Urbanized microbiota in infants, immune
constitution, and later risk of atopic diseases
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Background: Urbanization is linked with an increased burden
of asthma and atopic traits. A putative mechanism is insufficient
exposure to beneficial microbes early in life, leading to immune
dysregulation, as was previously shown for indoor microbial
exposures.

Objective: Our aim was to investigate whether urbanization is
associated with the microbiota composition in the infants’ body
and early immune function, and whether these contribute to the
later risk of asthma and atopic traits.

Methods: We studied the prospective Copenhagen Prospective
Studies on Asthma in Childhood 20105, mother-child cohort of
700 children growing up in areas with different degrees of
urbanization. During their first year of life, airway and gut
microbiotas, as well as immune marker concentrations, were
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defined. When the children were 6 years of age, asthma and
atopic traits were diagnosed by pediatricians.

Results: In adjusted analyses, the risk of asthma and
aeroallergen sensitization were increased in urban infants. The
composition of especially airway but also gut microbiotas
differed between urban and rural infants. The living
environment-related structure of the airway microbiota was
already associated with immune mediator concentrations at 1
month of age. An urbanized structure of the airway and gut
microbiotas was associated with an increased risk of asthma
coherently during multiple time points and also with the risks of
eczema and sensitization.

Conclusion: Our findings suggest that urbanization-related
changes in the infant microbiota may elevate the risk of asthma
and atopic traits, probably via cross talk with the developing
immune system. The airways may facilitate this effect, as they
are open for colonization by environmental airborne microbes
and serve as an immune interface. (J Allergy Clin Immunol
2021 ;mmm; mEN- )
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Urban children tend to have a higher risk of developing
asthma'? and atopic traits such as allergic sensitization,” rhinitis,*
and eczema® than rural children do. Several factors differ between
these populations, including larger family size and increased
exposure to animals in rural areas, which may contribute to the
difference in disease risk.°® Also, the microbial exposures are
different between rural and urban areas, which has been shown
for the composition of outdoor, indoor, and human microbio-
tas.”'? These microbial differences may mediate the protective
effect of a rural environment, as demonstrated for the farming-
related indoor microbiota, which has been repeatedly associated
with asthma protection,'*”'” also in experimental settings.'*'*"”

Microbial exposures are especially important during infancy
and early childhood, when the constitution of the immune system
is primed by extensive immune-microbiota cross talk.'®'’
Indeed, accumulating evidence shows that the infant microbiota
is altered before development of allergic sensitization, rhinitis,”"
eczema,”’ and/or asthma,””** potentially influencing this early
cross talk. A recent report suggested that growing up on farms
can support the maturation of infants’ gut microbiota and thus
reduce their risk of asthma when compared with the risk faced
by other rural children.”” However, how the constantly increasing
urbanization of our living environments influences early immune-
microbiota cross talk and later risk of disease remains unclear.
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Abbreviations used
CCL: C-C motif chemokine ligand
COPSAC: Copenhagen Prospective Studies on Asthma in Childhood
CXCLS8: C-X-C motif chemokine ligand 8
OR: Odds ratio
sPLS: Sparse partial least squares

To address the hypothesis that dissimilar microbiotas between
urban and rural infants contribute to development of their immune
systems and later risk of disease, we utilized longitudinal data
from the Copenhagen Prospective Studies on Asthma in Child-
hood 2010 (COPSAC,g,¢) mother-child cohort. We defined the
degree of urbanization in their living environment during infancy
and studied its associations with asthma and atopic traits at age 6
years. We further investigated whether the early microbiota
composition of airways and gut, as well as the local airway and
systemic immune function, may convey associations between
living environment and disease.

METHODS

Cohort

The children in the COPSAC,(;( mother-child cohort (N = 700) have been
followed prospectively since birth, with numerous scheduled visits at a dedi-
cated research unit. Comprehensive descriptions of the cohort and the research
approach have been published.”**® The COPSAC pediatricians were solely
responsible for diagnosis and treatment of all respiratory, allergy, and skin-
related symptoms.

Definition of asthma and atopic traits

Asthma by age 6 years was diagnosed prospectively on the basis of a pre-
viously detailed quantitative symptom algorithm®®**(see the Methods section
in this article’s Online Repository at www.jacionline.org).

Eczema by age 6 years was diagnosed prospectively on the basis of the
criteria of Hanifin and Rajka® requiring the presence of 3 of 4 major criteria
and at least 3 of 23 minor criteria.

Allergic rhinitis at age 6 years was based on sensitization and clinical inter-
views of the parents regarding history of significant nasal congestion, sneez-
ing, and/or runny nose outside periods with common cold and in the
relevant period of the sensitized aeroallergen.

Allergic sensitization was determined at age 6 years; it was defined as any
positive skin prick test result of at least 3 mm (ALK-Abell6, Hgrsholm,
Denmark) or a serum level of specific IgE against common inhalant and/or
food allergens of at least 0.35 kUa/L (ImmunoCAP; Thermo Fisher Scientific,
Allerod, Denmark). Not sensitized was defined as being both skin prick test—
and specific [gE—negative (see the Methods section in the Online Repository).

Definition of urbanization gradient

We utilized the land cover database CORINE (https://land.copernicus.eu/)
from the year 2012 for an unbiased definition of the living environment. Ad-
dresses at birth (n = 686) were translated to coordinates by using Google API
services.”' Land cover types around each coordinate point were extracted from
the CORINE2012 raster map (100-m resolution) with a 3-km buffer (see Table
El in this article’s Online Repository at www.jacionline.org). The correlation
matrix of proportions of 5 major land cover types within the buffer region were
analyzed by using principal components analysis.*” The first axis explained
44% of the total variation and made clear the separation between artificial
and natural (ie, agricultural and forested) land cover types (see Fig E1, A in
this article’s Online Repository at www.jacionline.org). The first axis was ex-
tracted for downstream analyses to represent a gradient of urbanization
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running from the most rural to the most urban environments in the study re-
gion. Land cover information was also dichotomized into rural and urban
groups (Npyra1 = 3145 Nyman = 372 [see Fig E1, B]) by using partitioning around
medoids clustering on euclidean distances.>* Most children (n = 577) either
did not move during their first year of life or moved later than 50 weeks after
birth (n = 5). Of the 109 children who did move, 77% did not change between
rural and urban groups (see the Methods section in the Online Repository).

Covariates

Differences between rural and urban living environments were tested for
common disease-associated factors, including the following: pet ownership;
day care attendance during the first year of life; length of the breast-feeding
period; exposure to passive smoking; family income; parental education;
number of older siblings; home type; mode of delivery; parental diagnosis of
asthma, eczema and rhinitis; and use of antibiotics during the first year of life
(see Fig E2 in this article’s Online Repository at www.jacionline.org).

Microbiota samples

Airway microbiota samples were collected at 1 week (n = 549)and 1 (n =
647) and 3 months (n = 657) of age,™* and gut microbiota samples were
collected at 1 week (n = 544), 1 month (n = 615), and 1 year (n = 625) of
age”” (see the Methods section in the Online Repository).

DNA was extracted from airway and gut samples by using the PowerMag
Soil DNA Isolation Kit optimized for epMotion (MO-BIO Laboratories, Inc,
Carlsberg, Calif) by using the epMotion robotic platform model 5075
(Eppendorf, Hamburg, Germany). The manufacturer’s protocol was modified
slightly (described earlier’®). Extracted DNA was stored at —20°C degrees
before amplification of the 16S rRNA gene variable region 4 (V4) and
sequencing with the Illumina MiSeq System (Illumina Inc, Calif), as previ-
ously described.** The bioinformatics analysis pipeline is detailed in the
Methods section of the Online Repository.

Immune mediators

Airway immune mediator samples (upper airway mucosal lining fluid)
were collected from 1-month-old infants (n = 620) with a synthetic absorptive
matrix placed in both nostrils for 2 minutes.*> Matrixes were stored immedi-
ately at —80°C degrees. Blood for systemic immune mediator analysis was
drawn into an EDTA tube from a cubital vein when the child was 6 months
old (n = 568) and centrifuged to separate plasma and cells, after which the
plasma was immediately stored at —80°C until analysis.*®

The levels of the a priori-selected cytokines and chemokines®** were
determined by using high-sensitivity immunoassays based on electrochemilu-
minescence in a multiplex setting. Samples were read in duplicates by using
the Sector Imager 6000 (Meso Scale Discovery, Gaithersburg, Md).

Statistics

Odds ratios (ORs) for atopic traits in response to urban and rural (baseline)
classes, as well as urbanization gradient, were calculated with logistic
regression models adjusted for lifestyle variables. Adjustment included other
covariates associated with urbanization (see Fig E2), whereas house type was
excluded on account of collinearity with the explanatory variable of interest
(urban/rural groups).

The R software package phyloseq’’ was used for handling the microbiota
data. Observed richness and Shannon diversity were used as the a-diversity
metrics. The community compositions of microbiotas (B-diversity) were visu-
alized with principal coordinates analysis for Bray-Curtis,”’ Weighted Uni-
Frac, and Unweighted UniFrac*' distances and tested with permutational
multivariate ANOVA®” with 1000 permutations. The dissimilarities within ru-
ral and urban individuals were defined with the distance of each sample from
group mean.*>

Immune mediators were log-transformed and centered log ratio—scaled to
remove biologic variation due to differing amounts of protein per volume of
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fluid from the data, set as well as to increase the comparability between
immune mediators following methodology developed previously.”® The
normalized concentrations were tested between rural and urban groups in
adjusted linear models.

Sparse partial least squares (sPLS) models with relative abundances of taxa
agglomerated to the genus level, log-transformed, and cleaned to include those
present at least in 5% of samples were used to predict the urbanization
gradient.”®** The best model was selected on the basis of the root mean square
error statistics, from repeated 10-fold cross-validation, to avoid overfitting.
The predicted values from each model were extracted to represent a bacterial
score for the urbanization gradient. All analyses were conducted in R soft-
ware, version 3.52%

Ethics statement

This study was approved by the local ethics committee (H-B-2008-093),
and the Danish Data Protection Agency (2015-41-3696). Both parents gave
verbal and written informed consent before enrollment.

RESULTS
Asthma and atopic traits in rural and urban infants

All subjects spent their first year of life in a Westernized,
densely populated, and geographically concise area in Zealand
(7031 kmz), Denmark (Fig 1, A). Few children lived on the farms.
Several lifestyle variable, such as pet ownership, number of older
siblings, income in the family, and education of the parents,
differed between rural and urban infants (see Fig E2). Other
screened variables, including mode of delivery, antibiotic use dur-
ing the first year of life, vitamin D or fish oil intervention groups,
and atopic diseases in the parents (all of which were previously
associated with atopic diseases),27’45 46 did not differ between ru-
ral and urban infants.

The prevalence of asthma at 6 years of age or earlier was 22.3%
(n = 146), the prevalence of allergic rhinitis was 6.8% (n = 45),
and the prevalence of eczema was 31.7% (n = 210). At 6 years of
age, 31.7% the of children (n = 157) were sensitized; 23.7% of
them (n = 117) had aeroallergen and 14.7% (n = 73) food
sensitization. The prevalences of asthma, allergic rhinitis, and
aeroallergen sensitization at 6 years of age were higher in children
spending their first year of life in an urban environment than in
children spending their first year of life in a rural environment (Fig
1, B and D). Allergic sensitization and eczema showed similar
trends. Urban infants developed more specific sensitization to
peanut, house dust mite, timothy grass, birch, and mugworth al-
lergens (see Table E2 in this article’s Online Repository at
www.jacionline.org). After adjustment for lifestyle features, the
ORs for asthma (adjusted OR = 2.31; 95% CI = 1.47-3.68;
P =.0003) and aeroallergen sensitization (adjusted OR = 1.77;
95% CI = 1.05-3.02; P = .0348) were increased in urban infants
(Fig 1, C and E). The adjusted, predicted prevalence of asthma
and aeroallergen sensitization showed a large increase along the
urbanization gradient, whereas only food sensitization remained
completely unrelated (see Fig E3 in this article’s Online Reposi-
tory at www.jacionline.org).

Microbiota and immune mediator concentrations in
rural and urban infants

The airway microbiota at all 3 time points showed significant
differences between rural and urban infants regardless of the
metric used to define the similarity of microbiotas between
subjects (see Fig E4 and Table E3 in this article’s Online
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Repository at www.jacionline.org). These differences remained
significant after adjustment for each lifestyle variable, as well
as in a fully adjusted model (permutational multivariate ANOVA
[see Table E4 in this article’s Online Repository at www.
jacionline.org]). Part of the observed rural-urban differences
were explained by the larger family size and more common pet
ownership in rural environments. Shannon diversity and richness
in the airway microbiota were higher in urban infants at 1 month
of age (ANOVA; P = .004 and .005, respectively). Remarkably,
urban infants had more homogenous airway microbiotas than
did rural infants at all time points (ie, urban children had micro-
biotas more similar to each other than rural children had [see
Fig ES5 in this article’s Online Repository at www.jacionline.
org]). Among the 15 most abundant genera in the airways, several
showed dissimilar relative abundances between rural and urban
infants (see Fig E6 in this article’s Online Repository at www.
jacionline.org). Veillonella showed a consistent association with
an urban living environment through all time points. Haemophilus
and Rothia were associated with an urban environment, whereas
Dolosigranulum and Moraxella were associated with a rural envi-
ronment at more than 1 time point (see Fig E6).

The composition of the gut microbiota was associated with the
living environment only at 1 year of age regardless of distance
metric (see Fig E4 and Table E3). Nevertheless, in the fully
adjusted model, this association was attenuated (see Table E5 in
this article’s Online Repository at www.jacionline.org), mainly
because of the influence of older siblings. The 15 most abundant
genera in the gut microbiota at different time points did not show
differences between rural and urban environments after adjust-
ment for multiple testing (see Fig E7 in this article’s Online Re-
pository at www.jacionline.org). However, the Firmicutes-to-
Bacteroidetes ratio was lower in rural infants at 1 year of age (a
mean of 3.4 in rural infants vs 4.1 in urban infants; ANOVA;
P =.0004). A closer look at this ratio revealed that the richness
within Bacteroidetes was higher in rural infants than in urban in-
fants at the same time point (a mean of 13.4 in rural infants vs a
mean of 11.5 in urban infants; ANOVA; P = .0003).

The relative concentrations of both airway (1 month) and
systemic (6 months) immune mediators differed between urban
and rural infants in adjusted analyses for both sample types (Fig 2
and see Table E6 in this article’s Online Repository at www.
jacionline.org). In airways (Fig 2, A), type 2-related cytokine
and chemokine concentrations showed a large disparity between
urban and rural infants. For example, urban infants had higher
relative concentrations of C-C motif chemokine ligands (CCLs)
(CCL11, CCL13, and CCL17), whereas concentrations of
CCL22 and CCL26 were higher in rural infants. Furthermore,
IL-12p70 (type 1) was found in higher relative concentrations
in rural infants, as was IL-10 (regulatory), which has anti-
inflammatory properties. A different set of immune mediators
was measured in the systemic samples (Fig 2, B). Level of C-X-
C motif chemokine ligand 8 (CXCLS8 [type 17]) was measured
in both airway and systemic samples, with urban infants found
to have a higher relative concentration in both sample types. How-
ever, other immune mediators, namely, IL-18 and TNF-a,
measured from both sample types did not show similar responses.

Urbanized infant microbiota
We defined the bacterial community profiles most indicative of
urbanization gradient separately for each time point and sampling
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FIG 1. Prevalence of asthma and atopic diseases in rural and urban infants. The proportions of main land
cover types within a radius of 3 km around the home at birth are condensed by principal components
analysis to a gradient from mostly rural to highly urbanized living environments. A, Geographic distribution
of children colored by the urbanization gradient. Urban children are mainly clustered around the capital, Co-
penhagen, as expected. Coordinate information is slightly jittered on the map to preserve anonymity. B and
D, Crude prevalence of outcomes at 6 years of age in children living in urban and rural environments during
infancy. Differences have been tested with Fisher exact tests. C and E, Adjusted ORs from logistic regression
models for the outcomes in an urban versus rural (baseline) living environment. Urban infants have
increased risk for asthma and aeroallergen sensitization. Analyses are adjusted for socioeconomics, pet
ownership, older siblings, passive smoking exposure, and total length of breast-feeding.

site. We utilized cross-validated sPLS models to find a minimal
(sparse) set of jointly contributing taxa that discriminated
between urban and rural samples. The models predicted better
during later time points in both airway and gut samples, indicating
an accumulated influence of living environment with age (Fig 3).

Higher relative abundances of the genera Veillonella, Rothia,
Gemella, Bergyella, and Streptococcus in airway microbial pro-
files were indicative of urban living environments, whereas Mor-
axella, Paracoccus, and Dolosigranulum were characteristic of a
rural environment (Fig 3, A) at all time points corresponding to
univariate analyses (see Fig E6). Some airway bacteria, such as
Bacillus and Listeria, were associated with a rural environment
at the first week of life, but the direction shifted later to associa-
tion with urban environments.

Moraxella was also indicative of a rural environment and
Veillonella was indicative of an urban environment in the gut
microbial profiles (Fig 3, B), but only at a single time point
each. Bifidobacterium in the gut was indicative of a rural envi-
ronment already in the first week of life. In the gut profiles, only
Bacteroides switched direction from an urban to a rural environ-
ment at the last time point. Overall, living environment-related
members of gut communities did not match much between time
points, primarily owing to the low predictability at 1 week and 1
month, as well as owing to the strong shifts in community
composition during the first year of life (as described
previously”?).

Urbanized microbial profiles, risk of disease, and
concentrations of immune mediators

A bacterial score was extracted for each sample (how much did
the composition of the sample resemble the sPLS trained bacterial
signature?), with higher values indicating more urbanized bacte-
rial profiles in infants.

Having an urbanized bacterial profile in the samples was
associated with a higher risk of asthma for all but the 1-week gut
and 3-month airway bacterial scores (for airway at 1 week: OR =
1.25; 95% CI = 1.01-1.55; P = .0473; for airway at 1 month:
OR = 1.22;95% = CI 1.00-1.48; P = .0498; for gut at 1 month:
OR = 1.29; 95% CI = 1.05-1.59; P = .0175; and for gut 1 year:
OR = 1.24;95% CI = 1.02-1.53; P = .0368 [Fig 4]). The risk of
eczema increased only in response to an urbanized gut bacterial
profile at 1 week of age (OR = 1.24; 95% CI = 1.04-1.48; P =
.0161). Similarly, the risk of sensitization was restricted to 1
time point and compartment. An urbanized bacterial profile in
the gut at 1 year of age was associated with the risk of any sensi-
tization (OR = 1.28; 95% CI = 1.03-1.59; P = .0281) and aero-
allergen sensitization (OR = 1.24; 95% CI = 0.98-1.57; P =
.0812), although borderline significant (Fig 4).

The airway bacterial score at 1 month of age was correlated
with immune mediator concentrations at the same time point (Fig
5 and see Table E6), and the direction of these associations was
similar to that in our comparison between urban and rural groups
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FIG 2. Relative concentration of airway and systemic immune mediators differ between urban and rural
infants. The airway immune profile at 1 month of age (n = 586 [A]) and systemic immune profile at 6 months
of age (n = 665 [B]) in response to urban and rural classes defined by linear models adjusted for living
environment-associated lifestyle features. Positive estimates indicate higher relative concentration in ur-
ban infants, whereas negative estimates indicate a higher relative concentration in rural infants. Error
bars represent the 95% Cl. False-positive rate-corrected P values are presented in Table E6.

(Fig 2), but with important distinctions. The systemic CXCL8
concentration was higher with an urbanized bacterial profile
(Fig 5) corresponding to results for living environment (Fig 2),
but these associations were borderline after correction for multi-
ple testing. In contrast to the living environment associations,
airway IL-2 and IL-13 concentrations were shown to be lower
in infants with an urbanized bacterial profile. Bacterial scores
for the gut microbiota were not significantly associated with im-
mune mediator profiles (see Fig E8 and Table E6).

DISCUSSION
Primary findings

The higher risk of asthma and atopic traits in urban than in rural
children is a well-established phenomenon.'” Our prospective,
observational cohort study of 700 children supports the hypothe-
sis that the early development of the human microbiota and its
influential cross talk with the immune system shape the predispo-
sition to these diseases in childhood. We found that an urban
living environment in infancy was associated with a higher risk
of asthma and aeroallergen sensitization in childhood. The urban-
ized microbiota both in the airways and in the gut in infancy was
positively associated with the risk of having asthma. The urban-
ized gut microbiota profile at 1 week of age was also related to
the risk of eczema, and at 1 year of age, with allergic sensitization.
Furthermore, several immune markers showed significant associ-
ations with living environment-related airway bacteria, suggest-
ing an influence of these bacteria in immune development.

Strengths and limitation
A major strength of this study was the extensive and prospec-
tive clinical assessment of outcomes and environmental

exposures. All children were uniformly diagnosed and repeatedly
monitored for development of symptoms of asthma and atopic
traits at the COPSAC clinic, in which the microbial and
immunologic samples utilized in the study were also collected.
Our definition of the living environment was based on land cover
data providing unbiased characterization of rural and urban
individuals. However, our observational study is unable to
confirm causal relationships and depends on future studies with
interventional or experimental approaches to validate the mech-
anisms behind our findings. Further, the methodology that we
used for microbiota analysis can hide some details, such as the
importance of bacterial strains.

Even though our findings support the role of the urbanized
microbiota in disease development, other explanatory variables
can shape the risk. The examined diseases are believed to
originate from multiple triggers acting via a myriad of gene-
environment interactions.”” These can include exposures other
than bacteria, such as indoor fungi, which has been associated
with childhood asthma.”® Additionally, exposure to other mol-
ecules; for example, allergens may be crucial, as both allergens
and bacterial exposure can be needed for normal immune
development.*’ Further, our analysis lacks information on
(air) pollution exposure, which has previously been associated
with the development of asthma’” and is known to differ be-
tween rural and urban areas of Denmark.>'*>> Therefore, poten-
tial differences in the exposure to nonbacterial items could
partly explain the identified differences between living in an
urban or rural environment. Finally, we did not have informa-
tion about mothers’ behavior, environment, and health during
pregnancy, which can be important. Moreover, our cohort
has limited ethnic diversity, which reduces the generality of
our findings.
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FIG 3. The composition of living environment-related microbial profiles for each time point. sPLS models
were run for (sub)genera present in at least 5% of samples. Selection of the best model for each time point
was done by comparing root mean square error values between models with differing numbers of taxa and
components. Each selected model for the airway (A) and gut (B) microbiotas had 1 component. Included
taxa were ordered in the heatmap by their summed loadings across all time points. Taxa with positive load-
ings are more common in urban (gold) living environments, whereas taxa with negative loadings are more
common in rural (green) living environments. Taxa colored white are not included in the present model.
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FIG 4. Airway and gut bacterial scores indicative of living environment and the risk of asthma and atopic
traits at 6 years of age. Bacterial scores were scaled to an SD of 1 to ease interpretation. For airways (A-C),
the risk of development of asthma increases with higher values of bacterial score (ie, urban-like bacterial
profiles at 1 week and 1 month of age). For gut (D-F), eczema is associated with the bacterial score from
1 week (D), whereas the 1-month and 1-year time points are important for asthma development (E). The
risk of sensitization increases with higher values of the gut bacterial score at 1 year of age (F). Error bars

represent the 95% Cl.

Interpretation

Exposure to farming-associated indoor microbes (ie, the
“external” microbiota early in life) is associated with asthma
protection.13 “16:33 Here, we focused on the “internal” microbiota
(ie, the infant’s own microbiota) in rural and urban children and
showed corresponding findings, especially for the airway micro-
biota. Recently, living on a farm has been shown to support the
development of gut microbiota in infants, which can decrease
the risk of asthma.” These associations are also suggested by
the biodiversity and old friends hypotheses.’*” External and in-
ternal microbiotas are likely to have intimate relations. The
airway microbiota is more open for colonization by airborne mi-
crobes than the gut is (because inhaled microbes continuously
travel to the lungs), and it thus reflects the external microbial ex-
posures. Active mucosal layers in the airways and lungs can
respond to microbial exposures and shape the function of the im-
mune system. However, as we did not sample from the gut mu-
cosa, we cannot exclude its potential importance.

The bacteria associated with predisposing and protective
effects vary between studies.”’® Members of urbanized bacterial
communities probably act together, but Veillonella was an inter-
esting genus associated with urbanization both in the airways
and the gut. Veillonella in the gut at 1 year of age was previously
associated with an increased risk of asthma in this cohort, whereas

another study found a protective association.””>* In contrast to

our findings, airway colonization with Moraxella, an opportu-
nistic pathogen,’’ was previously associated with increased risk
of asthma,”’ ™’ including in the previous COPSAC,y cohort,
in which culture-based methodology was applied.”” We suspect
that the opportunistic (pathogenic) nature of some urban and rural
indicator bacteria, such as rural environment—associated Morax-
ella, Acinetobacter,’®°" and Mycobacterium,(72 may explain their
potential importance in atopic diseases, as well as their cohort
specific roles in diseases.

The hypothesized window of susceptibility (ie, the period in
which extrinsic microbial stimuli can permanently influence
immune responsiveness) is suggested to be during the first 100
days after birth” or during the entire infancy period, including the
prenatal period.'® In this study, the window associated with
asthma development was the first year of life, whereas the window
was much narrower for eczema and allergic sensitization. Our
study was not designed for defining such a window of susceptibil-
ity, however. Previously, the window associated with asthma
development had been restricted to shorter periods after birth
(<100 days and <12 months)**** and a longer period for eczema
(<12 month of age),”' leaving the answer to the question of when
the exposure is most important unclear.

We found large disparities in the immune mediator concentra-
tions between urban and rural children, as well as between
urbanized and rural bacterial profiles. Therefore, we conclude that
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FIG 5. Airway bacterial score versus the relative concentration of airway and systemic immune mediators.
The figure shows normalized and scaled relative concentrations of immune mediators in relation to airway
bacterial score per SD. Higher values indicate association with an urban-like bacterial community
composition. A, Topical immune mediators at 1 month of age. B, Systemic immune mediators at 6 months
of age in response to bacterial scores. Linear models were adjusted for living environment-associated life-
style features. Error bars represent the 95% Cl. False positive rate—corrected Pvalues are presented in Table

E6.

the living environment, as well as associated bacteria, may
influence immune function during infancy. Further, our findings
showed interesting similarities to our previous study, which
discovered that asthma-associated bacteria at 1 month of age
were positively associated with CCL2 and CCL17 but negatively
associated with TNF-a and IL-1B.>® These same associations
were found in response to urbanized airway bacteria at 1 month
of age. However, in vivo cytokine and chemokine concentrations
do not reflect easily delimited individual immune pathways. For
example, both type 2— and type 17-related cytokines differed be-
tween rural and urban infants in a nonorchestrated manner. Some
individual mediators showed expected patterns, such as an
increased level of CXCLS8 (a neutrophil chemotactic type 17
mediator that is enriched in moderate-to-severe asthma®) in ur-
ban children and in response to the urbanized airway microbiota.
Deficiency in regulatory responses is suspected to be important
for the trajectory toward hyperreactivity against allergens and
development of manifest clinical allergy.”* Accordingly, urban
infants had lower concentrations of the anti-inflammatory, regula-
tory-type mediator IL-10. Having an urbanized airway microbiota
was associated with decreased IL-2 levels in the airways, which is
interesting, as suppressed IL-2 expression in infants has been
associated with food allergy.®’

There are several potential explanations for some immune
mediator concentrations differing from the expected values. First,
the influence of an individual mediator depends on other
mediators. For example, a higher concentration of IL-13 (type
2) in response to rural airway bacteria can indicate that when
combined with IL-12p70, TNF-q, IL-13, IL-10, and IL-2, it does
not provide increased susceptibility to type 2-based symptoms.
Second, proinflammatory immune mediators can be beneficial

during certain developmental stages (eg, higher IL-4, IL-5, and
IL-13 levels in 1-month-old rural infants). Our results underscore
the fact that the current understanding of an adequately stimulated
immune system during different developmental stages is not
complete.

Conclusions

We found that an urbanized living environment, an urbanized
microbiota in infants, in vivo immune mediators, and the risk of
childhood asthma and atopic traits were associated with one
another in a geographically concise cohort of 700 unselected chil-
dren. Our findings support an important role of the infant micro-
biota in the association between urbanization and disease,
probably via cross talk with the developing immune system.

We express our deepest gratitude to the children and families of the
COPSAC, cohort study for all their support and commitment. We acknowl-
edge and appreciate the unique efforts of the COPSAC research team.

Key messages

e Airway and gut microbiotas, as well as immune marker
concentrations, differ between rural and urban infants.

o An urbanized composition of the microbiota in infancy in-
creases the risk of asthma, eczema, and allergic sensitiza-
tion at 6 years of age.

o Urban environments may predispose to the development

of a disease-promoting composition of the infant

microbiota.
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Relative abundance (%)

a 1 week
Streptococcus 1 e <0.001 0.014
Staphylococcus A : 0.029 0.077
Gemella{ — — 0.004 0.021
Moraxellaq — —— 0.025 0.077
Haemophilus{ o — 0.009 0.035
Corynebacterium 14 —_ L e—— 0.102 0.182
Veillonella{ e — 0.002  0.020
Pelomonas{ e  — 0202 0.323
Dolosigranuium{  — 0.063 0.126
NeiSSeriay pmmmm—— e— 0.972 0.978
Lactobacillus |  mmmm— 0.428 0.584
Escherichia Shigella{  ommm— 0.467 0.584
Rothia{ o - —— 0.053 0.120
Acinetobacter - : 0.978 0.978
Pseudomonas - : 0.789 0.902
Other genus{ I 0.474 0.584
0% 01% 1% 10%  100% P-value g-value
b 1 month
Streptococcus A _: 0.372 0.496
Staphylococcusq : 0.086 0.197
Veillonella{ L — <0.001 <0.001
Haemophilus{ L — 0.127 0.224
Corynebacterium 14  __ _: 0.140 0.224
Gemella{ _ — 0.014 0.056
Moraxella{ — <0.001 <0.001
Dolosigranulum4{ : 0.077 0.197
Neisseria{ mmm— e— 0.736  0.841
Rothia{ ommmm— B —— <0.001 <0.001
Pelomonas{ ‘mmmm—— o — 0102  0.205
Lactobacilus |  ummmm— —— 0.971 0.971
Escherichia Shigella |  ummm— I — 0.207  0.302
Bergevella| mmmm— e 0.019 0.061
Porphyromonas{ e 0.657 0.809
Other genusq{  _ R 0.942 0971
0% 01% 1% 10%  100% P-value g-value
C 3 months
Streptococcus _: 0.030 0.053
Haemophilus{  __ — 0.193  0.269
Moraxella{ —— <0.001  0.001
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Staphylococcus4  _ : 0.013 0.030
Gemella{ _ — 0218  0.269
Corynebacterium 14— :_ 0.033 0.053
Neisseria{ o —— 0.994 0.994
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Alloprevotella ] — ommm— ey 0.016  0.033
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Prevotella 77  oummmm— —— 0.008 0.021
Porphyromonas{ e 0.665 0.760
Other genus - —— 0.981 0.994
0% 0.1% 1% 10%  100% P-value g-value




1 week
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Bifidobacterium 4 :_ 0.009 0.148
Streptococcus e 0.971 0.971
Staphylococcus - : 0.946 0.971
Escherichia Shigella - : 0.242 0.554
Veillonella{ e— 0.222 0.554
Family Enterobacteriaceaeq{ __ : 0.704 0.971
Clostridiumss 1{ — —— 0.235 0.554
Haemophilus{ = e—— 0.846 0.971
Enterococcus{ —— 0.221 0.554
Lactobacillus |  mmmmm— — 0959 0.971
Parabacteroides 4 : e — 0.763 0.971
Ruminococcus gnavus group - : 0.173 0.554
Rothia{ e L 0.097 0.554
Actinomyces | oumm— 0657 0.971
Other genus{  _ : 0.362 0.644

0% 01% 1%  10% 100% P-value g-value
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Family Enterobacteriaceaeq{ : 0.555 0.970
Clostridium ss 14 o e— 0.758 0.970
Staphylococcus{ = — 0.985 0.985
Lactobacillus | oo — 0.741  0.970
Haemophilus{ o : 0.563 0.970
Enterococcus A : : 0.542 0.970
Parabacteroides 4 : 0.469 0.970
Actinomyces | mmmm— R — 0836 0.970
Ruminococcus gnavus group A : 0.849 0.970
Rothia] e [ — 0.194 0.824
Other genus{ [ 0.405 0.970

0% 01% 1%  10% 100% P-value g-value

1 year

Bacteroides 1 R 0.040 0.159
Bifidobacterium4 e 0.467 0.689
Blautiad{ _ —— 0.519 0.689
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Streptococcusq{ o —— 0.171 0.303
Other genus - - 0.560 0.689
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ONLINE REPOSITORY INFORMATION

ONLINE REPOSITORY METHODS

Definition of diseases

Asthma before or during age 6 years was diagnosed prospectively based on a
previously detailed quantitative symptom algorithm??, requiring all of the
following: (1) recurrent episodes of troublesome lung symptoms (5 episodes
within 6 months, each lasting at least 3 consecutive days, 4 weeks of continuous
symptoms, or an acute severe exacerbation requiring oral prednisone or hospital
admission); (2) symptomatology typical of asthma, including exercise induced
symptoms, prolonged nocturnal cough, and persistent cough outside common
cold; (3) need for intermittent rescue use of inhaled 2-agonist; and (4) response
to a 3-month course of inhaled corticosteroids and relapse upon ended
treatment.

Allergic sensitization was determined at age 6 years, defined as any positive
skin prick test (SPT) 23 mm (ALK-Abello, Horsholm, Denmark) or specific IgE
(sIgE) in serum 20.35 kUa/L against common inhalant (birch, grass, mugwort,
horse, dog, cat, D. pteronyssinus, D. farinae, Aspergillus fumigatus, Cladosporium
herbarum, Penicillium notatum, Alternaria alternata) and/or food allergens
(milk, egg, wheat flour, soybean, peanut, cod, shrimp, rye flour, pork, and beef)
(ImmunoCAP; Thermo Fisher Scientific, Allerod, Denmark). Children classified as
“not sensitized” were both SPT and sIgE negative for all tested allergens.

Definition of urbanization gradient

The European Environment Agency maintains the land cover database CORINE
(https://land.copernicus.eu/), covering European Union. Database describes the
land cover at three specification levels from which we utilized the highest
hierarchical level including agricultural land, artificial areas, forested and semi-
natural areas, water bodies and wetlands in order to characterize the main
patterns in the land cover. Data from the year 2012 was selected due to the close
correspondence to the birth years of children (2008-11).

Addresses at birth (n=686) were translated to coordinates using Google API
services through the googleway package for R3. Most children (n=577) did not
move during their first year of life or only moved later than 50 weeks after birth
(n=5). From the 109 children who did move, 77% did not change between rural
and urban groups (see below). In order to remove any noise arising from
moving, we excluded all children who changed between rural and urban areas
prior to sample collection (niweek=1, N1month=3, N3months=8, Nemonths=15, N1year=24).
Land cover types around each coordinate point were extracted from



CORINE2012 raster map (having 100 m resolution) for three different buffers
with radiuses of three kilometers, one kilometer and 500 meters.

The proportions of land cover types within buffer regions were analyzed with
Principal Coordinate Analysis (PCA, vegan R-package*) utilizing scaling built in
to function rda (produces correlation matrix). The first axis explained 44% of the
total variation and made clear separation between artificial and natural i.e.
agricultural and forested land cover types (Fig S1a). The first axis was extracted
for downstream analyses to represent a gradient of urbanization running from
the most rural to the most urban environments. Land cover information was also
classified to two groups (nrura=324, nurban=376; Fig S1b) with Partitioning
Around Medoids clustering (PAM, cluster R-package®). A silhouette width of 0.61
indicated clear separation between rural and urban classes. Five hundred meters
and one kilometer buffer radiuses decreased the proportion of rural infants
compared to three kilometer buffer radius indicating that in highly populated
study region, areas close to home are often built (Table S1). As we were
interested about comparing rural and urban children, we considered that larger
buffer size makes more truthful distinction between areas as noted earlier®.

Collection and analysis of microbiota samples

Airway microbiota samples were collected at one week (n=549), one (n=647)
and three months (n=657) of age’. Fluid was aspirated with a soft catheter
passed through the nose to the hypopharyngeal region. Catheters were
immediately flushed with one ml of sterile 0.9 % NaCl solution and stored at -80
°C degrees.

Gut microbiota samples were collected at one week (n=544), one month (n=615)
and one year (n=625) of age8. Sampling happened either at the COPSAC clinic
during visits or at home by the parents following detailed instructions. Each
sample was mixed with 1 mL of 10 % vol/vol glycerol broth (Statens Serum
Institut, Copenhagen, Denmark) and stored at -80 °C degrees.

DNA was extracted from airway and gut samples using the PowerMag® Soil DNA
[solation Kit optimized for epMotion® (MO-BIO Laboratories, Inc., Carlsberg, CA,
USA) using the epMotion® robotic platform model 5075 (Eppendorf, Hamburg,
Germany). The manufacturer’s protocol was mildly modified (described
earlier”). Extracted DNA was stored at -20 °C degrees prior to amplification of
the 16S rRNA gene variable region 4 (V4) and sequencing with the Illumina
MiSeq System (Illumina Inc., CA, USA) as previously described®.

Bioinformatics

Sequencing adapters were removed using Cutadapt v1.1510. Reads were
analyzed using QIIME 2 v2018.2.011 and denoised using DADA212, including
removal of the first 8 bp from both reads as well as trimming of forward reads to
180 bp and reverse reads to 160 bp. Resulting amplicon sequence variants
(ASVs) were compared to the 99% identity clustered SILVA database v13213



using a naive Bayes classifier'# trained on the amplified region. All sequencing
data is deposited at the Sequence Read Archive (SRA) with the accession
numbers PRJNA340273 and PRJNA417357.

Prior to downstream analyses, taxa with less than 5 reads in the data were
removed. All microbiota samples were further log transformed to reduce bias
from sequencing depth variation.

Statistics

Odds ratios for atopic traits in response to rural (baseline) and urban classes
were calculated with logistic regression models adjusted for lifestyle variables.
Principal Coordinate Analysis (PCoA) with Gower’s distance (cluster R-package®)
was used to simplify the collinear variables household income, maternal and
paternal education levels to a single variable (socio-economics) for adjustment.
Adjustment also included pet ownership, older siblings, passive smoking
exposure, daycare attendance at age one year, and duration of breastfeeding
while house type was excluded due to collinearity with the explanatory variable
of interest (urban / rural groups). The sensitization and clinical outcomes were
also tested against the urbanization gradient with an adjusted logistic regression
model. The predicted values were extracted from the model and plotted against
the urbanization gradient.

R-package phyloseq!> was used for handling the microbiota and meta data.
Observed richness and Shannon diversity was used as the alpha diversity metric.
The community compositions of microbiotas (beta diversity) were visualized
with PCoA (vegan R-package) for Bray-Curtis®, Weighted UniFrac and
Unweighted UniFrac!? distances. Permutational Multivariate Analysis of variance
(PERMANOVA, vegan R-package) with 1000 permutations was used for testing
significance. Additionally, PERMANOVA (with Bray-Curtis dissimilarities) was
adjusted separately for each living-environment associated lifestyle variable as
well as a combined model with all of them. The group-wise similarity was
defined with the distance of each sample from group mean (microbiome R-
package!8).

Immune markers were log transformed and centered log ratio scaled in order to
remove biological variation due to differing amount of protein per volume of
fluid from the dataset as well as to increase the comparability between immune
markers. The normalized concentrations were tested against rural and urban
groups in adjusted linear models.

Sparse Partial Least Squares (sPLS) models with relative abundances of taxa
agglomerated to genus level, log-transformed, and cleaned to include those
present at least in 5% of samples were used to predict the urbanization gradient
(mixOmics!® and caret R-packages??). Also, pseudocount was added due to log-
transformation. The optimum model was selected based on the Root Mean
Squared Error (RMSE) statistics, from repeated 10-fold cross-validation, in order
to avoid overfitting. The predicted values from each model were extracted to



represent a bacterial score for the urbanization gradient. The odds ratios for
outcomes as well as the relative concentrations of immune markers in response
to bacterial scores scaled to a standard deviation of one were defined with
logistic and linear regression models, respectively.
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Online repository figure legends

Figure E1. Urban and rural living environments. The urbanization gradient is the first PCA
axis (PC-1) of the land cover data (a). The first axis explained 44% of the total variation in land
cover data. The loading vectors show the correlation of the different land cover types, e.g.
increasing values on the first axis indicate higher proportions of artificial surfaces. Artificial
surfaces include land modified by humans such as built areas, roads, rails, ports and factories.
Eigenvectors of different land-use types were multiplied with 0.2 in order to fit them to figure.
Decreasing values indicate higher proportions of agricultural and forested land covers. Colors
specify the rural (green) and urban (golden) categories defined by Partitioning Around Medoids
clustering (b). These categories are also shown in a density plot, which shows the number of
children in rural and urban groups along the living environment gradient.

Figure E2. The living environment associates strongly with several lifestyle features. These
features included pet ownership during the first year of life, attendance to daycare at age of 1
year, total length of breastfeeding in days, exposure to passive smoke in days, household income,
education of both mother and father, number of siblings and the type of home. Stars in the title of
each figure indicate the significance level of the associations, defined with Fisher’s exact test for
categorical variables and ANOVA for continuous variables, such that * indicates p-values lower
than 0.05, ** indicates p-values lower than 0.01 and *** indicate p-values lower than 0.001. For
further analyses, highly collinear variables i.e. income and education were simplified to one
variable (socio-economic features). Home type was left out from further analyses due to high
collinearity with living environment. Daycare types: Public - Public daycare institution, usually
several groups of 10-15 children each; Private - Private daycare, usually 2-4 children in a private
home. Education: 1 - elementary school, 2 - college or high school, 3 - tradesman certification, 4
- medium academic education, or 5 - completed university degree prior to infant's first birthday.

Fig E3. Figures a and b show that the predicted prevalence (from adjusted logistic regression
models) of asthma and atopic traits at six years of age increase with increasing urbanization of
living environment during infancy.

Figure E4. Airway and gut microbiota in urban and rural infants. Principal Coordinate
Analysis on Bray-Curtis distances. Significance is tested with PERMANOVA. Ellipsoids indicate
the location of the 75 % of the samples in the group. The airway samples had 6,647 unique
amplicon sequence variants (ASVs) with a median richness of 20 (range 8-223) at one week, 26
(8-220) at one month and 33 (8-112) at three months of age. The gut samples had 5,183 unique
ASVs with a median richness of 30 (9-272) at one week, 30 (6-171) at one month and 68 (12-
175) at one year of age. As suggested by these richness estimates, 32% of all ASVs in airways and
39% in gut existed only in a single sample indicating rather high time- and individual-dependent
variation in the microbiota.



Figure E5. The intra-group dissimilarity in the airway microbial communities is smaller in
urban than rural infants. This is indicated by the average dissimilarity of each sample from the
group mean. Significance is tested with Analysis of variance.

Figure E6. Differences in the relative abundance of the fifteen most abundant airway (sub-
) genera between rural and urban infants at all time points. The most abundant genera have
been selected independently for each time point, and organized by mean relative abundance.
Green indicates rural and gold urban infants. Relative abundances were tested with non-
parametric Wilcoxon signed-rank test for significance. g-values indicate False Positive Rate
corrected p-values (Benjamini-Hochberg approach was utilized).

Figure E7. Differences in the relative abundance of the fifteen most abundant gut (sub-)
genera between rural and urban infants at all time points. The most abundant genera have
been selected independently for each time point, and organized by mean relative abundance.
Green indicates rural and gold urban infants. Relative abundances were tested with non-
parametric Wilcoxon signed-rank test for significance. q-values indicate False Positive Rate
corrected p-values (Benjamini-Hochberg approach was utilized).

Figure E8. Gut bacterial score versus the relative concentration of airway and systemic
immune markers. The figure shows normalized and scaled relative concentrations of immune
markers in relation to airway bacterial score per standard deviation. Higher values indicate
association with urban-like bacterial community composition. Panel A shows the topical immune
markers at one month of age, and panel B the systemic immune markers at six months of age in
response to bacterial scores. Linear models were adjusted for living environment associated
lifestyle features. Error bars represent 95% CI. False positive rate corrected p-values are
presented in Table E6.

Online repository table legends

Table E1. Influence of the buffer radius for the proportion of rural and urban infants. The
living environment was defined at radius of 3km, 1km and 500m for all children. Partitioning
around medoids clustering tends to produce clusters with uneven sizes with smaller buffer
radius sizes. Thus, 3 km buffer was selected for analyses to both even the number of rural and
urban children, as well as to follow the recommendation from previous research exploring the
suitable buffer size of living environment (Ruokolainen, L. et al. Allergy 2014). Silhouette widths
indicate good clustering for all tested buffers.

Table E2. Specific Inmunoglobulin E levels in children born in rural and urban
environments. “% >0.35” indicates the proportion of children sensitized to specific allergen
while “n >0.35” indicates the number of children sensitized to specific allergen. Difference in
specific sensitization was tested with Fisher’s exact test.

Table E3. Living environment gradient associates with the airway and gut microbiota in
unadjusted analyses. Models for the microbiota were done with Permutational Multivariate
Analysis of Variance (PERMANOVA) as implemented in the function adonis (vegan R package).
Bray-Curtis, Weighted UniFrac and Unweighted UniFrac distance metrics were used.

Table E4. Living environment gradient remains significantly associated with airway
microbiota after adjustment for lifestyle variables. Figure legend S1 explains the selection of
living environment related lifestyle variables. Adjusted models for the airway microbiota were
done with Permutational Multivariate Analysis of Variance (PERMANOVA) as implemented in the
function adonis (vegan R package). Bray-Curtis dissimilarity was used for the airway microbiota.
Living environment gradient was adjusted separately for each living environment related
lifestyle variable and finally to all of them. Living environment gradient was added as the last
parameter to the model (PERMANOVA adds variables sequentially).



Table E5. Living environment gradient has significant association with gut microbiota only
in the 1-year samples after adjustment for single lifestyle variables. Figure legend S1
explains the selection of living environment -related lifestyle variables. Adjusted models for gut
microbiota were done with Permutational Multivariate Analysis of Variance (PERMANOVA) as
implemented in function adonis (vegan R package). Bray-Curtis dissimilarity was used for gut
microbiota. Living environment gradient was adjusted separately for each living environment -
related lifestyle variable and finally to them all. Living environment gradient was added as the
last parameter to the model (PERMANOVA adds variables sequentially)

Table E6. Imnmune marker concentrations in response to three explanatory variables. The
immune marker concentrations in airways at one month of age as well as in blood at ix months of
age were tested against categorical living environment variable (Rural/urban), continuous
airway bacterial score as well as continuous gut bacterial score. g-values indicate False Positive
Rate corrected p-values (Benjamini-Hochberg approach was utilized).
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