratio (HR) for
interaction term 7.4, 95% CI 2.2-25.4, for IAA
p=0.002, HR 9.5, 95% CI 2.3-38.4, for GADA
p =0.001, HR 9.7, 95% CI 2.5-38.2, for IA-2A p = 0.013,
HR 5.2, 95% CI 1.4-18.71, but the effect on progression
to clinical T1ID remained nonsignificant (p =0.15, HR
3.8, 95% CI 0.60-24.1).

Discussion

Both the limited role of genetic predisposition and the
rapid increase in the disease rate indicate that the role
of environmental factors in the pathogenesis of T1D is
crucial. In Finland, the incidence of T1D has doubled over
the last 25 years, and the disease incidence continuous to
increase [9]. Moreover, in Europe, the highest propor-
tional increase in the disease rate is currently observed
in countries in Eastern Europe that have so far been
considered to have low T1D incidence, suggesting a rapid
change in the impact of environmental factors [10].

An extensive series of studies on the role of environ-
mental agents in the T1D disease process has been
published during the recent decades. Currently, the
environmental triggers most strongly implicated include
viral infections, especially enterovirus infections, and
early CM exposure. Supporting the hypothesis of the role
of enterovirus infection in the induction of T1D-associated
autoimmunity, a persistent or recurrent enterovirus
infection in gut mucosa has recently been described
among T1D patients, suggesting a reduced clearance of
enterovirus among affected patients [11]. In addition,
enteroviruses have been shown to infect pancreatic islets
[12], and enteroviruses have been detected in pancreatic
islets in patients with T1D [13,14].

Several case-control series have reported not only
elevated enterovirus antibody levels among T1D patients
[15-17] but also contradictory results [18,19]. Moreover,
in Finnish prospective series, a temporal association has
been observed between the emergence of T1D-associated
autoantibodies and enterovirus infections [5,20-23].
Accordingly, a temporal association between the appear-
ance of humoral signs of autoimmunity and the presence
of enterovirus RNA in blood has been observed repeatedly
in Finnish studies [22,24,25], although no such associa-
tions were reported among other populations [26-28].

Copyright © 2011 John Wiley & Sons, Ltd.
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In addition to enterovirus infections, rotavirus infection
has been associated with temporary increases in the levels
of T1D-associated autoantibodies in an Australian study
[28], but a Finnish prospective cohort failed to find any
association between rotavirus infection and the appear-
ance of T1D-associated autoantibodies and overt T1D
[29]. However, a recent study from our group showed
an association between enteral virus infection, especially
rotavirus infection, in early infancy and elevated bovine
insulin-binding antibody levels during infancy, suggesting
a role for these infections in the formation of insulin
immunity [3].

The role of CM-based formula nutrition as a triggering
factor of T1D autoimmunity is unclear, and contradictory
results have been published. Several studies have shown
an association between early CM exposure or short
exclusive breastfeeding and the emergence of f-cell
autoimmunity or clinical T1D [30-33], but numerous
other surveys have failed to show any relationship
between these two factors [34-37]. However, the role of
dietary bovine insulin in the formation of insulin immu-
nity and tolerance is conceivable [6,38,39]. Moreover,
the only prospective intervention study so far comparing
the effect of hydrolyzed formula feeding and conventional
CM-based formula nutrition on the development of
T1D-associated autoimmunity suggested a decreased
appearance of humoral signs of f-cell autoimmunity
among subjects receiving the hydrolyzed formula [30,40].

In our series, no direct association between the
enhanced emergence of T1D-associated autoimmunity
and enterovirus infection during infancy or early exposure
to CM-based formula could be observed among subjects
carrying the HLA-DQBI genotypes associated with T1D
risk. However, when the combined effect of these two
factors was analysed, enterovirus infection before
12 months of age was found to enhance the appearance
of T1D-associated autoimmunity among subjects exposed
to CM before 3 months of age. This result proposes a more
complex pathway in the initiation of -cell autoimmunity.
In line with this, we observed in an earlier study that the
presence of cellular responses to enterovirus antigens
during early infancy and early exposure to CM formula
were associated with an increased humoral response
towards bovine insulin [41]. This result suggests that
among at-risk subjects, enterovirus infection during
infancy may modify the developing tolerance to dietary
bovine insulin. Thus, this finding supports our hypothesis
of the necessity of multiple separate factors contributing
to the process resulting in ff-cell destruction.

In the present study cohort, rotavirus infection during
infancy was associated with a subsequent increase in bo-
vine insulin-binding antibody levels. In addition, signs of
association between early rotavirus infection and
appearance of humoral f-cell autoimmunity could be
observed. Rotavirus infection in gut mucosa increases
the permeability of the gut, which may lead to increased
absorption of and enhanced immunity to food proteins,
and may thus facilitate the generation of autoimmunity
to autologous insulin [42]. In contrast, the mechanisms

Diabetes Metab Res Rev 2012; 28: 177-185.
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Figure 1. In Kaplan-Meier survival analysis, the appearance of islet cell antibodies with any of the biochemically defined autoantibodies (a),
of insulin autoantibodies (c), glutamic acid decarboxylase (e) and antibodies to the protein tyrosine phosphatase-related IA-2 molecule (g)
was enhanced among subjects with enterovirus infection by 12 months of age (dotted line) compared with subjects without enterovirus
infection by that age (continuous line) among subjects exposed to cow’s milk by 3 months of age (p =0.001, <0.001, <0.001, 0.001,
respectively, Log Rank test) but no significant difference in the development of clinical type 1 diabetes could be observed [p = 0.17 (i)]. No
such effect of enterovirus infection on the emergence of type 1 diabetes-associated autoimmunity was observed in the group exposed to cow’s
milk later in infancy [for islet cell antibodies p = 0.08 (b), for insulin autoantibodies p = 0.08 (d), for glutamic acid decarboxylase p = 0.10 (f),
for antibodies to the protein tyrosine phosphatase-related IA-2 molecule p = 0.42 (h), for type 1 diabetes p = 0.40 (j)]

of the facilitation of the autoimmunity by enterovirus infec-
tion might be different as no enhancement of bovine insulin
specific antibody response was observed after enterovirus
infection in infancy. In addition, the timing of the diabetes-
predisposing infection seems to differ between infection

Copyright © 2011 John Wiley & Sons, Ltd.

caused by rotavirus or enterovirus also suggesting a differ-
ent role of these infections in the pathogenesis of f-cell
autoimmunity. In this respect, it is interesting that CBV4
infection has been shown to induce a bystander activation
effect in the non-obese diabetic (NOD) mouse model but
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only if a critical threshold level of f-cell-specific autoreac-
tive T cells have accumulated indicating that the timing of
the coxsackie virus infection rather than its presence or
absence may be important for the role of the infection in
the development of T1D-associated autoimmunity [43].

In the current study, we analysed a cohort derived from
the DIPP study, which is a prospective cohort tightly
following subjects with HLA conferred risk for developing
T1D. The number of subjects in the current study and HLA
selection criteria limit the power of the study when gener-
alizing the finding to background population. Moreover,
we did not see any significant effect of early exposure to
CM-based formula and enterovirus infection during
infancy on the development of clinical disease. However,
this is most likely explained by the lower number of case
subjects, and the longer observation period needed to
see the development of clinical disease. The trend
observed in clinical disease was in the same direction as
found in the autoantibody markers, and the value of the
autoantibody combinations used in the study as surrogate
markers of T1D is well-established [2].

In conclusion, our results suggest an interplay between
CM-based formula exposure in early infancy and enterovirus
infections during the first months of life in the appearance of
p-cell-specific humoral autoimmunity and clinical T1D
among subjects with HLA-conferred susceptibility to T1D.
As suggested by NOD mouse model earlier, current results
could be explained by enterovirus infection induced activa-
tion of the existing f-cell-specific autoreactive T cells,
together with the hypothesis that early CM-based formula

References

1. Maier LM, Wicker LS. Genetic suscepti-

bility to type 1 diabetes. Curr Opin 1657-1665.

Study Group. Diabetes

J. Lempainen et al.

exposure acts as a primary trigger of diabetes-associated
insulin autoimmunity. The suggested interaction between
these two environmental factors may also provide an expla-
nation for the contradictory findings on the role of any one
of these factors in the appearance of autoimmunity leading
to subsequent T1D. More studies are needed to clarify the
role of the suggested interaction of these two environmental
factors in the pathogenesis of T1D.

Acknowledgements

This study was supported by the Juvenile Diabetes Research
Foundation, the Academy of Finland, the Medical Research
Council, the Sigrid Juselius Foundation, the Turku School of
Biomedical Sciences, the Finnish Cultural Foundation, the
Research and Science Foundation of Farmos, the Finnish
Foundation for Research on Viral Diseases and Satakunta Central
Hospital District. We thank Mia Karlsson, Terhi Laakso, Terttu
Laurén, Piia Nurmi, Anneli Suomela and Ritva Suominen for
their skilful technical assistance and Tero Vahlberg, MSc, for
assistance in the statistical analysis. We acknowledge the DIPP
study personnel and DIPP study children and their families for
their irreplaceable contribution.

Conflict of interest

None declared.

49: 13. DottaF, Censini S, van Halteren AG, et al.
Coxsackie B4 virus infection of beta cells

and natural Killer cell insulitis in recent-

2000;

Immunol 2005; 17: 601-608. 7.

. Knip M, Veijola R, Virtanen SM, Hyoty H,
Vaarala O, Akerblom HK. Environmen-
tal triggers and determinants of type 1
diabetes. Diabetes 2005; 54(Suppl 2):
S$125-5136.

. Makeld M, Vaarala O, Hermann R, et al.
Enteral virus infections in early child-
hood and an enhanced type 1 diabetes-
associated antibody response to dietary
insulin. J Autoimmun 2006; 27: 54-61.

. Kupila A, Muona P, Simell T, et al.
Feasibility of genetic and immunological
prediction of type I diabetes in a popula-
tion-based birth cohort. Diabetologia
2001; 44: 290-297.

. Lonnrot M, Korpela K, Knip M, et al.
Enterovirus infection as a risk factor for
beta-cell autoimmunity in a prospec-
tively observed birth cohort: the Finnish
Diabetes Prediction and Prevention
Study. Diabetes 2000; 49: 1314-1318.

. Paronen J, Knip M, Savilahti E, et al.
Effect of cow’s milk exposure and
maternal type 1 diabetes on cellular
and humoral immunization to dietary
insulin in infants at genetic risk for
type 1 diabetes. Finnish Trial to Re-
duce IDDM in the Genetically at Risk

Copyright © 2011 John Wiley & Sons, Ltd.

10.

11.

12.

Kimpimaki T, Kulmala P, Savola K, et al.
Natural history of beta-cell autoimmu-
nity in young children with increased
genetic susceptibility to type 1 diabetes
recruited from the general population.
J Clin Endocrinol Metab 2002; 87:
4572-4579.

. Laaksonen M, Pastinen T, Sjoroos M,

et al. HLA class II associated risk and
protection against multiple sclerosis-a
Finnish family study. J Neuroimmunol
2002; 122: 140-145.

. Harjutsalo V, Sjoberg L, Tuomilehto J.

Time trends in the incidence of type 1
diabetes in Finnish children: a cohort
study. Lancet 2008; 371: 1777-1782.
Incidence and trends of childhood type
1 diabetes worldwide 1990-1999. Diabet
Med 2006; 23: 857-866.

Oikarinen M, Tauriainen S, Honkanen T,
et al. Detection of enteroviruses in the
intestine of type 1 diabetic patients. Clin
Exp Immunol 2008; 151: 71-75.
Ylipaasto P, Klingel K, Lindberg AM,
et al. Enterovirus infection in human
pancreatic islet cells, islet tropism
in vivo and receptor involvement in cul-
tured islet beta cells. Diabetologia
2004; 47: 225-239.

14.

15.

16.

17.

onset type 1 diabetic patients. Proc Natl
Acad Sci USA 2007; 104: 5115-5120.
Foulis AK, Farquharson MA, Cameron SO,
McGill M, Schonke H, Kandolf R. A
search for the presence of the enteroviral
capsid protein VP1 in pancreases of
patients with type 1 (insulin-dependent)
diabetes and pancreases and hearts of
infants who died of coxsackieviral
myocarditis. Diabetologia 1990; 33:
290-298.

Banatvala JE, Bryant J, Schernthaner G,
et al. Coxsackie B, mumps, rubella, and
cytomegalovirus specific IgM responses
in patients with juvenile-onset insulin-
dependent diabetes mellitus in Britain,
Austria, and Australia. Lancet 1985; 1:
1409-1412.

Frisk G, Friman G, Tuvemo T, Fohlman J,
Diderholm H. Coxsackie B virus IgM in
children at onset of type 1 (insulin-
dependent) diabetes mellitus: evidence
for IgM induction by a recent or current
infection. Diabetologia 1992; 35: 249-253.
Helfand RF, Gary HE Jr, Freeman CY,
Anderson LJ, Pallansch MA. Serologic
evidence of an association between
enteroviruses and the onset of type 1

Diabetes Metab Res Rev 2012; 28: 177-185.
DOI: 10.1002/dmrr



Enterovirus and Type 1 Diabetes

18.

19.

20.

21.

22.

23.

24.

25.

26.

diabetes mellitus. Pittsburgh Diabetes
Research Group. J Infect Dis 1995; 172:
1206-1211.

Mertens T, Gruneklee D, Eggers HJ.
Neutralizing antibodies against coxsackie
B viruses in patients with recent onset of
type I diabetes. Eur J Pediatr 1983; 140:
293-294.

Palmer JP, Cooney MK, Ward RH, et al.
Reduced coxsackie antibody titres
in type 1 (insulin-dependent) diabetic
patients presenting during an outbreak
of coxsackie B3 and B4 infection.
Diabetologia 1982; 22: 426-429.

Hyoty H, Hiltunen M, Knip M, et al. A
prospective study of the role of
coxsackie B and other enterovirus infec-
tions in the pathogenesis of IDDM.
Childhood Diabetes in Finland (DiMe)
Study Group. Diabetes 1995; 44: 652-657.
Roivainen M, Knip M, Hyoty H, et al.
Several different enterovirus serotypes
can be associated with prediabetic
autoimmune episodes and onset of overt
IDDM. Childhood Diabetes in Finland
(DiMe) Study Group. J Med Virol 1998;
56: 74-78.

Sadeharju K, Himalainen AM, Knip M,
et al. Enterovirus infections as a risk fac-
tor for type I diabetes: virus analyses in
a dietary intervention trial. Clin Exp
Immunol 2003; 132: 271-277.
Sadeharju K, Lonnrot M, Kimpimaki T,
et al. Enterovirus antibody levels during
the first two years of life in prediabetic
autoantibody-positive children. Diabeto-
logia 2001; 44: 818-823.

Lonnrot M, Salminen K, Knip M, et al.
Enterovirus RNA in serum is a risk factor
for beta-cell autoimmunity and clinical
type 1 diabetes: a prospective study.
Childhood Diabetes in Finland (DiMe)
Study Group. J Med Virol 2000; 61:
214-220.

Salminen K, Sadeharju K, Lonnrot M,
et al. Enterovirus infections are associ-
ated with the induction of beta-cell au-
toimmunity in a prospective birth cohort
study. J Med Virol 2003; 69: 91-98.
Fuchtenbusch M, Irnstetter A, Jager G,
Ziegler AG. No evidence for an

Copyright © 2011 John Wiley & Sons, Ltd.

27.

28.

29.

30.

31.

32.

33.

34.

association of coxsackie virus infections
during pregnancy and early childhood
with development of islet autoantibo-
dies in offspring of mothers or fathers
with type 1 diabetes. J Autoimmun
2001; 17: 333-340.

Graves PM, Rotbart HA, Nix WA, et al.
Prospective study of enteroviral infec-
tions and development of beta-cell auto-
immunity. Diabetes autoimmunity study
in the young (DAISY). Diabetes Res Clin
Pract 2003; 59: 51-61.

Honeyman MC, Coulson BS, Stone NL,
et al. Association between rotavirus
infection and pancreatic islet autoimmu-
nity in children at risk of developing
type 1 diabetes. Diabetes 2000; 49:
1319-1324.

Blomgqvist M, Juhela S, Erkkila S, et al.
Rotavirus infections and development
of diabetes-associated autoantibodies
during the first 2years of life. Clin Exp
Immunol 2002; 128: 511-515.
Akerblom HK, Virtanen SM, Ilonen J,
et al. Dietary manipulation of beta cell
autoimmunity in infants at increased
risk of type 1 diabetes: a pilot study.
Diabetologia 2005; 48: 829-837.
Kimpiméki T, Erkkola M, Korhonen S,
et al. Short-term exclusive breastfeeding
predisposes young children with
increased genetic risk of type I diabetes
to progressive beta-cell autoimmunity.
Diabetologia 2001; 44: 63-69.

Virtanen SM, Résdnen L, Aro A, et al.
Infant feeding in Finnish children less
than 7yr of age with newly diagnosed
IDDM. Childhood Diabetes in Finland
Study Group. Diabetes Care 1991;
14: 415-417.

Virtanen SM, Résénen L, Ylonen K, et al.
Early introduction of dairy products
associated with increased risk of IDDM
in Finnish children. The Childhood in
Diabetes in Finland Study Group.
Diabetes 1993; 42: 1786-1790.

Couper JJ, Steele C, Beresford S, et al.
Lack of association between duration of
breast-feeding or introduction of cow’s
milk and development of islet autoim-
munity. Diabetes 1999; 48: 2145-2149.

35.

36.

37.

38.

39.

40.

41.

42.

43.

185

Hummel M, Fuchtenbusch M, Schenker
M, Ziegler AG. No major association of
breast-feeding, vaccinations, and child-
hood viral diseases with early islet
autoimmunity in the German BABYDIAB
Study. Diabetes Care 2000; 23: 969-974.
Norris JM, Beaty B, Klingensmith G,
et al. Lack of association between early
exposure to cow’s milk protein and
beta-cell autoimmunity. Diabetes Auto-
immunity Study in the Young (DAISY).
JAMA 1996; 276: 609-614.

Ziegler AG, Schmid S, Huber D, Hummel
M, Bonifacio E. Early infant feeding and
risk of developing type 1 diabetes-
associated autoantibodies. JAMA 2003;
290: 1721-1728.

Vaarala O, Knip M, Paronen J, et al.
Cow’s milk formula feeding induces
primary immunization to insulin in infants
at genetic risk for type 1 diabetes. Diabetes
1999; 48: 1389-1394.

Vaarala O, Paronen J, Otonkoski T,
Akerblom HK. Cow milk feeding induces
antibodies to insulin in children--a link
between cow milk and insulin-
dependent diabetes mellitus? Scand J
Immunol 1998; 47: 131-135.

Knip M, Virtanen SM, Seppa K, et al.
Dietary intervention in infancy and later
signs of beta-cell autoimmunity. N Engl J
Med 2010; 363: 1900-1908.

Vaarala O, Klemetti P, Juhela S, Simell O,
Hy6ty H, Ilonen J. Effect of coincident
enterovirus infection and cows’ milk
exposure on immunisation to insulin in
early infancy. Diabetologia 2002; 45:
531-534.

Jalonen T, Isolauri E, Heyman M, Crain-
Denoyelle AM, Sillanaukee P, Koivula T.
Increased beta-lactoglobulin absorption
during rotavirus enteritis in infants:
relationship to sugar permeability.
Pediatr Res 1991; 30: 290-293.

Serreze DV, Ottendorfer EW, Ellis TM,
Gauntt CJ, Atkinson MA. Acceleration
of type 1 diabetes by a coxsackievirus
infection requires a preexisting crit-
ical mass of autoreactive T-cells in
pancreatic islets. Diabetes 2000; 49:
708-711.

Diabetes Metab Res Rev 2012; 28: 177-185.
DOI: 10.1002/dmrr



