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a b s t r a c t

b-cell autoantibodies against insulin (IAA), GAD65 (GADA) and IA-2 (IA-2A) precede onset of childhood
type 1 diabetes (T1D). Incidence of the first appearing b-cell autoantibodies peaks at a young age and is
patterned by T1D-associated genes, suggesting an early environmental influence. Here, we tested if
gestational infections and interactions with child's human leukocyte antigen (HLA) and non-HLA genes
affected the appearance of the first b-cell autoantibody. Singletons of mothers without diabetes
(n ¼ 7472) with T1D-associated HLA-DR-DQ genotypes were prospectively followed quarterly through
the first 4 years of life, then semiannually until age 6 years, using standardized autoantibody analyses.
Maternal infections during pregnancy were assessed via questionnaire 3e4.5 months post-delivery.
Polymorphisms in twelve non-HLA genes associated with the first appearing b-cell autoantibodies
were included in a Cox regression analysis. IAA predominated as the first appearing b-cell autoantibody
in younger children (n ¼ 226, median age at seroconversion 1.8 years) and GADA (n ¼ 212; 3.2 years) in
children aged �2 years. Gestational infections were not associated with the first appearing b-cell au-
toantibodies overall. However, gestational respiratory infections (G-RI) showed a consistent protective
influence on IAA (HR 0.64, 95% CI 0.45e0.91) among CTLA4-(AG, GG) children (G-RI*CTLA4 interaction,
p ¼ 0.002). The predominant associations of HLA-DR-DQ 4-8/8-4 with IAA and HLA-DR-DQ 3-2/3-2 with
GADA were not observed if a G-RI was reported (G-RI*HLA-DR-DQ interaction, p ¼ 0.03). The role of G-RI
may depend on offspring HLA and CTLA-4 alleles and supports a bidirectional trigger for IAA or GADA as a
first appearing b-cell autoantibody in early life.
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1. Introduction

The etiology of type 1 diabetes (T1D) remains unresolved. For
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children with genetic predisposition to T1D, recent studies suggest
the pathogenesis is triggered early in life resulting in the appear-
ance of autoantibodies against pancreatic islet b-cell autoantigens,
specifically against insulin (IAA), glutamic acid decarboxylase 65
(GADA), insulinoma-associated antigen-2 (IA-2A) or zinc trans-
porter 8 (ZnT8A) [1e3]. The genetic etiology of T1D is closely
associated with human leukocyte antigen (HLA) class II genes; in
particular the DR3-DQ2 and DR4-DQ8 haplotypes [4,5]. These well-
known associations were used in The Environmental Determinants
of Diabetes in the Young (TEDDY) study to genetically screen and
select newborns from the general population (GP) (90%) and in first
degree relatives (FDR) (10%) at increased risk for T1D. In this pro-
spective study, the first appearing b-cell autoantibody is the first
primary endpoint and children are being followed for the appear-
ance of additional autoantibodies until the clinical onset of diabetes
(second primary endpoint) [5e10].

Prior epidemiological studies, with T1D as the end-point, sug-
gest the gestational environment may play a role as exposures such
as older maternal age [11], preeclampsia of mothers in some [12]
but not all [13] studies, and jaundice caused by blood group in-
compatibility [12,14], low birth weight [14e16], or a short birth
length [17] affected the risk for T1D. A meta-analysis of 20 studies
suggested that caesarean section increased the risk for T1D [18]. In
addition, smoking known to be associated with low birth weight
[19] was reported to either decrease [15,20] or increase [21] risk for
T1D in the offspring.

Conflicting findings on the association between gestational in-
fections and T1D risk have been reported. Maternal coxsackie B
virus infection appears to increase [22,23] or have no effect [24] on
the risk for T1D in the offspring. Other studies suggested that the
prevalence of newborn b-cell autoantibodies consistently varied
with season and reported gestational infections [25]. Changing
epidemiological trends in T1D incidence also suggest an improved
hygienic environment and lower exposure to infections in early life
may be leading to a dysfunctional immune response to pathogens
later in life [26,27].

Interestingly, humoral immune responses to enterovirus in-
fections were increased in mothers with T1D-associated HLA DR-
DQ genotypes [28,29]. Furthermore, offspring of mothers, who re-
ported gestational infections, were more likely to have higher
relative birth weight and the association was dependent on HLA-
DR-DQ genotypes of the of the offspring [30]. Interactions be-
tween gestational infections with HLA and non-HLA [31] genes on
risk for the first b-cell autoantibody [1,3] have not previously been
analyzed yet a dependency on risk genes may help explain con-
flicting associations between gestational infections and T1D.

The TEDDY study revealed that the age at appearance and order
of the first appearing b-cell autoantibodies were distinctly char-
acterized by HLA genotypes as well as by non-HLA effects of
PTPN22, INS and CTLA4 gene polymorphisms, indicating that the
influence of triggers may be age dependent [1]. Furthermore, using
non-HLA single nucleotide polymorphisms (SNP) that reached
significance in genome-wide association studies carried out by the
Type 1 Diabetes Genetics Consortium [32], it was found that six
additional SNPs were associated with the first appearing b-cell
autoantibody rather than T1D [31]. When the TEDDY childrenwere
analyzed for about 186,000 SNP using the Illumina ImmunoChip
custom array, three additional polymorphisms in the complement
region within the ITGAM gene were also found nominally associ-
ated with the first appearing b-cell autoantibody [33]. These non-
HLA genetic factors need to be considered when investigating the
trigger of the first b-cell autoantibody [1].

Using the TEDDY study, we set out to examine if gestational
infections were associated with risk of either IAA or GADA as the
first appearing b-cell autoantibody. We hypothesize that
gestational infections show interaction with T1D genes of the child
in their association with the age-related first appearing b-cell au-
toantibodies. Such evidence would create stronger support for the
role of intrauterine environment and prenatal exposures on the risk
for b-cell autoimmunity and T1D.

2. Material and methods

2.1. Study population

The Environmental Determinants of Diabetes in the Young
(TEDDY) is a prospective cohort study funded by the National In-
stitutes of Health with the primary goal to identify environmental
causes of T1D [10]. It includes six clinical research centers - three in
the US: Colorado, Georgia/Florida,Washington and three in Europe:
Finland, Germany, and Sweden. Detailed study design andmethods
have been previously published [1,10]. Infants with T1D-associated
high-risk HLA-DR-DQ genotypes younger than 4.5 months were
eligible for the follow-up [10]. After screening, TEDDYenrolled 8676
infants. Of these infants 7472 singleton babies included (Twins/
Triplets, n¼ 241) were confirmed at 9 months to be carrying one of
the TEDDY eligible HLA genotypes [5] (ineligible HLA, n ¼ 118), the
mothers did not experience pre-gestational type 1, type 2 or
gestational diabetes (n ¼ 790), and they were analyzed for auto-
antibodies during follow-up (indeterminate autoantibodies;
n ¼ 55). Written informed consents were obtained for all study
participants from a parent or primary caretaker, separately, for
genetic screening and participation in prospective follow-up. The
study was approved by local Institutional Review Boards and is
monitored by an External Advisory Board formed by the National
Institutes of Health.

2.2. Non-HLA genotyping

As previously described [1] when the child was 9e12 months of
age, the HLA-DR-DQ genotypes were confirmed by reverse blot
hybridization at the central HLA Reference Laboratory at Roche
Molecular Systems, Oakland, CA [5], along with the INS-23Hph1
(rs689), CTLA4 T17A (rs231775) and PTPN22 R620W (rs2476601)
SNP primer pairs. Further SNP analysis was performed by the
Center for Public Health Genomics at University of Virginia using
the Illumina ImmunoChip. The final selection of SNPs containing
186,000 SNPs in 186 regions for 12 autoimmune diseases, was
decided by the ImmunoChip Consortium. TEDDY previously
examined whether any non-HLA SNPs previously shown to be
associated with T1D conferred risk for IA [31,33]. Six additional
SNPs were identified: rs2816316 in RGS1, rs10517086 in a region on
chromosome 4p15.2 without any known genes, rs2292239 in
ERBB3, rs3184504 in SH2B3, rs4948088 in COBL and rs12708716 in
CLEC16A. Also, TEDDY previously examined 15 SNPs within the
complement gene and identified three within ITGAM associated
with risk of IA, rs1143678, rs1143683 and rs4597342 [33]. These
twelve SNPs were included in this report.

2.3. Gestational infections

Maternal and gestational factors were obtained through ques-
tionnaires when the child was 3e4.5 months old and included in-
fections during any stage of pregnancy. The maternal infections,
from the list in the questionnaire, were categorized as upper res-
piratory tract infection (flu or bad cold, sore throat, sinusitis, ear
infection), lower respiratory tract infection (bronchitis or pneu-
monia); gastroenteritis (or diarrhea); and other infections that
included skin infection or rash; kidney, bladder or urinary tract
infection; cold sores; genital herpes or unknown infection with
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fever.

2.4. Other environmental exposures

Our previous publication showed that introduction of probiotics
before the age 28 day was associated with lower risk of b-cell au-
toantibodies and may be a confounder [34]. Probiotic exposure was
defined as timing of first introduction to probiotics from either
dietary supplementation or infant formula that were monitored
from birth using questionnaire and diaries. Early infectious related
conditions were recorded at the 3-month clinic visit. The most
commonly reported infectious conditions were diarrhea and res-
piratory tract-related illnesses. Upper respiratory infections for the
infant was defined as having a cold or runny nose in addition to
having either an ear infection or eye discharge. A lower respiratory
infection was defined as having either pneumonia, difficulty of
breathing or respiratory problems.

2.5. b-cell autoimmunity and clinical type 1 diabetes

b-cell autoimmunity was defined as the presence of one or more
persistent confirmed b-cell autoantibodies against GAD65 (GADA)
IA-2 (IA-2A), or insulin (IAA) on two or more consecutive samples
[1]. The autoantibodies weremeasured in two laboratories (Barbara
Davis Center, Aurora, Colorado, and the University of Bristol Labo-
ratory, Bristol, UK) depending upon the location of the clinical site.
All samples identified as positive in one laboratory were sent to the
other laboratory for confirmation [35]. Blood sample was collected
from the 3 month study visit and continued at a 3 month interval
up to 4 years of age. If a child developed b-cell autoantibodies, then
they continued on the 3month interval schedule up to age 15 years;
otherwise, they switched to a 6 month interval schedule after the
age of 4 years. This study examined the child's first appearing b-cell
autoantibodies against one of GAD65, IA-2 or insulin referred to as
GADA first, IA-2A first or IAA first.

2.6. Statistics

Proportional hazard models were used to test whether gesta-
tional infections alone or together with the T1D genetic factors
were associated with GADA or IAA as the first appearing b-cell
autoantibody. Children negative for the specific first appearing b-
cell autoantibodies were right censored after the date of the last
negative sample, the child's seven year birthday, or the date of
seroconversion for any competing first appearing autoantibody,
whichever came first. Hazard ratios (HR) and 95% Confidence In-
tervals (CI) estimated the autoantigen-specific, “cause-specific”,
risk of b-cell autoimmunity. The associations between gestational
infections and the first appearing b-cell autoantibodies were tested
for effect modification by the genetic factors by including an
interaction term in the model. Differences in association with IAA
first and GADA first, two mutually exclusive events, were also
examined by comparing parameter estimates from the respective
models using a Wald test. A family-wise Bonferroni correction was
made to correct for number of separate SNP interactions (n ¼ 12)
with a p-value <0.004 considered significant. Significant associa-
tions were adjusted for other related b-cell autoantibody risk fac-
tors (HLA-DR-DQ, SNPs, probiotics, birth weight, early infections)
and examined for consistency across countries. Consistency by age
was also examined graphically by plotting the general trend in the
age-specific incidence of autoantibodies within groups. The
observed incidence was calculated within each visit window (3-
month window up to 4 years and 6-month thereafter) and a
coarse LOWESS curve was fitted through the incidences using
GraphPad PRISM 5.03 (GraphPad Software Inc., San Diego, CA). For
each SNP the minor allele was examined for associations with
outcomes. All statistical analyses were performed using SAS 9.4
(SAS Institute, Cary, NC).

3. Results

3.1. Gestational infections

Among the mothers of children residing within the TEDDY
countries (US, n ¼ 3201; Finland, n¼ 1507; Germany; n ¼ 434; and
Sweden, n ¼ 2330), 45% (3359/7472) reported a gestational upper
respiratory tract infection; 4% (298/7472) a lower respiratory tract
infection, 21.4% (1601/7472) gastroenteritis, and 30.2% (2259/7472)
another specified infection, (Supplementary Fig. 1). Maternal
gastroenteritis (Supplementary Table 1) or other non-respiratory
infections were not associated with the appearance of b-cell au-
toantibodies in the child and were not further examined. Of the
maternally reported upper respiratory tract infections (n ¼ 3359),
73% reported an influenza “flu” or bad cold, 43% sore throat, 25%
sinusitis, 6% ear infection. Of the lower respiratory tract (n ¼ 298),
92% reported bronchitis, 14% pneumonia and only 18% (52/298) of
the mothers reporting lower tract infection did not report an upper
tract infection. Of the mothers not reporting a respiratory infection,
3647/4016 (91%) answered no to every symptom while the
remaining 414/4016 (9%) did not answer or answered unknown at
least once.

3.2. First appearing b-cell autoantibodies

The first appearing b-cell autoantibody was determined in 447
of the 536 singleton children who seroconverted to b-cell autoan-
tibodies up to the age of six years (IAA first, n ¼ 226; IA-2A first,
n¼ 9, GADA first, n¼ 212). The median (IQR) age of seroconversion
for children developing IAA as the first b-cell autoantibody (1.75,
(0.99e3.01) years) was lower (p < 0.001) compared to childrenwho
developed GADA as the first b-cell autoantibody (median (IQR) age
(3.18, (1.78e4.71) years). In comparison, children seroconverting
for IA-2A first were older (4.78 (3.99e5.58) years. The remaining
89/536 b-cell autoantibody positive children (IA-2A and GADA,
n ¼ 1; GADA and IAA, n ¼ 69, IAA and IA-2A, n ¼ 4; GADA, IAA and
IA-2A, n ¼ 15) developed two or more b-cell autoantibodies since
their last sample and thus the first appearing b-cell autoantibody
could not be determined (median age of seroconversion was 2.27
(1.27e3.26) years). Gestational Respiratory Infection (G-RI) infor-
mation was available on 211/226 (93%) of the children developing
IAA first and 206/212 (97%) of the children developing GADA first.
Of the 69 children with GADA and IAA appearing together as the
first b-cell autoantibodies at seroconversion, a majority 64% (44/69)
had the highest T1D risk HLA-DR-DQ3-2/4-8 genotype of which 42/
44 had available G-RI information.

3.3. Gestational respiratory infection (G-RI) on IAA-first

Overall, G-RI did not influence the incidence of IAA as the first
appearing b-cell autoantibody (HR ¼ 0.88, 95%CI ¼ 0.67e1.15).
However, a significant interaction was observed with the HLA-DQ
genotypes (p ¼ 0.03) and CTLA-4 alleles (p ¼ 0.002). G-RI was
associated with a reduced risk of IAA among HLA-DR-DQ4-8/8-4
(HR ¼ 0.45, 95%CI ¼ 0.24e0.84) and CTLA-4-(AG, GG) children
(HR ¼ 0.64, 95%CI ¼ 0.45e0.91) but no significant association was
seen among the CTLA-4-AA children and other HLA-DR-DQ geno-
types (Table 1). While the protective association of G-RI on IAAwas
similar for HLA-DR-DQ4-8/8-4 and CTLA-4-(AG, GG), the impact of
G-RI on the variation in IAA incidence across HLA-DR-DQ and CTLA-
4 genotypes was different. Compared to CTLA-4-AA, the incidence
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of IAA first among CTLA-4-(AG, GG) childrenwas consistently lower
by age of the child (Fig. 1B) and country (Fig. 2B), when a G-RI was
reported, however it was close to average incidence or inconsistent
when a G-RI was not reported (Fig. 1A, Fig. 2A). In contrast, when a
G-RI was not reported, HLA-DR-DQ4-8/8-4 children had the highest
incidence of IAA first across the HLA-DR-DQ genotypes (Fig. 3A), an
association that was consistent by country (Fig. 4A), but IAA inci-
dence was close to average if a G-RI was reported (Fig. 3B, Fig. 4B).
The increased risk of IAA first among HLA-DR-DQ4-8/8-4 children
in the absence of a G-RI and reduced risk of IAA first by CTLA-4-(AG,
GG) following a G-RI remainedwhen adjusting for other risk factors
(Table 2).

3.4. Gestational respiratory infection (G-RI) on GADA first

G-RI did not influence the incidence of GADA as the first
appearing autoantibody (HR ¼ 0.95, 95%CI ¼ 0.73e1.25) and there
was no significant interactions by the T1D genetic factors (Table 1).
Nevertheless, among HLA-DR-DQ3-2/3-2 children, G-RI was asso-
ciated with a moderately lower the risk of GADA (HR ¼ 0.54, 95%
CI¼ 0.30e0.97). Also, while the incidence of GADA among the HLA-
DR-DQ4-8/8-4 children was low, the correlation between G-RI and
GADA (HR ¼ 2.26) was significantly different compared to G-RI and
IAA (HR ¼ 0.45, p ¼ 0.004)(Table 1). As a result a significant vari-
ation in risk of GADA across the four HLA-DR-DQ genotypes was
observed only if a G-RI was not reported (Figs. 3C, 4C, Table 3).
There was also evidence that CTLA-4-G increased the risk of GADA
first if a G-RI was reported (Figs. 1D, 2D), but the association was
reduced after adjusting for other factors (Table 3).

No interactions were observed between G-RI and the other
eleven polymorphisms (Table 1), including the three in the ITGAM
gene (data not shown).
Table 1
Gestational Respiratory Infection (G-RI) in relation to IAA and GADA as the first appearin

Genetic factor

Total

G-RI in relation to IAA event as
cell autoantibodies

Events G-RI on IAA-firs

N n HR (95%CI)

All children 7058 211 0.88 (0.67, 1.15
General Population (GP) 6530 171 0.90 (0.67, 1.22
First Degree Relative (FDR) 528 44 0.75 (0.40, 1.39
HLA-DQ DQ8/8 1396 36 1.16 (0.60, 2.23

DQ2/8 2778 101 1.19 (0.80, 1.77
DQ8/4 1221 49 0.45 (0.24, 0.84
DQ2/2 1510 16 0.48 (0.17, 1.38

SNPs
rs2476601
(PTPN22-A)

No 4991 144 0.90 (0.65, 1.25
Yes 1265 64 0.85 (0.52, 1.40

rs689
(INS-A)

No 3404 153 0.94 (0.68, 1.29
Yes 2853 55 0.73 (0.43, 1.25

rs231775
(CTLA4-G)

No 1971 72 1.59 (0.99, 2.54
Yes 4286 136 0.64 (0.45, 0.91

rs2292239
(ERBB3-T)

No 1657 70 0.94 (0.59, 1.50
Yes 3104 124 0.78 (0.55, 1.12

rs3184504
(SH2B3-T)

No 1813 50 1.07 (0.62, 1.87
Yes 3948 144 0.77 (0.55, 1.07

rs12708716
(CLEC16A_G)

No 2528 91 1.10 (0.73, 1.65
yes 3218 103 0.65 (0.44, 0.98

rs10517086-A No 2951 93 0.70 (0.46, 1.06
yes 2810 101 0.97 (0.66, 1.44

rs4948088
(COBL-A)

No 5240 185 0.82 (0.61, 1.09
yes 521 9 1.00 (0.27, 3.73

rs2816316
(RGS1-C)

No 3845 129 0.81 (0.57, 1.15
yes 1916 65 0.87 (0.54, 1.43

A ¼ p-value is test of association between G-RI and first appearing autoantibody for a
interaction between genetic factor and G-RI on first appearing autoantibody.
B ¼ Among stratified group, HR of G-RI on IAA-first differs from HR of G-RI on GADA-fir
Among the highest risk HLA-DR-DQ3-2/4-8 children, G-RI did
not influence the risk of IAA, GADA as first appearing, or the
appearance of both GADA and IAA at the same time.

4. Discussion

The TEDDY study is the largest prospective investigation in
children at the highest genetic risk for T1D to study infectious
agents, dietary factors, and other environmental agents, as triggers
of b-cell autoimmunity and/or T1D. Gestational events as a risk
factor for T1D figure prominently in the literature. It is therefore of
interest that the principal finding in the present study of first
appearing b-cell autoantibodies demonstrates that children with
the HLA-DR-DQ 4-8/8-4 genotype and, independently, children
with CTLA-4 G allele, had a reduced risk for IAA as the first
appearing b-cell autoantibody if born to a mother who reported a
G-RI. The fact that the reduced risk was seen irrespective of country
of birth, age of child (for CTLA-4 but not HLA-DQ) or other gesta-
tional factors underscore the significance of the observation. Aside
from the protective association the HLA-DR-DQ 4-8/8-4 genotype
and CTLA-4 G minor allele had with IAA as first appearing b-cell
autoantibody, the same alleles, again in the presence of a G-RI, was
associated with a small increased risk of GADA that appears first in
older children. This suggests that while G-RI together with HLA and
CTLA-4 did not influence cumulative incidence of the b-cell auto-
antibodies overall, they may delay the appearance of the second,
third or fourth autoantibody and thereby also T1D as the larger the
number of b-cell autoantibodies the greater the risk for progression
to the clinical onset of T1D [2]. TEDDY will follow these children
exposed to a G-RI until 15 years of age to investigate this.

The peak incidence of IAA as the first appearing autoantibody
was about 12 months of age in DQ2/8 TEDDY children [1]. TEDDY
g b-cell autoantibodies by genetic factors.

first appearing beta G-RI in relation to GADA event as first appearing
beta cell autoantibodies

t Events G-RI on GADA-first

p-valueA n HR (95%CI) p-valueA

) 0.35 206 0.95 (0.73, 1.25) 0.73
) 175 1.06 (0.79, 1.43)
) 0.59 31 0.48 (0.22, 1.01) 0.05
) 31 1.09 (0.55, 2.20)
) 103 1.02 (0.69, 1.49)
)B 21 2.26 (0.91, 5.60)B

) 0.03 50 0.54 (0.30, 0.97) 0.06

) 146 1.12 (0.81, 1.56)
) 0.86 57 0.59 (0.35, 1.02) 0.05
) 106 0.78 (0.53, 1.14)
) 0.43 98 1.18 (0.79, 1.76) 0.13
)B 52 0.62 (0.35, 1.08)B

)B 0.002 152 1.10 (0.80, 1.51)B 0.08
) 74 0.94 (0.60, 1.48)
) 0.55 118 1.01 (0.71, 1.45) 0.80
) 40 1.21 (0.65, 2.26)
) 0.31 152 0.94 (0.68, 1.29) 0.47
) 96 0.95 (0.64, 1.42)
) 0.08 96 1.03 (0.69, 1.54) 0.78
) 105 0.90 (0.61, 1.32)
) 0.26 87 1.10 (0.72, 1.67) 0.50
) 178 0.98 (0.73, 1.32)
) 0.76 14 0.95 (0.33, 2.73) 0.94
) 130 1.09 (0.77, 1.54)
) 0.81 62 0.78 (0.47, 1.30) 0.29

ll children and, when stratifying by genetic factor, p-value is test of multiplicative

st; Wald test: p-value <0.05.



Fig. 1. Smoothed incidence curve of IAA and GADA as first appearing b-cell autoantibodies from birth to age six years by report of a Gestational Respiratory Infection (G-RI)
and offsprings CTLA-4 genotype. A LOWESS curve was plotted through the observed incidences of first appearing b-cell autoantibodies calculated at 3 month intervals during the
first 4 years of life and at 6 month intervals thereafter. Incidence curves for IAA-first (panels A and B) and GADA-first (panels C and D) were drawn for children with the CTLA-4 AA
(red), AG (black) and GG (blue) genotypes and separately for those offspring of mothers who did (panels B and D) or did not report a G-RI (panels A and C). P-values describing the
differences in the risk of the first appearing b-cell autoantibody across the CTLA-4 genotypes were calculated from Proportional Hazard models of CTLA-4 genotypes regressed on the
autoantigen-specific hazard of b-cell autoimmunity. The overall Wald test p-value is shown in each panel. In panel (A) IAA-first appeared in 29/1016 with CTLA-4 AA genotype, 61/
1576 with CTLA-4 AG and 24/651 with CTLA-4 GG among children with no reported G-RI. In panel (B) IAA-first appeared in 43/955 with CTLA-4 AA, 35/1498 with CTLA-4 AG and 16/
561 with CTLA-4 GG among children with a reported G-RI. In panel (C) GADA-first appeared in 33/1016 with CTLA-4 AA, 54/1576 with CTLA-4 AG and 21/651 with CTLA-4 GG among
childrenwith no reported G-RI. In panel (D) GADA-first appeared in 19/955 with CTLA-4 AA, 51/1498 with CTLA-4 AG and 26/561 with CTLA-4 GG among children with a reported G-
RI.
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[1] and other studies [3] have recently shown that HLA-DQ8 is
strongly linkedwith the appearance of IAA as the first autoantibody
in young children while HLA-DQ2 is predominately linked with
GADA as the first autoantibody in older children [1]. The present
observations show that these associations are altered when G-RI
are taken into account. Our findings allow for more complex gene-
environmental interactions to be examined by testing associations
directly with the autoantigen-specific risk of first appearing
autoantibodies.

Previously, we showed that the INS and CTLA-4 gene poly-
morphisms affected the proportion of children having GADA over
IAA as their first autoantibody [1]. This would further support the
heterogeneous role of environmental factors that may trigger a b-
cell autoantibody and may help explain conflicting associations
between environmental factors and T1D as reported in the
literature. The order of the first appearing autoantibody may be of
clinical and pathological importance as IAA first may trigger GADA
or IA-2A as second or third autoantibody to signify a more
aggressive pathogenesis including insulitis and a subsequent early
age at onset. It is important to note that the incidence rate of IAA
first was decreasing with increasing age while that of GADA first
reached a plateau [1]. GADA first may therefore signify a less
aggressive pathogenesis as the second and third autoantibody may
appear later to accelerate the pathogenesis.

Little is known about the mechanisms that are responsible for
the appearance of the first b-cell autoantibody. It is assumed that
the autoantigen is processed and presented on HLA class II heter-
odimers on an antigen-presenting cell be it a macrophage, den-
dritic cell or B cell. Insulin-peptides would be presented primarily
on DR4-DQ8 and GAD65 peptides on DR3-DQ2. The resulting



Fig. 2. Country specific association between CTLA-4 G allele and first appearing b-cell autoantibodies by whether or not a gestational respiratory infection (G-RI) was
reported. The association between a child having the CTLA-4 G allele and risk of IAA (panels A and B) or GADA (panels C and D) as the first appearing b-cell autoantibodies are
evaluated by Proportional Hazard models. The autoantigen-specific hazard ratios (HR) and 95% CI are provided overall and by country both for offspring of mothers who did (panels
B and D) and did not (panels A and C) report a G-RI. HR < 1 indicated children with CTLA-4 G allele had a lower autoantigen-specific risk of the first appearing autoantibody. In
panels A and C, CTLA-4 G was shown in relation to IAA-first (A) and GADA-first (C) for 3243 offspring (1273 US, 658 Finland, 155 Germany, 1157 Sweden) of mothers not reporting a
G-RI. In panels B and D, CTLA-4 G was shown in relation to IAA-first (B) and GADA-first (D) for 3014 offspring (1307 US, 646 Finland, 198 Germany, 863 Sweden) of mothers who did
report a G-RI.

K.F. Lynch et al. / Journal of Autoimmunity 86 (2018) 93e10398
trimolecular complex would be seen by TCR on CD4þ T cells, which
in turn are able to activate CD8þ Tcells as well as B cells recognizing
the autoantigen. This initiating immune response is yet to be
studied in relation to a hypothetical triggering event. TEDDY was
designed to provide sufficient power to ask questions related to the
appearance of a first autoantibody [10]. Unexpectedly, the analysis
of the appearance of a first b-cell autoantibody up until the TEDDY
children were 6 years of age revealed that it was primarily either
IAA first in DR4-DQ8 children or GADA first in DR3-DQ2 chil-
dren(1). This hypothetical series of events would apparently be
influenced by G-RI. As the median age of appearance of IAA was
about 12 months, a potential effect of gestational events could not
be excluded. TEDDY was designed to obtain blood samples from 3
to 4months of age and onwards every threemonths to detect a first
appearing b-cell autoantibody. Since mothers may be b-cell auto-
antibody positive, whether with T1D [36,37], or not [25,37e39], we
excluded FDR mothers and adjusted for maternal b-cell autoanti-
body exposure that was determined by analysing IAA, GADA and
IA-2A in a blood sample from the mothers when the child was 6e9
months old [1]. In our analysis, 51 children were found to be
exposed to maternal autoantibodies but there was no association
with risk of IAA or GADA in the child. Nevertheless, this was
important to consider, as fetal exposure to maternal b-cell auto-
antibodies may be protective against future b-cell autoimmunity
[36] and diabetes [40] or increased if the autoantibody was IA-2A
[41]. Information about gestational events was obtained via the
mother's self report at the very first visit to the TEDDY clinic which
is a potential weakness in cases of inaccurate recall. The percentage
of new mothers of children born between February and June
reporting a G-RI (51%) was 10% higher than new mothers of chil-
dren born October to December (41%) where the mother was not
pregnant at any time during the winter (NoveFeb). However, no
interactions of genetic factors or G-RI were observed with season of
birth on autoantibody outcomes. Unfortunately sampling during
pregnancy was not possible in TEDDY and thus timing of the
gestational infections during pregnancy was not available.



Fig. 3. Smoothed incidence curve of IAA and GADA as first appearing b-cell autoantibodies from birth to age six years by report of a gestational respiratory Infection (G-RI)
and offsprings HLA-DR-DQ genotype. A LOWESS curve was plotted through the observed incidences of first appearing b-cell autoantibodies calculated at 3 month intervals during
the first 4 years of life and at 6 month intervals thereafter. Incidence curves for IAA-first (panels A and B) and GADA-first (panels C and D) were drawn for childrenwith the HLA-DR-
DQ3-2/4-8 (red), HLA-DR-DQ4-8/4-8 (black), HLA-DR-DQ4-8/8-4 (blue) and HLA-DR-DQ3-2/3-2 (brown) genotypes and separately for those offspring of mothers who did (panels B
and D) or did not report a G-RI (panels A and C). P-values describing the differences in the risk of the first appearing b-cell autoantibody across the HLA genotypes were calculated
from Proportional Hazard models that regressed HLA on the autoantigen-specific hazard of b-cell autoimmunity. The overall Wald test p-value is shown in each panel. In panel (A)
IAA-first appeared in 47/1415 with HLA-DR-DQ3-2/4-8 genotype, 18/741 with HLA-DR-DQ4-8/4-8, 35/645 with HLA-DR-DQ4-8/8-4 and 11/755 with HLA-DR-DQ3-2/3-2 for children
with no reported G-RI. In panel (B) IAA-first appeared in 54/1363 with HLA-DR-DQ3-2/4-8, 18/655 with HLA-DR-DQ4-8/4-8, 14/576 with HLA-DR-DQ4-8/8-4 and 5/735 with HLA-
DR-DQ3-2/3-2 for children with a reported G-RI. In panel (C) GADA-first appeared in 52/1415 with HLA-DR-DQ3-2/4-8, 16/741 with HLA-DR-DQ4-8/4-8, 7/645 with HLA-DR-DQ4-8/
8-4 and 33/775 with HLA-DR-DQ3-2/3-2 for children with no reported G-RI. In panel (D) GADA-first appeared in 51/1363 with HLA-DR-DQ3-2/4-8, 15/655 with HLA-DR-DQ4-8/4-8,
14/576 with HLA-DR-DQ4-8/8-4 and 17/735 with HLA-DR-DQ3-2/3-2 for children with no reported G-RI.
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Nevertheless with an estimated 45% of mother reporting a G-RI
overall, further studies are warranted as first trimester enterovirus
IgM increased the risk for b-cell autoantibodies in DQ2 mothers
[29] without necessarily affecting the offspring [23,24,42,43].

The major finding that the CTLA-4 G allele interacts with re-
ported G-RI to reduce the risk for IAA, but not GADA, as the first b-
cell autoantibody is a novel finding, which to our knowledge has
not previously been reported. First, linkage and association be-
tween CTLA-4 and T1D was first reported in the Belgian Diabetes
Registry [44] to be followed by numerous reports [for a review see
Refs. [45,46], also demonstrating that this T-cell regulating protein
is important to a host of autoimmune diseases [47]]. Indeed, the
CTLA-4 rs231775 SNP overall showed association with T1D, but
when analyzed in patients with both T1D and autoimmune thyroid
disease, the genetic effect of CTLA-4 was stronger (reviewed in
Ref. [48]). Second, the initial indication of a gestational effect of
CTLA-4 was the observation of an increased risk for T1D by a dis-
torted segregation of CTLA-4 on maternal HLA-DR3 [49]. Third, in
women with the CTLA-4 G allele there was an increased risk for
placental abruption and preeclampsia [50] or idiopathic recurrent
miscarriage [51,52] suggesting that G-RI in the mother may
represent a gene-environment effect on the CTLA-4 G allele in the
TEDDY child. Fourth, cord blood compared to postnatal T cells
appear to show reduced CTLA-4 expression [53], which may have
contributed to the observation that early activation of the fetal
immune system as a consequence of maternal autoimmunity and
transplacental passage of GADA may influence fetal regulatory T
cells [54]. Finally, the mechanisms that explain the linkage among
G-RI, CTLA-4 type of the child and appearance of IAA first are yet to
be dissected. Further studies of postnatal T cells in children born to



Fig. 4. Country specific association between HLA-DR-DQ4-8/8-4 (DQ8/4) genotype and first appearing b-cell autoantibodies by whether or not a gestational respiratory
infection (G-RI) was reported. The association between a child having the HLA-DQ8/4 genotype and risk of IAA (panels A and B) or GADA (panels C and D) as the first appearing b-
cell autoantibodies are evaluated by Proportional Hazard models. The autoantigen-specific hazard ratios (HR) and 95% CI are provided overall and by country, both for offspring of
mothers who did (panels B and D) and did not (panels A and C) report a G-RI. HR < 1 indicated children with the HLA-DQ8/4 genotype had a lower autoantigen specific risk of the
first appearing autoantibody. In panels A and C, HLA-DQ8/4 was shown in relation to IAA-first (A) and GADA-first (C) for 3647 offspring (1491 US, 712 Finland, 188 Germany, 1256
Sweden) of mothers not reporting a G-RI. In panels B and D, HLA-DQ8/4 was shown in relation to IAA-first (B) and GADA-first (D) for 3411 offspring (1563 US, 688 Finland, 235
Germany, 925 Sweden) of mothers who did report a G-RI.
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mothers with documented G-RI should prove useful.
In Sweden it has been reported that the incidence of T1D has not

changed among the 0e35 years old but rather the age of diagnosis
has shifted to a younger age [55]. Other studies show the incidence
of T1D is increasing more rapidly in younger children [56]. With
fewer respiratory infections being reported, these results indicate
the shift to a younger age may be related to an increasing incidence
of IAA among DQ8 children. The relationship between G-RI, CTLA-4
and IAA as the first appearing autoantibody also explains diffi-
culties in validating existing epidemiological frameworks, such as
the hygiene hypothesis, as our data suggest that the same exposure
may both increase and reduce risk for the first appearing autoan-
tibody depending on genetic background.

The observed dichotomy of CTLA-4 G allele interacting with G-RI
to yield the first appearing b-cell autoantibody either via reduced
risk for IAA in DQ8 children or increased risk for GADA in DQ2
children has several implications for future investigations. First, in
order to understand the mechanisms of susceptibility to a
hypothetical trigger, the role of CTLA-4 in the development of the
immune system needs to be explored. Why is the AA genotype
reducing the early risk for IAA in the absence but increasing the risk
of IAA in the presence of G-RI? Clearly, the G-RI infection would
seem to contribute to the incidence of IAA as the first autoantibody
at about one year of age [1]. Similarly, why are the GA and GG ge-
notypes increasing the risk for GADA in children born to mothers
reporting G-RI? The AA genotype did not seem to contribute to the
incidence rate of GADA first while the G allele had a seemingly
dominant effect for GADA first in children born to mothers
reporting G-RI. In either of the two scenarios, it would be of interest
to separately determine the expression of CTLA-4 in cord blood T
lymphocytes separately in DR4-DQ8 and DR3-DQ2 children, born
to mothers with and without documented G-RI. It cannot be
excluded that the susceptibility to a perinatal or postnatal trigger
may differ dependent on maternal infectious exposures and the
CTLA-4 genotype of the child.

In conclusion, reported gestational respiratory infection in



Table 2
Hazard ratios (HR) from a multivariate proportional hazard model for IAA as first appearing b-cell autoantibodies in the offspring of mothers who did and did not report
gestational respiratory infection.

Factor Comparison Gestational respiratory infection

No
(Total, n ¼ 2879)
(IAA-first, n ¼ 104)

Yes
(Total, n ¼ 2652)
(IAA-first, n ¼ 80)

Factors on IAA-first

HR (95%CI) p-value HR (95%CI) p-value

Sex Male vs. Female 1.23 (0.83, 1.82) 0.30 1.38 (0.88, 2.16) 0.17
Family History FDR Dad/Sibling vs. GP 2.74 (1.56, 4.81) 0.0004 3.85 (1.95, 7.59) 0.0001
HLA DQ2/8 vs. DQ8/8 1.44 (0.80, 2.57) 0.22 1.31 (0.74, 2.32) 0.35

DQ8/4 vs. DQ8/8 2.63 (1.41, 4.91) 0.002 0.83 (0.40, 1.72) 0.61
DQ2/2 vs. DQ8/8 0.66 (0.30, 1.46) 0.30 0.17 (0.05, 0.60) 0.005
DQ2,8/xA vs. DQ8/8 1.10 (0.36, 3.38) 0.86 0.49 (0.14, 1.66) 0.25

SNPs
rs689 (INS-A) Yes vs. No 0.48 (0.31, 0.73) 0.0007 0.36 (0.21, 0.61) 0.0002
rs231775 (CTLA4-G) Yes vs. No 1.43 (0.91, 2.26) 0.13 0.50 (0.32, 0.79) 0.003
rs2476601 (PTPN22-A) Yes vs. No 1.91 (1.25, 2.91) 0.003 1.81 (1.13, 2.91) 0.01
rs2292239 (ERBB3-T) Yes vs. No 1.72 (1.14, 2.58) 0.009 1.44 (0.91, 2.27) 0.12
rs3184504 (SH2B3-T) Yes vs. No 1.67 (1.04, 2.68) 0.03 1.06 (0.65, 1.73) 0.81
rs12708716 (CLEC16A-G) Yes vs. No 0.97 (0.65, 1.43) 0.86 0.65 (0.42, 1.02) 0.06
rs10517086-(A) Yes vs. No 0.89 (0.60, 1.32) 0.56 1.36 (0.87, 2.12) 0.18
rs4948088 (COBL-A) Yes vs. No 0.44 (0.18, 1.08) 0.07 0.62 (0.22, 1.70) 0.35
rs2816316 (RGS1-C) Yes vs. No 0.98 (0.64, 1.48) 0.90 1.11 (0.69, 1.78) 0.67
Birth weight /Kg 1.33 (0.91, 1.94) 0.14 0.83 (0.53, 1,32) 0.43
Probiotics at 28 days Yes vs. No or �28 days 0.38 (0.14, 1.05) 0.06 0.67 (0.28, 1.61) 0.37
Child conditions before first clinical visit (age 3 months) Upper Resp. (Yes vs. No) 1.76 (1.14, 2.70) 0.01 1.10 (0.67, 1.82) 0.71

Lower Resp. (Yes vs. No) 0.71 (0.34, 1.48) 0.36 1.20 (0.61, 2.37) 0.59
Diarrhea (Yes vs. No) 1.00 (0.46, 2.19) 0.99 2.25 (1.26, 4.01) 0.006

A ¼ HLA-DQ8/X or HLA-DQ2/X children with a dad or sibling having T1D (~3.4% of total).
Bold indicates p-value <0.05.

Table 3
Hazard ratios (HR) from a multivariate proportional hazard model for GADA as first appearing b-cell autoantibodies in the offspring of mothers who did and did not report
gestational respiratory infection.

Factor Comparison Gestational respiratory infection

No
(total, n ¼ 2879)
(GADA-first, n ¼ 95)

Yes
(total, n ¼ 2652)
(GADA-first, n ¼ 86)

Factors on GADA-first

HR (95%CI) p-value HR (95%CI) p-value

Sex Male vs. Female 1.17 (0.78, 1.76) 0.46 0.96 (0.63, 1.49) 0.87
Family History FDR Dad/Sibling vs. GP 3.69 (2.20, 6.21) <0.0001 2.62 (1.28, 5.39) 0.009
HLA DQ2/8 vs. DQ8/8 2.10 (1.11, 3.97) 0.02 1.71 (0.94, 3.11) 0.08

DQ8/4 vs. DQ8/8 0.77 (0.30, 1.99) 0.59 0.99 (0.46, 2.16) 0.98
DQ2/2 vs. DQ8/8 2.29 (1.16, 4.49) 0.02 0.81 (0.38, 1.73) 0.58
DQ2,8/xA vs. DQ8/8 0.30 (0.04, 2.44) 0.26 e e

SNPs
rs689 (INS-A) Yes vs. No 0.85 (0.56, 1.28) 0.43 1.43 (0.94, 2.20) 0.10
rs231775 (CTLA4-G) Yes vs. No 1.17(0.75, 1.82) 0.50 1.65 (0.98, 2.79) 0.06
rs2476601 (PTPN22-A) Yes vs. No 2.15 (1.40, 3.31) 0.0005 1.20 (0.71, 2.00) 0.50
rs2292239 (ERBB3-T) Yes vs. No 1.42 (0.94, 2.15) 0.10 1.39 (0.90, 2.15) 0.14
rs3184504 (SH2B3-T) Yes vs. No 1.77 (1.06, 2.97) 0.03 1.51 (0.92, 2.47) 0.11
rs12708716 (CLEC16A-G) Yes vs. No 0.68 (0.45, 1.02) 0.06 0.78 (0.51, 1.19) 0.25
rs10517086-(A) Yes vs. No 0.80 (0.53, 1.20) 0.28 0.96 (0.62, 1.46) 0.84
rs4948088 (COBL-A) Yes vs. No 0.81 (0.39, 1.69) 0.58 0.77 (0.33, 1.77) 0.54
rs2816316 (RGS1-C) Yes vs. No 0.99 (0.65, 1.52) 0.97 0.71 (0.44, 1.16) 0.17
Birth weight /Kg 1.17 (0.78, 1.74) 0.45 1.18 (0.77, 1.80) 0.46
Probiotics at 28 days Yes vs. No or �28 days 1.03 (0.43, 2.46) 0.95 0.43 (0.13, 1.41) 0.16
Child conditions before first clinical visit (age 3 months) Upper Resp. (Yes vs. No) 0.84 (0.49, 1.42) 0.51 1.19 (0.74, 1.91) 0.48

Lower Resp. (Yes vs. No) 1.33 (0.72, 2.46) 0.36 1.21 (0.65, 2.25) 0.54
Diarrhea (Yes vs. No) 0.79 (0.32, 1.97) 0.61 1.25 (0.64, 2.45) 0.51

A ¼ HLA-DQ8/X or HLA-DQ2/X children with a dad or sibling having T1D (~3.4% of total).
Bold indicates p-value <0.05.
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mothers (G-RI) of TEDDY children showed distinct and different
interactions with the HLA-DQ and CTLA-4 genotypes of the child
and the type of first appearing b-cell autoantibody. First, in children
with the HLA DR4-DQ8 haplotype, G-RI was associated with a
reduced risk for IAA as the first b-cell autoantibody and, irre-
spective of HLA, CTLA-4 AG and GG children had a consistently
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lower risk of IAA in the presence of a G-RI. Second, in children with
the DR3-DQ2 haplotype, G-RI, was associated with a reduced risk
for GADA as first autoantibody however CTLA-4 AG and GG children
had an elevated risk of GADA in the presence of a G-RI. These novel
data suggest that gestational events such as reported respiratory
infection interact with CTLA-4, a well-known T cell regulatory
protein, to influence how either DR4-DQ8 or DR3-DQ2 children
react to a hypothetical trigger occurring during the first years of life.
The recognition of underlying immunogenetic propensities should
prove useful to further analyze the apparent bisectional etiology of
the first appearing b-cell autoimmunity be it marked by either IAA
or GADA. The challenge remains as to whether it is one triggering
event, or many, interacting with HLA-DR-DQ haplotype of the child
resulting in either IAA or GADA as the first b-cell autoantibody.
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