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Factors That Increase Risk of Celiac Disease Autoimmunity After
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BACKGROUND & AIMS: Little is known about the pathogenic mechanisms of gluten immunogenicity in patients with celiac
disease. We studied temporal associations between infections and the development of celiac disease
autoimmunity, and examined effects of HLA alleles, rotavirus vaccination status, and infant feeding.

METHODS: We monitored 6327 children in the United States and Europe carrying HLA risk genotypes for
celiac disease from 1 to 4 years of age for presence of tissue transglutaminase autoantibodies
(the definition of celiac disease autoimmunity), until March 31, 2015. Parental reports of
gastrointestinal and respiratory infections were collected every third month from birth. We
analyzed time-varying relationships among reported infections, rotavirus vaccination status,
time to first introduction of gluten, breastfeeding, and risk of celiac disease autoimmunity using
proportional hazard models.

RESULTS: We identified 13,881 gastrointestinal infectious episodes (GIE) and 79,816 respiratory infec-
tious episodes. During the follow-up period, 732 of 6327 (11.6%) children developed celiac
disease autoimmunity. A GIE increased the risk of celiac disease autoimmunity within the
following 3 months by 33% (hazard ratio [HR], 1.33; 95% confidence interval [CI], 1.11-1.59).
This risk increased 2-fold among children born in winter and introduced to gluten before age 6
months (HR, 2.08; 95% CI, 1.46-2.98), and increased 10-fold among children without HLA-DQ2
alleles and breastfed for fewer than 4 months (HR, 9.76; 95% CI, 3.87-24.8). Risk of celiac
disease autoimmunity was reduced in children vaccinated against rotavirus and introduced to
gluten before age 6 months (HR, 0.57; 95% CI, 0.36-0.88).

CONCLUSIONS: Gastrointestinal infections increase the risk of celiac disease autoimmunity in children with
genetic susceptibility to this autoimmune disorder. The risk is modified by HLA genotype, infant
gluten consumption, breastfeeding, and rotavirus vaccination, indicating complex interactions
among infections, genetic factors, and diet in the etiology of celiac disease in early childhood.
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he role of childhood infections on the develop-

ment of celiac disease is controversial. Although
frequent infections during the first 18 months of life
reportedly increase the risk of celiac disease later during
childhood,l'5 acute infections at the time of gluten
introduction have no effect on disease risk in the general
population.® This highlights the need for clarification if
infections are associated with celiac disease in a large
prospective multinational cohort. The Environmental
Determinants of Diabetes in the Young (TEDDY) study
recently showed country-specific differences in celiac
disease risk during the first 2 years of life in genetically
at-risk children.” Because the TEDDY study prospectively
collects clinical and environmental information on chil-
dren starting at birth, association studies on infections
before the development of disease are possible. The
aim of this study was to characterize and determine tem-
poral associations between gastrointestinal and respira-
tory infections on the subsequent risk of celiac disease
autoimmunity (CDA) in children between 1 and 4 years
of age.

Materials and Methods

Study Cohort

The TEDDY study, approved by local Ethical Insti-
tutional Review Boards and monitored by an External
Advisory Board formed by the National Institutes of
Health, follows up a birth cohort of 8676 children with
1 of 10 HLA-DR-DQ genotypes associated with type 1
diabetes and/or -celiac disease,® located in Finland;
Germany; and Sweden; and Colorado, Georgia/Florida,
and Washington state in the United States.” Of the in-
fants enrolled, 8280 (95.4%) carried one of the
following HLA genotypes: DR3-DQ2/DR3-DQ2 (n =
1791), DR3-DQ2/DR4-DQ8 (n = 3339), DR4-DQ8/DR4-
DQ8 (n = 1674), or DR4-DQ8/DR8-DQ4 (n = 1476).
Clinical visits occurred every 3 months until 4 years of
age and semiannually thereafter.'” Annual CDA
screening began at age 2 years by measuring tissue
transglutaminase antibody (tTGA) using a radioligand
binding assay.” Children who tested positive for tTGA at
their annual visit were retested after 3 months, and
those who persistently tested tTGA positive were
defined as having CDA (Supplementary Figure 1). Pre-
vious quarterly serum samples were analyzed further to
determine age at tTGA seroconversion. The present
analysis included 6327 children who had reached 4
years of age by March 31, 2015 (Supplementary
Figure 2). Of those, 732 of 6327 (11.6%) developed
CDA, of whom 318 underwent a duodenal biopsy and
283 (90.0%) had a biopsy indicative of celiac disease
(ie, a Marsh score >1).
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Reporting of Infectious Episodes and
Rotavirus Vaccination

In TEDDY, caregivers continuously record a child’s
illnesses, hospitalizations, medical diagnoses, medication
use, and vaccination history.8 For acute illnesses, care-
givers record the symptoms, the date of the first
appearance of symptoms, the diagnosis (if any), and the
presence of any fever. Caregiver-reported symptoms and
illnesses then are translated into International Classifi-
cation of Diseases, 10th revision (ICD-10), codes by
TEDDY staff during the scheduled clinical visits and
categorized into respiratory, gastrointestinal, other, or
unknown febrile infections.'’ Other and unknown febrile
infections were not considered in the current study
because of low incidence.'’ The respiratory and gastro-
intestinal infection categories included 11 and 2 medical
diagnosis codes, respectively (Supplementary Table 1).
ICD-10 codes for noninfective gastroenteritis (ie, K52,
K52.0, K52.2, K52.8, and K52.9) were included as con-
trols. To avoid overestimation of the number of total
unique infections, any ICD-10 codes in the respiratory or
gastrointestinal category recorded within 7 days were
merged into one respiratory infectious episode (RIE) or
gastrointestinal infectious episode (GIE), respectively.'’

Statistical Methods

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 next scheduled 3-month clinic
visit. The cumulative count was calculated as a rate per
year. Because incidence was lower, GIEs were analyzed
as a binomial variable within any 1-year window of time
and as a count per year over longer periods. The asso-
ciations between RIE or GIE and CDA were examined by
time-dependent Cox proportional hazards models. Chil-
dren were right-censored after the day of the last nega-
tive CDA result or at 48 months of age, whichever came
first. Children were left censored before 12 months of
age. Two children with age of CDA seroconversion before
12 months were excluded. The current 3-month RIE/GIE
rate was first examined for CDA risk. The time risk set
was formed on the day of the first positive tTGA sample.
The between-visit period over which the 3-month RIE/
GIE rate was calculated for that specific day was
considered the seroconversion period. The effect of RIE/
GIE during the seroconversion period on CDA was
assessed using hazard ratios (HRs) and 95% confidence
intervals (CIs). RIE/GIE rates before the seroconversion
period were examined as the cumulative RIE/GIE rate
from enrollment, as the rate during the first year of life
and last year before the seroconversion period, and as
the rate between the 3-month visits within the first year
of life and the last year before the seroconversion period
(Supplementary Figure 1). All models were adjusted for
potential CDA confounders or childhood infections
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Table 1. Proportional Hazards Model of Factors Associated With CDA or Rate of Childhood Infections on the Risk of CDA

Between 1 and 4 Years

Univariate (n = 6327)

Multivariate (n = 6148)

Total (n = 6327) HR (95% CI) P value HR (95% CI) P value

Country, n (%)

United States 2 545 (40.2) 1 (reference) 1 (reference)

Finland 1 436 (22.7) 1.09 (0.88-1.33) 1.21 (0.97-1.50)

Germany 338 (5.3) 1.35 (0.97-1.89) 1.35 (0.94-1.93)

Sweden 2 008 (31.7) 1.60 (1.35-1.89) <.001 1.61 (1.31-1.97) <.001
Sex, n (%)

Male 3253 (51.4) 1 (reference) 1 (reference)

Female 3 074 (48.6) 1.47 (1.27-1.71) <.001 1.64 (1.41-1.90) <.001
HLA-DR-DQ genotype, n (%)

DQ8/8 or DQ4/DR4-DQ8 2 385 (37.7) 1 (reference)

DQ2/DQ8 2 581 (40.8) 2.26 (1.81-2.82)

DQ2/DQ2 1361 (21.5) 6.31 (56.11-7.80) <.001

Per number of DQ2 haplotypes 2.58 (2.33-2.85) <.001 2.63 (2.37-2.92) <.001
Season of birth, n (%)

Summer (March-August) 613 (49.4) 1 (reference) 1 (reference)

Winter (September—February) 91 (50.6) 0.86 (0.74-0.99) .04 0.89 (0.77-1.03) 12
First-degree relative with celiac disease, n (%)

No 6 125 (96.8) 1 (reference) 1 (reference)

Yes 202 (3.2) 3.10 (2.40-4.02) <.001 2.06 (1.58-2.69) <.001
Maternal age, y, median (IQR)

For every 5-year increase in age 31 (27-34) 1.00 (0.93-1.07) .92 0.92 (0.84-1.00) .05

Maternal education, n (%)

High school 1157 (18.7) 1 (reference) 1 (reference)

Trade school or some college 1484 (24.0) 1.05 (0.83-1.33) 1.19 (0.92-1.53)

College degree or more 3542 (57.3) 1.22 (1.00-1.50) .07 1.30 (1.03-1.63) .03
Only child in household at 9 months

of age, n (%)

No 3576 (57.8) 1 (reference) 1 (reference)

Yes 2608 (42.2) 1.08 (0.93-1.25) .31 1.05 (0.90-1.23) .56
Mode of delivery, n (%)

Vaginal 4709 (74.5) 1 (reference) 1 (reference)

Caesarian section 1614 (25.5) 0.78 (0.65-0.93) .006 0.85 (0.71-1.03) .09
Age at start of daycare, n (%)

<4 mo 2312 (36.5) 1 (reference)

4 to <8 mo 1292 (20.4) 0.98 (0.81-1.18)

8 to <12 mo 683 (10.8) 0.78 (0.60-1.01)

>12 mo 2040 (32.2) 0.76 (0.64-0.91) .01

For every 4-month increase in age 0.92 (0.86-0.98) .009 0.94 (0.88-1.01) 11
Duration of any breastfeeding, n (%)

<4 mo 1681 (26.6) 1 (reference)

4 to <8 mo 1471 (23.2) 1.44 (1.16-1.79)

8to <12 mo 1679 (26.4) 1.33 (1.07-1.64)

>12 mo 1440 (22.8) 1.45 (1.17-1.80) .002

For every 4-month increase in duration 1.11 (1.03-1.19) .004 1.12 (1.04-1.22) .004
Age at introduction to gluten, n (%)

<4 mo 1226 (19.4) 1 (reference)

5 mo 1436 (22.7) 0.83 (0.67-1.02)

6 mo 1444 (22.8) 0.71 (0.57-0.88)

>7 mo 2220 (35.1) 0.74 (0.61-0.88) .006

For every 4-month increase in age 0.83 (0.70-0.97) .02 0.91 (0.75-1.11) .34

IQR, interquartile range.

(variables are listed in Table 1). Infections showing sig-
nificant temporal association with CDA were tested
further for interactions with CDA confounders as well as
with season at the time of infection and age at serocon-
version. Finally, the influence of country, rotavirus
vaccination, and season on the odds of a GIE infection
being reported between visits were examined by

generalized estimating equations with logit link function.
A P value less than .05 was considered statistically sig-
nificant in primary analyses if the false discovery rate
was less than .05. In all other analyses, a P value less
than .05 was considered significant for description. Sta-
tistical analyses were performed using SAS version 9.4
(SAS Institute, Inc, Cary, NC).
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Results

Temporal Association Between
Infectious Episodes and Risk of
Celiac Disease Autoimmunity

Complete demographic and dietary information was
available for 97.2% (6148 of 6327) of subjects (Table 1).
A total of 13,881 GIEs and 79,816 RIEs were recorded
during the study period. RIEs and GIEs peaked between
6 and 9 months of age (69.7% of children reporting) and
15 to 18 months of age (18.2% of children reporting),
respectively (Supplementary Figure 34). The incidence of
RIEs and GIEs was highest in February (5.0 and 1.09 per
person-years, respectively) and lowest in July (1.6 and
0.32 per person-years, respectively) (Supplementary
Figure 3B). After adjusting for risk factors (Table 1),
RIE and GIE rates reported either within the serocon-
version period, cumulatively since enrollment, or during
the first year of life were not associated with CDA

A
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(Figure 1). There was no CDA risk at any time after a
recent RIE, after correcting for multiple comparisons
(Figure 1B). However, a GIE occurring within any
3-month period significantly increased the CDA risk
within the following 3 months (adjusted HR, 1.33; 95%
Cl, 1.11-1.59; P = .002; false discovery rate < 0.05)
(Figure 1A4). Both bacterial or viral infective gastroen-
teritis (adjusted HR, 1.33; 95% CI, 1.08-1.63) and nausea
and vomiting (adjusted HR, 1.36; 95% CI, 1.12-1.22)
medical diagnosis codes were associated with CDA in this
time window, whereas noninfective gastroenteritis was
not associated (adjusted HR, 1.06; 95% CI, 0.55-2.06)
(Supplementary Table 2).

Effect Modifications

Secondary analyses were conducted to further char-
acterize the influence of GIEs occurring 0 to 3 months
before the seroconversion period on CDA risk. The as-
sociation between CDA and GIE 0 to 3 months before the

Adjusted HR [95% CI]

Cumulative GIEs:
/rate per year

Early life GIEs reported between ages: (/yes)

3 to 6 months of age

6 to 9 months of age

9 to 12 months of age

3 to 12 months of age
Recent GIEs reported: (/yes)

Figure 1. Risk of CDA be-
tween 1 and 4 years of age
for (A) GIEs and (B) RIEs
reported in the first year of
life and within a year before
the seroconversion period.
*Statistically significant as
P < .05 and false discovery
rate less than 0.05.
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seroconversion period was not modified by country
(P = .46), sex (P = .89), HLA-DQ genotype (P = .18),
season of gastrointestinal infection (P = .14), first-degree
relative with celiac disease (P = .42), maternal age (P =
.62), maternal education (P = .25), number of children in
the household at 9 months of age (P = .13), mode of
delivery (P = .46), age at start of daycare (P = .56), or
age at introduction to gluten (P = .57). However, the
association was modified by duration of any breast-
feeding (2-way interaction, P = .03), HLA-DQ genotype
(3-way interaction, P = .002), by season of birth (2-way
interaction, P = .05), and by age at gluten introduction
(3-way interaction, P < .001). An interaction between
age at tTGA seroconversion (2-way interaction, P = .04)
also was found. For children who were breastfeed for
less than 4 months the influence of GIEs on CDA risk
(adjusted HR, 2.02; 95% CI, 1.37-2.96) was stronger
compared with those who were breastfed longer
(Figure 2). This risk was even more pronounced among
children carrying the HLA-DQ8/8 or HLA-DQ4/8 geno-
types (adjusted HR, 9.76; 95% CI, 3.87-24.80) (Figure 2).
Examining exclusive breastfeeding as a factor supported
the findings of any breastfeeding on the association
between GIE and CDA (data not shown).

The GIE-CDA association also was strengthened among
children born in winter (born September-February:

Clinical Gastroenterology and Hepatology Vol. 15, No. 5

adjusted HR, 1.56; 95% CI, 1.21-2.02) compared with
children born in summer (born March-August: adjusted
HR, 1.11; 95% CI, 0.85-1.44) (Figure 3), and seemed to be
strengthened further if gluten introduction occurred
before 6 months of age (adjusted HR, 2.08; 95% CI,
1.46-2.98). There was no association if gluten was intro-
duced at 6 months or later, or if a child born in summer
was introduced to gluten before 6 months of age
(Figure 3). However, the season of birth effect on the GIE-
CDA association was seen only among Swedish children
(interaction, P = .01) and not at other TEDDY sites
(interaction, P = .96), because 69.7% (241 of 346) of CDA
cases with early gluten introduction were Swedish.
Swedish participants were introduced to gluten at least 1
month earlier than children from other TEDDY sites
(Supplementary Table 3).

Rotavirus Vaccination and Risk of Celiac
Disease Autoimmunity

Although country of birth did not appear to modify
the GIE-CDA association overall (2-way interaction,
P = .46), the association was similarly high in Sweden
(HR, 1.45; 95% CI, 1.12-1.87) and Germany (HR, 1.56;
95% CI, 0.70-3.48), where the rotavirus vaccination

CDA, n Adjusted HR [95% CI]

Duration of any breastfeeding: I

< 4 months ¢ 148 2.02 [1.37, 2.96]
4 to 8 months —— 188 1.21[0.84, 1.74]
8 to 12 months r—|—| 202 1.33 [0.95, 1.88]
> 12 months —— 190 1.04[0.71, 1.52]
Duration of any breastfeeding by HLA type: '
HLA-DQ8/8 or 4/8:
< 4months i - 21 9.76 [3.87, 24.80]
4 to 8 months . — 30 1.32 [0.53, 3.28]
8 to 12 months L = E 32 0.89[0.34, 2.33]
> 12 months L - 29 0.82 [0.28, 2.38]
HLA-DQ2/8: ;
< 4 months T 52 1.49[0.72, 3.09]
4 to 8 months s 66 1.56 [0.88, 2.75]
8 to 12 months C . = 1 70 1.70[1.00, 2.93]
> 12 months n—'i—! 77 0.93 [0.50, 1.73]
HLA-DQ2/2: i
< 4 months —_— 75 1.48[0.82, 2.66]
4 to 8 months —_— 92 0.99 [0.56, 1.72]
8 to 12 months ——— 100 1.26 [0.76, 2.09]
> 12 months — 84 1.2410.72,2.12]
T T T T T 1 TTTTTT | | ] |
0.2 0.5 1.0 2.0 5.0 10.0 20.0 50.0

Figure 2. Stratified proportional hazards models of GIE 0 to 3 months before the seroconversion period on the risk of CDA
between 1 and 4 years of age stratified by duration of any breastfeeding and HLA-DQ genotype.
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CDA,n Adjusted HR [95% CI]

Season of birth: '
Summer (March-August) r—'-l—1 387 1.11[0.85, 1.44]
Winter (September-February) Lo 345 1.56 [1.21, 2.02]

Season of birth by age at introduction to gluten: '

Gluten introduced by 4 months:
Summer —— 95 0.81[0.46, 1.44]
Winter o 79 2.21[1.35, 3.61]

Gluten introduced by 5 months:
Summer — . 100 1.15[0.69, 1.89]
Winter b ——— 72 1.97 [1.17, 3.33]

Gluten introduced by 6 months:
Summer .—-—-—| 75 1.42[0.80, 2.52]
Winter D T — 75 1.38[0.78, 2.42]

Gluten introduced by 7 months:
Summer e 117 1.230.75, 2.00]
Winter . S— 119 0.99 [0.58, 1.68]

[ | L ; I I T 1T TTTl
0.2 0.5 1.0 2.0 5.0 10.0

Hazard ratio

Figure 3. Stratified proportional hazards models of GIE 0 to 3 months before the seroconversion period on the risk of CDA
between 1 and 4 years of age stratified by season of birth and age at introduction to gluten.

coverage was low (Supplementary Figure 4), but not
observed in Finland (HR, 0.99; 95% CI, 0.62-1.57) or in
the United States (HR, 1.22; 95% CI, 0.86-1.73) where
the rotavirus vaccination coverage was high. The rota-
virus vaccine had a modifying effect on how GIE related
to CDA for participants in Finland and the United States
(2-way interaction, P < .05); a GIE within any 3-month
period increased the risk of CDA within the following 3
months only in unvaccinated children (adjusted HR, 1.46;
95% CI, 1.03-2.09) and not in vaccinated children
(adjusted HR, 0.81; 95% CI, 0.51-1.28). A look at the
percentage of children with a GIE between the 3-month
visits over time showed Sweden (OR, 1.71; 95% CI,
1.61-1.81), Germany (OR, 1.26; 95% CI, 1.12-1.42), as
well as Finland (OR, 1.28; 95% CI, 1.20-1.36) as having
significantly higher odds of having a GIE in a 3-month
period compared with children in the United States
(Figure 44 and B). For children in the United States and
Finland, vaccination against rotavirus before 3 months of
age, which covered 96% of all rotavirus-vaccinated
children, was associated with an 8% lower odds of GIE
between a visit (OR, 0.92; 95% CI, 0.86-0.98), and a 16%
lower odds if the child was younger than 2 years of age
(OR, 0.84; 95% CI, 0.76-0.92; age interaction, P < .001)
(Figure 4C and D). Gluten introduction showed evidence
of further modifying the association between rotavirus
vaccination and CDA (interaction, P = .05) (Figure 5).
After adjusting for all other confounding factors, children
from Finland and the United States who were introduced
to gluten before 6 months of age had a 43% reduced risk

of CDA if they had received the rotavirus vaccine
(adjusted HR, 0.57; 95% CI, 0.37-0.88).

Discussion

In TEDDY, gastrointestinal infections occurring 3
months before the seroconversion period may trigger
CDA in children carrying HLA risk genotypes for celiac
disease. The increased risk after a gastrointestinal
infection is modified further by several early life factors
including the duration of any breastfeeding, age of gluten
introduction, season of birth, HLA genotype, and status of
rotavirus vaccination, pointing to important interactions
between diet and infections in the development of CDA
during early childhood.

Most GIEs in TEDDY are thought to be of viral origin
because their incidence peaks in winter (Supplementary
Figure 3)'! and viral infections, specifically those by
rota-, noro-, astro-, or adenoviruses, are also the most
common cause of acute gastroenteritis in young chil-
dren.'” Previous studies have suggested rotavirus as a
trigger for celiac disease because early onset of CDA in
children is correlated with serologic evidence of repeated
rotavirus infections® and tTGA-positive serum from
active celiac disease patients recognizes peptides of the
rotavirus outer capsid protein VP-7."* Indeed, the pro-
tective effect of rotavirus vaccination in this study sug-
gests that at least part of the associated gastrointestinal
infections may be caused by rotavirus. Two rotavirus
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Figure 4. Proportion of TEDDY children reporting a gastrointestinal infection over time among those (A) born in winter or (B)
born in summer, and in relation to rotavirus vaccination status in American and Finnish TEDDY children (C) born in winter or (D)

born in summer.

vaccines became available during the TEDDY enrollment
period, leading to wide variability in vaccine coverage
(Supplementary Figure 4)."*7'® Although prior rotavirus
vaccination was not protective of CDA in itself in Finland
and the United States, vaccinated children from these
countries who were introduced to gluten before 6
months of age had a 43% reduction in CDA risk. Thus,
the timing between gluten exposure and rotavirus
infection seems important in the development of CDA.
Alternatively, the reduction in CDA risk in children
introduced to gluten early may be a consequence of the
live oral vaccine inducing tolerance to dietary antigens in
the intestine."” In either case, viruses causing gastroen-
teritis in young children should be studied further as
possible CDA risk factors.

In addition, a GIE also greatly increased CDA risk in
the following 3-month period in a small group of non-
-HLA-DQ2 risk carriers (ie, HLA-DQ8/8 or HLA-DQ4/8)
who were breastfed for less than 4 months. Although
breastfeeding duration itself is not a risk factor for celiac
disease according to a recent meta-analysis,'® it con-
tributes to passive immunity in infancy. Breast milk
contains numerous antimicrobial compounds, including
maternal secretory IgA that coats the respiratory and
gastrointestinal mucosal surfaces to neutralize infectious
agents for protection against diarrheal diseases.'” The
pronounced risk among non-HLA-DQZ2 risk carriers
breastfed for fewer than 4 months suggests that the ef-
fect a GIE has on CDA risk is HLA-dependent. The gene
dose effect of HLA-DQ2 on the risk of CDA is well
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described.” Thus, it is interesting that a small group of
TEDDY children carrying the non-HLA-DQ2 risk geno-
types were most at risk for CDA after a GIE. A recent
study found that the intestinal microbiome of 1-month-
old breastfed non-HLA-DQZ2/8 risk carriers was reduced
in diversity and richness compared with HLA-DQ2 risk
carriers.”’ Coupled with reduced passive immunity
owing to early cessation of breastfeeding,'’ this can
create a proinflammatory milieu in the intestine for
gluten to trigger celiac disease after a GIE in non-HLA-
DQ2 risk carriers. Early cessation of breastfeeding is
correlated with early gluten introduction,”’** making it
difficult to separate these effects and suggests reasons
for why both factors modify the association between GIE
and CDA.

Although symptoms of gastroenteritis close to tTGA
seroconversion could be misidentified as early signs of
celiac disease, this study mitigates this possibility by the
following: (1) analysis of infectious episodes rather than
individual symptoms suggests the associated gastroen-
teritis is of infective nature; (2) no increase in CDA risk
observed after a GIE in the seroconversion period, which
would be expected if the associated GIE was simply a
symptom of celiac disease; and (3) parent reported
noninfective gastroenteritis symptoms (defined as
gastrointestinal symptoms not suspected to be infec-
tious) occurring within 3 months before the serocon-
version period are not associated significantly with an
increased risk of CDA.

A strength of TEDDY is the prospective collection of
information before CDA onset, which minimizes recall
bias in symptom reporting. Frequent sampling also
minimizes the potential of reverse causation. Compre-
hensive data collection and large sample size allowed for
sufficient power to perform temporal analysis stratified
by numerous risk factors, which showed several impor-
tant modifiers of the association between GIEs and CDA.
A weakness is the possible impact of selection bias
caused by under-representation of younger families and

Months observed at risk for CDA
(after 12 months of age)

Months observed at risk for CDA
(after 12 months of age)

families from the United States and Germany.*” Although
the drop-out rate was high before 2 years of age,
compliance at blood draws and clinic visits was good
(87.4%) in children who still were enrolled at 2 years of
age. The self-reporting of illnesses was another limita-
tion. The causative microbial agent was unspecified for
most reported illnesses in TEDDY because even when an
illness required consultation by a health care provider,
laboratory analyses were not always performed if the
infection could be treated empirically. However, self-
reporting of symptoms does capture mild and
self-limiting infections that may not require medical
attention. The rates of infection in our study were similar
to those reported among children of similar age in 2
population-based studies in Norway and Sweden,*®
suggesting that this approach is appropriate. An in-
crease in celiac disease risk was observed among Nor-
wegian children affected by more multiple infections
early in life.” Those findings were confirmed here in a
univariate model examining the CDA risk from any
infection (Supplementary Table 4). However, after
adjusting for country and other known risk factors, the
association was no longer significant, suggesting that the
previous may be Norway-specific, whereas, in TEDDY, a
GIE increasing the CDA risk within the following 3-month
period is a more generalizable phenomenon across the
participating countries in TEDDY.

Conclusions

A gastrointestinal infection increases CDA risk in the
following 3-month period in children at genetic risk for
celiac disease. The timing of infection is important and its
effect on CDA risk is modified further by early intro-
duction to gluten in children born in winter, short
duration of any breastfeeding in non-DQ2 risk carriers,
and status of rotavirus vaccination. This indicates that
various exposures during early childhood may trigger
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CDA and encourages further work on the role of viruses,
especially rotavirus, as a trigger for CDA in early life.

Supplementary Material

Note: To access the supplementary material accom-
panying this article, visit the online version of Clinical
Gastroenterology and Hepatology at www.cghjournal.org,
and at http://dx.doi.org/10.1016/j.cgh.2016.10.033.
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Supplementary Figure 1. Example of sampling and lag periods in relation to tTGA seroconversion and CDA. In this example,
the 24 and 27-month serum samples are confirmed positive for tTGA. Therefore the date of seroconversion is set at 24
months. The seroconversion period is the three-month interval between the last negative (21 month) and first positive (24
month) tTGA sample. tTGA, tissue transglutaminase autoantibody; CDA, celiac disease autoimmunity.
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Supplementary Table 1. List of Medical Diagnosis Codes in

the RIE and GIE Categories

Infectious
episode category

Medical diagnosis code

RIE

GIE

Bronchitis and lower respiratory
tract infections
Common cold
Conjunctivitis
Enterovirus infection
Infections of the middle ear and mastoid
process
Influenza
Laryngitis and tracheitis
Respiratory syncytial virus infection
Sinusitis
Tonsillitis or streptococcal pharyngitis
Other respiratory tract infections
Infectious gastroenteritis (bacterial or viral)
Nausea and vomiting

Clinical Gastroenterology and Hepatology Vol. 15, No. 5

Supplementary Table 2. Different Types of Reported Gastrointestinal llinesses in the 3-Month Period Before the

Seroconversion Period and Risk of CDA

Children reporting

Type of reported illnesses between

CDA between 1 and <4 years of age®

gastrointestinal illness visits, average % HR (95% CI) P value
Bacterial or viral (infective) 11.1 1.33 (1.08-1.63) .008
Nausea and vomiting 14.1 1.36 (1.12-1.22) .002
Noninfective gastroenteritis 1.6 1.06 (0.55-2.06) .86

?HRs were adjusted for factors listed in Table 1.
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Supplementary Table 3. Median Age at Gluten Introduction,
by Country

Age introduced to gluten, median (IQR), mo

United States 7.0 (6.0-8.0)
Finland 6.0 (5.5-7.0)
Germany 7.0 (6.0-8.2)
Sweden 5.0 (4.0-5.5)

IQR, interquartile range
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Supplementary Table 4. Time-Dependent Proportional Hazards Model of Cumulative Infectious Episodes Between 3 and 18
Months of Age on the Risk of CDA Between 1 and 4 Years of Age With and Without Adjustment for

Factors Associated With CDA

Unadjusted model

Adjusted model®

Any infectious episode between 3 and 18 months of age HR (95% CI) P value HR (95% CI) P value
Per unit increase, /n 1.03 (1.01-1.05) .005 1.01 (0.99-1.03) .23
<4 infections 1.00 Reference 1.00 Reference
5-6 infections 1.09 (0.88-1.36) 42 1.02 (0.82-1.27) .87
7-9 infections 1.15 (0.94-1.41) 18 1.00 (0.81-1.24) 99
>10 infections 1.32 (1.08-1.62) .008 1.10 (0.88-1.37) 41

?HRs were adjusted for factors listed in Table 1.
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