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Abstract
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Environmental factors leading to disturbances in the gut microbiota might play an important
role as triggers for, and/or contributing factors in, the development of type 1 diabetes
(T1D). The overall aim of the research underlying this thesis was to study the influence of
environmental factor exposure on the risk of T1D in childhood and adolescence, and gut
microbiota composition in early childhood.

In this project, national registers provided information about T1D onset and exposure to
animals, antibiotics, caesarean section and severe stress, defined as death of a first degree
relative. In the first study (1,999 T1D events), no evidence supported an association between
early exposure to dog or farm animals and T1D in childhood. In the second study (1,297 T1D
events), dispensed prescriptions of antibiotics in the first year of life was found to be associated
with T1D during childhood. Sibling analysis did not indicate confounding from familial factors.
Furthermore, the effect estimate for the association between antibiotics and T1D was largest
in children delivered by caesarean section. In the third study (10,789 T1D events), death of a
close relative was associated with an increased risk for T1D within the first years following the
loss, and when the loss occurred during the teenage years. The fourth study was a longitudinal
study using 16S rRNA sequencing to analyse faecal samples from 83 children to study the gut
microbiota development from birth to 2 years of age. Having a furry pet in the household was
associated with a lower abundance of a bacterial species belonging to the genus Bifidobacterium.
The overall gut microbiota composition was associated with prenatal exposure to antibiotics
and caesarean section. Finally, caesarean section was associated with a lower abundance of
Bacteroidetes and a higher abundance of Firmicutes.

In conclusion, no evidence was found in the present study to support the association of
exposure to animals to lowered risk of T1D in the general population. Although exposure to
antibiotics was associated with T1D, it is likely to only make a small contribution to the overall
risk of T1D. Our findings support the hypothesis that severe stress might accelerate T1D onset
during certain time periods. Furthermore, our findings add to the body of research showing that
exposure to animals, prenatal antibiotics and caesarean section account for some of the inter-
individual variation in early childhood microbiota development.
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Introduction

Type 1 diabetes (T1D) is generally thought to be an immune-mediated disease,
in which the insulin-producing B-cells in the pancreatic islets are destroyed.
T1D is also characterised by the lack of endogenous insulin leading to lifelong
need of insulin therapy. T1D is one of the most common chronic diseases
among children, and in the world today more than 1.2 million children and
adolescents (<19 years old) are estimated to have T1D.'! The incidence has
increased during the last decades in many countries, but the factors underlying
this increase is still unknown.

While T1D has a strong genetic component” the influence of potential con-
sequential environmental factors® has not been fully elucidated. Moreover,
there is increasing evidence linking gut microbiota to T1D. It has been sug-
gested that dysbiosis-mediated immunological deregulation and gut permea-
bility influence T1D development.** Environmental factors that are suggested
to result in changes in the gut microbiota, and thereby potentially have an im-
pact on T1D development, include diet, mode of delivery, antibiotics,” contact
with furry animals® and psychological stress.” However, available results and
conclusions are not consistent, and the role of these factors on T1D risk and
gut microbiota remains unclear.

This thesis investigates the potential impact of furry pets, antibiotics and
death of family member on T1D risk in childhood and adolescence. In addi-
tion, we aimed to assess the impact of common early life factors, including
furry pets, antibiotics and mode of delivery on the gut microbiota development
in young children.



Background

Type 1 diabetes

Type 1 diabetes (T1D) is one of the most common chronic diseases in child-
hood, which was previously known as juvenile diabetes, but T1D can develop
at any age. The disease is characterized by insulin deficiency, and patients
depend on daily insulin injections for survival.® The focus of this thesis is to
study development of T1D onset in childhood and adolescence; adult onset
T1D is not addressed.

Clinical perspective

The lifelong disease T1D results from lack of insulin production, leading to
abnormally high blood glucose levels (hyperglycaemia). The disease usually
presents with one or several typical symptoms such as, increased water intake,
increased urination, excessive hunger and weight loss, and the diagnosis can
be confirmed by a random plasma glucose concentration > 11.1 mmol/L." It is
very unusual, but if a child has high plasma glucose concentrations and pre-
sents with no symptoms, it is recommended to use a fasting plasma glucose
test to confirm the diagnosis. Clinical T1D onset has been reported to be most
common around puberty.*®

At the time of diagnosis, some children have already developed diabetic
ketoacidosis, which is a life-threatening condition. As of 2020 in Sweden,
14% of the children 2—7 years of age and 30% of the children 8-17 years of
age had diabetic ketoacidosis at time of diagnosis according to the Swedish
National Diabetes Register, diabetes in children and adolescents (SWEDIAB-
KIDS)." Diabetic ketoacidosis can also occur in children with already insulin-
treated T1D.

Treatment aims to maintain blood glucose levels within normal limits and
thereby both prevent acute and long-term complications. The target for glyco-
sylated haemoglobin, an estimate of the mean glucose level over the last 2—3
months, for children and adolescents is <48 mmol/mol.® The insulin need fluc-
tuates during the day and depends on factors such as diet and exercise.® The
success of treatment is therefore dependent on self-monitoring of insulin sup-
ply, and patients must regularly test their glucose levels to avoid hypoglycae-
mia and glucose variability. The most common treatment strategy, today in
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Sweden, is insulin delivery through a pump and continuous glucose monitor-
ing.'” However, it can still be difficult to control the glucose levels, and there
will be episodes of too high levels that increase the risk of damage to nerves
and blood vessels. Long-term complications due to T1D include loss of vision,
renal failure, foot ulcers and cardiovascular diseases. In Sweden, the life ex-
pectancy among patients with T1D is estimated to be 10—12 years shorter than
in the general population.'!

Aetiology/ Pathogenesis

The aetiology of T1D is thought to be autoimmune in origin through a T-lym-
phocyte-mediated B-cell destruction, potentially induced by stress on the in-
sulin-producing p-cells themselves.'?

A common model to describe T1D pathogenesis includes environmental
factors, such as viral infections that may initiate islet autoimmunity in genet-
ically susceptible individuals (Figure 1). This initiation is followed by a pre-
clinical period when the B-cell mass is decreasing until insulin production is
below a critical threshold and glucose homeostasis is not maintained and
symptoms occur."® This preclinical disease period has high inter-individual
variation in duration, and might for some individuals be a couple of months
while for others lasting several years.'*!* Several environmental factors such
as diet, mode of delivery and antibiotics,” as well as contact with furry ani-
mals® and psychological stress,” may influence the incidence of islet autoim-
munity and/or modify the rate of this f-cell destructive process.

Genetic susceptibility
Healthy {3-cell autoimmunity
Normoglycaemia | Dysglycaemia
) ) Clinical
Triggering event Modifying factors diabetes
100% : \
Symptoms

/ Predisposing factor
7

Insulin secretory capacity

1020% prmmmmmmmm e \/\

/[—> 1 — — [—
Months to several years
Age

Figure 1. Progression to T1D in individuals with genetic diabetes susceptibility. The
figure is modified from Knip et al'3.
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Figure 2 describes an autoimmune attack on insulin-producing p-cells. Mark-
ers of this attack are autoantibodies, such as insulin autoantibodies (IAA), ty-
rosine phosphatase autoantibodies (IA-2A), glutamic acid decarboxylase au-
toantibodies (GADA) and zinc transporter 8 autoantibodies. Autoantibodies
are an important diagnostic and screening tool, and they can be present months
to years before the clinical T1D onset. In a study of children with genetic sus-
ceptibility to T1D, 70% of the children with at least two autoantibodies devel-
oped T1D within 10 years, compared with 15% in the children with one auto-
antibody.'* IAA and GADA are usually the first detected autoantibodies, but
the order in which they appear has been shown to be associated with genetic
background.'®!” In 2015, several associations involved in diabetes research
proposed a three stage classification of the progression to T1D.'® Stage 1 starts
with the occurrence of multiple T1D-associated islet autoantibodies and pro-
gresses to Stage 2 when dysglycaemia is present. Stage 2 progresses to Stage
3 when typical symptoms occur and represent clinical onset of T1D.
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Nature Reviews | Disease Primers

Type 1 diabetes mellitus (TIDM) is an immune-mediated disease. Activated B cells
interact with CD4* and CD8* T cells, and dendritic cells (DCs). Antigen presentation
by B cells and DCs drives the activation of p-cell-specific T cells. In addition, the
exposure of B cells to B-cell autoantigens leads to the production of islet-targeting
autoantibodies that are biomarkers of asymptomatic disease. Dashed arrows indicate
the potential interactions between B cells and CD8+ T cells and between B cells and
DCs. BCR, B cell receptor; TCR, T cell receptor.

Katsarou, A., Gudbjérnsdottir, S, Rawshani, A. et al. Type 1 diabetes mellitus. Nat Rev Dis
Primers 3, 17016 (2017). https://doi.org/10.1038/nrdp.2017.16

Figure 2. Katsarou et al'’. Reproduced with permission from Springer Nature.

The genetic background of T1D is complex and more than 50 genetic loci
affecting the disease susceptibility have been identified. Nevertheless, the
haplotypes HLA-DR3-DQ2 and HLA-DR4-DQ8 are considered to be the
strongest genetic risk factors and 90% of children diagnosed with T1D in
Scandinavia have at least one of these haplotypes.”’ Moreover, the T1D risk
depends on which relatives are affected. In a study using the Finnish Pediatric
Diabetes Register, 12.2% of the children with T1D in childhood had a first-
degree relative with T1D at the time of diagnosis (father 6.2%, mother 3.2%,
and sibling 4.8%) and 11.9% had an affected second-degree relative.?! The
disease concordance in monozygotic twins has been reported to be 23%—
61%.
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Finally, over the last few years, attention has been given to the heterogene-
ity of the disease, and it has been suggested that different endotypes (subtypes
defined by distinct pathophysiological mechanisms) exists. Specifically, a re-
cent study found age-related differences in genetic, autoimmune, clinical and
demographic characteristics at T1D diagnosis supporting age-related endo-

types.23

Epidemiology of T1D

The International Diabetes Federation (IDF) estimates that more than 1.2 mil-
lion children and adolescents (<19 years old) worldwide today have T1D.!
Around 150,000 children and adolescents develop T1D every year, but there
is a wide geographical variation (Figure 3)." Age-sex standardised incidence
rates are highest in the Nordic countries, Canada, Algeria and Saudi Arabia
(Figure 3). Finland is the country with highest incidence rate followed by Swe-
den.

o~

) ¢

-
M 50 '
M 0-20 s
M 2030

M =30

i

Figure 3. Age-sex standardised incidence rates (per 100,000 population per year) of
T1D in children and adolescents 0—14 years of age. From IDF Diabetes Atlas, 10th
edition, 2021. Reproduced with permission from IDF.

no estimates made

T1D incidence has been reported to increase in many countries over the last
few decades.”* In a pooled analysis of 26 European centres representing 22
countries, the incidence rate showed an average annual increase of 3.4% (95%
Confidence interval (CI) 2.8%—3.9%) between 1989 and 2013 in children 0—
14 years of age.”

The annual incidence in Sweden has also increased from 21.6 (95% CI
19.4-23.9) per 100,000 children 0—14 years of age during 1978-1980 to 43.9
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(95% CI 40.7-47.3) during 2005-2007.%° However, the same study reported
that the increase in incidence seemed to level off during 2005-2007. As of
2019, the incidence in Sweden was 41.1/100,000 children 0-9 years of age
and 45.2/100,000 adolescents 10—17 years of age according to SWEDIAB-
KIDS annual report.'

This rapid increase in T1D incidence, together with discordant results for
T1D in monozygotic twins** and differences in T1D incidence between neigh-
bouring countries,”’” suggest that environmental factors influence the develop-
ment of T1D. The “hygiene hypothesis”, which was introduced in the end of
the 1980s, proposes that improved hygienic standards have reduced microbial
exposure during early childhood, leading to an increased risk of asthma and
allergies.” The “hygiene hypothesis” was later extended to include autoim-
mune diseases such as T1D,?”* and has today a focus on the role of the gut
microbiota.**

A new-born’s immune system is immature and must be primed continu-
ously to build up a good immune response. This important priming occurs
during contact with self and foreign antigens such as microbes and viruses.
The immune system is divided into the innate (non-specific defence) and the
adaptive (antigen-specific defence) systems. The adaptive immune system
can, in contrast to the innate, produce immune cells against specific antigens
and also develop memory cells that rapidly respond to repeated infection
caused by the same antigen. As the adaptive immune system needs to be able
to distinguish self from foreign antigens, it is important that this is done cor-
rectly.’!

There is an interaction between the immune system and gut microbiota®
and both undergo dynamic development during the first years of life. *!-33
Therefore factors influencing the prenatal and infancy periods are probably
important and potential triggers of T1D. Early life risk factors that are sug-
gested to cause changes in the gut microbiota, and thereby potentially have an
impact on T1D development include, absence of breastfeeding, caesarean sec-
tion delivery and antibiotic exposure.” Furthermore, early life exposure to an-
imals has been suggested to increase microbial exposure and thereby decrease
the risk of T1D.® However, conflicting results have been reported and the ef-
fect of these factors on T1D is still unclear.

The gut microbiota

The human body is home for many trillions of microbes such as bacteria,
fungi, archaea and viruses. These collectively comprise the human microbiota
and are in and on the body. A substantial part of the microbes in humans are
bacteria and are found in the gastrointestinal tract. They provide important and
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essential functions for the human host that include the ability to produce oth-
erwise inaccessible nutrients, act as a barrier against pathogens and stimulate
the development of the immune system.*

In this thesis, we focus on the bacterial component of the gut microbiota,
and henceforth the term gut microbiota is used interchangeably to mean the
set of bacteria present in the gut.

In microbiota studies, faccal samples are frequently used as proxy for in-
testinal microbiota; since it would be unethical and unnecessary to expose
healthy individuals to biopsies. However, faecal samples does not capture all
bacteria in the intestine and a comparison of faecal samples with colonoscopy-
collected samples from the lumen and mucosa of the proximal and distal colon
have shown that faeces was most similar to distal lumen.*®

To describe the gut microbiota, present in an individual, bacteria DNA are
extracted from the faecal sample and is usually classified into different taxo-
nomic levels according to a hierarchical system. From the broadest level to
the narrowest classification, the levels are: phylum, class, order, family, genus
and species. Additionally, two commonly used terms to describe the microbi-
ota are alpha diversity and beta diversity. Alpha diversity is the diversity of
bacterial composition within a sample and a measure of how many different
species (richness) and how evenly distributed they are (evenness). Low alpha
diversity is considered a marker of microbial imbalance (dysbiosis) in the gut.
Beta diversity is a measure of the variation in bacterial composition between
different samples.

The gut microbiota undergoes most of its development very early in life
and major changes in the composition of the gut microbiota have been ob-
served until the child is 2 to 3 years of age.*-***’

Early life gut microbiota

Microbial colonization of the gut starts at birth, or even in utero®® and the
mother’s vagina, gut and skin constitute important bacterial inocula for the
new-born. The gut microbiota of a new-born exhibits low diversity and it is
dominated by facultative anaerobes including Escherichia coli and other En-
terobacteriaceae.’®* Within a week the gut becomes an anaerobic environment
with bacteria such as Bifidobacterium, Clostridium, and Bacteroides. The gut
microbiota continues to develop, and the maternal microbioata in the first few
weeks is important for shaping the infant’s gut microbiota.**** Babies put
hands, feet, and objects into their mouths, and thereby collect microbes from
the environment, and consequently, the influence of the mother’s microbiota
1s thereafter diluted. Furthermore, the introduction of solid food and cessation
of breastfeeding have pronounced effects on the microbiota and its maturation,
and at about 3 years of age, the child’s gut microbiota becomes more sta-
ble.****"Although diet is considered the most important factor shaping the
diversity and colonization patterns in early life, other factors such as mode of
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delivery, *"#*** having siblings,’”*® gestational age,”’ birth weight,*’ antibi-

otics use,’”**¥ and presence of furry pets in the household*’*® probably also
have an effect as well. Further, prenatal factors such as exposure to antibiotics,
might also be of importance.**°

Early life dysbiosis in the gut microbiota has been associated with several
chronic immune-related conditions such as allergy”' and T1D,* but whether
early life dysbiosis precedes and plays a role in T1D disease pathogenesis, or
simply originates from the disease process itself is still unclear.

The Gut Microbiota and T1D

Environmental factors

f p

Gut microbiota »  Gut permeability

Figure 4. Hypothesised relation of the complex interaction between environmental
factors, the gut microbiota and the host. Environmental factors influence the gut mi-
crobiota that in turn is in close interaction with the immune system. The gut microbi-
ota also affects gut permeability, which might lead to unregulated passage of micro-
bial components into systemic circulation that could, for instance, activate islet auto-
immunity in pancreatic lymph nodes and tissue, leading to T1D. Environmental fac-
tors in orange font are hypothesised to be risk factors for gut dysbiosis and T1D.
Environmental factors in green font are hypothesised to protect against gut dysbiosis
and T1D.

Gut microbiota composition is proposed to affect progression towards T1D in
two steps.* In the first step, from birth to the appearance of T1D-associated
autoantibodies, it has been suggested that abnormal gut microbiota develop-
ment may influence the immune system to increasingly favour autoimmune
diseases (Figure 4).*** Two studies, on different subgroups of the Finnish
Type 1 Diabetes Prediction and Prevention study of children genetically at
high risk for T1D, suggest that bacteria of the genus Bacteroides may play a
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role during this period, but with contrasting results. In one of the studies, in-
dividuals with more than two T1D-associated autoantibodies had higher abun-
dance of B. dorei and B. vulgatus months before the appearance of T1D-asso-
ciated autoantibodies than the healthy controls.® In contrast, in the other
study, the increase in B. dorei was absent, and B. vulgatus was less abundant
in cases.> This difference might be explained by that the two subgroups were
from different geographical regions and a difference in age at onset of auto-
immunity. Furthermore, it could be the imbalance within Bacteroides that is
important and not the exact species. The first step has also been suggested to
be driven by an imbalance between Bacteroides, Bifidobacterium and Esche-
richia coli.*

Decreased microbial diversity®>>’ and a pro-inflammatory environment®” is
suggested to characterise the second step,* which occurs after the appearance
of autoantibodies. However, results from different studies are inconsistent and
a typical T1D-associated microbiota has not been identified. The Environmen-
tal Determinants of Diabetes in the Young (TEDDY) study’’ did not find an
association with alpha diversity for neither islet autoimmunity nor T1D, de-
spite being powered to detect such associations. Furthermore, the latter study
only reported weak associations with microbial taxonomy. Nevertheless, an-
other study based on the TEDDY cohort found that development of T1D is
associated with fewer genes associated with fermentation and biosynthesis of
short-chain fatty acids.** A reduction in the number of Bifidobacterium and
Lactobacillus genus has also been suggested to be associated with T1D, alt-
hough a recent randomised trial in newly diagnosed children showed no pro-
biotic effect in maintaining B-cell function.”® On the other hand, a Mendelian
randomisation study suggested increased relative abundance of Bifidobacte-
rium to be causally associated with T1D.* Interestingly, changes in the gut
microbiota has been shown to be associated with genetic risk for T1D autoim-
munity.*

Finally, studies on animals support the link between the gut microbiota and
T1D and it has been shown that modulation of intestinal microbiota has an
effect on the development of T1D.%!%2

55-57

Furry pets, gut microbiota and T1D

Early life exposure to animals has been suggested to increase microbial expo-
sure, thereby promoting a diverse and healthy gut microbiota, and to decrease
T1D risk.® The link between pet and owner microbiota was illustrated in a
recent randomised trial where treatment with probiotics in dogs was also re-
flected in the gut microbiota of the children living in the same household.®
To study the influence of pet exposures on gut microbiota development
longitudinal studies are needed, and such studies are rare. TEDDY,’ by far
the largest study to date, sampled 903 children monthly from 3 to 46 months
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of age, and reported that children living with furry pets had accelerated rates
of microbiota maturation. At the genus level, children who were never ex-
posed to pets had higher levels of Varibaculum from 3 to 6 months of age.
Martin et al* followed 108 children from birth to 6 months of age. They ob-
served a negative association with colonization by the L. reuteri subgroup, but
no adjustment for multiple testing was performed. Laursen et al*® reported
lower diversity within the Firmicutes phylum at age 9 months and higher
abundance of Cronobacter at age 18 months in children exposed to pets (n =
114).

To summarize, the above results from previous studies are inconsistent.
This might be explained by geographical differences, differences in sample
collection and handling, study design, definition of exposure, follow-up time
and adjustment for confounders. Although several studies exist on the influ-
ence of furry pet exposure on gut microbiota, only one® of them is longitudi-
nal that followed children from birth, albeit until 6 months of age. Therefore,
to better understand the impact of furry pet exposure on gut microbiota devel-
opment in children, more longitudinal studies are needed and especially those
following children from birth.

There are currently only a few studies looking at how early life exposure to
animals influence T1D development, and for most of these studies, power lim-
itations precluded definitive conclusions. However, Virtanen et al® followed a
birth cohort of 3,143 children with HLA antigen-DQB1-conferred suscepti-
bility to T1D and indoor exposure to dogs during first year of life, and found
that exposure was inversely associated with preclinical T1D. In contrast, a
cohort study (n = 17,055) by Wahlberg et al®®, reported that exposure to dogs
during the first year of life was associated with GADA, but no adjustment for
confounders was performed. Exposure to farm animals has also been studied,
though none of studies found any association with T1D.*%%® However, these
latter studies were limited by the low number of children exposed to farm an-
imals, and hinders interpretation of the results in terms of the role of farm
animals on T1D. Studies on other types of furry pets other than dogs have also
been investigated. Wahlberg et al®® found that exposure to cats during the first
year of life was associated with IA-2A, whereas Virtanen et al® found no as-
sociation with neither preclinical nor clinical T1D.

The level of influence a dog has on the microbial load in the home environ-
ment likely depends on breed-specific characteristics such as time spent in-
doors, size and type of coat. No study thus far have investigated the effect of
breed on T1D risk. Taken together, well-powered prospective studies investi-
gating the influence of early exposure to animals on T1D development are
needed.
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Antibiotics, gut microbiota and T1D

Antibiotic treatment in prenatal and early life may increase the risk of early
childhood diseases, including T1D. It has been proposed that the disease-in-
ducing effect of antibiotics is mediated via changes of the gut microbiota.”

There is growing evidence that antibiotic exposure in children, both pre-
and postnatal, is associated with changes in the gut microbiota. Specifically, a
meta-analysis of four randomised controlled trials showed a reduction in alpha
diversity in children treated with macrolides.” Although contradictory find-
ings exist among studies, several have reported an association between antibi-
otic treatment and reduction in Bifidobacetrium and Lactobacillus, and in-
creases in Proteobacteria.”’ Furthermore, in the study TEDDY, decreased
abundance of Bifidobacterium species (including B. dentium) after antibiotic
treatment, and lower abundance of B. dentium in children with signs of islet
autoimmunity were found compared to in healthy controls,*® despite that no
association of early life antibiotics and occurrence of autoantibodies was ob-
served in a larger TEDDY cohort.”!

While some observational studies do not show an association between pre-
natal’>” or early antibiotic exposure’>’* and T1D, others have shown an as-
sociation with broad-spectrum antibiotics and multiple prescriptions during
early childhood.”’® It has also been suggested that this association can be
modified by mode of delivery, with larger effect sizes, in children delivered
by cesarean section.’’

Interestingly, diabetes-prone mouse models have shown divergent results
depending on type of antibiotics, with both accelerated”” and reduced®*"!
T1D development.

A limitation with several of the earlier studies is the lack of statistical
power, and thus far only two overlapping Danish studies have reported >1000
T1D events. Furthermore, many observational studies suffer from unmeasured
confounding, that can partly be remedied through sibling analyses which in-
herently account for unmeasured confounding by factors shared by full sib-
lings such as paternal and maternal characteristics, genetic factors and family
environment.**

Stress, gut microbiota and T1D

Psychological stress has been suggested, through p-cell stress**** and/or direct

influence on the immune system,* to contribute both to the induction of T1D
and accelerate disease progression.”® Additionally, the gut microbiota has
been proposed as a possible link between psychological stress and T1D.’
Animal studies suggest that stress causes reduced microbiota richness and
diversity®’ as well as increased gut permeability.®** A study of 5- to 7- year-
old children found that the number of stress events reported in the Life Events
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Checklist was inversely associated with the abundance of Bacteroides fra-
gilis.”® Furthermore, in individuals giving a public speech, which may be a
stressful event, there were increased salivary cortisol levels that was associ-
ated with gut permeability.”' Stress in childhood and T1D have been investi-
gated with observational studies. These have shown associations using differ-
ent proxies of stress such as death and illness of a family member, as well as
socioeconomic disadvantages. However, the earliest studies were retrospec-
tive, small, and/or questionnaire-based.***>> To date, only three nationwide
population-based register studies, all using Danish registers and partly over-
lapping, have been performed. One of these studies found negligible associa-
tions,” while two of them found age-dependent associations’*® with more
prominent effects during 11-18 years of age.”®

As mentioned earlier stress might contribute to both the induction of T1D
and accelerate disease progression. It is therefore of interest to study if and
how possible effects change with time from when the stressor occurred. A
case control study found that the influence of a stressor on T1D does not last
more than 2 years,” but larger prospective studies are needed to investigate
this in more detail. Furthermore, the knowledge base on a possible age-de-
pendent association is limited, and would benefit from these larger prospective
studies.

Mode of delivery, gut microbiota and T1D

Children delivered by caesarean section do not come into contact with mater-
nal vaginal and intestinal microbiota, and these children are typically colo-
nised with species found on the skin of the mother.”” This lack of contact has
been proposed to cause abnormal colonisation of microbiota in these children
that in turn might increase the risk for developing T1D.'"

In contrast to vaginally delivered children, children delivered by caesarean
section have been reported to have disrupted transmission of maternal Bac-
teroides strains'”' and lower abundance of Bacteroides species®’ %4102 yp
to at least age 6 months. In addition, mother-infant transmission is less fre-
quent for Bifidobacterium in children delivered by caesarean section.* It has
also been shown that mode of delivery is associated with the overall gut mi-
crobiota composition in children.***** However, it remains unclear how long
differences in delivery-mode affecting the microbiota persists. Longitudinal
studies following children from birth through their first 2 years of life specif-
ically to investigate the role of mode of delivery are scarce.****°

A meta-analysis of 20 studies found that caesarean section was associated
with a higher risk for T1D.'® However, it has been suggested that the associ-
ation might not be causal. A positive association was found in a large register-
based study, but after adjusting for maternal body mass index (BMI) the asso-
ciation was no longer significant.'” In addition, a nationwide register-based
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cohort study found an association between elective caesarean section and
T1D, but the sibling analysis performed suggested that the association was not
causal.'™

Observational studies using population-based registers

In medical research, randomised controlled trial is considered the gold stand-
ard for studying causal relationships. However, such experiments are not al-
ways possible to perform, due to practical and ethical reasons.'® For instance,
when the aim is to study the effect of factors such as exposure to furry pets,
antibiotics, stressful life events and mode of delivery, children cannot be ran-
domly allocated to exposure or non-exposure groups. However, knowledge
about such exposure effects can be derived from observational studies in
which we observe and document relevant information, without any controlled
variation of the exposure. Furthermore, observational studies can complement
randomised experiments by generating hypotheses, identifying outcomes to
study, establishing appropriate sample sizes and testing the external validity
of results.'”

Observational studies can benefit from registers, including biobanks and
national population and health registers. These registers already have collected
information on characteristics of individuals, exposures and outcomes over
long periods of time.

All studies in this thesis are observational studies in nature that utilise high-
quality Swedish registers with often complete coverage, validated diagnoses
and consistent definitions.'”*'”” A unique identifier (the personal identity
number) is used in all public administration in Sweden and allows data linkage
between different registers. Strengths in using population-based registers in-
clude: already collected data and follow-up time has already occurred, a com-
plete study population minimizing selection bias, avoidance of potential re-
call bias, and the possibility to study rare exposures and outcomes. Using pop-
ulation-based registers also has disadvantages; they are not designed to answer
specific research questions. The registers therefore do not always include all
information necessarily to address these types of research questions, such as
primary care and lifestyle related variables. In addition, the information might
not be as detailed as needed.

Estimating the causal effect in observational studies

The studies in this thesis are observational with the aim to quantify the poten-
tial causal effects of an exposure on an outcome as accurately as possible. In
observational studies it is likely that there is an imbalance in risk factors for
the outcome between the exposure groups. There is therefore a risk for con-
fusing the effect of a common cause (confounder) with the actual exposure
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effect that we aim to assess, a phenomena called confounding (Figure 5).'%
However, confounding can be adjusted for, for example, by stratifying on the
confounding factors or by including them in a regression model. If a con-
founder is not included in the analyses there will be residual confounding. Bias
can also be introduced by adjusting for other factors than confounders. To be
able to draw causal conclusions, it is therefore necessary to identify confound-
ers.

Directed acyclic graphs (DAGs)'” is a tool that can help us identify which
factors are confounders. DAGs describe our prior assumptions about the rela-
tionship between an exposure and outcome and how this relationship is influ-
enced by other factors.

/ Confounder \

Exposure Outcome
% Mediator '//’
Collider

Figure 5. Directed Acyclic Graph

Figure 5 illustrates the relationship between the exposure, outcome and con-
founder. The direct arrow between the exposure and outcome shows that the
exposure causes the outcome. For a variable to be a confounder, it has to be a
common cause to both the exposure and the outcome. In addition to confound-
ers, there are mediators and colliders. A collider is a common effect of the
exposure and outcome. A mediator is a factor that lies in the causal pathway
between the exposure and outcome. However, a mediator does not imply that
the exposure does not have a causal effect on the outcome. Adjusting for me-
diators and colliders may cause bias. If we do not have information about the
identified confounders it causes residual confounding.

However, methods to mitigate unmeasured confounding exist, such as in-
strumental variables''® and regression discontinuity designs.'!'" In addition, by
measuring an association within clusters, for example families or parishes, it
is possible to adjust for unmeasured confounders shared by individuals in the
same cluster.® In one of the studies in this thesis, we used families (full sib-
lings) as clusters, and thereby we adjusted for unmeasured factors shared by
full siblings such as paternal and maternal characteristics, genetic factors and
family environment. This type of analysis is often called a “sibling analysis”
or “sibling comparison”.
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Sibling comparison design a tool for causal inference

In three of the studies in this thesis, the outcome is time to T1D (event). One

of the most popular methods to analyse an association between an exposure

and this type of outcome is the Cox proportional hazard (PH) model
A(t|lexposure) = Ay (t)ePxexposure

Where,

t is time to T1D diagnosis

A(t|lexposure) is the T1D rate (hazard) at time t, given the exposure

Ao(t), named baseline hazard, is the rate at time t for the non-exposed indi-
viduals

ef is the multiplicative factor comparing the exposed with the non-exposed
individuals

There is risk for confounding in an observational study, and to get closer to
the causal relationship, we can adjust the B for measured confounders by in-
cluding them in the model. If we adjust for maternal age at childbirth the
model is

A(tlexposure, age) = A, (t)eP*exposuretyxage
Furthermore, as mentioned earlier, by measuring the association within clus-
ters, for example families or parishes, we can additionally adjust for unmeas-
ured confounders shared by individuals in the same cluster. The stratified Cox
PH model adjusts the § for all cluster-constant factors by conditioning on the
clusters and
A(t|i, exposure, age) = Ay;(t)ePxexposuretyxage

assesses the association within clusters, where i is the cluster and Ay;is the
cluster-specific baseline hazard. Ay; can be seen as a term that represents the
cluster-constant factors.''?

Only clusters with at least one T1D event and at least one individual with-
out T1D at the age of event, in the T1D case, contribute to the estimation of
the parameters. Additionally, in a cluster, the T1D case has to have a different
value than at least one “control” in at least one included confounder or expo-
sure to be informative. However, estimation of the exposure effect mainly uses
information from clusters where there is variation in the exposure. When there
are many non-informative clusters, the power of the stratified analysis might
be low, and there is also a risk for loss of generalizability.

It should be noted that the sibling comparison design also adjusts for shared
mediators, and therefore the estimated parameter may have a causal interpre-
tation as a direct effect.''> Moreover, carryover effects from one sibling to the
next might cause bias''* and in sibling analyses, bias due to measurement error
and non-shared confounders might be more serious than in unpaired anal-

yses.'!?
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A1ims

The main objective of this thesis is to study the influence of environmental
exposures on both the risk of T1D and gut microbiota composition.
Specifically, we aimed to assess

e the impact of living in a household with a dog or on a farm during
the first year of life on risk of T1D in childhood (Study I)

e the impact of exposure to antibiotics prenatally and during the first
year of life on the risk of T1D in childhood (Study 1)

e the impact of severe stress such as the death of a family member,
during childhood and adolescence on the risk of T1D (Study III)

e the impact of common exposures in early childhood such as the
presence of furry pet in the household, antibiotic treatment (both
prenatal and postnatal), and mode of delivery on gut microbiota de-
velopment during the first 2 years of life (Study IV)
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Material and methods

An overview of each of the four studies is presented in Table 1.

Study designs

Studies I-I1I were prospective nationwide population-based cohort studies that
utilised high-quality Swedish national demographic and health registers.
Study I also included two national dog registers. The follow-up for T1D
started at age 1 year in Studies [ and III. In Study II, the follow-up for T1D
started at age 6 months in the analysis of prenatal exposure to antibiotics,
while at 15 months in the analysis of exposure to antibiotics in the first year
of life. We started the follow-up at 15 months, and not directly after the end
of the exposure period, as undiagnosed T1D might lead to an increased use of
antibiotics. Children who did not develop T1D were censored at emigration,
death, or end of follow-up, whichever came first. Furthermore, Study II had
additionally to the full cohort design a sibling comparison. Study IV was a
population-based Swedish mother-child cohort, and included faecal samples
collected from the children 2-4 days after birth and at 6, 12 and 24 months of
age.

Material

All studies in this thesis used information available in the Swedish national
population-based registers.'’ The registers were linked through the unique
personal identity number, which is used in all public administration in Swe-
den.

The Swedish population and health registers

All studies, with the exception of Study IV, used information from all of the
population and health registers described below. Study I'V used the main co-
hort data and information from the Medical Birth Register and The Swedish
Prescribed Drug Register (SPDR).
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Table 1. Overview of the design and methods in Studies I-IV

Study I [n [ [Iv
Design Population-based observational cohort study
Participants Children (n = 840,593) Singleton children (n = 797,318) | Individuals (n = 2,321,052) | Children in the Born into Life cohort
born 2001-2010 born 2005-2013 born 1990-2012 (n=283)
Follow-up Start: at age 1 year Start: at age 6 or 15 months Start: at age 1 year Faecal samples collected 2—4 days
End: 2012 End: 2014 End: 2013 or when the individ- | after birth and at 6, 12 and 24 months
ual turned 18 years old of age
Outcome T1D: T1D diagnosis ICD-10 (E10) and at least one dispensed pre- | T1D: T1D diagnosis (ICD-9 | Gut microbiota:
scription of insulin (ATC: A10A) (250) or ICD-10 (E10)) ealpha and beta diversity
erelative abundance (phylum, family
and 20 most common operational
taxonomic units)
Exposure Parent registered as: Dispensed systemic antibiotics | Death of a biological parent or | eFurry pet in the household at ges-
edog owner during the child’s | (ATC: JO1) in mothers during the | sibling as a marker of severe | tational week 26-28
entire first year of life pregnancy and in children during | stress eDispensed systemic antibiotics
efarm “animal producer and | their first year of life (ATC: JO1) in mothers during the
related worker” in the year the pregnancy and in children during
child was born their first 2 years of life
eMode of delivery
Statistical Cox PH model stratified by Cox PH model and “sibling anal- | Cox PH model with the expo- | Ordered logistic regression models
method parish ysis” (Cox PH model stratified by | sure as a time-varying variable | and the permutational multivariate
family) ANOVA (PERMANOVA) method
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The Register of the Total Population

The Register of the Total Population is a register of all Swedish residents from
1968 and onwards.'® This administrative database contains individual level
information including biological sex, place of birth, place of residence, citi-
zenship, marital status, birth, migration and death dates.

The Multi-generation Register

The Multi-generation Register is part of the Register of the Total Population
and contains all Swedish residents who were born after 1932 and registered in
Sweden at some time since 1961. The register enables identification of family
composition, including siblings.''®

The Longitudinal Integration Database for Health Insurance and
Labour Market Studies

The Longitudinal Integration Database for Health Insurance and Labour Mar-
ket Studies register includes information on employment, income, education
and area of residence for all Swedish residents 16 years old or older on De-
cember 3 1st each year.''” The register was established in 1990 as a register for
research, and is updated annually.

The Medical Birth Register

The Medical Birth Register was established in 1973. It is compulsory for every
health care provider in Sweden to report to the register; only 0.5-3.0% of the
deliveries are not reported to the register.'® The information is collected from
medical records from prenatal, delivery and neonatal care.

The National Patient Register

The National Patient Register (NPR) was established in 1964 and since 1984,
it is mandatory for all county councils to participate. The register has national
coverage since 1987. In the beginning, it only included hospital admissions
with a minimum of an overnight stay. However, since 2001, specialist outpa-
tient care was added to the register. Primary care is not yet reported to the
register. The registry includes information on admission and discharge dates,
procedures and the reason for hospitalization. The reason for hospitalization
is coded according to the current version of the Swedish translation of inter-
national classification of disease (ICD) system, and both primary and second-
ary diagnoses are included. The validity of the register is high and the primary
diagnosis is listed in 99% of all hospital discharges and is estimated to be valid
in 85-95% of the cases.'"’

The Swedish Prescribed Drug Register

The Swedish Prescribed Drug Register (SPDR) contains information on all
dispensed prescribed drugs at pharmacies in Sweden since July 2005, using
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the anatomical therapeutic chemical (ATC) classification system. SPDR is
complete, but personal identity numbers are missing for <0.3% of the per-
scriptions.'"” The register provides, in free text, indication for the prescrip-
tions, but only if noted by the physician. The register is thus difficult to use
for research on indication for prescriptions. The dose, quantity and strength of
the prescription are only available in free text. Noteworthy is that drugs ad-
ministered in hospitals or nursing homes are not included in the register.

The dog ownership registers

The dog ownership registers were used in Study I. It has been estimated that
83% (95% confidence interval (CI), 78%—87%) of dogs were registered in the
Swedish Board of Agriculture or the Swedish Kennel Club dog register in
Sweden in 2012.'%

Swedish Kennel Club

Swedish purebred dogs are registered in the Swedish Kennel Club dog regis-
ter, and contains since 2001, complete ownership details including the owner’s
personal identity number. The registry includes information on the breed, sex
and date of birth of the dog. Approximately 90% of the purebred dogs in Swe-
den are registered here.'?!

The Swedish Board of Agriculture Dog Register

Since 2001, all dogs in Sweden are required by law to carry a subcutaneous
ID-chip or an ear tattoo for identification. These identification markers are
registered in the dog register held by the national Swedish Board of Agricul-
ture, together with the owner’s personal identity number. It is also mandatory
to report a change in ownership and the date of when the dog dies. The regis-
tration should be done before the dog is 4 months of age and a change in own-
ership reported within 4 weeks. The register includes information about the
dog’s breed, sex and date of birth.

The Born into Life cohort

The Born into Life'** cohort consists of women who were enrolled in the
LifeGene study'* and became pregnant between 2010 and 2012. The cohort
comprised 107 pregnant women living in the in Stockholm County, Sweden.
All children were born at the same clinic and the child cohort, with consent
from the parents to follow the children after birth, comprised 93 children.
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Faecal samples collected in the Born into Life cohort

In the Born into Life cohort, faecal samples were collected from the children
2-4 days after birth and at 6, 12 and 24 months of age, whereas maternal sam-
ples were collected at gestational week 26-28, and 6 months post-partum. A
midwife collected the neonatal samples at the routine health check-up after
birth. The remaining samples were collected by the parents the day before
visits to the test centre and were kept frozen at home (-20 °C). A cool transport
container was used to prevent thawing during the transport to the test centre.
At the test centre the samples were stored at -80 °C until processing. Ten chil-
dren had no faecal sample collected and therefore our final study population
consisted of 83 mother-child pairs. In total 245 faecal samples were collected
from the children and 58 children had faecal samples from at least 3 sampling
occasions while 38 from all 4 occasions.

Main exposures, outcomes and confounders

Exposures

Furry pets

In Study I, dog exposure was defined as having a parent registered as a dog
owner in the Swedish Board of Agriculture or the Swedish Kennel Club dog
registers, during the child’s entire first year of life. A parent was defined as a
dog owner from the date of dog registration until a reported change in owner-
ship or death of the dog. When date of death for the dog was missing, we
assumed a maximum age of 10 years. If neither date of death nor birth were
reported in the registers, it was assumed that the dog died 10 years after first
registration. The Swedish Kennel Club’s definition of breed groups were used
to categorize the breeds into 11 groups. The height of a registered dog was
estimated by the midpoint of the height interval in the breed standard for males
and females, respectively. A child was considered exposed to farm animals if
a parent was identified in the Longitudinal Integration Database for Health
Insurance and Labour Market Studies register as “animal producer and related
worker, SSYK6121” in the year the child was born. In Study IV, information
on exposure to furry pet, defined as presence of a cat or a dog in the household,
was obtained from the questionnaire administrated at gestational week 26-28.

Antibiotics

In Studies II and IV, information on all dispensed systemic antibiotics (ATC:
JO1), prescribed to the mothers during the pregnancy, was retrieved from the
SPDR. In Study II, information was collected for the children regarding their
first year of life, while in Study IV, we followed them until 2 years of age. In

30



Study II, antibiotics were classified into narrow-spectrum and broad-spectrum
and by probable site of infection.

Death of a family member

In Study III, we used death of a family member as a marker of exposure to
severe stress. The date of death of a biological parent or sibling was ascer-
tained through linking the family members to the Cause of Death Register.

Mode of delivery

Information on mode of delivery was obtained from the Medical Birth Regis-
ter and was used in Studies I, Il and IV. Mode of delivery was categorized as
vaginal or caesarean.

Outcomes

T1D

In both Studies I and II, the children were defined as having T1D if they had
at least one dispensed prescription of insulin (ATC: A10A) in the SPDR. Date
of onset was estimated as the date of T1D diagnosis (ICD-10: E10) in the NPR
or as 7 days before the first prescription of insulin in the SPDR if the NPR
diagnosis was missing. In Study III, the definition was based solely on NPR
diagnosis (ICD-9 (250) and ICD-10 (E10)). In Study III, information on insu-
lin prescriptions were not included as the cohort included children born as
early as 1990 while the SPDR started in 2005.

Gut microbiota

We used 16S ribosomal RNA (rRNA) sequencing to analyse faecal samples.
Five different aspects of gut microbiota composition were considered as out-
comes: 1) alpha diversity as assessed by the inverse Simpson index'?*, 2)
beta diversity as assessed by Bray-Curtis distance, 3) relative abundance of
each bacterial phylum, 4) relative abundance of each bacterial family
(only analysed if there was a significant association at the phylum level), and
5) relative abundance of the 20 most common operational taxonomic
units (OTUs) among the children.

Potential confounders

We selected confounders of each association for adjustment using DAGs. The
exposures and confounders in each study are outlined in Table 2.

In all studies, information relating to the birth (i.e. sex, date of birth, gesta-
tional age and birthweight) and the maternal characteristics such as maternal
age, parity, maternal body mass index (BMI) and smoking in early pregnancy
were obtained from obtained from the Medical Birth Register.
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In Studies I-II1, information on parental education was collected from the
Longitudinal Integration Database for Health Insurance and Labour Market
Studies register, while in Study IV we retrieved information from the
LifeGene questionnaire. Residence and disposable household income was re-
trieved from Longitudinal Integration Database for Health Insurance and La-
bour Market Studies register. The population density (inhabitants per km?) for
each municipality was provided by Statistics Sweden.

Parental T1D was defined using the NPR and SPDR. Parents were classi-
fied as having T1D in Study I if they had one of the following

1. A T1D diagnosis (ICD-10: E10, 0240)
Diabetes diagnosis before the age of 30 (ICD-9: 250, ICD-8:250,
ICD-7:260)

3. Atleast one prescription of insulin (ATC: A10A), not due to gesta-
tional diabetes, before the age of 30.

In Study II, we used a stricter definition for parents with T1D that also required
a prescription of insulin if the diagnosis was based on ICD 7, 8 or 9. Further-
more at least two prescriptions of insulin were required if no diabetes diagno-
sis was registered. In Study III, information on insulin prescriptions were not
included as the cohort included children born as early as 1990 while the SPDR
started in 2005.
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Table 2. Exposures and confounders in Studies [-IV

Study | Study Il Study Il Study IV
Dog/farm Prenatal Early life Death of a family Furry pet Prenatal Early life Mode of delivery
Exposures animal antibiotics antibiotics member antibiotics antibiotics
Confounders
Maternal age X X X X X X X
Maternal body mass index X X X
Smoking X X
Parity X X X X X X
Maternal T1D X X X X
Paternal T1D X X X
Mode of delivery X X
Small/large for gestational age X
Birth weight X X
Gestational age X X X
Parental country of birth X X X X
Household income X X X
Maternal education level X X X X X X X X
Paternal education level X X X X
Geographic location X X X X
Population density X X X
Birth year X X X
Degree of urbanisation X
Birth season X X
Sex X X
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Statistical methods
Studies I-111

We used Cox PH models, with attained age as the timescale, to assess the
association between the respective exposure and risk of T1D. Additionally,
we used the stratified Cox PH model to assess the exposure-outcome associa-
tion within parishes in Study I and within families (sibling analysis) in Study
IL. In Study III, the exposure-death of a family member-was included in the
model as a time-varying variable, and both age at and time since exposure
were investigated. We further investigated possible associations by perform-
ing subgroup, dose-response and sensitivity analyses.

Study IV

The outcomes alpha diversity and relative abundances were analysed using
ordered logistic regression models (cumulative logit).'* The outcome beta di-
versity was analysed using the permutational multivariate ANOVA method.'*
To investigate the effect of the exposures on gut microbiota development in
children, we fitted models including the exposure, age, the interaction between
exposure and age, and potential confounders. Age was modelled using re-
stricted cubic splines. The results from all analyses were evaluated jointly for
statistical significance using a false discovery rate of 10%, where the false
discovery rate was calculated using the Benjamini-Hochberg method.'?’

Ethical aspects

The Swedish legislation incorporates principles of the Helsinki Declaration in
the Ethical Review Act (2003:460), the Public Access and Secrecy Act
(2009:400) and the Personal Data Act (1998:204), the latter was replaced by
the General Data Protection Regulation on May 25, 2018. The Ethical Review
Act states that research involving sensitive personal data, physical procedures
in humans or biological samples from humans must have an ethical approval
from the Swedish Ethical Review Authority (Etikprovningsmyndigheten, pre-
viously called Etikprovningsndmnden). All study participants, must receive
adequate information about the research, such as the aim, methods, possible
risks and the possibility to withdraw at any time. All study participants must
give consent to their participation. In young children, the legal guardians of
the child should be informed and give consent on their behalf. This procedure
was followed in Study IV, where biological samples were taken from young
children. Informed consent from each participant in the maternal cohort was
obtained during enrolment into the study and both parents gave informed con-
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sent for their children. In Studies I-111, no physical procedures nor other con-
tact involving the participants were performed. The Ethical Review Authority
therefore allowed the researchers to waive the requirement for obtaining in-
formed consent or parental permission. All four studies involved processing
of sensitive personal data. All data from the register linkage was pseudony-
mized by Statistics Sweden and National Board of Health and Welfare prior
to being made available to the researchers. Similar procedures were under-
taken at the Karolinska Institutet before delivery of data from the Born into
Life cohort for analyses. Data protection was ensured by using secure infra-
structure provided by Uppsala Clinical Research Centre or Department of
Medical Epidemiology and Biostatistics, Karolinska Institutet, Stockholm.
The systems meets the standards regulated in the General Data Protection
Regulation.
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Main results

Study I

The association between exposure to furry pets during the first year of life and
development of T1D in childhood was investigated in a nationwide Swedish
population-based cohort born 2001-2010 (n = 840,593). T1D development
occurred in 1,999 children during follow-up (mean age: 5.1 years). Dog expo-
sure was identified in 12.1% and farm exposure in 0.43% of the children dur-
ing the first year of life. No association between exposure to dogs (adjusted
hazard ratio (aHR) 1.00; 95% CI 0.86—1.16), nor farm animals (aHR 1.51;
95% CI 0.88-2.58) and T1D was observed (Figure 6). An analysis of children
with parental T1D yielded an aHR of 0.71 (95% CI 0.43-1.17) for dog expo-
sure. Furthermore, size of dog or number of dogs in the household was not
associated with T1D. Breed group analysis showed that children exposed to
“Retrievers” were at increased risk of T1D compared to non-exposed children
(aHR 1.60; 95% CI 1.22-2.11).

Study 11

To assess the influence of exposure to antibiotics prenatally and during the
first year of life on the risk of T1D in childhood, we used a Swedish popula-
tion-based cohort of singleton children born 2005-2013 (n=797,318). During
follow-up, 1,297 children developed T1D (mean age: 4.2 years). Prescribed
antibiotics in the first year of life (23.8%) was associated with T1D during
childhood (aHR 1.19; 95% CI 1.05-1.36) (Figure 6). This association was
driven by exposure to antibiotics used primarily for acute otitis media and
respiratory tract infections (aHR 1.19; 95% CI 1.04-1.36) and the association
with this specific antibiotic group remained significant after additional adjust-
ment for unmeasured confounding shared by siblings (aHR 1.43; 95% CI
1.02-2.01) (Figure 6). Furthermore, we found evidence of an interaction be-
tween any prescribed antibiotics and mode of delivery (p =0.016) and children
delivered by caesarean section had a larger effect estimate (aHR 1.60; 95% CI
1.22-2.08) than vaginally delivered children (aHR 1.10; 95% CI 0.96—1.28).
Prenatal exposure to any antibiotics, and to antibiotics used for urinary tract
or skin and soft tissue infections, were associated with T1D in the analysis of
the total cohort, but not in the sibling analysis.
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Events Adjusted HR (95% CI)

Total/Sibling  Total Sibling
Study I: Furry pets
Dog - 221 1.00(0.86-1.16)
Farm —— 13 1.51(0.88-2.58)
Study lI: Antibiotics
Any 2;_ 347/140 1.19(1.05-1.36) 1.36 (0.99-1.88)
Site
Otitis and respiratory tract - 296/125 1.19(1.04-1.36) 1.43(1.02-2.01)
Urine, skin or soft tissue __ﬂ__ 22/7  106(0.70-162) 1.08(036-3.28)
Both —_—r 20/8  1.35(0.93-195) 094 (0.36-2.44)
Study lll: Loss
Owerall - 146 0.96 (0.81-1.13)

Age at loss, years

1-6 - 75 0.90(0.72-1.13)
7-12 — 47 0.84 (0.63-1.13)
13-17 —— 24 1.83(1.21-2.78)
Time since loss <2 years e 57 1.33(1.03-1.73)

Time since loss <2 years

Age at loss, years

1-6 —_— 10 0.71(0.38-1.32)
7-12 —— 26 1.36(0.92-2.00)
13-17 —— 21 236(155361)
T TT1Tm
05 1 2 4
HR

Figure 6. Adjusted Hazard Ratios (HRs) and 95% Confidence Intervals (CI) for the
association between furry pets or antibiotics during the first year of life and T1D in
childhood, as well as between death of a family member (loss) and T1D in childhood
and adolescence. Filled circle, total analysis; filled triangle, sibling analysis.

Study 111

We assessed the association between loss of family member due to death and
development of T1D during childhood and adolescence in a Swedish popula-
tion-based cohort of individuals born 1990-2012 (n=2,321,052). T1D devel-
oped in 10,789 individuals (mean age: 8.6 years) and 2.1% of the children
were exposed to death of a family member during follow-up. We observed an
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association of recent (within 2 years) loss of a family member with T1D (aHR
1.33; 95% CI 1.03-1.73), but with a sharp decrease in risk during this period
(Figure 6, Figure 7A, spline p = 0.018). For age at loss, the aHR was constant
and around 1 until 10-11 years of age when the aHR trended towards increas-
ing (Figure 7B). This relationship was however not significant (spline p =
0.057). The aHR was 1.83 (95% CI 1.21-2.78) when loss occurred during 13—
17 years of age. However, when including both time since and age at loss in
the model simultaneously, neither time since loss (spline p = 0.085) nor age at
loss (spline p = 0.12) was significant (Figure 7C).

A B C Ageatloss
3=6=9=12 15
3.04¢ 3.04 ! 3.04 !
\ ) 1
1 1
2.04 ¢ 2.0 S 2.01 ' .
o \ =] ’ o \ ’
© 154\ T 1.5 R T 1.5 v
° \\\ ’r—-_—_,_ ° _,’-\.,_,” - © \\_ -
g 10 - T 10 = T 1.0 T
N T — N - N
& .51 ‘\_[__, %O,B-N’ £ 0.8+ ‘\\//
064 \_.’ 061, R 061 <
0.4+ 0.4 0.4

012345678910
Time since loss (years)

2 46 8101214 16
Age at loss (years)

4 6 8101214 16 18
Age at follow-up (years)

Figure 7. The association between loss of a family member due to death and T1D.
Adjusted hazard ratio and 95% confidence interval for T1D in relation to A) time since
exposure to loss B) age at exposure to loss, and C) age at follow-up differentiated by
age of exposure to loss. Each curve represents the adjusted hazard ratio among chil-
dren exposed to loss at 3, 6, 9, 12 and 15 years old compared to non-exposed children.

Study IV

The influence of environmental factors on the gut microbiota development
was studied in a population-based Swedish cohort of 83 children sampled 2—
4 days after birth, and at 6, 12 and 24 months of age. Of the 83 children, 12
were considered exposed to a furry pet (25 children were missing information
on household pet). Overall, 18 children were exposed to prenatal antibiotic
treatment, and before the 24 months sampling occasion, 15 children had been
prescribed antibiotics at least once. In total, 15 children were delivered by
caesarean section (10 emergency, 4 elective and 1 missing information on
type).

A considerable homogenizing shift in gut microbiota composition was
noted during the first 2 years of life, towards a more diverse adult-like micro-
biota. In the analysis of the environmental factors association with the gut mi-
crobiota development, presence of a furry pet in the household was associated
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with a lower relative abundance of the phylum Actinobacteria and an OTU
belonging to the genus Bifidobacterium (Figure 8). Furthermore, the family
level analysis suggested Bifidobacteriaceae was the major contributor of the
difference observed for Actinobacteria.
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Figure 8. Model-based predictions of relative abundance in bacterial phyla in the gut
micro-biota by presence of furry pets in the household. Lines indicate mean values
(solid) and 95% confidence intervals (dashed), adjusted for potential confounders (see
Table 2). P values reflect for the interaction between presence furry pets in the house-
hold and a child’s age in months. Each point is an individual child. All continuous
adjustment variables are fixed at their median value and all categorical adjustment
variables are fixed at their most common category.

Prenatal exposure to antibiotics was associated with the overall gut microbiota
composition of the child (age pinteraction = 0.004) and with a lower abundance of
an OTU belonging to the genus Blautia. (p = 0.016). The strength of the asso-
ciation with the overall gut microbiota decreased with age. No association be-
tween any exposure to antibiotics during the first 2 years of life and gut mi-
crobiota of the child at 2 years of age was found. However, the analysis power
was limited as few children were exposed to antibiotics. In addition, mode of
delivery was associated with overall gut microbiota composition of the child
(age Pinteraction = 0.003) and caesarean section was associated with a lower rel-
ative abundance of the phylum Bacteroidetes (Figure 9), with the family Bac-
teroidaceae being the major contributor. The same type of age-dependent as-
sociation observed for Bacteroidetes (Figure 9) was also found for two OTUs
within the Bacteroides genus. Furthermore, caesarean section was associated
with a higher relative abundance of the phylum Firmicutes (Figure 9) and
OTUs belonging to the Faecalibacterium, Veillonella and Streptococcus ge-
nus. Most of these observed associations with mode of delivery were strongest
during the first 6 months of life and diminished thereafter.
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Figure 9. Model-based predictions of relative abundance in bacterial phyla in the gut
microbiota by mode of delivery plotted against age. Lines indicate mean values (solid)
and 95% confidence intervals (dashed), adjusted for potential confounders (see Table
2). P values reflect for the interaction between mode of delivery and a child’s age in
months. Each point is an individual child. All continuous adjustment variables are
fixed at their median value and all categorical adjustment variables are fixed at their
most common category.
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Discussion

Furry pets

In Study I, we found no association of dog exposure during the first year of
life with T1D in the general child population. To our knowledge, Study I is
the largest study to date (1,999 T1D events) on the subject and the first na-
tionwide cohort study with register-derived measures of dog exposure. Only
few earlier studies have been performed on this topic and the results are not
consistent.

In contrast to our results, as well as in opposition to the hypothesis that
early life exposure to furry pets would be protective against T1D, a Swedish
population-based cohort study® found that dog-exposure during the first year
of life was positively associated with GADA at 2.5 years of age. In that same
study, however, dog exposure was not associated with [A-2A; no adjustments
for confounders were performed and a large number of exposures were tested,
thus making these results less reliable.

On the other hand, a Finnish cohort study in children with high genetic risk
of T1D (high-risk HLA) that was performed by Virtanen et al® reported that
indoor dog exposure was protective for both pre-clinical and clinical T1D,
although the association with clinical T1D was not statistically significant. In
Study I, we did not have information about HLA susceptibility to T1D, but a
subgroup analysis of children with parental T1D (210 events) yielded an ad-
justed HR of 0.71 (95% CI 0.43—1.17). This lends some support to Virtanen
and colleagues’ result; dog exposure might be protective for T1D in high-risk
children. Interestingly, Virtanen et al did not find an association with dogs that
were mainly kept outdoors. In our Study I, we did not have information about
whether the dog was kept inside or outside, and consequently could have di-
luted our estimates. However, our breed group analysis showed no excess risk
for the breeds of dogs typically associated with outdoor-only management
(Spitz and primitive types). Moreover, in Sweden today, it is rare to keep dogs
solely outdoor, and thus the influence on the conclusions should be limited.

Study I is the first study to perform dose-response (using the height of the
dog) and breed group specific analyses. We found no clear dose-response re-
lationship in neither the analysis of height of the dog nor number of dogs in
the household. However, exposure to “Retrievers” was associated with a
higher risk of T1D and therefore refuting the hypothesis that dog exposure is
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protective; and while interesting as it is, we suspect that the Retriever associ-
ation is a spurious finding.

In line with earlier research, we found no association between farm expo-
sure and T1D.*%%® Despite Study I being the largest study on this subject to-
day, the number of exposed children was low, and therefore the statistical
power to detect meaningful differences was limited.

To summarize, we found no evidence to support that early exposure to an-
imals is associated with lowered risk of T1D in the general child population.
Although our study is the largest study on the subject, even larger studies are
needed to be able to conclude whether animal exposure is associated with a
lower risk of T1D in children at high risk for T1D.

To further investigate our hypothesis that animal exposure increases micro-
bial exposure, thereby promoting a diverse and healthy gut microbiota and
potentially decreasing risk of autoimmune disease, we assessed the influence
of furry pets in the household on the gut microbiota development in children
from birth up to 2 years of age (Study IV). We found that having a furry pet
in the household was associated with a lower relative abundance of an OTU
belonging to the genus Bifidobacterium and observed an interaction with age,
with the difference starting to decrease around 6 months of age. This finding
is somewhat supported by the large longitudinal study TEDDY,? that reported
an association with Bifidobacterium from age 3 to 6 months, but not at older
ages, even though the association was not significant after correction for mul-
tiple testing. Moreover, they performed the analysis at the genus level and did
not follow children from birth.

Previous studies on the effect of pet exposure on gut microbiota have
yielded inconsistent results, and the existing studies are difficult to compare;
there are differences in study design including follow-up time, adjustments for
confounders, definition of exposure and in the choice of outcomes. For in-
stance, we studied the 20 most common OTUs and conducted analysis at the
phylum level, whilst others have conducted analysis at genus level. The mi-
crobiota field within epidemiology has been enabled by the fast development
in sequencing technology over the past two decades, and there is therefore a
need for standardised and reproducible methods.

It should be acknowledged that information on furry pet was missing for
25 children in our study and it is therefore a risk that our estimate of the asso-
ciation is biased. Further studies are needed to confirm our finding that expo-
sure to pets is negatively associated with Bifidobacterium. These future stud-
ies should have information about what types of furry pets the child is exposed
to and also to what extent.
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Antibiotics

First years of life

In Study II, we utilised a large nationwide cohort study (1,297 T1D events),
and found that exposure to any antibiotics in the first year of life was associ-
ated with T1D during childhood. This association was driven by antibiotics
used primarily for acute otitis media and respiratory tract infections. The as-
sociation with this specific antibiotic group remained significant after addi-
tional adjustment for unmeasured confounding shared by siblings. Further-
more, for exposure to any antibiotics we observed a larger effect estimate in
children delivered by caesarean section than in vaginally delivered.

Our findings are in contrast with two previously published nationwide stud-
ies, one Danish’ (1,578 T1D events) and the other Norwegian’ (836 T1D
events). Despite methodological differences, the Danish study, a case-control
study adjusting for few confounders, and the Norwegian study investigated
antibiotic exposure until age 18 months, we also believe that the contrasting
findings could be due to country-specific factors. For instance, there are dif-
ferences in genetic makeup and antibiotics prescribing patterns between the
countries. In our study, 21% of the children were prescribed antibiotics during
their first year of life, compared to 49% in Denmark.'*® The antibiotic pre-
scribing patterns are similar in Sweden and Norway, but the incidence rate of
T1D was almost twice as high in Sweden compared to the Norwegian study.
One concern regarding our results is residual confounding due to lack of in-
formation about breastfeeding, as breastfeeding might protect the child from
both infections and T1D. However, in our sibling analysis, we adjusted for
confounding factors shared by families, which largely include breastfeeding
patterns.

In addition, we found evidence of an interaction between any prescribed
antibiotics and mode of delivery. Children delivered by caesarean section had
a larger effect estimate for antibiotics than vaginally delivered children. One
possible explanation for antibiotics to have more pronounced effect in this
group is that children delivered by caesarean section might already have an
altered gut microbiota and be less resilient to antibiotic treatment during early
life. This result is in line with a nationwide Danish cohort study’” (1,503 T1D
events, partially overlapping with the earlier study) investigating exposure in
the first 2 years of life. They found the association with broad-spectrum anti-
biotics was modified by mode of delivery. However, another prospective Dan-
ish study’* (322 T1D events, partially overlapping with the two studies de-
scribed earlier) did not find an interaction between antibiotics and mode of
delivery. This study combined register data with questionnaire information
and the analyses were adjusted for several potential confounders including
breastfeeding. However, the questionnaire response frequency was low and
around 55% of the cohort were included in the analysis adjusted for breast-
feeding. Overall, the power for detecting an interaction was low.
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Earlier studies”’® have found an increased T1D risk in children with re-
peated courses of antibiotics (>7 and >5, respectively), but we did not find a
dose-response relationship in Study II. This might be due to the low number
of children being exposed to antibiotics in our study.

A plausible explanation for the observed association between antibiotics in
early life and T1D is through modification of the gut microbiota.®” However,
in Study IV, we did not find any association between antibiotic treatment in
the first 2 years of life and gut microbiota composition in 2-year-old children.
Although contradictory findings exist, several studies have reported an asso-
ciation between antibiotic treatment and reductions in Bifidobacterium and
Lactobacillus.” The lack of an association in Study IV might be due to the
low number of exposed children and between-individual variation in age at
exposure, together with previously decided sampling times.

Another possible explanation for the association between antibiotic treat-
ment in early life and T1D identified in Study II is a viral infection. For in-
stance, it 1s difficult to differentiate viral and bacterial otitis media infections
and as most children younger than 1 year with otitis media will be treated with
antibiotics it is likely that a proportion of the treated children had a viral in-
fection. However, during the study period, the national long-term program
Strama'?’ has worked to minimize the prescribing of antibiotics for inadequate
indications. Antibiotic prescriptions are declining in Sweden. In Study 11, 29%
of the children born in 2005, the first year of the study period were exposed,
while only 19% in 2012, the last year. Additionally, the seasonal variation of
antibiotic prescriptions has decreased as well, indicating less use for antibiot-
ics for viruses causing colds and influenza.'*® We therefore assessed whether
birth year affected the association and did not find such effects, alleviating
some concerns on viral infections driving the association.

Prenatal exposure

Study II does not provide any firm evidence that prenatal exposure to antibi-
otics influences T1D risk, which is consistent with earlier studies.”*”*> How-
ever, in Study IV, prenatal exposure to antibiotics was associated with the
overall gut microbiota composition of the child and with a lower abundance
of an OTU belonging to the genus Blautia. These findings are supported by a
cohort study including 266 children showing that intrapartum antibiotics was
associated with the overall gut microbiota at 6 weeks but not at 1 year of age,
and with lower abundance of Blautia at both 6 weeks and 1 year of age.*’ One
explanation for these findings could be that treatment with antibiotics during
pregnancy changes the maternal gut and/or vaginal microbiota and conse-
quently might influence the microbiota of the child at birth or later.'*' Further-
more, the microbial colonisation process may begin already during foetal life®®
and can be affected by antibiotic treatment during pregnancy. However, there
is a lack of longitudinal studies with frequent sampling investigating the effect
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of antibiotic treatment during pregnancy on gut microbiota development in
children and further studies are needed to confirm our finding.

In summary, Study II, which is one of the most well-powered studies to
date and the first to perform a sibling analysis on the subject, supports the
association of dispensed prescription of antibiotics in the first year of life and
the risk of T1D. In Study IV, prenatal exposure to antibiotics accounted for
some of the inter-individual variation in early childhood, but the number of
children exposed to antibiotics in early life was low and no firm conclusions
could be drawn. These findings support that the hygiene hypothesis may play
arole in T1D development. However, studies including information about oc-
currence of infections and antibiotics are needed to further investigate poten-
tial mechanisms.

Stress

In Study III, a large nationwide cohort study (10,789 T1D events, <18 years
old), no overall association between death of a family member and T1D was
found. Nevertheless, the association varied by time since, and age at, loss; and
our results indicate that there is a higher risk for T1D within the first years
following the loss, and if the loss occurred during the teenage years. These
results are similar to those reported in a nationwide Danish prospective regis-
ter-based study (6,110 T1D events, 5-30 years old) by Virk et al’*, who found
no overall association, but an age-dependent association with a higher risk in
individuals losing a family member during 11-18 years of age. No assessment
of variation by time since loss was performed in that study. However, a case
control study” found that the effect of a stressor (as evaluated by Coddington
and Hurme questionnaire) on T1D does not last more than 2 years, lending
support to our finding of a higher risk for T1D within the first years following
the loss. Studies including analyses based on solely death of a family member
are rare, but one questionnaire-based case-control study’” (105 T1D events,
<16 years old) reported a positive association between death of a close relative
the year preceding T1D onset and T1D. This supports our result of a risk close
in time to the loss, although no information on earlier exposure was available
in that latter case-control study. A limitation with Study III is that we only
investigated death of a family member. It should be noted that questionnaire-
based prospective studies including for example illness, divorce and unem-
ployment have reported an overall association’ and an association with stress
that occurred during the first 2 years of life”> with T1D. In our study, we did
not find such association.

We observed no clear differences in the relationship between stress and
T1D when comparing boys with girls. However, a large register-based study®’
(5,619 T1D events, 0-35 years old) found that a very high and increasing an-
nual rate of childhood adversities is associated with higher incidence of T1D
in childhood (<11 years old) for males and in early adulthood for females (>16

45



years old). The results from this latter study were however difficult to compare
with our results due to differences in aims and the methodologies used, but it
should be acknowledged that although our study was large the power to detect
interactions was low.

A study supporting the link between stress and T1D in childhood showed
that living in families with high stress was associated with increased level of
the stress hormone cortisol, decreased levels of a marker for low B-cell func-
tion (C-peptide), as well as an increased response to T1D-associated autoan-
tigens.'*?

Study III indicates that the association started to increase after 10—11 years
of age and was most pronounced close in time to the loss, we speculate that
the experience of loss accelerates progression to clinical T1D through the -
cell stress hypothesis. According to the B-cell stress hypothesis, an increased
insulin demand causes pressure on the -cells, which then become more sus-
ceptible to autoimmune attack. All factors causing increased insulin demand,
such as rapid growth, puberty and psychological stress might therefore play a
role in T1D development.® The increase in risk after 10—11 years of age might
be explained by the extra pressure on the -cells due to puberty together with
an increased understanding of and reaction to death.'*

In Study III, our large nationwide population-based cohort study, losing a
family member due to death was associated with an increased risk for T1D
within the first years following the loss, and if the loss occurred during the
teenage years. Our study is the first to investigate time since loss and age at
exposure in detail. However, large studies with adequate power to separate the
effect of time since, and age at exposure, or perform subgroup analysis are
needed to evaluate that our results are generalizable.

Mode of delivery

Study IV adds to earlier findings showing that mode of delivery is associated
with the overall gut microbiota composition.***** More specifically, we ob-
served a lower relative abundance of the phylum Bacteroidetes, which is sup-
ported by a previous study showing differences in Bacteroidetes between the
delivery groups at 1 year of age.*’ In addition, we similarly found that caesar-
ean section delivered children have a lower abundance of OTUs belonging to
the Bacteroides genus than vaginally delivered children.*”*° Furthermore, in
line with other studies, Study IV showed that caesarean section delivered chil-
dren have higher abundance of bacteria affiliated with the phylum Firmicu-
tes®, the genera Veillonella®* and Streptococcus.*® However, two large lon-
gitudinal studies®”'** did not show an association with either of these genera.
One possible explanation for the observed association between mode of
delivery and infant gut microbiota development may be, at least in part, the
lack of contact with maternal vaginal and intestinal microbiota for children
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delivered by caesarean section. In addition, foetal exposure to maternal intra-
partum antibiotics prophylaxis in caesarean delivered children could also me-
diate the association. Nevertheless, another longitudinal Swedish study based
on 24 infants born to mothers who had not received antibiotic prophylaxis,
still observed differences in gut microbiota development depending on mode
of delivery.* A limitation with Study IV was that the number of children de-
livered by elective caesarean section was too low to allow for a comparison of
elective and emergency caesarean section. We would have also liked to inves-
tigate breastfeeding’s possible role as a mediator, but unfortunately the dietary
questionnaire limited the information that can be extracted. The pre-deter-
mined wide age categories made it impossible to know whether the group “ex-
clusively breast-fed for > 5 had been introduced to foods at the 6 months
sampling occasion or not, and 32 mothers did not answer the question about
infant diet.

Although Study IV together with several earlier studies have shown an as-
sociation, between mode of delivery and gut microbiota that is attenuated with
age, there is a need for more longitudinal studies. These studies should be
powered to investigate different types of caesarean section as well as the im-
pact of possible mediators and effect modifiers such as breastfeeding and an-
tibiotics.

Methodological considerations

All studies in this thesis are observational studies with the aim to quantify the
potential casual effect of an exposure on an outcome as accurate as possible.
However, there is always a risk for systematic errors (biases) such as selection
bias, information bias, confounding and reverse causation.'®

Selection bias

Selection bias arises from procedures and factors that influence study partici-
pation and loss to follow-up, and can make the parameter of interest differ in
the target population and the available sample. Consequently, there will be
decreased generalizability.'*®

Studies I to III were register-based studies, and encompassed the vast ma-
jority of the target population, and thus limiting the risk of such bias. Moreo-
ver, all the included studies were prospective, which limits the risk of selection
bias introduced by condition on a collider; as participants are included before
the outcome has occurred. However, there remains a few considerations. In
Study I, children were excluded if both parents immigrated to Sweden after
the age of 15 years or if one or both parents did not live in Sweden the full
year before the child’s birth. These parents are less likely to have accurate and
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complete information in the registers. Having Sweden-born parents may in-
fluence both the risk of T1D and the choice of having a dog. Although we
excluded almost 135,000 children in Study I, we believe that this exclusion is
unlikely to have affected results to any large extent as we expect the effect of
dog exposure to be similar in the selected and non-selected group.

In Study II, we performed a complete-case analysis, excluding participants
with any missing data on the included variables. In the analysis of exposure to
antibiotics, prenatally and in the first year of life, this resulted in almost 10%
and 5%, respectively, of the study population being excluded due to missing
information on confounders (mainly maternal BMI and smoking). This exclu-
sion could cause bias if the cause of missingness were linked to both the ex-
posure and outcome. However, we performed multiple imputation (not in-
cluded in the published manuscript) and analysis including imputed values did
not affect the observed associations neither for prenatal exposure (aHR 1.15;
95% CI 1.00-1.35, imputed aHR 1.15; 95% CI 1.01-1.32) nor exposure dur-
ing the first year of life (aHR 1.19; 95% CI 1.05-1.36, imputed aHR 1.20;
95% CI 1.06—-1.36).

In Study IV, only 38 of the 83 children participating in the study had a
complete series of four faecal samples. All 83 children contributed to the anal-
ysis, but there was a loss of observation at the end of follow-up, which could
cause selection bias affecting primarily the last time points. In a comparison
of children with complete follow-up and non-complete follow-up, the only
difference in background characteristics was maternal age; children with com-
plete follow-up had younger mothers (31.9 vs 33.4 years of age, p = 0.045). If
other unmeasured factors linked to the outcome affected participation this
might have caused bias towards the end of the study period at the end of fol-
low-up. Furthermore, information on furry pets was missing for 25 children
in Study IV which could bias the result.

Information bias

Measuring exposures in epidemiological settings is often challenging and in-
dividuals may be misclassified as exposed although they are non-exposed, and
vice versa. If the exposure misclassification is unrelated to the outcome, and
vice versa, the misclassification is non-differential and would most likely lead
to an underestimated effect. If the exposure misclassification is related to the
outcome, and vice versa, the misclassification is differential and can lead to
either an over- or underestimated effect.

In Study 1, dog exposure likely suffered from some degree of misclassifi-
cation; we lacked information about exposure to animals outside the home and
visiting dogs. Additionally, although mandatory since 2001, not all of the
Swedish dog owners register their dog or report if the dog dies. Study I started
in 2001, and the awareness of the law and thereby the register coverage is
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likely higher towards the end of the study period than in the beginning. Re-
stricting the study period, however, did not change the result. Additionally,
changing the maximum life span from 10 years to 8 or 12 years, in situations
when information on the dog’s death date was incomplete, had no effect on
the results either. Furthermore, we performed a deterministic sensitivity anal-
ysis assuming non-differential misclassification and calculated bias corrected
Incidence Rate Ratio '*° The bias-corrected Incidence Rate Ratio did not differ
substantially from the observed, alleviating concerns of information bias.

In Studies II and IV, antibiotic exposure was defined as a dispensed pre-
scription of antibiotics, and there is a risk for non-compliance. However, as
antibiotics are most often prescribed for an acute event, we think that the risk
for non-compliance is low among children. Additionally, delayed dispense of
the prescription which is now a common practice in older children is not rec-
ommended for acute otitis in children less than 1 year old. We therefore be-
lieve that a possible misclassification of the exposure had a negligible impact
on the estimation of the association between antibiotic exposure during the
first year of life and T1D. Furthermore, antibiotic consumption during hospi-
talization is not reported in the SPDR, but excluding hospitalized or preterm-
born children from the analysis did not change the result in Study II.

There is also a risk for misclassification of prenatal exposure to antibiotics.
A Swedish study reported that 21% of the women with a dispensed prescrip-
tion 90 days before the visit at antenatal care reported their antibiotic use at
the visit, while 83% of the women who reported use of antibiotics also had a
dispensed prescription.'*® However, the low agreement reported use and dis-
pensed prescriptions probably reflects both non-reporting and non-compli-
ance. Nevertheless, this risk for misclassification is important to consider and
especially in the interpretation of the sibling analysis in Study II, as the atten-
uation of estimates due to misclassification is larger in a sibling analysis than
in an analysis based on the total population. Therefore, we acknowledge that
the attenuation of the estimated association between prenatal exposure to an-
tibiotics and T1D in the sibling analysis might not be due to familial confound-
ing, but rather due to misclassification or both. Moreover, the SPDR does not
contain any categorized information on indication, only free text information,
so we divided the prescriptions using the ATC into three groups based on
treatment guidelines and expertise knowledge. We manually reviewed a ran-
dom sample of 800 prescriptions, and the agreement between our classifica-
tion of the prescriptions using the ATC and free text information was high.
Hence, we find it likely that the risk of misclassification was low.

In Study III, we used loss of a biological parent or sibling due to death as a
proxy for a stressful life event, and other stressful life events such as loss of
step parents and grandparents were not considered. Therefore, some attenua-
tion of the estimate of the association might occur.
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In addition, outcomes can also be misclassified. However, it has been
shown that information on dispensed insulin prescriptions from the SPDR reg-
ister can be used to reliably assess the occurrence of T1D and especially in
children < 15 years old.” The SPDR was used in both Studies I and II. In Study
I11, the follow-up started 15 years before the SPDR was established and there-
fore we only utilised the NPR to define T1D. The validity of T1D diagnoses
in the NPR has not yet been evaluated. However, the sensitivity of T1D based
on diagnosis from the NPR should be high; all children and young people in
Sweden with T1D are initially hospitalized, then routinely followed up in spe-
cialist outpatient clinics. Additionally, in Study III we performed a compari-
son between our outcome definition and prescriptions of insulin and there was
high concordance. Therefore, we think that the risk of misclassification in
Studies I-1II was low and may yield only a negligible effect on the estimated
association.

Confounding

Confounding can be described as a confusion of effects, where the effect of a
common cause (confounder) is mistaken for, or mixed up with, the actual ex-
posure effect that we aim to asses. Although we had information on a rich set
of confounders in all studies, there is still a risk for residual confounding; we
did not account for lifestyle and genetic factors. However, we were able to
additionally adjust for all unmeasured parish-constant confounders in Study I
and all unmeasured confounders shared by siblings in Study II. Nevertheless,
even in the sibling analysis, there is still a risk that the association is (partly or
fully) explained by unmeasured non-constant confounders, for example indi-
vidual genetic and lifestyle factors.

Reverse causation

Bias due to reverse causation refers to the situation in which the outcome pre-
cedes and causes the exposure instead of the other way around.'® This type of
bias can occur if, for example, there is a delay between disease onset and di-
agnosis. As yet undiagnosed T1D often leads to infections and sometimes in-
creased use of antibiotics, we started follow-up at 15 months when studying
exposure in the first year of life. We therefore find it unlikely that that the
observed association in Study II is caused by reverse causation. We also find
it unlikely that reverse causation affects the results in the other studies of this
thesis.

Bias in the estimation of microbiota in faecal samples

In Study 1V, faecal samples were collected both at the health check-up and at
home. When the samples were collected at home they were kept in the freezer
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for approximately 1 day and thereafter transported to the test centre in a cool
transport. Subsequently, faecal samples were stored at -80 °C until processing.
Ideally, the collected samples should immediately be stored at —80 °C to pre-
vent overgrowth of some bacterial species or DNA degradation. However, it
has been shown that if the samples are kept in cold storage (4 °C), the time
from collection to freezer can be up to 48 h without significant alteration of
the microbial composition."*” Therefore, we believe that the samples were
well preserved in our Study IV and that the risk for bias was low.

External validity

The nationwide population-based design in Studies I-III enables generaliza-
tion to the Swedish population. However, as the culture regarding dog owner-
ship, farming and antibiotic prescription, as well as genetic susceptibility to
T1D varies between countries, generalizability to other populations might be
limited. In Study IV, our study population represents a well-educated popula-
tion from a predominantly urban area. Generalizability may be restricted;
studies have implied that differences in geographical®® and socio-economic
status'*® might influence gut microbiota.
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Conclusions

The overall aim of the work presented in the thesis was to study the influence
of environmental exposures on the risk of T1D in childhood and adolescence,
and gut microbiota composition in early childhood.

Our data do not support the hypothesis that exposure to animals reduces the
risk of T1D in the general child population. The observed association between
antibiotics use during early childhood and subsequent T1D, however, suggests
that the hygiene hypothesis may play a role in T1D development. Our findings
further indicate that severe stress may accelerate T1D onset during certain
time periods. Finally, our results suggest that exposure to animals in the house-
hold, prenatal antibiotics and birth through caesarean section may account for
some of the inter-individual variation in early childhood microbiota develop-
ment. These data do not, however, allow firm conclusions about whether the
observed associations with T1D are causal and potentially mediated via
changes of the gut microbiota.
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Future perspective

Although Studies I-111 in this thesis are among the largest studies on respective
subject today, the power was too low for allowing firm conclusions about po-
tential time and dose-response relationships, and potential interactions be-
tween risk modifying factors. Hence, there is a need for even larger studies.
Studies I-III were analysed a couple of years ago and the follow-up ended
2012, 2013 or 2014 and additional follow-up periods would add valuable T1D
events. In this thesis only Swedish registers were used, but Denmark, Finland,
Iceland and Norway also have high quality population-based nationwide reg-
istries with personal identification numbers. A collaboration between the Nor-
dic countries would give access to a total population of approximately 27 mil-
lion individuals to investigate the complex relationship between environmen-
tal exposures and T1D.'*

In Study II we found an association between exposure to antibiotics in early
life and T1D. To help us further understand whether such an association is
caused by antibiotics or due solely to, or in part, the treated infection itself,
studies including information about occurrence of infections and antibiotics
are needed. The information must enable separating viral from bacterial infec-
tions with and without antibiotic treatment. One possibility to gain that infor-
mation is from the primary care. However, primary care is not yet covered by
the health registers in Sweden. Moreover, in TEDDY, parents are given in-
structions to record the child’s medication use, symptoms of illnesses and any
subsequent diagnosis in a diary. Therefore TEDDY will likely provide further
insights about antibiotics potential effect on T1D development.

Even though our study and others have found associations between pet ex-
posure, antibiotics and mode of delivery with gut microbiota development in
children, these studies do not give a consistent answers as to what type of
changes these factors may cause and for how long they persist. Earlier studies
are difficult to compare as there are differences in study designs including
follow-up time, adjustments for confounders, definition of exposure and also
in the choice of outcomes. Standardized and reproducible methods are there-
fore needed. In our study we used 16S rRNA sequencing; future studies using
metagenome sequencing, which allows characterisation of the functional
properties of microbial changes, could help us further understand the potential
effect of early life exposures. Several of the studies, including ours, have lim-
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itations such as too few participants and sampling occasions. For studies in-
vestigating the effect of antibiotics it is important to, in addition to pre-speci-
fied sampling occasions, also enable more frequent sampling, during and close
in time after treatment. Further studies investigating the effect of mode of de-
livery shall be powered to investigate different types of caesarean section as
well as the impact of possible mediators and effect modifiers such as breast-
feeding and antibiotics.

Finally, in this thesis a potential effect of an exposure on gut microbiota
and T1D development was studied in different cohorts. That limits our ability
to investigate the interesting question “If an observed associations with T1D
potentially is mediated via changes of the gut microbiota?” To gain infor-
mation that will help answer that question, studies like TEDDY with infor-
mation on the microbiota development together with the occurrence of auto-
antibodies and T1D, and exposures are needed.
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Swedish summary

Typ 1 diabetes &r en allvarlig kronisk sjukdom som ofta debuterar under barn-
domen eller tonaren och kréver livslang behandling med insulin. En forhéjd
arftlig risk ar inte tillrackligt for att orsaka typ 1 diabetes, utan miljofaktorer
spelar ocksé en avgorande roll for om man utvecklar sjukdomen eller ej. An-
talet barn och unga som insjuknar i typ 1 diabetes har okat de senaste artion-
dena och orsaken till denna dkning &r okénd. Enligt den sa kallade hygienhy-
potesen, som lanserades i slutet av 1980 talet, kan en minskad exponering for
virus och bakterier tidigt i livet pdverka immunforsvarets utveckling och vara
en bidragande orsak till den 6kande incidensen. En 6kad hygienisk standard-
kan ocksa leda till brister i tarmflorans sammanséttning, som i sin tur ar viktig
for immunforsvarets utveckling. Antibiotikabehandlingar, kejsarsnitt och
stress dr exempel pd miljofaktorer som foreslagits ha en negativ effekt pa
tarmflorans sammanséttning och dirmed kunna 6ka risken for typ 1 diabetes.
Naéra kontakt med djur har istéllet foreslagits att ha en positiv inverkan pa
tarmfloran och immunforsvaret, vilket ddrmed skulle minska risken for typ 1
diabetes. Syftet med denna avhandling har dirfor varit att underséka om upp-
vaxt tillsammans med djur, antibiotika behandling och svar stress orsakad av
dodsfall i familjen paverkar risken for typ 1 diabetes. Utdver det undersoktes
ocksd om uppvixt tillsammans med djur, antibiotikabehandling och kejsar-
snitt paverkar tarmfloran hos barn.

I den hér avhandlingen anvédndes svenska nationella register for att fa in-
formation om dessa miljofaktorer och om ett barn insjuknat i typ 1 diabetes
eller inte. Resultaten fran den forsta studien tyder pa att det inte finns négot
starkt samband mellan att bo i ett hushéll med hund eller pa en bondgérd under
hela forsta levnadséret och risken att utveckla typ 1 diabetes under barndomen.
I den andra studien visade resultaten att behandling med antibiotika under
forsta levnadsaret var forknippat med en forhojd risk att senare insjukna i typ
1 diabetes. Vi fann ocksa att den skattade riskokningen forknippad med anti-
biotika var storst bland barn som fotts med kejsarsnitt. Den tredje studien vi-
sade att en forlust av en familjemedlem var kopplat till en hogre risk att ut-
veckla typ 1 diabetes den ndrmaste tiden efter forlusten och nér forlusten in-
traffade i tondren. I den fjdrde studien deltog 83 barn och deras mddrar. Dessa
lamnade avforingsprover vid upprepade tillféllen. Barnen foljdes frén fodsel
till 2 ars alder. Har observerades att barn som har ett sillskapsdjur har en lagre
andel av en sorts bakterie som tillhor slédkten Bifidobacterium. Vi sdg ocksé
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skillnader i tarmflorans totala ssmmanséttning hos barn beroende pa om mam-
man anviant antibiotika under graviditeten samt forlossningssitt. Kejsarsnitt
var ocksa associerat med en lidgre andel bakterier fran fylan Bacteroidetes och
hogre andel Firmicutes i tarmfloran hos barnen.

Sammanfattningsvis sé visar denna avhandling inte pa ndgot samband mellan
nira kontakt med djur under forsta levnadsaret och risken for typ 1 diabetes.
Vi observerade ett samband mellan antibiotikabehandling under forsta lev-
nadséret och typ 1 diabetes, men i absoluta tal var riskokningen liten. Vara
resultat stoder ocksé hypotesen att svar stress kan paskynda debuten av typ 1
diabetes under vissa aldrar. Vara resultat kompletterar dessutom forskning
som visar att miljofaktorerna djur, prenatal antibiotika och kejsarsnitt troligt-
vis stér for en del av den interindividuella variationen i utvecklingen av tarm-
floran i tidig barndom.
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