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Abstract
Aims/hypothesis Respiratory infections and onset of islet autoimmunity are reported to correlate positively in two small
prospective studies. The Environmental Determinants of
Diabetes in the Young (TEDDY) study is the largest prospective international cohort study on the environmental determinants of type 1 diabetes that regularly monitors both clinical
infections and islet autoantibodies. The aim was to confirm the
influence of reported respiratory infections and to further

characterise the temporal relationship with autoantibody
seroconversion.
Methods During the years 2004–2009, 8676 newborn babies
with HLA genotypes conferring an increased risk of type 1
diabetes were enrolled at 3 months of age to participate in a
15 year follow-up. In the present study, the association between parent-reported respiratory infections and islet autoantibodies at 3 month intervals up to 4 years of age was evaluated in 7869 children. Time-dependent proportional hazard
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models were used to assess how the timing of respiratory
infections related to persistent confirmed islet autoimmunity,
defined as autoantibody positivity against insulin, GAD and/
or insulinoma antigen-2, concordant at two reference laboratories on two or more consecutive visits.
Results In total, 87,327 parent-reported respiratory infectious
episodes were recorded while the children were under study
surveillance for islet autoimmunity, and 454 children
seroconverted. The number of respiratory infections occurring
in a 9 month period was associated with the subsequent risk of
autoimmunity (p < 0.001). For each 1/year rate increase in
infections, the hazard of islet autoimmunity increased by
5.6% (95% CI 2.5%, 8.8%). The risk association was linked
primarily to infections occurring in the winter (HR 1.42 [95%
CI 1.16, 1.74]; p < 0.001). The types of respiratory infection
independently associated with autoimmunity were common
cold, influenza-like illness, sinusitis, and laryngitis/tracheitis,
with HRs (95% CI) of 1.38 (1.11, 1.71), 2.37 (1.35, 4.15),
2.63 (1.22, 5.67) and 1.76 (1.04, 2.98), respectively.
Conclusions/interpretation Recent respiratory infections in
young children correlate with an increased risk of islet autoimmunity in the TEDDY study. Further studies to identify the
potential causative viruses with pathogen-specific assays
should focus especially on the 9 month time window leading
to autoantibody seroconversion.
Keywords Autoimmunity . Islet autoantibodies . Prospective
cohort . Respiratory infections . Type 1 diabetes

Abbreviations
FDR
First-degree relative
GADA
GAD antibody
IAA
Insulin autoantibody
IA-2A
Insulinoma antigen-2 autoantibody
RIE
Respiratory infectious episode
TEDDY The Environmental Determinants of Diabetes in
the Young

Introduction
Type 1 diabetes results in the destruction of pancreatic beta
cells through an autoimmune process, marked by the presence
of circulating autoantibodies to pancreatic islet cell antigens.
Factors promoting islet autoimmunity are not completely elucidated. Genetic factors have a strong influence, but the steep
global increase in type 1 diabetes incidence over the last few
decades is likely driven by environmental factors that have yet
to be determined.
The role of infections as environmental factors linked to
type 1 diabetes is unclear; a positive association between infections and diabetes suggests an autoimmunity-promoting

effect [1]. However, infections could also protect against autoimmunity [2]. The mode of action may depend on several
factors, like microbe species, anatomical location of infection,
host’s age and the intensity of beta cell stress induced by the
infection. Parent-reported early childhood respiratory infections showed no association with islet autoimmunity in a prospective study in the USA [3], whereas respiratory infections
were associated with islet autoimmunity in two small
European prospective studies; the environmental triggers for
type 1 diabetes study (MIDIA) and a primary dietary intervention study to reduce the risk of islet autoimmunity in children
at increased risk for type 1 diabetes (BABYDIET) [4, 5]. An
analysis of statutory health insurance claims data of individuals from Bavaria, Germany, suggested an association between early life respiratory infections and later clinical type
1 diabetes [6]. Common microbes that cause respiratory tract
infections include enteroviruses, which have been reported to
show an association with an increased risk of type 1 diabetes
[7–9] and are often found in the pancreatic islets of individuals
with type 1 diabetes [10, 11]. These findings call for further
evaluation of the role of respiratory infections in the pathogenesis of diabetes in both participant-reported studies of infections and microbe-specific studies of infections.
The Environmental Determinants of Diabetes in the Young
(TEDDY) study has recruited 8676 newborns for a 15 year
follow-up, making it one of the largest observational prospective cohort studies of the pathogenesis of type 1 diabetes, and
the largest one systematically monitoring both clinical infections and islet autoantibodies. The collection of data on clinical infections [12, 13] enables evaluation of rates, timing and
types of respiratory infections over time. The aim of the present study was to evaluate the time-dependent associations of
respiratory infections with the onset of islet autoimmunity
during the first 4 years of life within the TEDDY cohort.

Methods
Study participants TEDDY was approved by local institutional review or ethics boards and is monitored by an external
evaluation committee. There are six clinical research centres:
three in the USA (Colorado, Georgia/Florida and Washington
State) and three in Europe (Finland, Germany and Sweden).
Children with HLA haplotypes conferring an increased risk of
type 1 diabetes were invited to participate from both the general population and those with a first-degree relative (FDR)
with type 1 diabetes. Written informed consent was obtained
from a parent or primary caregiver separately for genetic
screening and then participation in the follow-up. A total of
8676 infants born between 2004 and 2010 were recruited into
a prospective follow-up from 3 months to 15 years, with study
visits every 3 months until the age of 4 years, and then every
6 months thereafter. A detailed study design has been
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previously published [12, 13] and details of the TEDDY
Study Group can be found in the electronic supplementary
material (ESM).
In the present study, follow-up data during the 3 month visit
schedule, i.e. from enrolment up to 48 months of age, were
evaluated. Participants with ineligible HLA (n = 118), indeterminate autoantibody results (n = 55), detectable type 1
diabetes-related autoantibodies at enrolment (n = 10), or no
follow-up visits after enrolment (n = 624) were excluded.
Participants missing four or more consecutive visits were considered withdrawn from the present study after the date of
their last visit. The cohort is described in Table 1.
Determining islet autoimmunity and type 1 diabetes Blood
samples drawn at each clinic visit were analysed for insulin
autoantibodies (IAA), GAD autoantibody (GADA) and
insulinoma antigen-2 autoantibody (IA-2A) [12,13].
Samples were analysed at the Barbara Davis Center for
Childhood Diabetes at the University of Colorado Denver
(US sera) and the University of Bristol (UK) (European sera).
All autoantibody-positive samples and 5% of negative samples were re-tested by the other reference laboratory. Both
laboratories exhibited high sensitivity, specificity and concordance [14]. Concordant samples were deemed confirmed.
Persistent islet autoimmunity was defined as confirmed autoantibody positivity on more than two consecutive visits at
3 months apart. Type 1 diabetes was diagnosed according to
the ADA criteria [15].
Recording of infections Parents recorded symptoms of illnesses and any subsequent diagnosis in a TEDDY diary book.
At each scheduled clinic visit, infections since the previous
visit were collected by study nurses, who translated parental
reports of children’s illnesses into diagnosis codes according
to the ICD-10 classification by WHO (www.who.int/
classifications/icd/en/). Infectious disease data processing
and categorisation in the TEDDY study has been previously
described in detail [16]. In brief, we used a respiratory
infectious episode (RIE) approach [16], which reduces the
possibility of overestimation of microbial exposure because
of multiple symptom and/or diagnosis reports during a single
microbial infection.
The RIEs are also categorised by having the presence or
absence of the following subcategories of a respiratory infections [16]: bronchitis and lower respiratory tract infections;
common cold; conjunctivitis (included as this mostly occurs
in children in conjunction with a respiratory tract infection and
is caused by the same microbes [17]); enterovirus-like illnesses; infections of the middle ear and mastoid process;
influenza-like illnesses; laryngitis and tracheitis; respiratory
syncytial virus infection; sinusitis; tonsillitis or streptococcal
pharyngitis; other respiratory tract infections.

Statistical analyses Age-specific RIE count was calculated as
the total number of RIEs from the day after the previous visit
until the end of the day of the following 3 month visit. RIE
count for a child during any time period was calculated as a
rate per year. The primary aim was to assess RIE rates in
relation to risk of islet autoimmunity at different time periods.
Associations were examined by time-dependent Cox proportional hazard models. Children were censored after the day of
the last negative islet autoimmunity result or the day of the
48 month sample, whichever came first. The 3 month RIE rate
on the day of seroconversion was first examined for association with hazard of islet autoimmunity. The date of seroconversion was considered the date of the first positive islet autoimmunity sample. The effect of RIE at the time of seroconversion was assessed using HR and 95% CI, as calculated
from the time-dependent Cox regression model. The period
before seroconversion was defined as the time from date of
enrolment up to date of the last 3 month visit prior to the day
of seroconversion. The effect of RIEs on subsequent seroconversion was modelled by several time-varying predictors that
looked at RIEs in different periods relative to this last visit
prior to seroconversion. The RIE rate was examined over the
entire period from enrolment to the last visit before seroconversion (‘cumulative’), in the first year after enrolment (‘early’), and in each year before seroconversion (‘recent’). The
early RIE rate was modelled as a step function and examined
over the entire year and at 3 month intervals within the first
year. Recent RIE rates were modelled by a lag function and
examined at 3 month intervals up to 2 years prior to seroconversion. All models were adjusted for sex, HLA-DQ genotype,
and family history of type 1 diabetes (FDR) by including them
as covariates, as well as for country, by fitting a separate baseline hazard. In models examining RIE rates before seroconversion, an adjustment was made for the age of the child at the
last visit to ensure that RIE rates were counted over a similar
age period.
The second aim was to characterise in a subgroup analysis
any significant time-dependent association between RIE rate
and islet autoimmunity. Further characterisation included testing by seasonality, febrile symptoms and respiratory infection
subcategory. RIE subcategories were included together in
multivariate models when possible to identify types that had
an independent association with islet autoimmunity. Cox regression models also tested whether RIEs were associated
with progression to seroconversion to a second autoantibody
type or type 1 diabetes by age 6 years.
All final models were adjusted for SNPs PTPN22
(rs2476601), INS (rs689), ERBB3 (rs2292239), SH2B3
(rs3184505), CLEC16A (rs12708716) and for dietary
probiotics before 3 months of age, which have been previously associated with islet autoimmunity in TEDDY [18–20], as
well as for potential confounders, including preterm birth, low
birthweight, mother’s first child, maternal education and
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Table 1

Description of cohort

Factor

Islet autoimmunity-positive
children, n/total (%)a

Multivariate proportional hazard model of factors associated with IAb
Unadjusted

Adjustedc

HR (95% CI)

HR (95% CI)

p value

HLA-DR genotype
DR4-DQ8/DR4-DQ8
DR3-DQ2/DR4-DQ8

76/1551 (4.9)
229/3063 (7.5)

1.00
1.53 (1.18, 1.98)

1.00
1.48 (1.13, 1.94)

Ref.
0.004

DR4-DQ8/DR8-DQ4

69/1361 (5.1)

1.04 (0.75, 1.45)

1.08 (0.77, 1.51)

0.90

DR3-DQ2/DR3-DQ2
DR-DQ-FDR specific

60/1637 (3.7)
20/257 (7.8)

0.75 (0.54, 1.06)
0.64 (0.38, 1.09)

0.71 (0.50, 1.02)
0.68 (0.40, 1.16)

0.06
0.16

No
Yes

353/6997 (5.0)
101/872 (11.6)

1.00
2.62 (2.04, 3.37)

1.00
2.42 (1.90, 3.14)

Ref.
<0.0001

Male

251/4010 (6.3)

Sex
1.00

1.00

Ref.

Female

203/3859 (5.3)

0.82 (0.68, 0.99)

0.78 (0.64, 0.94)

0.01

USA
Finland
Germany
Sweden

150/3279 (4.6)
117/1717 (6.8)
36/525 (6.9)
151/2348 (6.4)

Country
1.00
1.45 (1.13, 1.86)
1.24 (0.85, 1.80)
1.33 (1.06, 1.66)

1.00
1.46 (1.12, 1.92)
1.24 (0.82, 1.86)
1.28 (1.00, 1.62)

Ref.
0.006
0.13
0.04

287/5467 (5.2)
135/1426 (9.5)

1.00
1.76 (1.43, 2.16)

Ref.
<0.0001

293/4073 (7.2)
155/3374 (4.6)

1.00
0.68 (0.56, 0.83)

Ref.
0.0002

154/3151 (4.9)
268/3743 (7.2)

1.00
1.47 (1.20, 1.79)

Ref.
0.0002

103/2138 (4.8)
319/4756 (6.7)

1.00
1.31 (1.05, 1.64)

Ref.
0.02

1.00
0.83 (0.69, 1.00)

Ref.
0.05

1.00
0.73 (0.54, 0.98)

Ref.
0.04

Family history of T1D

rs2476601 (PTPN22-A)
No
Yes
rs689 (INS-A)
No
Yes
rs2292239 (ERBB3-T)
No
Yes
rs3184505 (SH2B3-T)
No
Yes

rs12708716 (CLEC16A-G)
No
205/3042 (6.7)
Yes
217/3836 (5.7)
Dietary probiotics by age 90 days
No
396/6743 (5.9)
Yes
58/1126 (5.2)
a

All SNP data available for only 6860 of the 7869 children

b

Preterm birth (yes = 5.6%), low birthweight (yes = 3.4%), maternal primary education (yes = 20.0%), trade school or some college (yes = 25.3%),
graduated college (yes = 54.7%), mother’s first child (yes = 44.8%) and maternal smoking (yes = 12.8%) were not associated with hazard of islet
autoimmunity (p values >0.15)

c

Adjusted for SNPs and dietary probiotics

Ref, reference; T1D, type 1 diabetes

maternal smoking during pregnancy. These additional covariates were only available for children followed to at least
9 months of age. As the timing of RIEs on islet autoimmunity

was of interest, statistical tests examining RIE rates with different temporal relationships to islet autoimmunity risk were
considered independent and two-sided; p values less than 0.05
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were statistically significant. In the subgroup analysis, p values
were also used to help characterise the RIE associations with
islet autoimmunity. All statistical analyses were performed
using SAS, Version 9.4 (SAS Institute Cary, NC, USA) and
GraphPad PRISM 5.03 (GraphPad Software, San Diego, CA,
USA) for figures.

Results
Overall, 454 out of 7869 (5.8%) of the enrolled children developed persistent islet autoimmunity between 3 and 48 months of
age. The incidence (2.0/100 person-years) declined by age (Fig.
1), and differed by sex, country, FDR, HLA-DQ-DR genotype
and SNPs (Table 1). Of the 454 children who developed islet
autoimmunity, 375 (82.6%) had a single autoantibody at the time
of seroconversion, including 155 children (34.1%) with GADA
only (mean age at seroconversion: 26.9 months), 215 (47.4%)
with IAA only (mean age: 20.7 months) and 5 (1.1%) with IA2A only (mean age: 31.4 months). The remaining 79 (17.4%)
children (mean age: 23.0 months) were positive for multiple
autoantibodies at seroconversion.
A total of 87,327 RIEs were reported (RIE incidence = 3.9/
person-year). Age-specific RIE rates were strongly correlated
with the decline in islet autoimmunity incidence (Spearman’s
correlation = 0.71, p = 0.003, Fig. 1). A seasonal trend in RIE
rates was consistently observed across age and demographic
groups, with the highest and lowest rates seen from October to
February and from May to August, respectively. RIE rates
according to the month reported were: January = 4.6/personyear, February = 5.0, March = 4.5, April = 3.9, May = 3.4,
June = 2.4, July = 1.6, August = 2.9, September = 4.2,

Fig. 1 Incidence of islet autoimmunity per 100 person-years (dashed
line) peaked between 6 and 9 months of age, and declined thereafter.
Incidence of RIE per person-years (solid line) also peaked between 6
and 9 months and declined thereafter. Age-specific RIE rates were strongly correlated with the decline in islet autoimmunity incidence

October = 4.6, November = 4.6, December = 4.8. The most
frequent diagnosis related to RIEs was the common cold,
which was reported in 83.2% of the episodes, followed by
bronchitis and lower respiratory tract infection (23.0%), middle ear infection (19.0%), conjunctivitis (4.8%), laryngitis
(2.1%), tonsillitis or streptococcal pharyngitis (1.9%),
influenza-like illness (1.2%), enterovirus-like illness (1.0%),
sinusitis (0.9%), respiratory syncytial virus infection (0.3%)
and other respiratory tract infections grouped together (5.0%).
A fever symptom was reported in 41.1% of RIEs.
The RIE rate (count/year) at the time of seroconversion was
not associated with the risk of islet autoimmunity (HR 1.00 [95%
CI 0.98, 1.02]; p = 0.73) (Fig. 2a). However, an increase in the
cumulative RIE yearly rate from enrolment to the last visit before
seroconversion was significantly associated with islet autoimmunity (HR 1.05 [95% CI 1.01, 1.08]; p = 0.008). More specifically,
an increase in RIE rate within any given 12 month period was
associated with subsequent islet autoimmunity seroconversion
(HR 1.06 [95% CI 1.02, 1.09]; p < 0.001). This increase in risk
was seen with RIEs at 0 to 3 months, 3 to 6 months and 6 to
9 months before seroconversion (HR [95% CI]: 1.03 [1.01,
1.06], 1.02 [95% CI 1.00, 1.05] and 1.03 [1.00, 1.05]; p values
0.003, 0.06 and 0.05, respectively), but not prior to 9 months
(HR 1.01 [95% CI 0.98, 1.04]; p = 0.41) (Fig. 2a). RIEs during
the first year after enrolment were not associated with islet autoimmunity (HR 1.00 [95% CI 0.97, 1.03]; p = 0.99). There was no
marked difference between the effect sizes described above for
islet autoimmunity and effect sizes observed for seroconversion
with IAA or GADA as the first-appearing antibody (data not
shown).
For each 1/year rate increase in the number of respiratory
infections occurring in a 9 month period, the hazard of islet
autoimmunity increased significantly by 5.6% (95% CI 2.5%,
8.8%), p < 0.001. There were no interactions by HLA, sex,
family history of diabetes (data not shown) or age of child
(ESM Fig. 1). The percentage change in hazard was also similar in Finland +7.1% (95% CI +1.7%, +12.7%), Germany
+14.3% (95% CI +5.2%, +24.2%), Georgia/Florida +10.3%
(95% CI +0.0%, +21.1%) and Washington state +7.8% (95%
CI −2.7%, +19.3%). In Sweden, an increasing hazard was
seen in children older than 24 months +7.6% (95% CI
−0.5%, +16.3%), but not in younger children −2.9% (95%
CI −10.4%, +5.1%). No association was seen in Colorado
−3.6% (95% CI −13.0%, +6.8%). Compared with the lower
quartile RIE count in the 0 to 9 month period (<2 per year), a
9.4% increased risk of islet autoimmunity within the next
3 months was observed if RIEs were within the interquartile
range (RIE count 2–5/year; HR 1.09 [95% CI 0.86, 1.39];
p = 0.47), and a 46.6% increased risk of islet autoimmunity
if RIEs were in the upper quartile (RIE count >5/year; HR 1.5
[95% CI 1.12, 1.93]; p = 0.006).
This risk association depended on the season of an RIE and
was linked to RIEs occurring during the winter months of
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Fig. 2 (a) RIEs occurring between 0 and 3 months, 3 and 6 months, and
6 and 9 months before the autoantibody seroconversion period were
associated with increased risk of islet autoimmunity (p ≤ 0.05 for all),
whereas RIE rates in the other 3 month periods were not (p > 0.10). (b) In
a multivariate analysis, the presence of a winter but not a spring, summer

or autumn RIE, occurring in the 9 month period before seroconversion,
was associated with islet autoimmunity. (c) In a multivariate analysis, the
specific infections in the winter with significant association with islet
autoimmunity were sinusitis, laryngitis and tracheitis, influenza-like illness and common cold

December, January and February (Fig. 2b). Risk of islet autoimmunity increased by 42.4% (yes vs no; HR 1.42, [95% CI
1.16, 1.74]; p < 0.001) when a winter RIE was reported (yes vs
no), while no association was seen for RIEs reported in other
seasons. Both febrile and non-febrile RIEs were associated
with an increased risk of islet autoimmunity (HR 1.07 [95%
CI 1.02, 1.12], p = 0.005; HR 1.05 [95% CI 1.01, 1.09],
p = 0.02, respectively); however, febrile RIEs showed a more
consistent association when analysed in different age groups
(ESM Fig. 1). Of the individual subcategory infections recorded during the winter months, common cold, influenza-like
illnesses, sinusitis, and laryngitis and tracheitis were independently associated with islet autoimmunity (Fig. 2c). In other
seasons, none of the subcategories of RIE was associated with
the risk of islet autoimmunity (Table 2).
The islet autoimmunity risk characterisation by RIE 0–
9 months before islet autoimmunity seroconversion was not
associated with number of islet autoantibodies or rate of progression from islet autoimmunity to type 1 diabetes (data not
shown). The characterisation was also not explained by the
remaining factors significantly associated with islet autoimmunity (Table 1) and available for 86% of the participants
(6800/7869 participants; RIE 0–9 month n/year on risk of islet
autoimmunity; HR 1.05 [95% CI 1.02, 1.09]; p = 0.001).

with the subsequent onset of islet autoimmunity within the
following 3 months. It is unlikely this finding was due to
generally increased susceptibility to infections in the
seroconverting children, as the association with risk of islet
autoimmunity was only observed for RIEs prior to the last
autoantibody-negative sample and not for RIEs during the
period of islet autoimmunity seroconversion. Furthermore,
characterisation of the RIEs in the 9 month period revealed
that the common cold, influenza-like illness, sinusitis and laryngitis/tracheitis, were the types of respiratory infections in
the winter that were independently associated with autoimmunity. Further pathogen-specific studies should focus on this
particular period in great detail to determine the causative
microbes.
The magnitude of the association between RIEs within any
9 month period and the risk of islet autoimmunity was moderate: the median RIE rate was 4 RIEs/year and ranged from
0/year at the 10th percentile to 8/year at the 90th percentile,
with the hazard of islet autoimmunity increasing by 5.6% with
each 1/year rate increase in respiratory infection rate. While
the rate showed a monotonically increasing impact on islet
autoimmunity hazard, a more pronounced effect on hazard
of islet autoimmunity (46.6%) was observed when RIEs occurred at the highest rate (upper quartile rate >5/year). This
association indicates that RIEs are not a good predictor of
whether an individual child will seroconvert for islet autoantibodies. However, at a population level, comparing groups
with different RIE rates, the observed association is relatively
consistent by country, remaining when adjusting for many
other risk factors, and the association is in line with previous

Discussion
This prospective analysis showed that among young children,
the number of RIEs within any 9 month period was associated

1.51 (1.23, 1.86)
1.23 (1.00, 1.50)

Symptom of RIEb
Febrile
Non-febrile

2.63 (1.22, 5.67)
1.29 (0.32, 5.22)
0.37 (0.09, 1.50)
1.08 (0.82, 1.43)
1.30 (0.85, 1.99)
0.94 (0.70, 1.28)

Sinusitis
Enterovirus-like illness
Tonsillitis
Infections of middle ear and mastoid process
Conjunctivitis
Bronchitis and lower respiratory tract infections

0.01
0.72
0.16
0.58
0.22
0.71

0.004
0.003
0.04

<0.0001
0.05

0.0005

0.44 (0.06, 3.19)
2.04 (0.65, 6.42)
1.15 (0.47, 2.80)
1.03 (0.76, 1.39)
0.78 (0.43, 1.39)
1.26 (0.91, 1.73)

1.12 (0.90, 1.39)
0.00d
0.71 (0.26, 1.91)

1.15 (0.92, 1.44)
1.15 (0.94, 1.41)

1.14 (0.94, 1.39)

d

c

b

a

No cases of islet autoimmunity had category of season-specific RIE

All categories of RIE were included together in the multivariate model

Febrile and non-febrile RIEs were included together in the multivariate models

Yes vs no = reference

The model was adjusted for HLA-DQ, family history of type 1 diabetes, sex, age at last visit and country of residence

1.38 (1.11, 1.71)
2.37 (1.35, 4.15)
1.76 (1.04, 2.98)

Common cold
Influenza-like illness
Laryngitis and tracheitis

RIE categoryc

1.43 (1.17, 1.75)

Overall

HR (95% CI)

HR (95% CI)

p value

Spring
March–May

Winter
December–February

0.42
0.23
0.76
0.87
0.39
0.16

0.33
–
0.49

0.22
0.18

0.19

p value

0.98 (0.14, 7.03)
2.15 (0.96, 4.84)
0.46 (0.10, 2.06)
0.72 (0.45, 1.14)
1.31 (0.69, 2.49)
0.85 (0.55, 1.32)

1.18 (0.93, 1.49)
0.00d
2.01 (0.82, 4.92)

1.16 (0.88, 1.53)
1.00 (0.79, 1.28)

1.06 (0.86, 1.31)

HR (95% CI)

Summer
June–August

0.98
0.06
0.31
0.16
0.41
0.47

0.17
–
0.13

0.30
0.98

0.60

p value

0.95 (0.23, 3.86)
0.64 (0.21, 2.03)
0.93 (0.35, 2.52)
1.09 (0.79, 1.52)
1.03 (0.59, 1.77)
0.97 (0.70, 1.36)

1.09 (0.88, 1.36)
0.32 (0.05, 2.30)
1.17 (0.57, 2.38)

1.16 (0.92, 1.45)
1.11 (0.91, 1.36)

1.14 (0.94, 1.39)

HR (95% CI)

Autumn
September–October

0.94
0.45
0.89
0.61
0.93
0.87

0.42
0.26
0.67

0.21
0.32

0.18

p value

Multivariate Cox proportional hazards model of seasonal symptoms and categories of RIE during a 9 month period on risk of islet autoimmunity within the next 3 months, after adjustment

RIE during a 9 month perioda

Table 2
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findings on type 1 diabetes [1, 4–7], which suggests a biological mechanism is probably present. Further research is required to understand whether the moderate effect of RIE on
islet autoimmunity is due to the role of specific microbes or
interactions with other unknown risk factors. The firstappearing autoantibody (IAA vs GADA) has been suggested
to represent two different phenotypes of autoimmunity [20,
21]. In the present study, the effect size did not markedly differ
between seroconversion with IAA or GADA as the firstappearing antibody, which suggests that RIEs may trigger
both autoimmunity pathways.
The RIE-associated increased risk of islet autoimmunity
was observed year-round, but it was observed primarily for
winter RIEs (Fig. 2b), which was the high season for respiratory infections in all TEDDY sites. These specific infection
types observed in the winter season (Fig. 2c) are most often
caused by viruses such as rhino-, corona-, influenza-, respiratory syncytial, parainfluenza-, adeno-, entero- and
metapneumoviruses [22–24]. In sinusitis, bacteria such as
Moraxella catarrhalis, Streptococcus pneumoniae and
Haemophilus influenzae are also frequently involved [25]. A
pronounced increase in the risk of islet autoimmunity was
observed only when RIEs occurred at a high rate. This may
imply involvement of more than one microbe in the initiation
of autoimmunity; however, our findings do not identify the
particular culprit microbe(s). Although the marked differences in islet autoimmunity risk associated with various
anatomical sites of RIE shown in Fig. 2c (e.g. infection
located in conjunctiva [conjunctivitis] vs infection in the
sinuses [sinusitits]) raise the possibility of a more specific
or limited set of pathogens, it should also be considered
that a generally high rate of infection in the 9 months
preceding islet autoimmunity seroconversion may play a
role. The latter scenario could be consistent with the
‘fertile field’ hypothesis [26], suggesting that many infections could induce a temporary proinflammatory cytokine
milieu (a fertile field), promoting activation of autoreactive
T cells.
Enteroviruses have been suggested to trigger islet autoimmunity [7, 27] and detection of enterovirus RNA in blood has
been shown to increase islet autoimmunity risk in the following 6 months [8], resembling the temporal pattern observed
for RIEs in the present study. Nevertheless, in the present
study, no association was found between the subcategory of
enterovirus-like illnesses and islet autoimmunity risk. This is
probably because of the low sensitivity for identifying these
infections from parental reports. Enterovirus infections are
mostly subclinical, and clinically manifest most often with
fever or non-specific upper respiratory tract symptoms, such
as in the common cold [28]. Only some enterovirus infections
can be recognised based on clinical representation, such as
hand, foot and mouth disease and herpangina. Therefore, we
suspect that in the present study, only a minor fraction of

enterovirus infections has been classified as enterovirus-like
illnesses, and most have been diagnosed as common colds.
Febrile RIEs showed a more consistent risk association with
islet autoimmunity compared with non-febrile RIEs, suggesting
that fever may be a factor increasing islet autoimmunity risk
within RIEs. The clinical course of febrile infections tends to be
more severe and is often associated with pronounced viraemia
that allows the spread of the virus to the pancreas. High severity
of infections may also be linked with more intense beta cell
stress: acute infections induce stress in beta cell endoplasmic
reticulum because of insulin resistance and increased insulin
excretion [29]. The stress reaction in endoplasmic reticulum
can cause post-translational modifications in beta cell
autoantigens [30–33], making them more immunogenic and
thus promoting autoimmunisation. Accordingly, RIE-induced
beta cell stress paving the way for autoimmunisation is one
plausible explanation for the observed association between
RIEs and increased islet autoimmunity risk.
Serum samples used to test for islet autoantibodies and
TEDDY diary book infection records were collected at each
visit at regular 3 month intervals. Visit compliance was relatively high (87%); if families missed a visit, parents were
asked to recall all infections since the last visit. The temporal
associations of RIE with islet autoimmunity were also examined among individuals with higher compliance, up to perfect
compliance, and the magnitude of the associations remained
the same. In the present study, all participants reporting infections were still at risk for islet autoimmunity. Therefore, a
possible increase in vigilance and reporting of infections after
parents have been informed about their child’s islet autoimmunity was not an issue in this study.
We also controlled for the possibility of overestimation of
infection rate because of multiple illness and symptom reports
during a single infection by binding together reports into infectious episodes that originated from the same infection (for
details see Lönnrot et al [16]).
Certain study limitations remained. Selection bias is likely
as age of mother, country, education and other factors were
associated with dropout rate in the TEDDY study [34, 35].
Misclassification of infections, as discussed for enterovirus
infections, was an important limitation. Many respiratory infections have quite similar symptoms, and caution is needed in
interpreting the results based on infection subcategories.
Another limitation of the study is capturing only clinically
overt infections. These are generally regarded as the mere tip
of the iceberg of microbial exposures, which may all potentially influence islet autoimmunity risk. It is also possible that
some conditions classified as infections were actually noninfectious. For example, infectious and allergic rhinitis can
exhibit fairly similar symptoms. However, febrile RIEs
showed a more consistent risk associated with islet autoimmunity compared with non-febrile RIEs, suggesting that this association is truly related to infections.
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Conclusions The present prospective study consisting of almost 8000 participants has confirmed the findings of two
smaller prospective studies (the Norwegian MIDIA study with
885 participants and German BABYDIET study with 148
participants [4, 5]) of the risk association between respiratory
infection and islet autoimmunity. The observed temporal pattern suggests an islet autoimmunity-triggering effect by respiratory infections. Next, effort will be made to identify the
specific microbes, probably viruses, by analysing biological
samples taken from TEDDYparticipants during the 0–9 month
time window prior to the development of islet autoimmunity.
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Percentage of children reporting a febrile (panel a) or a non-febrile (panel b) respiratory infectious episode in winter during the 9month period prior to islet autoimmunity (IA) seroconversion period. Locally weighted scatter plot smoother (LOWESS) curves of
percentages over time are shown separately for children who seroconverted at specific age (solid line) and children who remained at
risk for IA at specific age (dashed line).
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