I
o
o
<
i
wv
i}
-3
(%]
i}
o
>
o
[}
wv
I
5
<
wi
<
>
(G
(]
-
=]
S
w
=}
a.
w

DO

Land Cover of Early-Life
Environment Modulates the Risk
of Type 1 Diabetes

Diabetes Care 2021;44:1506—1514 | https://doi.org/10.2337/dc20-1719

OBJECTIVE

Environmental microbial exposures have been implicated to protect against im-
mune-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 to evaluate the role of environmental mi-
crobial 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 Coordination of Informa-
tion on the Environment (CORINE) 2012 and 2000 data around the dwelling during
the first year of life for 10,681 children genotyped for disease-associated HLA-DQ al-
leles and monitored from birth in the Type 1 Diabetes Prediction and Prevention
(DIPP) study. Land cover was compared between children who developed type 1 dia-
betes (n = 271) or multiple diabetes-associated islet autoantibodies (n = 384) and
children without diabetes who are negative for diabetes autoantibodies.

RESULTS

Agricultural land cover around the home was inversely associated with diabetes risk
(odds ratio 0.37, 95% Cl 0.16-0.87, P = 0.02 within a distance of 1,500 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 trans-
fer of the microbial community indoors, leading to reduced bacterial richness and diversi-
ty indoors, which might explain the regional difference in the association. In survival
models, an agricultural environment was associated with a decreased risk of multiple is-
let autoantibodies (hazard ratio [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 with an ur-
ban environment known to have lower environmental microbial diversity.

CONCLUSIONS

The study suggests that exposure to an agricultural environment (comprising nonirri-
gated arable land, fruit trees and berry plantations, pastures, natural pastures, land princi-
pally occupied by agriculture with significant areas of natural vegetation, and agroforestry
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 is considered a chronic autoimmune disease caused by the de-
struction of the insulin-producing B-cells in the pancreatic islets leading to a life-
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long need for insulin replacement thera-
py. Autoantibodies against [3-cell pro-
teins 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. Genetic and environmental fac-
tors both contribute to the pathogene-
sis of type 1 diabetes (1).

The incidence of type 1 diabetes has
increased during the past 70 years in
the developed countries paralleling sim-
ilar increase in other immune-mediated
diseases such as allergies and asthma
(2,3). The rapid increase, together with
the conspicuous variation in incidence
rates between countries, supports the
role of environmental factors in the
pathogenesis. Overall, the incidence
rate tends to be high in countries locat-
ed in the north, although exceptions to
this trend exist (4).

Living in an agricultural environment
and contacts with farm animals and
pets at home has 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 di-
versity and direct soil contacts may play
a role (9—-11). This, in turn, could lead to
the activation of immunoregulatory
pathways suppressing overreactive im-
mune responses, as presented by the
biodiversity hypothesis (6,9). A wide ex-
posure of the skin and mucosal surfaces
to all kinds of microbes, including bacte-
ria, viruses, and eukaryotes, regardless
of whether they are infecting or coloniz-
ing humans, could provide constant im-
munological stimulation to the immune
system, which is needed for the devel-
opment of healthy immune regulation
(12).

As with allergic diseases, type 1 diabe-
tes is also associated with failure to con-
trol hyperreactive immune responses. In
type 1 diabetes, these immune re-
sponses target [-cell autoantigens in-
stead 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 microbi-
al exposure might influence the patho-
genesis of type 1 diabetes. Microbial
exposures prevent the development of

autoimmune diabetes in the NOD mouse
model (13,14), and exposure to an in-
door dog or pets during the first year of
life is inversely associated with the devel-
opment of type 1 diabetes and islet
autoantibodies in children (15,16). More-
over, the rates of both type 1 diabetes
and IgE-mediated sensitization are sever-
al 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 micro-
biome of young children who later de-
velop type 1 diabetes have been
reported (19,20).

The association of an urban and rural
living environment with type 1 diabetes
has previously been addressed with
conflicting results (21-24). However,
these studies have defined the environ-
ment mainly by indirect factors, such as
population density, and the spatial reso-
lution of the data have 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 performed after the
diagnosis of diabetes without regarding
early-life exposures, which are consid-
ered important for the development of
the immune system and the succession
of microbiota (25,26). The [-cell-da-
maging process has often already
started during the first 3 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 that are
mainly limited to the microbes trans-
ferred indoors during early life. Al-
though there are indications of seasonal
variation in this transfer (7,8), the effect
of snow cover on the transferred micro-
biota is poorly understood. Consequent-
ly, we studied whether snow cover
could block the connection between
the outdoor environment and indoor
microbiota and thus act as a potential
inducer of regional differences in the
connection between the living environ-
ment and type 1 diabetes risk.

This is the first prospective study per-
formed in a large cohort of children
monitored from birth to analyze the as-
sociation between early-life exposure to
environmental microbial diversity and
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the development of childhood type 1 di-
abetes. The study focuses on biotypes
that surround the dwelling during the
first year of life and are able to influ-
ence the microbial exposure of these in-
fants (7,8). The impact of the biotypes
on the risk of aggressive 3-cell autoim-
munity and the progression of the
[B-cell-damaging process was evaluated.
Meteorological data and microbial anal-
yses of doormat samples were used to
analyze the effect of snow cover on the
transfer of the outdoor microbial com-
munity 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. Samples were screened for
three disease-associated biochemical
autoantibodies to insulin (IAA), GAD anti-
body (GADA), and the tyrosine phospha-
tase-related insulinoma-associated 2
molecule (IA-2A), as well as nonbiochem-
ical islet cell antibodies (ICA), as de-
scribed 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 diag-
nosed using the World Health Organiza-
tion criteria.

The guardians of all participating chil-
dren gave written informed consent for
genetic screening and the follow-up.
The study adhered to the principles of
the Declaration of Helsinki and was ap-
proved by the Ethical Committees of
the Pirkanmaa Hospital District
(Tampere), Northern Ostrobothnia
Hospital District (Oulu), and the
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Hospital District of Southwest Fin-
land (Turku). Data for dwelling coor-
dinates were acquired from the
Finnish Population Register Centre.

The children for the current study
were selected from the entire DIPP co-
hort using the criteria of living at the
same address (their dwelling coordi-
nates did not change) from birth until
the age of 12 months and being born
during the years 1994 to 2013. The av-
erage follow-up time was 6.6 years (me-
dian 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 fol-
low-up completed the entire 15-year
follow-up, and 3.5% progressed to type
1 diabetes at the time their follow-up
ended (89% were in the follow-up at
the age of 5 years and 71% at the age
of 10 years).

Because the study aimed at analyzing
the association of environmental mi-
crobial diversity with the first signs of
aggressive islet autoimmunity that
portends type 1 diabetes, the devel-
opment of multiple biochemical dia-
betes-associated autoantibodies was
used as the case child criterion (posi-
tivity for a single autoantibody is a
poor predictor of diabetes) (32), and
an additional end point was clinical
type 1 diabetes. The current study co-
hort included 10,681 children moni-
tored 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 mul-
tiple biochemical islet autoantibod-
ies, 271 children who developed type
1 diabetes (of whom 253 were multi-
ple autoantibody positive), and
10,279 autoantibody-negative control
children. Among the multiple-autoan-
tibody-positive children, 243 children
turned initially positive only for a sin-
gle autoantibody (131 for IAA, 96 for
GADA, and 16 for IA-2A). The average
age of appearance of the first autoan-
tibody was 2.9 years (median 2.0,
range 0.4-14.0 years) and that of
multiple autoantibodies 3.9 vyears
(median 2.9, range 0.26—15.0 years).
There were 141 children who already
had multiple autoantibody positivity
in the first autoantibody-positive
sample. The time of the first

detection of autoantibodies (single or
multiple) among these multiple-auto-
antibody-positive children was used
as the time of auto-antibody serocon-
version 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 seminat-
ural areas, wetlands, and water bodies
surrounding the dwellings were ana-
lyzed within 50 m, 100 m, 250 m, 500
m, and 1,500 m of the dwelling coordi-
nates using the preclassified Coordina-
tion of Information on the Environment
(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 are produced by national institutes
using the criteria determined by the Eu-
ropean Environment Agency. The data
are produced by automated visual inter-
pretation of high-resolution satellite im-
agery complemented with national in
situ data, satellite image processing,
and geographic information system inte-
gration and generalization, together
with European Union-wide standardized
land cover classifications (33,34). The
CORINE 2012 land cover classification is
presented in Supplementary Table 1.

Meteorological Data

The meteorological data were acquired
from the Finnish Meteorological Insti-
tute (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 region-
al comparisons. For doormat sample
comparisons of the daily snow depth,
data were obtained from the meteoro-
logical station closest to the dwelling
(maximum distance was 33 km) to con-
firm 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 expo-
sure transferred indoors was analyzed
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using doormat samples. Environmental
microbial communities transferred in-
doors were characterized by analyzing
samples collected from standardized
polythene doormats kept inside and ad-
jacent to the main door for 2 weeks in
August 2015 and again in February
2016. The guardians of 22 study partici-
pants collected the debris deposited on
the doormats, as previously described
(7). The February samples were collect-
ed after a minimum of 1 month of con-
tinuous snow cover on the ground
confirmed by using local meteorological
data. DNA was extracted and sequenced
using the Illumina 16S sequencing plat-
form, and sequences were processed
and analyzed as previously described (7)
using mothur (version 1.39.5) (36,37).
The samples were rarified to 6,359 se-
quences for comparison of abundance,
species richness (number of species),
and bacterial diversity (Shannon diversi-
ty index considering both the number
of species and the inequality between
species abundances) from an even sam-
pling depth. Raw sequence reads are
available in the Sequence Read Archive
at the National Center for Biotechnolo-
gy Information (https://www.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 er-
rors (logistic regression) in R software
(38). The Kruskal-Wallis test was used to
analyze differences in the annual dura-
tion of snow cover between the study
regions. Doormat diversity measures
were calculated using package vegan
and compared between the seasons us-
ing the paired Student t test in R. These
P values were corrected using the Bon-
ferroni correction method. The differ-
ences 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 compari-
sons using the Benjamini-Hochberg
method in R. A Cox proportional haz-
ards regression model was computed
using package survival in R.
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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

Living in an agricultural environment dur-
ing the first year of life was inversely as-
sociated with the risk of type 1 diabetes.
The inverse association was seen with
the 1,500-m radius around the dwelling
using the year 2012 land cover data set
(odds ratio [OR] 0.37, 95% Cl 0.16-0.87,
P = 0.02) and a similar but nonsignificant
trend was seen when the analysis was re-
peated with smaller radii (Table 1). Simi-
lar 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 radii shorter than 1,500 m
were used (Table 1). On the other hand,
a higher coverage of built environment
within a 1,500-m radius around the
home was associated with an increased
risk of islet autoimmunity (OR 1.69, 95%

Cl 1.03-2.79, P = 0.04), with a similar
trend when smaller radii were analyzed
(Table 1). Again, this association was sig-
nificant also with shorter radii when COR-
INE 2000 data were used in the analyses
(Table 1). There were no such associa-
tions with the other land cover classes.

The 2000 and 2012 land cover data
sets were both 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 data set. These analyses showed
that the trend was also seen in both
sexes and in the two endotypes of type
1 diabetes characterized by the appear-
ance of IAA or GADA as the first-appear-
ing  single autoantibody  (27,28)
(Supplementary Tables 2 and 3). The
statistical model was also adjusted for
the duration of exclusive and total
breastfeeding (data were available for
5,743 and 7,635 children, respectively),
but neither of these influenced the orig-
inal associations.
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The Association Between the Living
Environment and Type 1 Diabetes Is
Modified by HLA-Dependent Genetic
Risk of Type 1 Diabetes

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 the high-risk geno-
type (HLA-DQB1*02/*03:02) or the mod-
erate-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 (Fig. 1). Agricul-
tural land cover within a distance of
1,500 m around the home was inversely
associated with clinical disease and islet
autoantibodies in children with the high-
risk genotype, whereas no significant as-
sociation was seen in those carrying
moderate-risk genotypes. A significant
risk association was also seen between
built environment and clinical disease as

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

Multiple autoantibody positivity

Type 1 diabetes

Land cover class Area radius* OR (95% Cl) P value OR (95% Cl) P value
CORINE 2012 data
Agriculture
50 m 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
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
1,500 m 0.54 (0.27-1.06) 0.08 0.37 (0.16-0.87) 0.02
Built environment
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
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
1,500 m 1.69 (1.03-2.79) 0.04 1.66 (0.92-3.02) 0.09
CORINE 2000 data
Agriculture
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) 0.045
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
1,500 m 0.56 (0.29-1.08) 0.08 0.44 (0.20-0.99) 0.046
Built environment
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) 0.045 1.43 (0.87-2.36) 0.16
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
1,500 m 1.67 (1.07-2.62) 0.02 1.61 (0.95-2.74) 0.08

The bold data are statistically significant (P < 0.05). 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
with autoantibody-negative children using logistic regression (n = 10,279). *Radius of the analyzed area around the home.
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well as islet autoantibodies among chil-
dren 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 an agricultur-
al environment with type 1 diabetes
was significant in Turku, the southern-
most study site (1,500-m radius: OR
0.25, 95% Cl 0.06-0.96, P = 0.04),

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: Subjects in-
cluded in the study were born in university hospitals in three cities in Finland (Oulu, Tampere,
and Turku). B: Annual number of days with snow cover on the ground in the study regions dur-
ing the study period (1994-2014). Statistical differences were analyzed using the pairwise Wil-
coxon rank sum test with Bonferroni correction for multiple comparisons. C: Comparison of a
diversity measures between doormat samples collected after at least 1 month of snow cover
on the ground (February) and a snowless period (August) from the dwelling of 22 DIPP fami-
lies. The statistical difference for several diversity measures was analyzed using the paired Stu-
dent 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. NA, not

whereas no associations were detected
in Oulu and Tampere, the two other
study sites (Supplementary Table 4).
Other land cover types were not associ-
ated with type 1 diabetes or islet auto-
immunity in any of the regions,
although there was a trend of higher di-
abetes and islet autoimmunity risk and
built environment in Turku region
(Supplementary Table 4).

The exposure to the effects of land
cover diminishes during wintertime due
to the snow cover on the ground, in-
creased time spent indoors, and
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protection of body surfaces by clothing.
The three hospital districts are located
in distinct areas that differ in the dura-
tion of thermal winter and snow cover
(Fig. 1). The annual duration of snow
cover during the study period was sig-
nificantly shorter in the Turku region
compared with the Oulu region located
close to the Arctic Circle (average 105.6
vs. 161.1 days per year, respectively,
P < 0.001) (Fig. 1B). The Tampere re-
gion is located in between the two oth-
er areas (Fig. 1A).

Although a statistically significant in-
verse association between agricultural
environment and diabetes risk was ob-
served 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 an agricultural environment
and the disease risk when they were in-
troduced into the regression model
(HLA genotype and region adjusted OR
0.31, 95% CI 0.13-0.77, P = 0.01 within
1,500 m of the dwelling for the clinical
disease) (Supplementary Table 5).

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 en-
vironment with type 1 diabetes and is-
let autoimmunity might be explained by
differences in the environmental micro-
biota the children are exposed to in
these environments. Considering these
observations and that associations were
only seen in the southernmost region
with the shortest duration of snow cov-
er, we hypothesized that snow cover on
the ground blocks exposure to environ-
mental microbiota reflected by the land
cover types and thus might explain why
the land cover association was seen in
the southernmost area. To test this
blocking hypothesis, we analyzed indoor
bacterial diversity from doormat sam-
ples collected in the homes of study
participants at the time when snow cov-
ered the ground (February) and in a
snowless period during the summer
(August). The richness and diversity of
indoor bacterial communities were sig-
nificantly lower in the doormat samples
collected during February compared
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Table 2—Associations of agricultural and built environment with the development of type 1 diabetes and islet autoantibodies
in children at genetic risk for type 1 diabetes

Multiple autoantibody positivity

Type 1 diabetes

Land cover class Area radius* OR (95% Cl) P value OR (95% CI) P value
High HLA-conferred riskt
Agriculture
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
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
1,500 m 0.21 (0.05-0.84) 0.03 0.15 (0.03-0.75) 0.02
Built environment
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
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
1,500 m 3.02 (1.24-7.37) 0.02 3.78 (1.40-10.25) 0.009
Moderate or slightly increased HLA-conferred risk¥
Agriculture
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
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
1,500 m 0.58 (0.26-1.30) 0.18 0.53 (0.19-1.49) 0.23
Built environment
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
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
1,500 m 1.25 (0.68-2.28) 0.47 1.00 (0.47-2.13) 1.00

The bold data indicate statistical significance (P < 0.05). Included were children with high or moderate/slightly increased genetic risk for type
1 diabetes as defined by different HLA-DQ allele combinations for 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 CORINE 2012 data. Children who developed
multiple biochemical islet autoantibodies and type 1 diabetes were compared with autoantibody-negative children within high risk (n = 1,991)
and moderate or slightly increased risk (n = 8,024) subsets. *Radius of the analyzed area around the home. THLA-DQB1*02/*03:02: 126 chil-
dren with multiple autoantibodies, 101 children with type 1 diabetes. $HLA-DQB1 03:02/x; x #* DQB1*02, *03:01, *0602: 262 children with
multiple autoantibodies, 166 children with type 1 diabetes.

with August (Fig. 1C). The abundances
of the orders Enterobacteriales (P =
0.02) and Gammaproteobacteria incer-
tae sedis (P = 0.03) as well as of the
families Enterobacteriaceae (P = 0.03)
and Gilvimarinus (P = 0.047) were lower
during continuous snow cover (Febru-
ary) compared with the snowless period
(August) (Supplementary Table 6).

Progression Toward Type 1 Diabetes
in Urban and Agricultural Areas

To analyze the association between ear-
ly-life living environment and the dis-
ease 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” environ-
ment (the dwellings in the highest quar-
tile of built environment coverage
[=50%] as the urban subset) using a
1,500-m radius. Five dwellings fulfilling
both of these criteria were excluded
from the analysis. When multiple-auto-
antibody-positive and control children
were analyzed, the appearance of the
first islet autoantibodies was significant-
ly decreased in children living in agricul-
tural areas compared with children in
urban areas (Fig. 2A). In addition, the
progression from single to multiple-auto-
antibody positivity reflecting the transi-
tion to a more aggressive autoimmune
process occurred at a lower rate in chil-
dren living in agricultural areas com-
pared with children in urban areas (Fig.
2B). A similar but statistically nonsignifi-
cant trend was seen in the time from

the first autoantibody to clinical disease
(Fig. 20C).

CONCLUSIONS

The current study demonstrates that liv-
ing 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 as-
sociation between living environment
and type 1 diabetes using standardized
satellite imaging and map-based land
cover data. Our results are in agree-
ment with a registry-based study sug-
gesting an inverse association between
childhood farm environment and the
occurrence of diabetes (39) and a retro-
spective study revealing an inverse asso-
ciation between the consumption of
vegetables from a farm and clinical
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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 ag-
ricultural environment (41,42).

This study is based on a large pro-
spective birth cohort and longitudinal
follow-up of children from birth and of-
fers several important advantages. First,
in contrast to retrospective studies, the
current study is not affected by recall
bias in the data collection.

Second, the end points 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 dif-
ferent stages of the P-cell-damaging
process, including the first signs of

Time from aab to multiple aabs (years)

88 40 30 25 16 7 5
169 48 33 24 12 7 3

aggressive islet autoimmunity (first ap-
pearance of autoantibodies in multiple-
autoantibody-positive children) and pro-
gression 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 ag-
gressive islet autoimmunity as well as
the progression of the autoimmune pro-
cess were both decreased in children
living in an agricultural environment
compared with urban areas.

Many studies have highlighted the
importance of early-life environmental
exposures in the development of im-
mune-mediated diseases. The mutual/
commensal microbiome and the immu-
nogenic tolerance against harmless sub-
stances 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
current study, the median age of
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Figure 2—The effect of an urban and agriculture-dominated environment on the risk of developing aggressive islet autoimmunity and on the pro-
gression 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 average follow-up
time was longer in the agriculture subset (7.0 years, range 0.2—-17.8 years) compared with the urban subset (6.6 years, range 0.1-18.5 years; two-
sample t test, P = 0.02). A: The first detection of single or multiple autoantibodies (aabs) in children who eventually developed multiple biochemi-
cal autoantibodies and in autoantibody-negative control children (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 adjust-
ed HR 2.02, P =0.003). C: The progression time from the appearance of the first autoantibody to type 1 diabetes (T1D) among children who devel-
oped multiple autoantibodies (HLA genotype and region adjusted HR 1.38, P = 0.19). The HRs were analyzed using Cox proportional hazards
regression model and a 1,500-m area radius.

seroconversion to autoantibody positivi-
ty was 2.9 years. Thus, our findings are
in line with the concept of the impor-
tance of early-life exposures. Similar re-
sults 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).

On the basis of existing knowledge,
the protective association of agricultural
areas with type 1 diabetes can be linked
to the early exposure to a diverse mi-
crobial environment that stimulates the
immunoregulatory elements of the de-
veloping immune system. Our previous
studies showed that even a short-term
skin exposure to environmental micro-
biota was able to increase the diversity
of skin and gut microbiota and poten-
tially elicit immunological effects as well
(10,11). The infants not yet having di-
rect contact with soil outdoors might
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still be exposed to the outdoor biodiver-
sity because the diversity of environ-
mental microbiota is transferred indoors
(7,8). In fact, our current and previous
(8) results suggest that snow cover re-
duces the diversity of the microbial
community transferred indoors. Varia-
tion in the annual period of soil con-
tacts could explain why the associations
with agricultural and urban environ-
ments 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 chil-
dren during a snowless and a snow cov-
er period and including the land cover
data into the analysis could provide
more detailed information on this ef-
fect. All in all, further studies are need-
ed to explore factors inducing the
detected regional differences.
Disease-associated HLA-DQ geno-
types seem to modify the association of
agricultural and urban environments
with type 1 diabetes because a statisti-
cally significant association was only
seen among children with the high-risk
HLA genotype. Interestingly, a recent
study showed that an immunomodula-
tory anti-CD3 treatment delayed the
progression of islet autoimmunity to
clinical disease, particularly among chil-
dren carrying the high-risk genotype
(44). In addition, early-life probiotic ex-
posure has been associated with protec-
tion against islet autoimmunity, and the
association was especially strong among
children with the high-risk HLA geno-
type (45). Thus, it is possible that the
beneficial effects of immune modula-
tions are mediated by mechanisms that
are linked to the function of HLA mole-
cules and that the children carrying the
high-risk genotype could be more sus-
ceptible to the effects of such exposures.
This study has certain limitations that
need to be considered when interpret-
ing the results. Firstly, the study pop-
ulation is carrying HLA-DQ allele
combinations that predispose to type
1 diabetes and thus does not repre-
sent the general population. Howev-
er, 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
an  agricultural  environment and

diabetes risk, it cannot prove causality.
Consequently, further studies are need-
ed to clarify the mechanisms associated
with these observations and to study
possible effects of additional environ-
mental factors such as pesticide use.

Thirdly, although Finland is a particu-
larly interesting country due to its ex-
ceptionally 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 sub-
jects represent a quite homogenous
childhood population and certain poten-
tial confounding factors (breastfeeding,
HLA type, and the area of residence)
were included in the statistical models,
it is still difficult to exclude possible ef-
fects of yet unknown confounding fac-
tors. Therefore, it is important to
confirm these findings in other popula-
tions and climate zones.

In conclusion, the current study sug-
gests that the living environment during
the first year of life influences the risk
of type 1 diabetes. An agricultural envi-
ronment seems to contain protective
factors compared with an urban envi-
ronment, and exposure to environmen-
tal microbiota may be one of these
factors.
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