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OBJECTIVE

Environmental microbial exposures have been implicated to protect against immune-mediated
diseases such as type 1 diabetes. Our objective was to study the association of land cover around
the early-life dwelling with the development of islet autoimmunity and type 1 diabetes in order
to evaluate the role of environmental microbial biodiversity in the pathogenesis.

RESEARCH DESIGN AND METHODS

Association between land cover types and the future risk of type 1 diabetes was studied by
analyzing land cover types classified according to CORINE 2012 and 2000 data around the
dwelling during the first year of life for 10681 children genotyped for disease associated HLA-
DQ alleles and followed from birth in the DIPP study. Land cover was compared between
children who developed type 1 diabetes (N=271) or multiple diabetes-associated islet
autoantibodies (N=384) and non-diabetic autoantibody negative children.

RESULTS

Agricultural land cover around the home was inversely associated with diabetes risk (OR 0.37,
95% CI 0.16-0.87, P = 0.02 within a distance of 1500 m). The association was observed among
children with the high-risk HLA-genotype and among those living in the southernmost study
region. Snow cover on the ground seemed to block the transfer of microbial community indoors
leading to reduced bacterial richness and diversity indoors which might explain the regional
difference in the association. In survival models, agricultural environment was associated with a
decreased risk of multiple islet autoantibodies (HR=1.60, P = 0.008) and a decreased risk of
progression from single to multiple autoantibody positivity (HR=2.07, P = 0.001) compared to
urban environment known to have lower environmental microbial diversity.

CONCLUSIONS



The study suggests that exposure to agricultural environment (comprising non-irrigated arable
land, fruit trees and berry plantations, pastures, natural pastures, land principally occupied by
agriculture with significant areas of natural vegetation, and agro-forestry areas) early in life is
inversely associated with the risk of type 1 diabetes. This association may be mediated by early

exposure to environmental microbial diversity.



Type 1 diabetes (T1D) is considered a chronic autoimmune disease caused by the destruction of
the insulin-producing B-cells in the pancreatic islets leading to a life-long need for insulin
replacement therapy. Autoantibodies against B-cell proteins are found in the peripheral
circulation months to years before the symptomatic disease appears, serving as markers of the
ongoing autoimmune process and predicting the onset of the disease. Both genetic and

environmental factors contribute to the pathogenesis of type 1 diabetes. (1)

The incidence of type 1 diabetes has increased during the past 70 years in the developed
countries paralleling similar increase in other immune-mediated disease such as allergies and
asthma (2, 3). The rapid increase together with the conspicuous variation in incidence rates
between countries support the role of environmental factors in the pathogenesis. Overall, the
incidence rate tends to be high in countries locating in the north, although exceptions to this

trend exist. (4)

Living in an agricultural environment and contacts with farm animals and pets at home have
been associated with a higher microbial diversity indoors and a decreased risk of allergic
diseases (5-8). Although the mechanisms of this phenomenon are not fully understood, several
lines of evidence suggest that exposure to environmental microbial diversity and direct soil
contacts may play a role (9-11). This, in turn, could lead to the activation of immunoregulatory
pathways suppressing over-reactive immune responses, as presented by the biodiversity
hypothesis. (6, 9) A wide exposure of the skin and mucosal surfaces to all kinds of microbes,
including bacteria, viruses, and eukaryotes, regardless of whether they are infecting or colonizing
humans, could provide constant immunological stimulation to the immune system which is

needed for the development of healthy immune regulation. (12)



As allergic diseases, type 1 diabetes is also associated with failure to control hyperreactive
immune responses. In type 1 diabetes these immune responses target p-cell autoantigens instead
of allergens. Analogously, it could be hypothesized that an early exposure to a rich
environmental microbiome could reduce the disease risk. In support of this, many studies imply
that microbial exposure might influence the pathogenesis of type 1 diabetes. Microbial exposures
prevent the development of autoimmune diabetes in the NOD mouse model (13, 14) and
exposure to an indoor dog or pets during the first year of life is inversely associated with the
development of type 1 diabetes and islet autoantibodies in children (15, 16). Moreover, the rate
of both type 1 diabetes and IgE-mediated sensitization are several folds higher in Finland than in
the neighboring Karelian Republic of Russia, where children are exposed to microbes
substantially more frequently (17, 18) and alterations in the intestinal microbiome of young

children who later develop type 1 diabetes have been reported (19, 20).

The association of urban and rural living environment with type 1 diabetes has previously been
addressed with conflicting results (21-24). However, these studies have defined the environment
mainly by indirect factors such as population density and the spatial resolution of the data has
been relatively low (e.g. municipality level data) thus dismissing the effect of the immediate
environment surrounding the home and exposure to environmental microbial biodiversity.
Moreover, most of the studies have been carried out after the diagnosis of diabetes without
regarding early-life exposures, which are considered important for the development of the
immune system and the succession of microbiota (25, 26). Often the B-cell damaging process
starts already during the first three years of life, emphasizing the importance of early-life

exposures in type 1 diabetes (27, 28).



The effect of the living environment on the disease risk could be mediated by environmental
microbes which are mainly limited to the microbes transferred indoors during early life.
Although there are indications of seasonal variation in this transfer (7, 8) the effect of snow
cover on the transferred microbiota is poorly understood. Consequently, we studied whether
snow cover could block the connection between outdoor environment and indoor microbiota and
thus act as a potential inducer of regional differences in the connection between living

environment and type 1 diabetes risk.

This is the first prospective study carried out in a large cohort of children followed from birth to
analyze the association between early-life exposure to environmental microbial diversity and the
development of childhood type 1 diabetes. The study focuses on biotypes that surround the
dwelling during the first year of life and are able to influence the microbial exposure of these
infants (7, 8). The impact of the biotypes on the risk of aggressive B cell autoimmunity and the
progression of the B-cell damaging process was evaluated. Meteorological data and microbial
analyses of doormat samples were used to analyze the effect of snow cover on the transfer of
outdoor microbial community indoors as a possible cause of regional variation in the observed

associations.

RESEARCH DESIGN AND METHODS

Study Design

The study subjects were participants in the Finnish Type 1 Diabetes Prediction and Prevention
(DIPP) study. Families with children born in three university hospitals (Oulu, Tampere, and

Turku) and confirmed to carry increased genetic risk for type 1 diabetes based on HLA-DQ



typing from cord blood were invited to participate in prospective follow-up starting from birth
(ClinicalTrials.gov NCT03269084). (29) Blood samples were drawn at the ages of 3, 6, 12, 18,
and 24 months and once (Oulu and Tampere) or twice (Turku) a year thereafter until the age of
15 years or the diagnosis of type 1 diabetes, and screened for three disease-associated
biochemical autoantibodies to insulin (IAA), glutamic acid decarboxylase (GADA), and the
tyrosine phosphatase-related insulinoma-associated 2 molecule (1A-2A), as well as non-
biochemical islet cell antibodies (ICA) as described earlier (30). In children born before 2003,
ICA was used as a primary screening marker: if the child turned ICA positive biochemical
autoantibodies (IAA, GADA and IA-2A) were analyzed from all available samples from that

child. Clinical type 1 diabetes was diagnosed using the WHO criteria.

The guardians of all participating children gave written informed consent for genetic screening
and the follow-up. The study adhered to the principles of the Declaration of Helsinki and was
approved by the Ethical Committees of Pirkanmaa Hospital District, Northern Ostrobothnia
Hospital District and the Hospital District of Southwest Finland. Data for dwelling coordinates

was acquired from the Finnish Population Register Centre.

The children for the present study were selected from the whole DIPP cohort using the criteria of
living in the same address (their dwelling coordinates did not change) from birth until the age of
12 months and being born during the years 1994 to 2013. The average follow-up time was 6.6
years (median 5.9, range 0.1-18.7 years). The details of the DIPP cohort follow-up and the drop-
up rates have been described previously (31) showing that altogether 56 % of the children who
started the follow-up completed the whole 15-year follow-up and 3.5% progressed to T1D at
what time point their follow-up ended (89% were in the follow-up at the age of five years and

71% at the age of 10 years).



Since the study aimed at analyzing the association of environmental microbial diversity with the
first signs of aggressive islet autoimmunity that portends type 1 diabetes the development of
multiple biochemical diabetes-associated autoantibodies was used as the case child criteria
(positivity for a single autoantibody is a poor predictor of diabetes (32)), and an additional end
point was clinical type 1 diabetes. The present study cohort included a total of 10681 children
followed from birth and born in the university hospitals of Oulu (30.9%), Tampere (34.8%), and
Turku (34.2%) in Finland. The cohort comprised 384 children who turned positive for multiple
biochemical islet autoantibodies, 271 children who developed type 1 diabetes (of whom 253
were multiple autoantibody positive), and 10279 autoantibody negative control children. Among
the multiple autoantibody positive children 243 children turned initially positive only for a single
autoantibody (131 for IAA, 96 for GADA and 16 for IA2A), and the average age of appearance
of the first autoantibody was 2.9 years (median 2.0, range 0.4 — 14.0 years) and that of multiple
autoantibodies 3.9 years (median 2.9, range 0.26 — 15.0 years). 141 children had multiple
autoantibody positivity already in the first autoantibody positive sample. The time of the first
detection of autoantibodies (single or multiple) among these multiple autoantibody positive
children was used as the time of autoantibody seroconversion in the analyses. The average age of

developing type 1 diabetes was 6.8 years (median 6.0, range 0.9-18.7 years).

Land Cover Data

The proportion of agricultural areas, built environment, forests and semi-natural areas, wetlands,
and water bodies surrounding the dwellings were analyzed within 50 m, 100 m, 250 m, 500 m,
and 1500 m of the dwelling coordinates using the pre-classified CORINE Land Cover 2012 20 m
raster data. The analysis was repeated using CORINE Land Cover 2000 data from the year 2000

to confirm the results and to eliminate the possible effect of changing land-cover patterns over



the years 1994-2014. (33) CORINE land cover data is produced by national institutes using the
criteria determined by the European Environment Agency. The data is produced by automated
visual interpretation of high-resolution satellite imagery complemented with national in-situ data,
satellite image processing, geographic information system integration and generalization together
with European Union-wide standardized land cover classification (33, 34). CORINE 2012 land

cover classification is presented in Supplemental Table S1.

Meteorological Data

The meteorological data were acquired from the Finnish Meteorological Institute (35). The
annual number of days with snow cover was calculated using daily snow depth data collected
from the airport of each study site for regional comparison. For doormat sample comparison the
daily snow depth data was obtained from the meteorological station closest to the dwelling
(maximum distance was 33 km) to confirm that the ground was covered by snow in the area

during the February doormat sample collection.

Microbial Analyses

The effect of snow cover on the ground on the environmental microbial exposure transferred
indoors was analyzed using doormat samples. Environmental microbial communities transferred
indoors were characterized by analyzing samples collected from standardized polythene
doormats kept inside and adjacent to the main door for two weeks in August 2015 and again in
February 2016. The guardians of 22 study participants collected the debris deposited on the
doormats as previously described. (7) The February samples were collected after a minimum of

one month of continuous snow cover on the ground confirmed using local meteorological data.



DNA was extracted and sequenced using the Illumina 16S sequencing platform and sequences
were processed and analyzed as described earlier (7) using mothur (version 1.39.5) (36, 37). The
samples were rarified to 6 359 sequences for comparison of abundance, species richness (number
of species), and bacterial diversity (Shannon diversity index considering both the number of
species and the inequality between species abundances) from an even sampling depth. Raw
sequence reads are available in the Sequence Read Archive at NCBI

(http://mww.ncbi.nIm.nih.gov/sra) under accession numbers SAMN13087634-SAMN13087655.

Statistical Analyses

The association of type 1 diabetes with the proportion of land cover types was determined using
generalized linear models with binomially distributed errors (logistic regression) in R (38).
Kruskall-Wallis test was used to analyze differences in annual duration of snow cover between
the study regions. Doormat diversity measures were calculated using package vegan and
compared between the seasons using paired Student’s T-test in R. These P values were corrected
using the Bonferroni correction method. The differences in the bacterial abundances between
February and August doormat samples were determined using the Kruskal-Wallis test, and the P
values were corrected for multiple comparisons using the Benjamini-Hochberg method in R. Cox

proportional hazards regression model was computed using package survival in R.

RESULTS

Agricultural Land Cover Is Inversely Associated With the Risk of Type 1 Diabetes, and Built

Environment Is Associated With the Risk of Islet Autoimmunity

10



Living in an agricultural environment during the first year of life was inversely associated with
the risk of type 1 diabetes. The inverse association was seen with the 1500 m radius around the
dwelling using the year 2012 land cover dataset (Odds Ratio (OR) 0.37, 95% Confidence
Interval (ClI) 0.16-0.87, P = 0.02) and a similar but non-significant trend was seen when the
analysis was repeated with smaller radii (Table 1). Similar results were obtained when the
analysis was performed with an earlier version of the land cover data produced in 2000 showing
significant associations also when shorter than 1500 m radii were used (Table 1). On the other
hand, a higher coverage of built environment within 1500 m radius around the home was
associated with increased risk of islet autoimmunity (OR 1.69, 95% CI 1.03-2.79, P = 0.04) with
a similar trend when analyzing smaller radii (Table 1). Again, this association was significant
also with shorter radii when CORINE2000 data was used in the analyses (Table 1). There were
no such associations with the other land cover classes.

Both 2000 and 2012 landcover datasets were compatible with the range of birth years of these
children but the resolution of the data produced in 2012 was higher. Therefore, further analyses
were performed using the 2012 dataset. These analyses showed that the trend was also seen in
both sexes, and in the two endotypes of type 1 diabetes characterized by the appearance of either
IAA or GADA as the first-appearing single autoantibody (27, 28) (Supplemental Table S2,
Supplemental Table S3). The statistical model was also adjusted for the duration of exclusive
and total breastfeeding (data was available for 5743 and 7635 children, respectively) but neither

of these influenced the original associations.

The Association Between the Living Environment and Type 1 Diabetes Is Modified by HLA-

Dependent Genetic Risk of Type 1 Diabetes

11



To evaluate whether the association of living environment with type 1 diabetes is modulated by
disease-associated HLA-DQ genes, we categorized children into two groups carrying either the
high-risk genotype (HLA-DQB1*02/*03:02) or moderate risk genotypes (HLA-DQB1 03:02/x;
x # DQB1*02, *03:01, *0602). A small proportion of the children carried low risk (HLA-DQB1
*02/x DQA1*05; x # DQB1*0301, *0602, *06:03), neutral or protective genotypes and they
were not included in this analysis (Figure 1). Agricultural land cover within a distance of 1500 m
around the home was inversely associated with clinical disease and islet autoantibodies in
children with the high-risk genotype, whereas no significant association was seen in those
carrying moderate risk genotypes. A significant risk association was also seen between built
environment and the clinical disease as well as islet autoantibodies among children carrying the

high-risk HLA genotype. (Table 2.)

The Association of Living Environment With Type 1 diabetes Is Seen in The Region With the

Highest Average Annual Temperatures and the Shortest Duration of Snow Cover

The inverse association of agricultural environment with type 1 diabetes was significant in the
southernmost study site, i.e. Turku (1500 m radius: OR 0.25, 95% C1 0.06-0.96, P = 0.04), while
no associations were detected in the two other study sites (Oulu and Tampere) (Supplemental
Table S4). Other land cover types were not associated with type 1 diabetes or islet autoimmunity
in any of the regions, although there was a trend of higher diabetes and islet autoimmunity risk

and built environment in Turku region (Supplemental Table S4).

The exposure to the effects of land cover diminishes during wintertime due to the snow cover on
the ground, increased time spent indoors, and protection of body surfaces by clothing. The three

hospital districts are located in distinct areas that differ in the duration of thermal winter and

12



snow cover (Figure 1). The annual duration of snow cover during the study period was
significantly shorter in the Turku region compared to the Oulu region located close to the Arctic
Circle (average 105.6 vs. 161.1 days per year, respectively, P<0.001) (Figure 1C). The Tampere

region is located in between the two other areas (Figure 1A).

Although statistically significant inverse association between agricultural environment and
diabetes risk was observed only in children with the high-risk HLA genotype and in children
living in the southernmost study region, these factors did not explain the association between
agricultural environment and the disease risk when they were introduced into the regression
model (HLA genotype and region adjusted OR 0.31, 95% CI 0.13-0.77, P = 0.01 within 1500 m

of the dwelling for the clinical disease) (Supplemental Table S5).

Snow Cover Affects the Diversity of Environmental Bacterial Communities Transferred Indoors

and May Explain the Regional Differences in Land Cover Association

The contrast between the association of early-life agricultural and built living environment with
type 1 diabetes and islet autoimmunity might be explained by differences in the environmental
microbiota the children are exposed to in these environments. Considering these observations
and the fact that associations were only seen in the southernmost region with the shortest
duration of snow cover, we hypothesized that snow cover on the ground blocks exposure to
environmental microbiota reflected by the land cover types and thus might explain why the land
cover association was seen in the southernmost area. In order to test this blocking hypothesis, we
analyzed indoor bacterial diversity from doormat samples collected in the homes of study
participants at the time when snow covered the ground and in a snowless period during the

summer (February and August, respectively). The richness and diversity of indoor bacterial
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communities were significantly lower in the doormat samples collected during February
compared to August (Figure 1C). The abundance of the orders Enterobacteriales (P = 0.02) and
Gammaproteobacteria incertae sedis (P = 0.03) as well as of the families Enterobacteriaceae (P
= 0.03) and Gilvimarinus (P = 0.047) was lower during continuous snow cover (February)

compared to the snowless period (August) (Supplemental Table S6).

Progression Towards Type 1 diabetes in Urban and Agricultural Areas

In order to analyze the association between early-life living environment and the disease process
leading to type 1 diabetes we formed two extreme groups based on the coverage of the associated
land cover types, and characterized by a ‘protective’ living environment (the dwellings in the
highest quartile of agriculture coverage (> 20%) as the agriculture subset) and a ‘risk’
environment (the dwellings in the highest quartile of built environment coverage (> 50%) as the
urban subset) using 1500 m radius. 5 dwellings fulfilling both of these criteria were excluded
from the analysis. When multiple autoantibody positive and control children were analyzed the
appearance of the first islet autoantibodies was significantly decreased in children living in
agricultural areas compared to children in urban areas (Figure 2A). In addition, the progression
from single to multiple autoantibody positivity reflecting the transition to a more aggressive
autoimmune process occurred at a lower rate in children living in agricultural areas compared to
children in urban areas (Figure 2B). A similar but statistically non-significant trend was seen in

the time from the first autoantibody to clinical disease (Figure 2C).
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CONCLUSIONS

The current study demonstrates that living in an agricultural environment for the first 12 months
of life is associated with a decreased risk of type 1 diabetes. This is the first study evaluating the
association between living environment and type 1 diabetes using standardized satellite image
and map-based land cover data. Our results are in agreement with a registry-based study
suggesting an inverse association between childhood farm environment and the occurrence of
diabetes (39), and a retrospective study revealing an inverse association between the
consumption of vegetables from a farm and clinical diabetes (40). In addition, the finding is in
line with the observations in other immune-mediated diseases, particularly allergy and asthma,
which have been observed to be inversely associated with exposures to farm animals and

agricultural environment (41, 42).

This study is based on a large prospective birth cohort and longitudinal follow-up of children
from birth offering several important advantages. First, in contrast to retrospective studies, the
present study is not affected by recall bias in the data collection. Second, the endpoints were
reliably identified by careful laboratory analyses of islet autoantibodies from all follow-up
samples and by capturing all cases progressing to type 1 diabetes during the follow-up of these
children. Third, the prospective design enables the analysis of the association with different
stages of the B cell damaging process including the first signs of aggressive islet autoimmunity
(first appearance of autoantibodies in multiple autoantibody positive children) and progression of
the autoimmune process to clinical disease. The results suggest that land cover surrounding the
early-life dwelling is associated with both of these stages — the risk of developing aggressive
islet autoimmunity as well as the progression of the autoimmune process were both decreased in

children living in an agricultural environment compared to urban areas.
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Many studies have highlighted the importance of early-life environmental exposures in the
development of immune-mediated diseases. The mutual/commensal microbiome and the
immunogenic tolerance against harmless substances are established early in life (25, 26).
Furthermore, the autoimmune process leading to type 1 diabetes also often starts at an early age:
in the present study the median age of seroconversion to autoantibody positivity was 2.9 years.
Thus, our findings are in line with the concept of the importance of early-life exposures. Similar
results have been obtained in allergy studies, showing that land cover around the home at birth
predicts atopy later in childhood whereas the residence at the time of the manifestation of atopy

does not (43).

Based on existing knowledge the protective association of agricultural areas with type 1 diabetes
can be linked to the early exposure to a diverse microbial environment which stimulates the
immunoregulatory elements of the developing immune system. Our previous studies showed that
even a short-term skin exposure to environmental microbiota was able to increase the diversity of
skin and gut microbiota and potentially elicit immunological effects as well (10, 11). The infants
not yet having direct contact with soil outdoors might still be exposed to the outdoor biodiversity
since the diversity of environmental microbiota is transferred indoors (7, 8). In fact, our current
and previous (8) results suggest that snow cover reduces the diversity of the microbial
community transferred indoors. Variation in the annual period of soil contacts could explain why
the associations with agricultural and urban environments were seen, in particular, in the
southernmost study region where the ground is covered by snow for a shorter time than in the
other study regions. Comparing the microbiota of the children during a snowless and a snow

cover period and including the land cover data into the analysis could provide more detailed
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information on this effect. All in all, further studies are needed to explore factors inducing the

detected regional differences.

Disease-associated HLA-DQ genotypes seem to modify the association of agricultural and urban
environments with type 1 diabetes as a statistically significant association was only seen among
children with the high-risk HLA genotype. Interestingly, a recent study showed that an
immunomodulatory anti-CD3 treatment delayed the progression of islet autoimmunity to clinical
disease particularly among children carrying the high-risk genotype (44). In addition, early-life
probiotic exposure has been associated with protection against islet autoimmunity, and the
association was especially strong among children with the high-risk HLA genotype (45). Thus, it
is possible that the beneficial effects of immune modulations are mediated by mechanisms which
are linked to the function of HLA-molecules, and that the children carrying the high-risk

genotype could be more susceptible to the effects of such exposures.

This study has certain limitations which need to be considered when interpreting the results.
Firstly, the study population is carrying HLA-DQ allele combinations that predispose to type 1
diabetes and is thus not representing the general population. However, 60-70% of Finnish
children with type 1 diabetes carry one of the HLA genotypes conferring eligibility for
participation in the DIPP study. Secondly, although the study clearly implies an inverse
association between agricultural environment and diabetes risk it cannot prove causality.
Consequently, further studies are needed to clarify the mechanisms associated with these
observations and to study possible effects of additional environmental factors such as pesticide
usage. Thirdly, although Finland is a particularly interesting country due to its exceptionally high
incidence of childhood type 1 diabetes and varying snow cover duration in different regions, the

study represents a single population. Finally, even though the study subjects represent a quite
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homogenous childhood population and certain potential confounding factors (breastfeeding,
HLA-type and the area of residence) were included in the statistical models it is still difficult to
exclude possible effects of yet unknown confounding factors. Therefore, it is important to

confirm these findings in other populations and climate zones.

In conclusion, the current study suggests that living environment during the first year of life
influences the risk of type 1 diabetes. Agricultural environment seems to contain protective
factors compared to urban environment, and exposure to environmental microbiota may be one

of these factors.
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Tables

Table 1—The association of type 1 diabetes and islet autoantibody positivity with agricultural and

built environment land cover around the home during the first year of life.

Land Cover Multiple Autoantibody Positivity Type 1 diabetes
Class Area Radius* OR (95% CI) P value OR (95% CI) P value
CORINE 2012 data
50m 0.17 (0.03-1.13) 0.07 0.16 (0.02-1.52) 0.11
100 m 0.64 (0.28-1.44) 0.28 0.49 (0.18-1.37) 0.18
Agriculture 250 m 0.64 (0.34-1.23) 0.18 0.46 (0.20-1.04) 0.06
500 m 0.68 (0.36-1.27) 0.23 0.51 (0.24-1.12) 0.09
1500 m 0.54 (0.27-1.06) 0.08 0.37 (0.16-0.87) 0.02
50 m 1.21 (0.63-2.30) 0.57 1.04 (0.49-2.22) 0.91
_ 100 m 1.15 (0.75-1.77) 0.53 1.06 (0.64-1.76) 0.83
Envﬁg:}'rtnem 250 m 1.30 (0.85-1.98) 0.22 1.18 (0.72-1.94) 0.52
500 m 1.32 (0.85-2.04) 0.22 1.30 (0.77-2.18) 0.33
1500 m 1.69 (1.03-2.79) 0.04 1.66 (0.92-3.02) 0.09
CORINE 2000 data

50 m 0.37 (0.12-1.10) 0.07 0.39 (0.11-1.39) 0.15
100 m 0.44 (0.21-0.94) 0.03 0.39 (0.16-0.98) 0.05
Agriculture 250 m 0.51 (0.28-0.95) 0.03 0.43 (0.20-0.91) 0.03
500 m 0.56 (0.31-1.02) 0.06 0.50 (0.24-1.04) 0.06
1500 m 0.56 (0.29-1.08) 0.08 0.44 (0.20-0.99) 0.05
50 m 2.00 (1.17-3.41) 0.01 1.52 (0.85-2.72) 0.16
_ 100 m 1.55 (1.01-2.37) 0.05 1.43 (0.87-2.36) 0.16
Envﬁg:ﬁ]em 250 m 1.29 (0.88-1.90) 0.19 1.20 (0.77-1.89) 0.42
500 m 1.37 (0.92-2.03) 0.12 1.33 (0.83-2.12) 0.24
1500 m 1.67 (1.07-2.62) 0.02 1.61 (0.95-2.74) 0.08

The proportion of agricultural area and built area around the dwelling was analyzed as a

predictor of autoantibody positivity and type 1 diabetes using land cover data from the year 2012

and 2000 (CORINE 2012 and CORINE 2000 data, respectively). Children who developed

multiple biochemical islet autoantibodies (N=384) and type 1 diabetes (N=271) were compared

to autoantibody-negative children using logistic regression (N=10279). *Radius of the analyzed

area around the home.
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Table 2—Associations of agricultural and built environment with the development of type 1

diabetes and islet autoantibodies in children with high or moderate/slightly increased genetic risk

for type 1 diabetes as defined by different HLA-DQ allele combinations.

Multiple Autoantibody Positivity

Type 1 diabetes

Land Cover
Class Area Radius* OR (95% CI) P value OR (95% CI) P value
High HLA-conferred risk
50 m 0.08 (0.00-3.31) 0.18 0.15 (0.00-7.04) 0.34
100 m 0.37 (0.08-1.81) 0.22 0.42 (0.08-2.37) 0.33
Agriculture 250 m 0.36 (0.10-1.30) 0.12 0.33 (0.08-1.40) 0.13
500 m 0.51 (0.16-1.67) 0.27 0.44 (0.11-1.71) 0.24
1500 m 0.21 (0.05-0.84) 0.03 0.15 (0.03-0.75) 0.02
50 m 1.14 (0.35-3.68) 0.83 0.72 (0.20-2.52) 0.60
_ 100 m 1.21 (0.56-2.63) 0.63 0.83 (0.36-1.93) 0.67
Envﬁg:}'rtnem 250 m 1.55 (0.73-3.31) 0.26 1.15 (0.50-2.62) 0.74
500 m 1.89 (0.85-4.18) 0.12 1.74 (0.72-4.20) 0.22
1500 m 3.02 (1.24-7.37) 0.02 3.78 (1.40-10.25) 0.009
Moderate or slightly increased HLA-conferred riski
50 m 0.15 (0.01-1.49) 0.11 0.12 (0.01-2.34) 0.16
100 m 0.70 (0.26-1.85) 0.47 0.53 (0.15-1.91) 0.33
Agriculture 250 m 0.70 (0.32-1.51) 0.36 0.58 (0.21-1.57) 0.28
500 m 0.64 (0.30-1.36) 0.24 0.57 (0.22-1.51) 0.26
1500 m 0.58 (0.26-1.30) 0.18 0.53 (0.19-1.49) 0.23
50 m 1.43 (0.65-3.13) 0.37 1.19 (0.45-3.14) 0.72
_ 100 m 1.15 (0.69-1.94) 0.59 1.18 (0.61-2.27) 0.63
Envﬁgr']'rﬂ]em 250 m 1.20 (0.73-1.99) 0.48 1.10 (0.58-2.06) 0.77
500 m 1.16 (0.68-1.96) 0.59 1.03 (0.53-1.99) 0.93
1500 m 1.25 (0.68-2.28) 0.47 1.00 (0.47-2.13) 1.00

The children were stratified into subsets according to their HLA-conferred type 1 diabetes risk. The

proportion of agricultural and built area around the dwelling was analyzed as a predictor of autoantibody

positivity and type 1 diabetes using CORINE2012 data. Children who developed multiple biochemical islet

autoantibodies and type 1 diabetes were compared to autoantibody negative children within high risk

(N=1991) and moderate or slightly increased risk (N=8024) subsets. *Radius of the analyzed area around
the home. THLA-DQB1*02/*03:02; 126 children with multiple autoantibodies, 101 children with type 1
diabetes. {HLA-DQBL1 03:02/x; x # DQB1*02, *03:01, *0602; 262 children with multiple autoantibodies,
166 children with type 1 diabetes.
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Figure legends

Figure 1—The study regions differ in the annual number of days with snow cover on the ground,
and the snow cover reduces the microbial diversity transferred indoors. A Study subjects born in
university hospitals in three cities in Finland were included in the study (red, blue, and green dot
representing the cities of Oulu, Tampere, and Turku, respectively). B Annual number of days
with snow cover on the ground in the study regions during the study period (1994-2014).
Statistical differences were analyzed using pairwise Wilcoxon rank sum test with Bonferroni
correction for multiple comparisons. C Alpha diversity measures were compared between
doormat samples collected after at least one month of snow cover on the ground (February) and a
snowless period (August) from the dwelling of 22 DIPP families. Statistical difference for
several diversity measures was analyzed using paired Student’s T-test and the P values were
adjusted with Bonferroni correction for multiple comparisons. Adjusted P values (adj. P) are
indicated in the graphs. Box-and-whisker plots show a horizontal line indicating median value, a
box representing the interquartile range, and whiskers showing the 95% confidence interval. D

Demographic data of the study sites.
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Figure 2—The effect of urban and agriculture-dominated environment on the risk of developing
aggressive islet autoimmunity and on the progression of the autoimmune process. The
autoantibody appearance and progression of the autoimmune process was compared between
children living in an agricultural environment (> 20% agricultural area coverage in the analyzed
area) and children living in an urban environment (> 50% built environment coverage in the
analyzed area). The agriculture subset is indicated with a solid line and the urban subset is
indicated with a dashed line. The number of children in each time point is indicated below the
graphs for both groups. The average follow-up time was longer in the agriculture subset (7.0
years, range 0.2-17.8 years) compared to the urban subset (6.6 years, range 0.1-18.5 years) (Two
sample t-test, P = 0.02). A The first detection of autoantibodies (single or multiple) in children
who eventually developed multiple biochemical autoantibodies and in autoantibody negative
controls (HLA genotype and region adjusted HR=1.67, P = 0.005). B Progression time of the
autoimmune process from the detection of a single autoantibody to the appearance of multiple
autoantibodies (the analysis includes also the additional 103 children who remained single
autoantibody positive and did not develop multiple autoantibodies; HLA genotype and region
adjusted HR=2.02, P = 0.003). C The progression time from the appearance of the first
autoantibody to type 1 diabetes among children who developed multiple autoantibodies (HLA
genotype and region adjusted HR=1.38, P = 0.19). The hazard ratios were analyzed using Cox
proportional hazards regression model and a 1500 m area radius. Aab = autoantibody, T1D =

type 1 diabetes.
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