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Abstract

Aims/hypothesis—Psychological stress has long been considered a possible trigger of type 1 

diabetes, although prospective studies examining the link between psychological stress or life 

events during pregnancy and the child’s type 1 diabetes risk are rare. The objective of this study 

was to examine the association between life events during pregnancy and first-appearing islet 
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autoantibodies (IA) in young children, conditioned by the child’s type 1 diabetes-related genetic 

risk.

Methods—The IA status of 7317 genetically at-risk The Environmental Determinants of 

Diabetes in the Young (TEDDY) participants was assessed every 3 months from 3 months to 4 

years, and bi-annually thereafter. Reports of major life events during pregnancy were collected at 

study inception when the child was 3 months of age and placed into one of six categories. Life 

events during pregnancy were examined for association with first-appearing insulin (IAA) 

(N=222) or GAD (GADA) (N=209) autoantibodies in the child until 6 years of age using 

proportional hazard models. Relative excess risk due to interaction (RERI) by the child’s HLA-DR 

and SNP profile was estimated.

Results—Overall, 65% of mothers reported a life event during pregnancy; disease/injury (25%), 

serious interpersonal (28%) and job-related (25%) life events were most common. The association 

of life events during pregnancy differed between IAA and GADA as the first-appearing 

autoantibody. Serious interpersonal life events correlated with increased risk of GADA-first only 

in HLA-DR3 children with the BACH2-T allele (HR 2.28, p<0.0001), an additive interaction 

(RERI 1.87, p=0.0004). Job-related life events were also associated with increased risk of GADA-

first among HLA-DR3/4 children (HR 1.53, p=0.04) independent of serious interpersonal life 

events (HR 1.90, p=0.002), an additive interaction (RERI 1.19, p=0.004). Job-related life events 

correlated with reduced risk of IAA-first (HR 0.55, p=0.004). particularly in children with the 

BTNL2-GG allele (HR 0.48; 95% CI 0.31, 0.76).

Conclusions/interpretation—Specific life events during pregnancy relate differently with age-

related IAA vs GADA as first-appearing IA and interact with different HLA and non-HLA genetic 

factors, supporting the concept of different endotypes underlying type 1 diabetes. However, the 

mechanisms underlying these associations remain to be discovered. Life events may be markers 

for other yet-to-be-identified factors important to the development of first-appearing IA.
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Introduction

The Environmental Determinants of Diabetes in the Young (TEDDY) study seeks to identify 

environmental triggers of type 1 diabetes in genetically at-risk children followed from birth 

to age 15 at three centres in the USA (Colorado, Georgia/Florida and Washington) and three 

centres in Europe (Germany, Finland and Sweden). We previously confirmed that diabetes-

related insulin autoantibodies (IAA) first appear at an earlier age than GAD autoantibodies 

(GADA) and that the order of appearance is related to the child’s HLA-DR-DQ 

haplogenotype (1), suggesting different pathways to the endotypes of type 1 diabetes (2).

Psychological stress has long been considered a possible trigger of type 1 diabetes; literature 

reviews and prospective studies provide evidence for such a linkage (3–8). However, the 

mechanism by which psychological stress might lead to type 1 diabetes is unknown. 

Psychological stress could have a direct effect on the development of diabetes-related 

autoimmunity or it could have an indirect effect by increasing the likelihood of some other 

exposures associated with the aetiology of the disease (9). Any link between stress and 

diabetes-related autoimmunity may also depend on the child’s HLA and non-HLA genetic 

risk. No study has examined the association between psychological stress and first-appearing 

IAA and GADA separately nor has the impact of the child’s HLA and non-HLA genetic risk 

on the possible relationship between stress and IA been explored. Although there is 

prospective literature documenting a link between life events (LEs) during pregnancy and 

subsequent infections or illnesses in the child (10–13), only two prospective studies 

examined the relationship between psychological stress or LEs during pregnancy and the 

child’s subsequent risk of type 1 diabetes: death of the child’s father or sibling during 

pregnancy was associated with increased risk (7) and interpersonal events during pregnancy 

(e.g., divorce, family conflict) were associated with increased risk in HLA-DR3/4 children 

(8). Neither study assessed the possible link between LEs during pregnancy and first-

appearing IA in the child.

In TEDDY, all children were recruited based on their high-risk HLA-DR-DQ 

haplogenotype. We have reported that non-HLA SNPs are strongly associated with the 

development of islet autoantibodies (IA) up to 6 years of age: rs2476601 (PTPN22), 

rs2292239 (ERBB3), rs1004446 (INS), rs3184504 (SH2B3) and rs3763305 (BTNL2). 

Several SNPs were found to be related differently with IAA compared with GADA: 

rs231775 (CTLA4), rs689 (INS) and rs3757247 (BACH2) (1,14–16). No study has 

examined whether the association between psychological stress and first-appearing IAA and 

GADA is dependent on these SNPs.
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Methods

Participants

The TEDDY study design and methods are published elsewhere (17), as well as the 

characteristics of those who enrolled and those who declined (18,19). Written, informed 

consents were obtained from parents of all participants and the study was approved by each 

site’s institutional review or ethics board. All participants joined the TEDDY study before 

4.5 months of age.

The current analysis focused on the TEDDY cohort as of March 2019. Of the 8676 children 

who entered TEDDY, the following were excluded from the analysis: twin or triplet (n=252); 

child determined not to be HLA eligible (n=120); someone other than the mother was 

interviewed at 3 months about the mother’s LEs during the pregnancy (n=168) or no one 

was interviewed (n=5); mother had gestational, type 1 or type 2 diabetes (n=791); or the 

child’s antibody status was indeterminant (n=23). Hence, we included 7317 TEDDY 

children followed for the development of IA until 6 years (<84 months) of age. During this 

interval, 532 (7.3%) of these children developed autoantibodies (222 IAA-first; 209 GADA-

first; ten insulinoma antigen-2 (IA-2A)-first; 91 multiple IA at first detection). This paper 

focuses on the IAA-first and GADA-first samples since the first-appearing IA could not be 

determined in the multiple-IA cases and the IA-2A sample was too small.

Genotyping

More than 400,000 newborns were HLA genotyped and those with DR3/4, DR4/4, DR4/8 

and DR3/3 HLA haplogenotypes were eligible for TEDDY participation. For first-degree 

relatives of someone with type 1 diabetes, several additional haplogenotypes were eligible 

for inclusion (electronic supplementary material [ESM] Table 1). Of the 21,589 HLA 

eligible children, 8676 joined the TEDDY study. When the TEDDY participant was 9-12 

months of age, the child’s HLA status was confirmed and diabetes-related SNPs from the 

Illumina Immuno BeadChip (manifest file: Immuno_BeadChip_11419691.bpm from 

Illumina, San Diego, CA, USA) were assessed. The methods for genotyping have been 

published previously (1). For the current analysis, we focused on the high-risk HLA groups 

and SNPs previously found to be associated with IAA, GADA or both in TEDDY 

(rs2476601 in PTPN22; rs2292239 in ERBB3; rs1004446 in INS; rs3757247 in BACH2; 

rs3184504 in SH2B3; rs231775 in CTLA4; and rs3763305 in BTNL2) (1,11,12).

Islet autoantibodies

Blood draws for IA assay were done every 3 months for the first 4 years of participation and 

then bi-annually unless the child was positive for IA, in which case quarterly visits were 

maintained. A child was considered to have developed IA if the child had persistent 

confirmed autoimmunity defined as the presence of confirmed IAA, GADA or IA-2A at 

each of the two TEDDY reference laboratories on two or more consecutive visits. The assay 

methods have been published elsewhere (1).
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LEs during pregnancy

The most common method for assessing LEs is a self-reported checklist (e.g., Social 

Readjustment and Rating Scale, Life Experiences Survey) (20,21). To improve the quality of 

the data obtained, we modified this approach based on expert recommendations from the 

literature (22). Instead of using an LE checklist, we interviewed the mother at the time of the 

child’s enrolment in TEDDY (during the child’s first 3-4 months of life) about any major LE 

that occurred during her pregnancy. As part of the interview process, the mother was 

provided with a list of 20 LEs commonly reported (23) and was invited to report LEs not 

listed (ESM Table 2). To enhance accurate recall, the focus was on a specific, relatively short 

time-frame: her pregnancy. Our approach considered both overall LEs and type of LE 

grouped into six categories: disease/injury (self or others); significant loss (death of a family 

member or friend); serious interpersonal (marriage, separation, divorce, conflicts with 

spouse/relative/friend, moved or had a change in family composition); job-related (self or 

spouse quit/lost a job or started work/school); financial difficulties (self or spouse/partner); 

and other. To avoid concerns about quantifying the total number of LEs, and given the short 

time-frame of interest (pregnancy), we treated LEs as a dichotomous (yes/no) variable.

Statistical methods

LEs during pregnancy and their association with IA overall as well as with IAA or GADA as 

the first-appearing autoantibodies were evaluated by proportional hazard models. Children 

negative for autoantibodies were right-censored on the day of the last negative autoantibody 

test result or on the day before the child’s seventh birthday. The strength of associations was 

described by HRs and 95% CIs. Factors known to be associated with the development of 

autoimmunity (country, sex, having a father or sibling with type 1 diabetes, HLA 

haplogenotype and diabetes-related SNPs) were statistically controlled. Further testing of 

whether risk factors for IAA-first and GADA-first differed was performed by multivariate 

logistic regression, modelling factors significantly associated with the ratio of IAA-first to 

GADA-first. All factors included in the proportional hazard models were also included in 

the logistic models in addition to age of seroconversion. To account for correlation among 

the non-mutually exclusive LE categories, all categories were included in the multivariate 

models and a p value less than 0.05 was considered statistically significant. LEs significantly 

associated with IA overall or IAA-first vs GADA-first were further examined. Confounding 

and selection biases were considered by adjusting parsimoniously for maternal factors 

associated with maternal reports of LEs during pregnancy using an LE propensity score. An 

inverse probability of treatment (LE) weighting analysis, as described elsewhere (24), was 

performed to reduce selection bias by weighting children in the proportional hazard models 

by a stabilised weight created from the LE propensity score (25). Since the propensity score 

was first an estimate and then a known quantity, standard errors were calculated from 1000 

bootstrap samples. Maternal factors were also included in the models if they showed a 

significant association with outcome. Finally, maternal LEs showing an association with 

development of IA in the offspring were tested for effect modification by the child’s genetic 

risk factors. Interactions were examined on the ratio scale (multiplicative interaction), by 

including a cross-product term in the proportional hazard model, or on the difference scale 

(additive interaction) by estimating the relative excess risk due to interaction (RERI). The 

RERI was estimated by including in the model a four-category variable describing the 
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presence (1) and absence (0) of LEs and genetic factors and estimating the RERI as HR11 − 

HR10 - HR01 + 1 (26). The RERI and 95% CI estimate the additional risk due to interaction, 

with RERI>0 suggesting synergistic interaction. The strongest interactions are considered to 

exist on both the additive and multiplicative scales, with an RERI>1 indicating possible 

sufficient cause interaction between LE and gene. To account for multiple genetic×LE 

comparisons, a false discovery rate was calculated to account for the number (HLA-DR 

haplogenotypes and SNPs) and the type (additive or multiplicative) of genetic interaction 

tests (n=22), and a false discovery rate <0.05 was considered statistically significant. A 

sensitivity analysis was performed to determine whether results may have been influenced 

by knowing the first autoantibody for children who developed both IAA and GADA between 

visits (n=72 children). These children were censored at the time of seroconversion in a 

competing risk analysis along with 29 children who had developed IA-2A. The model 

discriminating IAA-first from GADA-first was fitted to children with both IAA and GADA 

to predict which autoantibody might have come first. Associations examining LEs with first-

appearing autoantibodies were repeated to include any additional first-appearing 

autoantibody cases that had a predicted ratio of 2:1 to have developed one autoantibody over 

the other (51/72). The sensitivity analysis was extended to examine the influence of attrition 

bias by including any first-time dropout or loss to follow-up (>1 year since last visit) as a 

competing risk.

Results

Nearly two-thirds (65%) of all participating mothers reported at least one LE during 

pregnancy (US mothers: 69%; European mothers: 62%). The most common categories of 

events reported were: disease/injury (25%); serious interpersonal (28%); and job-related 

(25%). Financial difficulties were reported by 19% of US mothers but only 5% of European 

mothers (Table 1). Controlling for all demographic and genetic factors associated with any 

IA, IAA-first or GADA-first (ESM Table 3), having one or more LE of any kind during 

pregnancy was not associated with IA overall (ESM Table 4). However, it was associated 

differently for children developing IAA-first as compared with GADA-first (p=0.04, ESM 

Table 4). The associations between specific LEs and any IA, IAA-first and GADA-first are 

provided in Table 2. Having a serious interpersonal LE, independent of other LE categories, 

was associated with an increased risk of IA overall (HR 1.25; 95% CI 1.03, 1.52; p=0.02). 

This was largely explained by an increased risk of GADA-first (HR 1.58; 95% CI 1.18, 2.12; 

p=0.002). In contrast, a job-related LE correlated with a lower risk of IAA-first (HR 0.55; 

95% CI 0.40, 0.84; p=0.004). The association of job-related LE with IAA-first differed 

significantly compared with GADA-first (p=0.005) and there was no association with IA 

overall. No other LE category showed a correlation with IA, IAA-first or GADA-first.

The serious interpersonal LE association with GADA and the job-related LE association 

with IAA remained significant (p values ≤0.01) when sensitivity analysis was performed to 

address possible bias due to other factors associated with maternal reports of LE (ESM Table 

5). Attrition or interval censoring due to lack of determination of the first-appearing IA did 

not affect the associations. Since we previously reported that respiratory infections during 

pregnancy exhibited a protective association with IAA for certain genetic subgroups (15) 

and stressful LEs are known to increase risk of illness (9), we reasoned that maternal illness 
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during pregnancy might explain our job-related LE–IAA association. However, multivariate 

modelling, controlling for respiratory illness during pregnancy, did not reduce the protective 

association between job-related LE during pregnancy and IAA-first in the child (ESM Table 

6).

We next examined whether the associations of job-related LE with IAA-first and serious 

interpersonal LE with GADA-first were dependent on the child’s type 1 diabetes genetic 

risk. Additive and multiplicative interactions were tested between maternal job-related LE 

and the ten genetic components of the child (HLA-DR3, HLA-DR4, HLA-DR8 and SNPs in 

PTPN22, INS, ERRB3, SH2B3, BACH2, CTLA4 and BTNL2) (ESM Table 7). Adjusting 

for multiple comparisons, there were no statistically significant interactions between job-

related LE and the genetic components. However, an interaction was observed between job-

related LE and the BTNL2 SNP on both the risk difference (additive interaction, RERI 0.56; 

95% CI 0.05, 1.08; p=0.03) and ratio scales (multiplicative interaction, HR 2.19; 95% CI 

1.01, 4.77; p=0.048). Job-related LE was associated with a reduced risk of IAA among 

children with the BTNL2-GG genotype (HR 0.48; 95% CI 0.31, 0.76), but no correlation 

was seen among children with the BTLN2-A allele (HR 1.03; 95% CI 0.54, 1.95). An 

examination of the overall absolute incidence of IAA-first at age 6 years by job-related LE 

and the child’s HLA-DR and BTNL2 genotypes showed that job-related LE reduced 

incidence of IAA-first consistently across HLA-DR haplogenotypes, although only in 

children with the BTNL2-GG genotype (Fig. 1a). The association was not consistent for 

children with the BTNL2-A allele (Fig. 1b). In this cohort, 99.4% of HLA-DR3/3 children 

have the BTNL2-GG genotype and the incidence of IAA-first among HLA-DR3/3 children 

was low. Thus, we examined the children with at least one HLA-DR4 haplogenotype. The 

reduced risk of IAA-first by a job-related LE during pregnancy was primarily observed 

before 3 years of age and only in children with the BTNL2-GG genotype (Fig. 1c,d).

The additive and multiplicative interactions between a serious interpersonal LE during 

pregnancy and the ten genetic components of the child on risk of GADA-first are 

summarised in ESM Table 8. An additive interaction was discovered between the BACH2 
SNP and a serious interpersonal LE (RERI 1.25; 95% CI 0.50, 2.00; p=0.001; false 

discovery rate=0.02). Taking BACH2-CC genotype and no serious interpersonal LE as a 

reference group, only children with a BACH2-CT or TT genotype and a serious 

interpersonal LE showed an increased risk of developing GADA-first (HR 2.22; 95% CI 

1.48, 3.33), with no increase seen for children with a BACH2-CC genotype and a serious 

interpersonal LE (HR 0.77; 95% CI 0.40, 1.47) or for BACH2-CT and TT genotypes and no 

serious interpersonal LE (HR 1.21; 95% CI 0.83, 1.77). The child’s HLA haplogenotype 

also showed evidence of modifying the serious interpersonal LE effect (ESM Table 8). The 

absolute risk of GADA-first at 6 years of age stratifying on serious interpersonal LE during 

pregnancy as well as both HLA-DR and BACH2 genotypes showed that the increased risk of 

GADA-first by serious interpersonal LE in pregnancy and BACH2-T allele only occurred if 

children had the HLA-DR3 haplogenotype (HR 2.28, p<0.0001), an additive interaction 

(RERI 1.87, p=0.0004). (Fig. 2a,b). Among HLA-DR3 children, the impact of the BACH2-T 

allele on the serious interpersonal LE correlation with GADA-first increased with the age of 

the child (Fig. 2c,d).
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Since GADA-first generally occurs later than IAA-first, we also examined whether job-

related LE interacted with the child’s HLA-DR haplogenotype on risk of GADA-first. Job-

related LE showed strong multiplicative (HR 2.44; 95% CI 1.29, 4.61; p=0.006) and additive 

interactions (RERI 1.19; 95% CI 0.38, 2.00; p=0.004) with the HLA-DR3/4 haplogenotype. 

Job-related LE correlated with increased risk of GADA-first (HR 1.75; 95% CI 1.17, 2.61; 

p=0.006) among children with HLA-DR3/4, while no increase was seen in children without 

both the HLA-DR3 and the HLA-DR4 haplogenotypes (HR 0.68; 95% CI 0.41, 1.12; 

p=0.12). The interaction was not dependent on the BTNL2 genotype or age (ESM Fig. 1a–

d). For children with HLA-DR3/4, serious interpersonal LE (HR 1.90; 95% CI 1.26, 2.84; 

p=0.002) and job-related LE (HR 1.53; 95% CI 1.01, 2.30; p=0.04) independently correlated 

with an increased risk of GADA-first after adjusting for all other factors. The incidence of 

GADA-first by 6 years of age among HLA-DR3/4 children was 13.7/1000 person-years if 

mothers reported both serious interpersonal LE and job-related LE (n=308), 9.2/1000 

person-years if mothers reported only one of these events (n=979) and 5.1/1000 person-

years if mothers reporting neither during pregnancy (n=1602).

Discussion

Type 1 diabetes is a complex autoimmune disease, with age and HLA and non-HLA SNPs 

associated with the first-appearing IA (1). Although the incidence of type 1 diabetes 

increases until early adolescence, the appearance of IAA as the first IA peaks in the first year 

of life, predominately among HLA-DR4 children, while GADA-first appears consistently 

throughout early childhood. Our findings add further clarification of these relationships by 

identifying specific LEs during pregnancy that correlated differently with IAA-first and 

GADA-first in genetically at-risk young children. For IAA-first, we found that a job-related 

LE reported during pregnancy was associated with lower risk, specifically among children 

having the BTNL2-GG genotype. For GADA-first, a serious interpersonal LE during 

pregnancy, interacting with HLA-DR3 and BACH2-G alleles, correlated with a significant 

excess risk. Taken together, these findings show that children born with the highest HLA risk 

for type 1 diabetes (HLA-DR3/4) had a greater risk of developing GADA-first over IAA-

first, and thus IA at a later age, if the mother reported a job-related LE or serious 

interpersonal LE during pregnancy.

Although these findings are intriguing, they raise many questions about the mechanisms 

underlying these associations. For example, a job-related LE could be a proxy for other 

events that occur during pregnancy or after the birth of the child (e.g., exclusivity/duration of 

breast feeding, age placed in daycare) that could prove to be associated with IAA at a young 

age. Of interest is our finding that among HLA-DR4 children, the BTNL2-A allele had a 

protective association with IAA; a job-related LE during pregnancy was not associated with 

IAA in these children. In contrast, the protective association of a job-related LE occurred in 

those HLA-DR4 children with the higher-risk BTNL2-GG genotype. Although this 

interaction was no longer significant when controlling for multiple comparisons, this 

preliminary finding may warrant further exploration as the BTNL2-G allele, among HLA-

DR3/4 children in the TEDDY cohort, was in nearly complete linkage disequilibrium with 

HLA-DRB1*04 subtypes (*04:01, *04:02, *04:05), while the BTNL2-A allele was 

associated with HLA-DRB1*04:04 and *04:07 (15). Previously, the BTNL2-GG genotype 
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was associated with increased risk for IA and type 1 diabetes, although its specific 

association with IAA and GADA as the first-appearing autoantibody was not explored (15). 

BTNL2 is a butyrophilin family member and mutations in this gene have been associated 

with several autoimmune diseases (15, 27). There are few studies examining the association 

of BTNL2 with type 1 diabetes (28, 29), although BTNL2 is thought to have a regulatory 

function on T cell generation and function (15, 30–32) (ESM Table 9).

Whatever the mechanism, evidence of protection against IAA is important because IAA is 

seen in very young children who tend to go on to develop type 1 diabetes very rapidly (33); 

reducing risk of IAA would likely delay type 1 diabetes onset even in those who later 

develop GADA. While HLA-DR4 is associated with IAA-first, HLA-DR3 is associated with 

GADA-first. We found that a serious interpersonal LE during pregnancy further increased 

the risk of GADA in HLA-DR3 children but not in HLA-DR4 children. Further, serious 

interpersonal LEs were associated with increased risk of GADA in children with the 

BACH2-T allele. A number of studies have documented an association between the BACH2 
SNP and increased risk for type 1 diabetes (34–38), and one study reported BACH2 to be 

associated with increased risk for GADA as the first-appearing antibody (1). Several studies 

have suggested that the BACH2 SNP plays a key role in B cell differentiation (39) as well as 

T cell regulation (40–42). While only 10% of the participants had all three risk factors (DR3, 

BACH2-T allele, serious interpersonal LE during pregnancy), 24% of the GADA 

participants did.

However, the mechanism by which a serious interpersonal LE during pregnancy might lead 

to GADA in DR3, BACH2-T allele children is unknown. Serious interpersonal LEs may be 

rather chronic in nature, resulting in a maternal stress response affecting the mother’s own 

immune system as well as the development of the immune system in the child. It is also 

possible that a serious interpersonal LE during pregnancy is a proxy for other exposures or 

maternal behaviours (e.g. diet, sleep, prenatal care) that could affect the developing fetus, or 

mothers with serious interpersonal LEs during their pregnancy may continue to experience 

such events after the child’s birth, influencing mother–child bonding, breastfeeding 

behaviour (43) and other parenting practices or environmental exposures that could affect 

the child.

The HLA-DR3/4 haplogenotype is the most common high-risk subgroup in TEDDY. 

Children in this subgroup are equally likely to get IAA as GADA as the first-appearing 

autoantibody. Like children with other HLA-DR haplogenotypes, a job-related LE during 

pregnancy was protective of IAA, particularly in those with the BTNL2-GG genotype. 

However, the same job-related LE during pregnancy actually increased risk of GADA in 

these children, suggesting that in these children the risk for IA was not reduced but simply 

shifted in time. In fact, these children were at exceedingly high risk for GADA if their 

mothers experienced both a job-related LE and a serious interpersonal LE during pregnancy 

and they had the BACH2-T allele.

Although gene–environment interactions are often cited as a causal influence for type 1 

diabetes, there are few clear examples in the published literature. Here we report two gene–

environment interactions relevant to GADA as the first-appearing antibody: a serious 
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interpersonal LE in pregnancy increased a child’s risk for GADA in HLA-DR3 but not 

HLA-DR4 children, and increased risk for GADA in children with the BACH2-T allele but 

not in children with the BACH2-CC genotype. We also report some preliminary evidence 

that a job-related LE during pregnancy may have a protective association with IAA in those 

HLA-DR4 children with the BTNL2-GG genotype, but may increase risk for GADA in 

HLA-DR3/4 children.

By focusing separately on IAA and GADA as the first-appearing autoantibody, we add to 

our understanding of the different pathways by which a child may develop this disease. By 

including diabetes-related genetic information in our analyses we have advanced our 

knowledge of the complex interplay of genes and environment in its early development. 

Although our study findings highlight important associations between different types of LEs 

during pregnancy and the child’s subsequent likelihood of developing type 1 diabetes-related 

autoimmunity, we have yet to understand the mechanisms underlying these associations. 

Nevertheless, our study findings clearly support the concept of different endotypes 

underlying type 1 diabetes (2).

The study limitations include a rather crude measure of environmental stress exposure 

during pregnancy. Unfortunately, there is no gold standard for measuring human 

environmental stress exposure. We took a number of steps to promote accurate recall of LE 

data; our prospective study design eliminated the possibility that associations were a product 

of recall bias. Further, our findings are consistent with a previously published report linking 

interpersonal events during pregnancy with type 1 diabetes in HLA-DR3/4 children (8). 

However, certain types of LEs (significant loss and financial difficulties) were infrequently 

reported, limiting our ability to detect any association between these types of events and the 

development of IA in the child. Given the previously published study documenting a link 

between death of a father or a sibling during the prenatal period and the development of type 

1 diabetes (7), we conducted an exploratory post hoc analysis examining onset of any IA by 

HLA-DR haplogenotype and specific LEs. This analysis suggested that a significant loss LE 

during pregnancy may indeed impact onset of IA in the child, but the effect is dependent on 

the child’s HLA-DR haplogenotype (ESM Table 10).

Our focus on environmental stress exposure during pregnancy and not the mother’s reaction 

to that exposure is an additional study limitation. Our purpose was to first test the possible 

association of environmental stress exposure during pregnancy with the development of 

diabetes-related autoimmunity in the child. Resilience, coping or adaptation in response to 

LEs are certainly additional factors important to consider in future studies (44).

Additional study limitations include its narrow focus on IAA-first and GADA-first in 

children of non-diabetic mothers until 6 years of age. We conducted post hoc analyses of 

774 TEDDY children with diabetic mothers of whom 65 developed IA (29 IAA-first, 24 

GADA-first). In this small sample, children of mothers reporting a job-related LE during 

pregnancy were more likely to develop GADA-first than IAA-first (HR 3.16; 95% CI 1.25, 

9.02; p=0.02), consistent with the findings we report here. However, we were unable to 

document an association between serious interpersonal LEs and any IA, possibly due to the 

small sample size. Future research will need to expand this work to the unique situation 
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experienced by pregnant women with diabetes. Also important will be studies of prenatal 

LEs and IA in older children, as well as their possible role in a child’s progression to 

multiple autoantibody status or type 1 diabetes. Because TEDDY study visits occur every 3 

to 6 months, we were unable determine the first IA for 20% of children who exhibited 

multiple autoantibodies in their first positive test results; this was another study limitation. 

However, sensitivity analysis showed little evidence that determination of first-appearing IA 

for these multiple-IA children would change the findings.

In an effort to address some of these limitations, TEDDY investigators plan to explore the 

role of LEs after the child’s birth in both the development of IA and progression toward type 

1 diabetes. Plans also include exploring possible associations with stress response-related 

genotypes in the child using genome-wide SNP coverage, epigenetic and transcriptome 

profiling, child gut microbiota, metabolomics and proteomics, and the child’s 

immunological response. Although stress has long been considered a possible trigger of type 

1 diabetes, this work will advance the field beyond the simple association studies that have 

characterised the literature to date. Elucidating the gene–environment interactions 

underlying the pathogenesis of this disease is critical to our ultimate goal of type 1 diabetes 

prevention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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IA-2A Insulinoma-associated protein 2 autoantibodies

INS rs1004446 SNP in INS

LE Life event

PTPN22 rs2476601 SNP in PTPN22

RERI Relative excess risk due to interaction

SH2B3 rs3184504 SNP in SH2B3
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Research in context

What is already known about this subject?

• Prospective studies have suggested a link between psychological stress and 

type 1 diabetes

• Two prospective studies have documented an association between 

psychological stress or life events during pregnancy and risk of type 1 

diabetes in the child

What is the key question?

• Are maternal life events experienced during pregnancy associated with first-

appearing insulin autoantibodies (IAA) or GAD autoantibodies (GADA) in 

the young child and is any association conditioned by the child’s type 1 

diabetes genetic risk?

What are the new findings?

• The association of maternal life events during pregnancy differed between 

IAA and GADA as the first-appearing autoantibody and was often 

conditioned by the child’s type 1 diabetes genetic risk

• A job-related life event during pregnancy was associated with reduced risk of 

IAA as the first-appearing autoantibody in all children except HLA-DR3/4 

children with the BTNL2-A allele

• In contrast, a serious interpersonal life event during pregnancy was associated 

with increased risk for GADA as the first-appearing autoantibody in HLA-

DR3 children with the BACH2-T allele; a job-related life event during 

pregnancy was also associated with an increased risk of GADA in HLA-

DR3/4 children

How might this impact on clinical practice in the foreseeable future?

• The findings add together our understanding of the different pathways by 

which a child may develop type 1 diabetes and support the need for additional 

investigation of the role of life events during pregnancy in the child’s 

development of type 1 diabetes-related autoimmunity
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Fig. 1. 
(a) HLA-DR4/4 or 4/8 children and HLA-DR3/4 children with the BTNL2-GG genotype 

were less likely to develop IAA as the first-appearing IA if the mother experienced a job-

related LE during pregnancy (*p<0.05). A job-related LE during pregnancy was unrelated to 

IAA as the first-appearing IA in HLA-DR3/3 children (p=0.26) with the BTNL2-GG 

genotype. (b) There was no association between job-related LE in pregnancy and IAA as the 

first-appearing antibody in HLA-DR4/4 or 4/8 children (p=0.14) or DR3/4 children (p=0.16) 

with the BTNL2-AA/AG genotype. (c) Age-specific incidence of IAA as the first-appearing 

IA by job-related LE in pregnancy for HLA-DR4 children with the BTNL2-GG genotype 

and (d) for HLA-DR4 children with the BTNL2-AA/AG genotype
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Fig. 2. 
(a) There was no association between a serious interpersonal LE in pregnancy and GADA as 

the first-appearing autoantibody for HLA-DR4/4 or 4/8 (p=0.79), HLA-DR3/4 (p=0.65) and 

HLA-DR3/3 (p=0.08) children with the BACH2-CC genotype. (b) A serious interpersonal 

LE was associated with increased risk of GADA as the first-appearing antibody in HLA-

DR3/4 children with the BACH2-CT/TT genotype (***p<0.0005) and HLA-DR3/3 children 

with the BACH2-CT/TT genotype (*p<0.05), but not in HLA-DR4/4 or 4/8 children with 

the BACH2-CT/TT genotype (p=0.91). (c) Age-specific incidence of GADA as the first-

appearing autoantibody by serious interpersonal LE during pregnancy for HLA-DR3 

children with the BACH2-CC genotype and for (d) HLA-DR3 children with the BACH2-

CT/TT genotype
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