A Section 508-conformant HTML version of this article
is available at https://doi.org/10.1289/EHP13948.

Review

The Role of Biodiversity in the Development of Asthma and Allergic Sensitization:
A State-of-the-Science Review

Inés Paciéncia,’? Needhi Sharma,’* Timo T. Hugg,"? Aino K. Rantala,’ Behzad Heibati,’> Wael K. Al-Delaimy,?
Maritta S. Jaakkola,”? and Jouni J.K. Jaakkola’**

!Center for Environmental and Respiratory Health Research, Population Health, University of Oulu, Oulu, Finland
’Biocenter Oulu, University of Oulu, Oulu, Finland

3University of California, San Diego, San Diego, California, USA

“Finnish Meteorological Institute, Helsinki, Finland

BACKGROUND: Changes in land use and climate change have been reported to reduce biodiversity of both the environment and human microbiota.
These reductions in biodiversity may lead to inadequate and unbalanced stimulation of immunoregulatory circuits and, ultimately, to clinical diseases,
such as asthma and allergies.

OBJECTIVE: We summarized available empirical evidence on the role of inner (gut, skin, and airways) and outer (air, soil, natural waters, plants, and
animals) layers of biodiversity in the development of asthma, wheezing, and allergic sensitization.

METHODS: We conducted a systematic search in SciVerse Scopus, PubMed MEDLINE, and Web of Science up to 5 March 2024 to identify relevant
human studies assessing the relationships between inner and outer layers of biodiversity and the risk of asthma, wheezing, or allergic sensitization.
The protocol was registered in PROSPERO (CRD42022381725).

RESULTS: A total of 2,419 studies were screened and, after exclusions and a full-text review of 447 studies, 82 studies were included in the compre-
hensive, final review. Twenty-nine studies reported a protective effect of outer layer biodiversity in the development of asthma, wheezing, or allergic
sensitization. There were also 16 studies suggesting an effect of outer layer biodiversity on increasing asthma, wheezing, or allergic sensitization.
However, there was no clear evidence on the role of inner layer biodiversity in the development of asthma, wheezing, and allergic sensitization
(13 studies reported a protective effect and 15 reported evidence of an increased risk).

CoNcLUsIONS: Based on the reviewed literature, a future systematic review could focus more specifically on outer layer biodiversity and asthma. It is
unlikely that association with inner layer biodiversity would have enough evidence for systematic review. Based on this comprehensive review, there
is a need for population-based longitudinal studies to identify critical periods of exposure in the life course into adulthood and to better understand
mechanisms linking environmental exposures and changes in microbiome composition, diversity, and/or function to development of asthma and aller-

gic sensitization. https://doi.org/10.1289/EHP13948

Introduction

Our planet is experiencing a massive decline in biodiversity,
which is largely due to human activities and which could ulti-
mately lead to the sixth extinction of animal and plant species on
the Earth."? This global change in the environments can affect
ecosystem functioning by changing the time of natural events and
cycles, reducing the ability of some species to survive, and/or by
limiting the ability of ecosystems (e.g., forests) to absorb carbon
dioxide, and lead to significant disruptions of ecosystems, which
may threaten human livelihood and the current way of life. Loss
of biodiversity is a global concern and may lead to a variety of
possible adverse consequences for the human population, such as
an increase in the occurrence of chronic inflammatory diseases,
mental health disorders, and emerging of zoonotic diseases.? The
reasons underlying such loss of biodiversity are complex and
have been suggested to be largely linked to the consequences of
growing urbanization and industrialization, climate change,
increasing pollution, and increasing utilization of chemicals,
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which have impact on the environment and microorganisms with
which humans coevolve.*>

Biodiversity was defined by von Hertzen et al.! (from the
Convention on Biological Diversity; https://www.cbd.int/
convention/articles.shtml?a=cbd-02) as follows:

the variability among living organisms from all sources,
including, inter alia, terrestrial, marine and other aquatic
ecosystems and the ecological complexes of which they are
part; this includes diversity within species, between species
and of ecosystems.

Haahtela® also suggested that microorganisms play a key role
in the link between biodiversity-related environmental changes
and human health. Loss of biodiversity and the disappearance of
natural habitats may reduce the diversity of environmental micro-
biota, that is, the biodiversity of the outer layer.® According to
Haahtela,® humans are protected by two nested layers of biodi-
versity, namely, microbiota of the outer and the inner layer
(Figure 1). The outer layer is dependent on the environment we
live in (including air, soil, natural waters, plants, and animals)®;
the inner layer inhabits the human body (including gut, skin, and
airways) and is dependent on colonization from the outer layer.®
Furthermore, environmental exposures (i.e., outer layer) may also
influence the diversity and composition of the human microbiota
(i.e., inner layer).”®

In 2011, von Hertzen et al.! proposed that loss of biodiversity
also leads to immune system dysfunction and increases the risk
of chronic inflammatory diseases, including asthma and allergies,
chronic obstructive pulmonary disease, type 1 diabetes, obesity,
and inflammatory bowel diseases, and could therefore have im-
portant public health implications. This biodiversity hypothesis
proposed by von Hertzen et al.! is consistent with the observed
declining trends of biodiversity indexes, such as the Waterbird
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Quter layer Two nested layers of biodiversity

Outer layer dependent on the environment we live in

(including air. soil. natural waters, plants, and animals)
Inner layer
Inner layer inhabits the human body [internal
(airways. gut) and external microbiota (skin)].

dependent on colonization from the outer layer

Figure 1. Layers of biodiversity.°

Population Status Index and the Living Planet Index, and with
increasing trends in the prevalence of asthma and allergic rhinitis
since the 1970s.5 Rapidly declining biodiversity may be a contrib-
uting factor to another global megatrend, the rapidly increasing
prevalence of allergies and other chronic inflammatory diseases
among urban people.’ Increasing evidence suggests that the diver-
sity of human microbiota influences the risk of asthma and aller-
gies.!? Changes in the development of microbiota, evidenced by
low gut and airways microbiota diversity in infancy, has been
associated with the development of atopy and asthma later in
life.!%!! The biodiversity hypothesis has stimulated substantial
research on the role of biodiversity in the risk of developing
asthma and allergic diseases, but the results have so far been
inconsistent.!%-!! This heterogeneity in results may be related to
different definitions and measures of biodiversity, timing and
duration of exposure, and differences in duration of the study
periods, as well as differences in the phenotypes of asthma and
allergic diseases. Therefore, this comprehensive review aimed
to summarize the current knowledge on the relationship between
exposure to inner and outer layers of biodiversity and the devel-
opment of asthma, wheezing, and allergic sensitization.

Methods

Selection Criteria and Data Collection

We performed a systematic search of SciVerse Scopus, PubMed
MEDLINE, and Web of Science databases from the inception of
each database up to 5 March 2024, using the following Boolean
search commands: [“biodiversity”] AND ([“allerg*”] OR
[“asthma”]) AND [“environment™] AND [“microbio*”]. The
methodology used in this comprehensive review followed the
Preferred Reporting Items for Systematic reviews and Meta-
Analyses literature search extension (PRISMA) reporting stand-
ards. The protocol was published in the International Register of
Systematic Review Protocols (PROSPERO; registration no.
CRD42022381725) in December 2022 (https://www.crd.york.ac.
uk/prospero/display_record.php?ID=CRD42022381725). Results
were exported to Covidence Systematic Review Software for
screening and to identify duplicates. A study was considered eligible
if conducted in humans and published in English, and no restrictions
were applied to the type of study or article format. We identified and
screened a total of 2,419 articles in two phases: The first phase was
initially based on the title and abstract to eliminate obviously irrele-
vant articles (i.e., not conducted in humans and published not in
English), and the second phase was based on the full text. An indi-
vidual search of the reference lists from all identified relevant origi-
nal studies and review articles was also conducted to identify
potential additional eligible studies (n = 51). Attempts were made to
contact the corresponding author when the full-text article provided
inadequate information for extracting relevant data.

A study was included in the comprehensive review if it
a) was an original randomized controlled trial or an epide-
miologic study (cohort, case—control, or cross-sectional study);
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b) provided data on the relationships between inner and/or outer
layers of biodiversity and the risk of asthma, wheezing, and/or
allergic sensitization; and ¢) included a definition and/or indexes
of biodiversity and the main health outcomes (asthma, wheezing,
and allergic sensitization). Studies reporting only asthma exacer-
bation as the outcome or assessing the effect of antibiotics, medi-
cation, or treatment were excluded. Studies assessing only the
effect of endotoxins, fungi or virus, diet, breastfeeding, mode of
delivery, use of probiotics/prebiotics/symbiotics, pet exposure,
or exposure to farm, rural, or urban environments and to natural
and green spaces were also excluded.

Exposure

The exposures of interest were the outer and/or inner layers biodi-
versity.® The outer layer is dependent on the environment we live
in (including air, soil, natural waters, plants, and animals). The
inner layer inhabits human body (including gut, skin, and airways)
and is influenced by colonization from the outer layer.® The outer
layer biodiversity was defined based on the environmental micro-
biota (including dust or soil) or on a score of environmental biodi-
versity (e.g., species richness index, land-use gradient, and plant
diversity). The inner layer biodiversity was defined based on the di-
versity of human inner microbiota in the skin, stool, urine, and air-
way samples (including nasal, oropharyngeal, nasopharyngeal,
and/or throat). The Shannon diversity index and the Simpson
index, which weight the number of species by their relative even-
ness, and bacterial richness (that is, the total number of operational
taxonomic units (OTUs) or species recorded, were considered as
the diversity metrics for human and dust/soil samples.

Outcomes

The primary outcomes included asthma and the symptom wheez-
ing. Different asthma definitions were considered for the inclu-
sion of studies, such as the medical diagnosis, use of asthma
medications, or the Global Initiative for Asthma (GINA)-based
definition.'> The secondary outcome was allergic sensitization,
which was defined based on a positive response to immunoglobu-
lin E (IgE) antibodies for specific allergens, or a positive skin
prick test.

Data Extraction

Three reviewers (I.P., N.S., B.H.) independently performed the
initial screening by the title and the abstract. After this initial
screening, full articles were reviewed by two independent
reviewers (T.T.H., A.K.R.) and those fulfilling the inclusion cri-
teria were selected for data extraction. When a conflict in assess-
ments appeared at any stage of the review, a consensus between
the original and two additional reviewers (T.T.H., A.K.R.) was
required to achieve the resolution. For each study, the following
information was collected: first author’s surname, publication
year, country where the study was conducted, study design, popu-
lation, definitions of exposure and outcome, methodology to
assess or define the exposure parameters, mean/median (standard
deviation/interquartile range) values or other measures of effect
[95% confidence intervals (CIs)] and covariates.

Results
Studies

Our search returned 2,915 articles. After removal of duplicates,
2,419 studies were screened, 2,019 of which were excluded based on
title and abstract review. Three hundred and ninety-six studies were
retrieved for full-text review, and 365 were excluded (Figure 2).
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Figure 2. Selection of articles for the state-of-the-science review of the role of biodiversity in the development of asthma and allergic sensitization.

Reasons for exclusion included nonoriginal studies (244 were narra-
tive reviews/meta-analysis), studies in which health outcomes were
not relevant for the present objectives, and studies reporting results
that were not suitable for inclusion in the present comprehensive
review. The review of the reference lists of the identified articles
resulted in the inclusion of an additional 51 articles. After a full-text
review of the remaining 447 studies, 82 studies were included in the
comprehensive review (Figure 2). Of the 82 included studies, 33
studies were related to the outer layer biodiversity [23 used dust sam-
ples and 10 used environmental biodiversity measures (e.g., species
richness index, land-use gradient, and plant diversity)] and 49 studies
were related to the inner layer biodiversity (2 studies characterized
urine and skin microbiota diversity, 20 studies collected stool sam-
ples, and 27 characterized airway microbiota diversity) (Figure 3,
Table S1).

Characteristics of the 82 included studies are shown in Table
S1. Among the 82 included studies, 40 studies (~49%) were
conducted in Europe, 10 of these in more than one country; 22 in
the Americas (17 in the United States); 17 in Asia; 2 in Oceania
and only 1 in Africa. Health outcomes were ascertained based on
a) parental reports of symptoms or doctor-diagnosis of asthma,
wheezing, and/or allergic sensitization; b) a clinical diagnosis
based on clinical examination or medical records; ¢) pharmacy
and hospital discharge records (asthma, 1 study); d) census tract
(asthma, 1 study); e) lung function or methacholine challenge test
for asthma; and f) skin prick testing or assessment of specific IgE
to characterize allergic sensitization (Table S1). Information on
exposure was assessed by validated measurement tools: a) ampli-
con sequencing targeting the 16S rRNA gene; b) bacteria-
derived extracellular vesicles; ¢) culture-based approaches [indoor
(dust) and biological (urine, stool, skin, and airway) samples]; or
d) diversity of land-use/cover types using satellite data, plant
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diversity, diversity scores of fungi, and species richness index.
Nineteen of the 41 studies used similar approaches to assess biodi-
versity (including relative abundance of bacteria, bacterial rich-
ness, or the Shannon diversity index) (Table S1).

Among the 82 studies included in the comprehensive review,
most of the studies focused on children [n =157 (70%), age of par-
ticipants ranged from O to 18 y], 5 studies focused on children
and adults (age ranged from 0.5 to 52 y), whereas 20 studies
focused on adults (age of participants ranged from 18 to 80 y)
(Table S1). Among the studies focused on children, 35 studies
reported a protective effect of increased biodiversity on asthma
(n=17), allergic sensitization (n=13), or wheezing (n=>5); 25
studies presented evidence on increased biodiversity being
related to higher risk of developing asthma (n = 16), allergic sen-
sitization (n=6), and wheezing (n=3); 7 studies presented con-
tradictory findings; and 24 studies reported no evidence on the
effect of outer or inner layer biodiversity on respiratory outcomes
(Table 1 and Table S2; some studies contributed more than one
result). Nevertheless, the studies provided inconsistent estimates
of the association between biodiversity and asthma, wheezing, or
allergic sensitization among adults (7 studies reported a protec-
tive effect of increased biodiversity; 6 reported an adverse effect;
5 presented contradictory findings; and 8 reported no evidence on
the effect of biodiversity on asthma, allergic sensitization, or
wheezing) (Table 1 and Table S2; some studies contributed more
than one result).

Outer Layer (Environmental) Biodiversity

The summary results on the association between outer layer bio-
diversity and asthma, wheezing, and allergic sensitization are
shown in Table 1 and Table S2 (significant evidence of lower
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Figure 3. Characterization of the studies included (n = 82) in the state-of-the-science review based on outer or inner layer biodiversity.

risk: includes statistically significant results, p < 0.05; suggestive
evidence of lower risk: includes results with a tendency toward
lower risk, p>0.05; contradictory findings: evidence for both a
lower and higher risk; suggestive evidence of higher risk:
includes results with a tendency toward higher risk, p > 0.05; sig-
nificant evidence of higher risk: includes statistically significant
results, p <0.05; no evidence of effect: includes the qualitative
results). Eleven studies showed significant evidence of a protec-
tive effect of exposure to biodiversity on asthma, whereas 7 stud-
ies reported significant evidence of an increased risk of asthma
among individuals exposed to greater biodiversity. Six studies
provided inconclusive evidence on the role of exposure to biodi-
versity in the development of asthma. The results for wheezing
were also inconsistent, 4 studies reported a protective effect (2
reported significant evidence and 2 reported suggestive evidence
of lower risk), whereas 2 reported significant evidence of an
increased risk, and one study suggested inconclusive evidence on
the effect of exposure to biodiversity on wheezing (Tables S2 and
S4). Consistent with the findings on asthma, most of the studies
suggested a protective effect of biodiversity on the development
of allergic sensitization (6 reported significant evidence and 5
reported suggestive evidence of lower risk). There were 5 studies
suggesting an effect of outer layer biodiversity on increasing al-
lergic sensitization, and 4 studies provided inconclusive evidence
on the role of outer layer biodiversity on the development of al-
lergic sensitization (Tables S2 and S4).

Considering the studies that reported a significant or sugges-
tive protective effect of exposure to biodiversity on asthma,
wheezing, and allergic sensitization, seven defined biodiversity
based on land-use types, number of different fungal species, ex-
posure to cats or to dogs, type of child care, bedroom sharing and
on having older siblings, vegetation diversity, and plant diversity.
Among those studies that reported evidence on increased risk for
asthma, wheezing, and allergic sensitization, four studies were
based on the assessment of species richness index (SRI) and on
diversity of land-use types (Table 1).

Inner Layer (Human Microbiota) Biodiversity

Table 1 summarizes the evidence on the associations between
inner layer biodiversity and asthma, wheezing, and allergic
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sensitization. Most of the studies (n = 14) provided no clear evi-
dence on the role of inner layer biodiversity on asthma develop-
ment, and 6 studies reported controversial results. Nine studies
provided significant (n=15) or suggestive (n=4) evidence on the
protective effect of high biodiversity on asthma. However, 12 stud-
ies reported significant (n=8) or suggestive (n=4) evidence on
the higher risk of developing asthma among individuals with
higher inner layer biodiversity (Tables S2 and S5). The results for
wheezing were also inconsistent, 2 studies reported opposite
results (1 reported suggestive evidence of lower risk and 1 reported
significant evidence of an increased risk), and 3 studies suggested
inconclusive evidence on the effect of exposure to biodiversity on
wheezing (Tables S2 and S5). Among studies on allergic sensitiza-
tion, 4 studies provided no clear evidence on the role of inner layer
biodiversity, whereas 3 studies reported a protective effect of inner
layer biodiversity on allergic sensitization (Tables S2 and S5).

Among the studies that included airway samples, no evidence
was reported on the role of diversity of microbiota on asthma
(n=10) or wheezing (n=2). Further, 8 studies presented signifi-
cant evidence on increased biodiversity being related to higher
risk of developing asthma (n=7) and allergic sensitization
(n=1), and 5 studies reported a protective effect of increased bio-
diversity on asthma (n =3, 1 reporting significant evidence and 2
reporting suggestive evidence) and allergic sensitization (n=2,
significant evidence). Of the studies that characterized human
microbiota using stool samples, 12 reported no evidence on the
role of inner layer biodiversity on asthma (n=6), wheezing
(n=2), or allergic sensitization (n =4), whereas 6 studies showed
evidence on a protective effect of biodiversity on asthma (n=15)
and allergic sensitization (n=1) (Table 1).

Relative Abundance of Taxa on Different Taxonomic Levels

Table S3 summarizes the main or significant difference in relative
abundance of taxa analyzed in the studies included in the compre-
hensive review between cases (individuals with asthma, wheez-
ing, or allergic sensitization) and controls (healthy individuals).
Some of the studies presented in Table S3 reported a difference
in the abundance or presence of specific bacterial taxa between
individuals with asthma, wheezing, or allergic sensitization and
healthy individuals, suggesting that the composition of the human
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Table 1. Main results of studies included in the comprehensive review (n=82).

Reference, study year

(country)

Study population
(age)

Covariates

Main results

Outer layer biodiversity

Ege etal., 2011
(Germany)'0?

Ege etal., 2012
(Germany)'03

Hanski et al., 2012
(Finland)**

Lynch et al., 2014
(USA)’

Ciaccio et al., 2015
(USA)](M

Ruokolainen et al.,
2015 (Finland and
Estonia)®

Valkonen et al., 2015
(Germany,
Austria, and
Switzerland)'0>

Children (6-13y)

Children (~ 8 y)

Children (17-18 y)

Children (3 y)

Children (2.4-4.8 y)

Children and young
adults (0.5-20 y)

Children (6-12y)

Living in a farm

Farming, family history of
atopy, parental education,
and mutually adjusted for
all associated bands
(asthma: bands 248, 300,
318, 314, 427 and 506; al-
lergic sensitization: bands
160, 265, 333 and 539)

Race/ethnicity, gender, mean
perceived stress of the
mother in the year after
birth, and number of smok-
ers in the home

Age and dataset (study cohort)

Sex and age

Bacteria diversity score (number of detectable bands)

PARSIFAL

aORy5thma = 0.65 (95% CI: 0.45, 0.94)

aORalle]‘gic sensitization =0.86 (95% CL 065’ 115)

GABRIELA

aOR ysthma = 0.87 (95% CI: 0.73, 1.03)

aORa]lergic sensitization =0.93 (95% CI: 0.79, 1.1 ])

PCA 4

PARSIFAL

AOR ysthma = 0.62 (95% CI: 0.42, 0.91)

PCA S

PARSIFAL

aORy5ihma = 0.62 (95% CI: 0.42, 0.91)

Band 248

ORsthma = 0.46 (95% CI: 0.24, 0.89)

Band 394

ORsthma = 0.56 (95% CI: 0.32, 0.97)

Band 506

ORsthma =0.58 (95% CI: 0.38, 0.88)

For a low cut-off:

Band 394

ORasthma =0.17 (95% CI: 0.04, 0.72)

Band 506

ORysthma = 0.41 (95% CI: 0.20, 0.83)

For a high cut-off:

Band 300

ORsthma =2.42 (95% CI: 1.18, 4.95)

Band 318

ORsthma =2.32 (95% CI: 1.07, 5.06)

Band 427

ORsthma = 0.45 (95% CI: 0.23, 0.89)

PClenv (forested and agricultural land):

Baopy = —0.52, p=0.0059

Flowering:

Baopy = —0.10, p=0.0016

Gammaproteobacteria on the skin

Baopy = —0.31, p=0.015

Children with the highest exposure to specific bacteria during their first
year were least likely to develop recurrent wheeze and allergic
sensitization

No significant difference in genus-level richness was found between the
asthma homes and control homes

Land-use gradient

ORGitergic sensitization = 1.00 (p=0.997) among children 0.5-1 years of age

ORuttergic sensitization = 0-83 (p=0.698) among children 1.5-3 years of age

ORuitergic sensitization = 0.33 (p =0.034) among children 6-12 years of age

ORGtergic sensitization = 0-09 (p=0.003) among children/young adults 13-20
years of age

ORuttergic sensitization = 0-42 (p = 0.008) among children/young adults 0.5-20
years of age

There was also a protective trend (p =0.097) of high bacterial diversity
(Shannon index) on atopy. Individual bacterial groups and diversity
were not clearly associated with asthma

7 and 2 bands: associated to a protective and adverse risk from developing
allergic sensitization, respectively

5 and 1 bands: associated to be a protective and adverse risk from develop-
ing asthma, respectively

Exposed nonfarm children:

Shannon index

Medianygpma = 2.56 (min, max: 1.93, 2.95)

Median,opy =2.62 (min, max: 0.68, 3.01)

Medianpeaihy children = 2.71 (min, max: 2.30, 3.05)

Nonexposed nonfarm children:

Shannon index

Median,gpma = 2.59 (min, max: 2.36, 2.88)

Median,opy =2.54 (min, max: 2.01, 3.02)

Medianhealthychildren =2.68 (min, max: 1.87, 304)
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Table 1. (Continued.)

Reference, study year
(country)

Study population
(age)

Covariates

Main results

Tischer et al., 2016
(Germany)'0®

Birzele et al., 2017
(Austria)?°

Cavaleiro Rufo et al.,
2017 (Portugal)'®”

Campbell et al., 2017
(14 different
countries)®’

Dannemiller et al.,
2016 (USA)'08

Karvonen et al., 2017
(Finland)'®®

Children (6 and 10 y)

Children (6-12y)

Children (8-10y)

Adults (26-54 y)

Children (5-10 y)

Children (1 and 6 y)

Sex, maternal education, and
season of dust sampling

Farming and for the respective
diversity measurement in
nasal swabs or mattress
dust

Age and height

Age, sex, study center, smok-
ing, and family history of
allergic disease

Study cohort, farming, mater-
nal history of allergic dis-
eases, gender, number of
older siblings, and smoking
during pregnancy. Models
of sensitization to inhalant
allergens are additionally
adjusted for floor type of
dust sampling

Bacterial diversity:

Sensitization to aero-allergens at 6 years of age

3rd tertile: aOR =0.45 (95% CI: 0.18, 1.11)

Sensitization to aero-allergens at 10 years of age

3rd tertile: aOR =0.45 (95% CI: 0.18, 1.11)

Wheezing at 10 years of age

3rd tertile: aOR = 1.00 (95% CI: 0.45, 2.06)

Mattress dust:

Richness

aOR 45hma = 0.48 (95% CI: 0.22, 1.02)

Shannon index

aOR j5thma =0.41 (95% CI: 0.21, 0.83)

Nasal samples:

Richness

aOR y5ihma = 0.63 (95% CI: 0.38, 1.06)

Shannon index

aOR y5ihma = 0.66 (95% CI: 0.39, 1.12)

No significant associations were observed between diversity score and
asthma

3rd quartile: ORyjiergic sensitization = 0.63 (95% CI: 0.40, 0.98)

4th quartile: ORgiergic sensitization = 0-60 (95% CI: 0.40, 0.92)

Lived in an inner city:

Microbial load score 2

ORu]lergic sensitization = 0.77 (95% CL: 0.55, 109)

ORyrrent asthma = 0.80 (95% CI: 0.32, 2.00)

ORa]lergic sensitization and asthma = 1.16 (95% CL 047a 288)

Microbial load score 3

ORu]lergic sensitization = 0.70 (95% CI: 0.49, 1.00)

ORyrrent asthma = 0.48 (95% CI: 0.17, 1.34)

ORa]lergic sensitization and asthma = 1.26 (95% CL 050, 3.1 3)

Microbial load score 4/5

ORu]lergic sensitization = 0.61 (95% CI: 0.41, 0.90)

ORyrrent asthma = 0.31 (95% CI: 0.08, 1.11)

ORa]lergic sensitization and asthma = 1.57 (95% CL 060, 410)

Bacterial richness

ORsthma severity = 0.55 (95% CI: 0.30, 0.99) among all children

ORsthma severity = 0.38 (95% CI: 0.16, 0.90) among atopic children

Low bacterial richness:

ORsthma severity = 0.77 (95% CI: 0.34, 1.75) among atopic children

Bacterial concentration

ORgsthma severity = 1.04 (95% CI: 0.60, 1.82) among all children

ORsthma severity = 1.13 (95% CI: 0.51, 2.49) among atopic children

ORsthma severity = 0.94 (95% CI: 0.42, 2.11) among nonatopic children

No significant association were observed between microbial quantity or
diversity scores and asthma or respiratory symptoms up to 6 years of age
and current asthma and sensitization to inhalant allergen at 6 years of age

Quantity score

2nd quintile: aOR yshmaever = 1.73 (95% CI: 0.67, 4.45)

3rd quintile: aOR yghma ever = 2.24 (95% CI: 0.87,5.75)

4th quintile: aORysthmaever = 1.78 (95% CI: 0.67, 4.69)

Sth quintile: aOR ygihma ever = 0.34 (95% CI: 0.09, 1.36)

2nd quintile: aOR yrrent asthma = 1.32 (95% CI: 0.38, 4.61)

3rd quintile: aOR yrrent asthma = 2-01 (95% CI: 0.56, 6.79)

4th quintile: aOR yrrent asthma = 1.86 (95% CI: 0.55, 6.32)

Sth quintile: aORcyrrent asthma = 0.39 (95% CI: 0.07, 2.11)

2nd quintile: aOR yheezing = 0.65 (95% CI: 0.35,1.22)

3rd quintile: aOR ypeczing = 0.89 (95% CI: 0.49, 1.62)

4th quintile: aORyheezing = 0.98 (95% CI: 0.55, 1.75)

5th quintile: aOR yheezing = 0.73 (95% CI1: 0.43, 1.24)

2nd quintile: aOR jiergic sensitization = 2-19 (95% CI: 0.92, 5.23)

3rd quintile: aOR yjjergic sensitization = 1.42 (95% CI: 0.55, 3.64)

4th quintile: aORyjiergic sensitization = 1.32 (95% CI: 0.51, 3.40)

5th quintile: aORancrgic sensitization = 1.50(95% CI: 0.61, 3.70)

Diversity score

5 score: a0R zghmaever = 0.69 (95% CI: 0.27, 1.78)

6 score: a0R yghmaever = 1.03 (95% CI: 0.43, 2.49)

7-8 score: a0OR yshmaever = 0.64 (95% CI: 0.15, 2.76)

5 score: a0OR cyrrent asthma = 0.30 (95% CI: 0.10, 0.89)

6 score: a0R current asthma = 0.35 (95% CI: 0.12,0.94)

7-8 score: a0R cyrrent asthma = 0.40 (95% CI: 0.07, 2.29)
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Table 1. (Continued.)

Reference, study year
(country)

Study population
(age)

Covariates

Main results

Donovan et al., 2018
(New Zealand)??

Lai et al., 2018
(USA)IIO

Loo et al., 2018
(Singapore)!!!

O’Connor et al., 2018
(USA)3!

Pekkanen et al., 2018
(7 European
countries)'!?

Valkonen et al., 2018
(7 European
countries)'!3

Karvonen, 2019
(Finland)"?

Kirjavainen et al.,
2019 (Finland)'3

Children (18 y)

Children
(average=38.1y)

Children (3-60
months)

Children (3 and 7 y)

Adults (29-55y)

Adults (29-55y)

Children (10.5y)

Children (6 y)

Roads, air pollution, ethnicity,
gender, birth outcomes,
parents’ occupation,
parents’ education, parents’
smoking status, antibiotic
use, number of siblings,
mesh block size, and birth
order

Age, gender, ethnicity, and
season

Gender, race, maternal
asthma, and maternal
Perceived Stress Scale
score

Age, sex, parental allergy,
current smoking, and
household density

Parental allergy, smoking
status, household density,
gender, age, and center

Follow-up time, study cohort,
living on a farm, and well-
known risk factors for
asthma (maternal history of
allergic diseases, sex, num-
ber of older siblings, and
smoking during pregnancy)

Living on a farm, cohort, gen-
der, maternal history of al-
lergic diseases, number of
older siblings, and smoking
during pregnancy. For
FaRMI (farm home-
resembling microbiota
index)—paternal history of
atopic diseases and asthma,
maternal and paternal edu-
cation levels, birth weight,
mode of delivery, indoor
exposure to dog and/or cat
at the age of 2 months, dis-
tance to farm, breastfeed-
ing, consumption of farm
milk, child care attendance,
regular exposure to passive
tobacco smoke at the age of
1y, house type and age,
season, type of vacuumed
floor, and time from last
vacuuming with reference
to dust sampling

5 score: aORyheezing = 0.68 (95% CI: 0.38, 1.20)

6 score: a0R yheezing = 0.54 (95% CI: 0.30,0.97)

7-8 score: a0R ypeezing = 0.14 (95% CI: 0.06, 0.32)

5 score: aORjiergic sensitization = 2-10 (95% CI: 0.84, 5.27)

6 score: aORyitergic sensitization = 2-16 (95% CI: 0.86, 5.45)
7-8 score: a0R yergic sensitization = 0.42 (95% CI: 0.12, 1.50)
Vegetation diversity (lifetime)

aOR 45thma = 0.933 (95% CI: 0.885, 0.985)

Classroom microbial diversity

aOR sthma symptoms = 1.07 (95% CI: 1.00, 1.14)

Home microbial diversity

aOR y5thma symptoms = 1.00 (95% CI: 1.00, 1.00)

No significant difference in Shannon or Simpson’s diversity indexes of
bed, play area, and sofa dust samples of the participants who were aller-
gic and those who were nonallergic

Bacterial o- and B-diversity did not differ significantly between the homes
of children that did or did not develop asthma, nor did these diversity
measures differ between the homes of the children that did or did not
develop atopy at 7 years of age

Band LL3B49_8 (2nd tertile):

AOR ysthma = 2.499 (95% CI: 1.455, 4.291)

Band L3B53_7 (2nd tertile):

aOR ysthma = 2.206 (95% CI: 1.214, 4.007)

Band L3B57_6 (2nd tertile):

AOR ysthma = 2.399 (95% CI: 1.378, 4.178)

3rd tertile:

aOR ysthma = 2.319 (95% CI: 1.299, 4.140)

Band L3B71_9 (2nd tertile):

aOR ysthma = 2.197 (95% CI: 1.214, 3.974)

No significant associations were observed between microbial species and
asthma and allergic sensitization

Bacterial richness:

aORverasthma = 0.61 (95% CI: 0.39, 0.95)
aOR current asthma = 0.55 (95% CI: 0.37, 1.12)
Shannon diversity index:

aOReverasthma = 0.77 (95% CI: 0.55, 1.07)
aOR cyrrent asthma = 0.76 (95% CI: 0.45, 1.30)

Farm-like relative abundance of bacteria/archaea:
aOR¢verasthma = 0.40 (95% CI: 0.19, 0.82)
aORverasthma = 0.47 (95% CI: 0.27, 0.81)

aOR i¢(ive asthma = 0.48 (95% CI: 0.23, 0.98)
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Table 1. (Continued.)

Reference, study year
(country)

Study population
(age)

Covariates

Main results

Cavaleiro Rufo et al.,
2020 (Portugal)'!#

Fu et al., 2020
(Malaysia)'>

Gangneux et al., 2020
(France)''®

Adams et al., 2021
(Finland and
Netherlands)'!?

Cavaleiro Rufo et al.,
2021 (Portugal)''®

Cox et al., 2021
(USA)] 19

Donovan et al., 2021
(US A) 120

Fu et al., 2021
(China)'?!

Fu et al., 2021
(China)'??

Hyytidinen et al.,
2021 (Finland and
Germany)'??

Children (8-10 y)

Children (14-16 y)

Children and adults

Children (~9 y)

Children (4 and 7 y)

Children (7 and 12 y)

Adults

Young adults

(IQR: 20-23 y)

Children (15-18 y)

Children (10 y)

Age (in years), sex, school,
classroom, and maternal
education, allergic sensiti-
zation status, and diagnosis
of asthma

Gender, race, smoking, and
parental asthma/allergy

Gender, age, moisture damage
in the home, and educa-
tional level

Distance to the nearest major
road/motorway/highway,
sex, household crowding,
maternal education, neigh-
borhood socioeconomic
deprivation, and maternal
history of diagnosed
asthma

Race (Black or non-Black),
pets, neighborhood socioe-
conomic status, cock-
roaches, dust mites, and
rodents

Race, socioeconomic status,
air pollution, and proximity
to roads

Gender, smoking, and parental
asthma

Current smoking, gender, and
parental asthma and
allergies

Gender, parental atopy, num-
ber of older siblings, and
season of dust sampling in
both cohorts; maternal edu-
cation, living on a farm and
cohort, and the number of
different pet species
indoors in LUKAS (Finnish
rural-suburban birth
cohort); and parental educa-
tion, study center and age
of the mother at delivery in
LISA (German urban birth
cohort).

School SRI

aORasthma—funclional criteria = 0.998 (95% CL: 0.992, 1005)
aORaslhma —diagnosed by physician = 1.004 (95% CI: 0.998, 1.01 D
aORaslhma—clinical criteria = 1.000 (95% CI: 09929 1007)

Number of OTUs

OR ysthma severity = 1.00 (95% CI: 0.99, 1.01)

Shannon index

asthma group: (mean + SD): 3.94 + 0.22; control group: 3.68 +0.67,
p=0.5393

Bacterial richness and diversity

Middle category:

aORgymptoms score = 1.43 (95% CI: 1.36, 1.50)

Highest category

aOR gymproms score = 1.26 (95% CI: 1.09, 1.46)

ORuslhmaut7yearsofuge =3.58 (95% CL: 109, 1 179)

ORallergic sensitization at 4 years of age = 2.00 (95% CI: 1.04, 3.86)

ORa]lergic sensitization at 7 years of age = 2.35 (95% CI: 1.20, 4.63)

Highest tertile of SRI:

ORuslhmaut7yearsofuge =228 (95% CL 067, 764)

ORWhezzinga[7years of age = 2.51 (95% CI: 1.08, 588)

Bacteria associated with the absence of the health outcomes
ORsthmaat 7 years of age = 0.76 (95% CI: 0.64, 0.91)

ORsthma at 12 years of age = 0.91 (95% CI: 0.81, 1.01)

OR yiheeze at 7 years of age = 0.84 (95% CI: 0.73, 0.96)

ORWheeze at 12 years of age = 0.84 (95% CI: 069, 1 03)

ORallergic sensitization at 7 years of age = 0.93 (95% CI: 0.87, 100)
ORa]lergic sensitization at 12 years of age = 0.91 (95% CI: 083, 1 00)
Bacteria associated with the presence of the health outcomes
ORuslhma at7 years of age = 1.06 (95% CL 097s 1.1 5)

ORusthmaat 12 years of age = 1.16 (95% CI: 0.97, 1.15)

ORyheeze at7 years of age = 1.31 (95% CI: 1.15, 1.49)

ORthczcal 12 yearsof age = 1.17 (95% CI: 1.05, 131)

ORu]lergic sensitization at 7 years of age = 1.13 (95% CI: 1.05, 1 22)
ORallergic sensitization at 12 years of age = 1.18 (95% CI: 1.04, 1.34)
Taxonomic plant diversity

Basthma = — 0.0527 (95% CI: — 0.00637, —0.0417)

Bacterial richness

settled air dust:

a0R gsthma symptoms = 0.97 (95% CI: 0.86, 1.1)

floor dust:

aOR gsthma symptoms = 0.85 (95% CI: 0.63, 1.14)

Number of OTUs

Bwheezing = —0.2525 (95% CI: — 0.8228,0.3178)

Boreathiessness = 0-0754 (95% CI: — 0.1659,0.3167)

Brhinitis = — 1.48 (95% CI: — 4.302, 1.342)

Bacterial richness

LISA cohort

Middle tertile: aORjiergic sensitization = 0-99 (95% CI: 0.62, 1.58)
Highest tertile: aORgjiergic sensitization = 0.71 (95% CI: 0.44, 1.15)
LUKAS cohort

Middle tertile: aORjiergic sensitization = 0.84 (95% CI: 0.43, 1.65)
Highest tertile: aOR jiergic sensitization = 1.60 (95% CI: 0.66, 3.87)
Shannon index

LISA cohort

Middle tertile: aORgjiergic sensitization = 0.76 (95% CI: 0.48, 1.20)
LUKAS cohort

Middle tertile: aORgjiergic sensitization = 1.98 (95% CI: 1.04, 3.78)
Rural children:

Bacterial richness

Middle tertile: aORjiergic sensitization = 1.34 (95% CI: 0.57, 3.15)
Highest tertile: aOR gjiergic sensitization = 3-63 (95% CI: 1.05, 12.56)
Shannon index

Middle tertile: aORjiergic sensitization = 1.83 (95% CI: 0.84, 3.98)
Highest tertile: aORyjiergic sensitization = 3-86 (95% CI: 1.06, 14.11)
Suburban children:

Bacterial richness
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Table 1. (Continued.)

Reference, study year Study population
(country) (age)

Covariates

Main results

Lehtimiki et al., 2021
(Denmark) 2+

Children (6 y)

‘Winnicki et al., 2022
(Denmark)'?>

Individuals born
1995-2015

Inner layer biodiversity

Bisgaard et al., 2007 Children (5 y)

(Denmark)>’
Hilty et al., 2010 Children (1-17 y)
(Treland)'2° and adults
(37.6+18.2—
529+11.1y)
Bisgaard et al., 2011 Children (6 y)
(Denmark)?!

Cardenas et al., 2012
(Ecuador)'?’

Children (+10.2
months)

Marri et al., 2013
(USA)>»

Adults (~26y)

Abrahamsson et al.,
2014 (Sweden)!©

Children (7 y)

Pet ownership, child care

attendance during the first
year of life, length of the
breastfeeding period, expo-
sure to passive smoking,
family income, parental
education, number of older
siblings, home type, mode
of delivery, parental diag-
nosis of asthma/eczema/rhi-
nitis, and use of antibiotics
during the first year of life

Family history of asthma,

income, education, age, and
sex

Sex, gestational age at birth,

maternal smoking during
the third trimester, maternal
use of antibiotics during the
third trimester, breastfeed-
ing, lung function, bron-
chial responsiveness, and
the presence or absence of
older children at home

Cesarean section, mother’s

use of antibiotics in the
third trimester; solely
breastfeeding of the baby,
or having a dog or cat at
home at birth

Middle tertile: aORgjiergic sensitization = 0.09 (95% CI: 0.01, 0.70)

Highest tertile: aORyjiergic sensitization = 0.74 (95% CI: 0.07, 7.92)

Shannon index

Middle tertile: aORpiergic sensitization = 0-59 (95% CI: 0.12, 2.90)

Highest tertile: aOR gjiergic sensitization = 2.09 (95% CI: 0.24, 18.44)

Farm children:

Bacterial richness

Middle tertile: aORjiergic sensitization = 2-26 (95% CI: 0.14, 35.54)

Highest tertile: aOR gjiergic sensitization = 1.43 (95% CI: 0.11, 18.70)

Shannon index

Middle tertile: aORgjiergic sensitization = 5-67 (95% CI: 0.4, 79.77)

Highest tertile: aOR jiergic sensitization = 1.43 (95% CI: 0.12, 17.5)

Urbanized airway bacterial profile

At 1 wk of age: ORyshma = 1.25 (95% CI: 1.01, 1.55)

At 1 month of age: ORyghma = 1.22 (95% CI: 1.00, 1.48)

Urbanized gut bacterial profile

At 1 month of age: OR jghma = 1.29 (95% CI: 1.05, 1.59)

At 1 year of age: ORyghma = 1.24 (95% CI: 1.02, 1.53);
ORanyallcrgic sensitization = 1.28 (95% CL: 103’ 159)3
ORaema]Iergen sensitization = 1.24 (95% CI: 0.98, 157)

Medium levels of the bioscore:

aHRMedicali()n and hospital diagnosis asthma = 1.01 (95% CL 0957 108)
aHRHospilal diagnosis asthma = 0.97 (95% CI: 0.87, 109)

High levels of the bioscore:
aHRMedicaIianandhospilaldiagnosisas[hma =1.13 (95% CIL: 099’ 128)
aHRHospilal diagnosis asthma = 0.72 (95% CI: 0.55, 0.94)

The prevalence of asthma was 33% in colonized children and 10% in those
not colonized [OR =4.57 (95% CI: 2.18, 9.57)]. No significant associa-
tion was observed between colonization and allergic sensitization at 4
years of age [ OR =1.28 (95% CI: 0.65, 2.54)

Species

Number of sequences of different phyla and genera were different among
the groups (participants with asthma, COPD, and healthy) and consider-
ing the sample

Band richness

At 1 month of age

AOR yprentasthma = 0.98 (95% CI: 0.83, 1.16)

aBypecific 1o = — 0-127 (95% CI: - 0.227, —0.027)

aByin prickesis = — 0.052 (95% CI: - 0.1560, 0.053)

At 12 months of age

AOR yprentasthma = 0.97 (95% CI: 0.84, 1.12)

aBypecific 1o = — 0.092 (95% CI: — 0.184, 0.000)

aByin prickesis = — 0-101 (95% CL: - 0.211, —0.010)

No differences were found between individuals with wheeze and healthy
individuals in species richness, taxa abundances, or evenness, as well as
in microbial community cluster patterns (B diversity)

Samples from patients with asthma were associated with significantly
greater bacterial diversity compared with samples from patients who
were non-asthmatic

Shannon diversity index

At 1 wk of age

Median,ghmaic = 1.34 (IQR: 0.95-1.64), p =0.05

Mediangon-asthmatic = 1.60 (IQR: 1.42-1.75), p=0.05

Mediangopic = 1.71 (IQR: 1.38-1.75)

Medianpon-atopic = 1.55 (IQR: 1.42-1.79)

Medianpeany = 1.60 (IQR: 1.42-1.80)

At 1 month of age

Median,gmmaic = 1.26 (IQR: 0.92-1.46), p =0.007

Median,on-asthmatic = 1.58 (IQR: 1.48-2.10), p =0.007

Medianyopic = 1.62 (IQR: 1.42-1.88)
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Table 1. (Continued.)

Reference, study year
(country)

Study population
(age)

Covariates

Main results

Park et al., 2014
(Korea)'?®

Aurrieta et al., 2015
(Canada)’®

Denner et al., 2016
(USA)!?°

Hevia et al., 2016
(Spain)!3°

Hua et al., 2016
(USA)131

Stiemsma et al., 2016
(Canada)”!

Zhang et al., 2016
(UK)132

Chiu et al., 2017
(Taiwan)'33

Depner et al., 2017
(Germany,
Austria, and
Switzerland)>®

Lietal., 2017
(China)'3*

Adults (53.4+ 17.1 to
68.9+7.2y)

Children (3 y)

Adults (44.2+1.8
and 34.3+3.0y)

Adults (~39y)

Adults (£45.5y)

Children (4 y)

Adults (35.4+10.3 to
479+109y)
Children (3-5 y)

Children (12 y)

Adults (39.6 +£8.6 to
52.0+9.3y)

Sex, age, BMI, season, time

since last antibiotic use,

and probiotic and vitamin

use

Antibiotic use, delivery mode,
breastfeeding, sex, parental

asthma, and atopic
dermatitis

Age, sex, maternal atopy, pas-

sive smoking, older sib-
lings, and household
income

Farming

Medianpon-atopic = 2.62 (IQR: 2.22-3.24)

Medianpeamy = 1.60 (IQR: 1.42-1.75)

At 12 months of age

Median,ghmaic =2.87 (IQR: 2.26-3.24)

Mediangon-asthmaic = 2.62 (IQR: 2.25-3.24)

Medianyopic =2.70 (IQR: 2.32-3.21)

Medianpon-atopic = 2.62 (IQR: 2.22-3.24)

Medianpeamy =2.82 (IQR: 2.32-3.25)

Number of bacterial OTUs

At 1 wk of age

Median,ghmaic = 15 IQR: 10-22)

Medianyon-asthmatic = 16 (IQR: 13-18)

At 1 month of age

Median,ghmaic = 14 IQR: 12-17)

Medianon-asthmatic = 18 (IQR 14_22)

At 12 months of age

Median,gpmaic =51 (IQR: 40-73)

Mediannon-aslhmalic =47 (IQR 33_59)

Shannon index

Mean,shma = 2.4

Meanheaithy individuats £ SD=3.5+0.7

Number of OTUs

Mean,gnma = SD =128 +73

Meanhea]lhy individuals = SD =207 + 99

Gut community composition and diversity did not differ substantially
among clinical phenotypes

Specific species

Differential feature selection analysis revealed significant differences in
microbial diversity between asthmatic and control brush and lavage
samples

Specific species

Shannon index

Middle tertile

aOR y5thma = 1.03 (95% CI: 0.642, 1.64)

Lowest tertile

aOR yghma = 1.35 (95% CI: 0.85, 2.13)

Richness

Middle tertile

aOR j5thma = 1.68 (95% CI: 1.04, 2.71)

Lowest tertile

aOR j5thma = 1.52 (95% CI: 0.94, 2.47)

Chaol

Middle tertile

aOR yghma = 1.58 (95% CI: 0.99, 2.52)

Lowest tertile

aOR yghma = 1.31 (95% CI: 0.82, 2.11)

Gut microbial community composition at 3 months or 1 year of age did
not differ between children with asthma and controls

There were no significant differences in alpha diversity between healthy,
non-severe, and severe asthma in adults

Relatively lower Chaol and Shannon indexes were found in children with
asthma compared with the healthy controls, but these differences were
not significant. However, the Chaol and Shannon indexes in the mite-
sensitized children with asthma were significantly lower than those in
the healthy children without mite sensitization

There was no association of bacterial load with asthma status

Bacterial richness

aORaslhma in nonfarm children = 0.76 (95% CL: 025, 23 1)

Comparison between the three groups (asthmatics, severe, and non-severe
asthma in adults) and healthy individuals showed that there was no sig-
nificant difference in species richness and bacterial diversity as assessed
by the Chao, Ace, Shannon, and Simpson indexes

Number of OTUs

Meanon-asthmatic = SD = 142.67 +30.89

Meanponsevere asthma £ SD=147.13+£49.85

Meangeyere asthma £ SD = 135.36 +57.10
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Table 1. (Continued.)

Reference, study year
(country)

Study population
(age)

Covariates

Main results

Ruokolainen et al.,
2017 (Finnish and
Russian Karelia)>°

Arrieta et al., 2018
(Ecuador)'

Durack et al., 2018
(USA)136

Fazlollahi et al., 2018
(USA)’!

Kim et al., 2018
(South Korea)'37

Okba et al., 2018
(Egypt)'*®

Stokholm et al., 2018
(Denmark)®”

Wang et al., 2018
(UK)IB‘J

Bannier et al., 2019
(Netherlands) !¢

Espuela-Ortiz et al.,
2019 (USA)3

Lee et al., 2019
(South Korea)'4!

Pang et al., 2019
(China)'#?

Children (14-20 y)

Children (5 y)

Adults (28-39 y)

Adults (~32y)

Children (6-10y)

Adults (18-45y)

Children (5 y)

Adults (36-80 y)

Children (6 y)

Children and young
adults (6-21y)

Adults (1845 y;
>65y)

Adults (37-41 y)

Antibiotic use during preg-
nancy or the first year of
life, duration of antibiotic
use during pregnancy or the
first year of life, type of
delivery, household potable
water, number of respira-
tory tract infections during
the first year of life, eosino-
philia at 7 months of age,
and number of diarrheal
episodes during the first
year of life

Age, sex, allergic rhinitis, last
upper respiratory infection,
recent antibiotic use, anti-
histamine use, nasal steroid
use, inhaled steroid use,
and systemic steroid use

Sex, age, body mass index,
time since last antibiotic
use, and probiotic and vita-
min use

Older siblings, duration of
exclusive breastfeeding,
hospitalization after birth,
antibiotic use, and delivery
mode

Sex, breastfeeding, birth sea-
son, atopy parents, siblings,
parental smoking status,
and child care attendance

Age, sex, or genetic ancestry
between cases and controls

Specific species

The profile of Acinetobacter Iwoffii in skin samples from sensitized Finns
differed from all other samples (R* =0.0014, p =0.002). No significant
differences were found between sensitized and healthy participants for
Acinetobacter johnsonii. For Micrococcus sp. profiles tended to differ
between healthy and sensitized among the Russian participants
(R?=0.002, p=0.043)

Atopic wheeze did not explain any significant changes in o- or 3-bacterial
diversity

Faith’s phylogenetic diversity trended to be higher in adults with allergic
asthma compared those without asthma who were nonallergic in bron-
chial brushing samples. No such trend was observed in comparison of
the other sample types from the same individuals

No significant difference in the relative abundance of specific genera were
observed in any of the four samples between participants with atopic
asthma and healthy participants

There was a positive trend between nasal bacterial alpha diversity and
asthma activity. However, these differences in phylogenic diversity
were not statistically significant

Healthy controls, participants with nonexacerbated asthma, and partici-
pants with exacerbated asthma demonstrated distinct nasal microbiome
compositions

The number of observed OTUs and the Shannon diversity index in control
group were lower than those in the asthma and remission groups, but
the differences were not statistically significant

Specific species

Atopic asthma is significantly associated with gut microbiota Lactobacilli
and E. coli

There were no significant associations between o-diversity (Shannon
diversity and Chaol indexes) at any time point and asthma risk

Microbial populations were significantly different at 1 year of age in chil-
dren who had asthma at 5 years of age compared with those who were
non-asthmatic (R> =0.6%, p =0.003

The o-diversities at the three levels [genes, MGSs (meta-genomic species),
and KEGG] show difference between asthma and control groups

At preschool age, microbial richness and Shannon index were not different
between participants with wheeze and healthy controls

Shannon index

Meanyghma = SD=2.12+0.23

Meanhea]lhy controls £ SD=2.01+0.24

Pielou index

Mean,gmma = SD=0.81+0.04

Meanhealthy controls & SD=0.79+0.05

Young adults:

Bacterial diversity was not significantly different between adults with
asthma and those without

Elderly:

Bacterial diversity was not significantly different between adults with
asthma and those without

Eosinophilic asthma and non-eosinophilic asthma showed a significant dif-
ference on Chaol, observed species, and Shannon indexes among the
three groups. Compared with healthy individuals, the asthmatics
showed a significant decreased diversity (observed species index), rich-
ness (Chaol and Shannon indexes), and evenness (Pielou evenness
index). As for the participants with asthma, non-eosinophilic asthma
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Table 1. (Continued.)

Reference, study year
(country)

Study population
(age)

Covariates

Main results

Powell et al., 2019
(UK)44

Samra et al., 2019
(South Korea)'+3

Thorsen et al., 2019
(Denmark) !>

Al Bataineh et al.,
2020 (United Arab
Emirates)'#*

Chiu et al., 2020
(Taiwan)'#

Patrick et al., 2020
(Canada)'4®

Ruokolainen et al.,
2020 (Finland and
Estonia)®*

Toivonen et al., 2020
(Finland)'”

Ham et al., 2021
(South Korea)!'4?

Children (24 months)

Children (5-12y)

Children (6 y)

Children (7 y) and
adults (52 y)

Children (4-5 y)

Children (5 y)

Children (18 months)

Children (7 y)

Adults (49-58.44 y)

Ethnicity, family history of at-
opy (fixed), and presence
of fever and the use of anti-
biotics in the 4 weeks prior
to visit (time-varying)

Paternal asthma, older sib-
lings, and season of birth

Study center, sex, presence of
older siblings, mode of
delivery, birthweight, sea-
son of birth, breastfeeding,
ethnicity, tobacco smoke
exposure, parental atopy,
and exposure to environ-
mental nitrogen dioxide

Sex, household siblings, pa-
rental asthma, and child’s
eczema at 13 months of age

showed a significant decreased diversity, richness, and evenness com-
pared with eosinophilic asthma

Considering Bray—Curtis dissimilarities, no differences in microbiota com-
position were found between children who were wheezers and non-
wheezers

Dysbiosis among children with atopic asthma compared with the controls

Shannon index (at 1 month of age)

Median,gpm, = 1.56 (IQR: 1.11-1.90)

Richness at 2,000 reads

Median,gpm, = 30 (IQR: 25-36)

Richness at 10,000 reads

Median,gnma =49 (IQR: 40-57)

B-diversity

Bray—Curtis =2.21, p=0.019

UniFrac=2.27, p=0.046

Bacterial asthma score (abundance)

aHRaslhmadevelopmenlbyﬁyeursofage =1.36 (95% CL: 1.13, 163)

aHRImnsien[em‘ly asthma = 1.33 (95% CL: 1-047 172)

aHRjyie-onset phenotypes = 1.92 (95% CI: 1.23, 3.11)

aHReyerasthma = 1.44 (95% CL: 1.17, 1.79)

aHRcurrenlasthmaatbyeursofage =1.61 (95% CL: 1.15, 230)

aHRaslhmaandaller,gic sensitization = 1.67 (95% CL: 103, 269)

Specific species

A significant difference of bacterial composition (Bacteroidetes,
Firmicutes, Fusobacteria, and Proteobacteria phyla) between partici-
pants with asthma and non-asthmatic controls was found among asth-
matic groups compared with healthy groups

In the airway microbiota, Chaol and Shannon indexes were significantly
reduced in children with mite sensitization and were significantly lower
in children with mite-sensitized rhinitis but not asthma than those in the
healthy children without mite sensitization

In the stool microbiota, no difference was noted in the bacterial richness
and diversity regarding the mite sensitization and its relevance to rhini-
tis and asthma

Chaol index

AOR y5thma = 0.68 (95% CI: 0.46, 0.99)

In the skin samples from Estonia, diversity tended to be higher in sensi-
tized children as compared with healthy children (p =0.028).
Significant differences between healthy and sensitized children were
observed both in the nasal and stool samples, but only among Finnish
children (MRM on Bray—Curtis: nasal: R, = 0.02; stool R =0.01)

Shannon index

At 2 months of age

Median,gmma, = 1.11 (IQR: 0.71-1.38)

Mediangon-asthma = 0.92 (IQR: 0.50-1.40)

At 13 months of age

Median,gmma = 1.29 (IQR: 0.47-2.26)

Median,on_asthma = 0.87 (IQR: 0.45-1.70)

At 24 months of age

Median,gmma = 0.53 (IQR: 0.29-1.03)

Mediangon-asthma = 0.73 (IQR: 0.32-1.31)

The patients with asthma did not differ from the heathy individuals in
terms of the o and  diversity of the lung and gut microbiomes.
Similarly, the two groups did not differ in terms of the relative abun-
dance of microbiome genera or species in the sputum

Stool samples: the patients with asthma and the healthy individuals did not
differ significantly in terms of o diversity, composition, or relative
abundance of genera or species

Environmental Health Perspectives

066001-12

132(6) June 2024



Table 1. (Continued.)

Reference, study year
(country)

Study population
(age)

Covariates

Main results

Niemeier-Walsh et
al., 2021 (USA)'4

Samra et al., 2021
(South Korea)!'4®

Schei et al., 2021
(Norway)'®
Seppo et al., 2021

(USA)*?

Turek et al., 2021
(Australia)'4®

Bar et al., 2022
(Poland)!°

Lee-Sarwar et al.,
2022 (USA)!

Lee-Sarwar et al.,
2022 (USA)!'52

Tsai et al., 2022
(Taiwan)'>3

Zheng et al., 2022
(China)®>*
Mubanga et al., 2023

(Sweden)!'>>

Thorsen et al., 2023
(Denmark)!°

Children (12 y)

Children (~ 10 y)

Children (6 y)

Children (3 y)

Adults (£56y)

Children (6-17 y)

Children (6 y)

Children (6 y)

Children (36 months)

Children (5-14 y)

Children (9-14 y)

Children (7 y)

Gender, asthma status, and
mother’s education as a
measure of socioeconomic
status

Maternal atopy, delivery
mode, cat and dog expo-
sure, infant gender, and
maternal and infant
antibiotics

Sex, race/ethnicity, VDAART
(Vitamin D Antenatal
Asthma Reduction Trial)
study site, and analyses of
stool samples collected at
age 3—-6 months were addi-
tionally adjusted for exact
age at stool sample
collection

VDAART study site

Age, gender, and body mass
index

Twin pairs

Log(library size) and sequenc-
ing run

Sputum:

Shannon index

Mean,shmatics = 3.7 (95% CI: 3.6, 3.8)

Meanon-asthmatics = 3.6 (95% CI: 3.4, 3.7)

Observed amplicon sequence variants

Mean,gmmatics = 179 (95% CI: 154, 204)

Meanen-asthmatics = 166 (95% CI: 147, 185)

Phylogenetic diversity

Mean,ghmatics = 8.6 (95% CI: 7.6, 9.6)

Meannon-asthmatics = 8.4 (95% CI: 7.8, 9.0)

Bacterial composition, Shannon diversity index, and Faith phylogenetic di-
versity were higher in the participants with allergies compared with the
those who were healthy

Bacterial abundance (at 2 years of age)

ORcvcras[hmaa{Gycars =121 (95% CL 053’ 278)

o diversity in gut microbiome was not significantly enriched in infants
with atopy compared with those who were nonatopic

84 OTUs were in relatively low abundance among participants with
asthma. Results shows differences in o diversity between adults with
asthma and those who were unaffected and nonsmoking

EBC samples:

Asthmatic children had a higher abundance of bacterial species (Shannon
diversity index, mean of 3.029 +0.462 vs. 2.642 +0.424, p =0.026)

Age at stool sample:

3—6 months of age

Shannon index

Transient asthma (vs. no asthma): p=0.001 (95% CI: —0.17,0.17)

Active asthma (vs. no active asthma): = —0.06 (95% CI: — 0.20,0.08)

Early asthma (vs. no early asthma): p= —0.001 (95% CL: — 0.12,0.12)

Faith’s phylogenetic diversity

Transient asthma (vs. no asthma): p=0.07 (95% CI: — 0.19,0.32)

Active asthma (vs. no active asthma): = —0.14 (95% CI: — 0.35,0.06)

Early asthma (vs. no early asthma): p= —0.02 (95% CI: — 0.19,0.15)

1 year of age

Shannon index

Transient asthma (vs. no asthma): p= —0.02 (95% CI: —0.14,0.10)

Active asthma (vs. no active asthma): = —0.01 (95% CI: —0.11,0.10)

Early asthma (vs. no early asthma): = —0.06 (95% CIL: — 0.15, 0.03)

Faith’s phylogenetic diversity

Transient asthma (vs. no asthma): p= —0.04 (95% CI: — 0.13,0.16)

Active asthma (vs. no active asthma): $=0.07 (95% CI: — 0.10, —0.03)

Early asthma (vs. no early asthma): = —0.02 (95% CI: — 0.19,0.15)

3 years of age

Shannon index

Transient asthma (vs. no asthma): p= —0.02 (95% CI: — 0.12,0.07)

Active asthma (vs. no active asthma): p=0.07 (95% CIL: —0.02,0.15)

Early asthma (vs. no early asthma): $=0.03 (95% CI: — 0.04,0.10)

Faith’s phylogenetic diversity

Transient asthma (vs. no asthma): p=0.05 (95% CI: — 0.13,0.22)

Active asthma (vs. no active asthma): $=0.09 (95% CL: — 0.06, 0.25)

Early asthma (vs. no early asthma): $=0.05 (95% CI: — 0.07,0.19)

Fecal alpha diversity was not associated with wheeze proportion (Shannon
index: Pearson r= —0.12, p=0.21; Simpson index: Pearson
r=-0.10,p=0.27)

Children with atopy alone had a significantly lower Chaol index than
healthy controls (p =0.035). Higher Shannon index was present in chil-
dren with atopy alone than in the healthy controls (p > 0.05)

Chaol (p =0.025) and Simpson (p =0.024) indexes showed significant
differences among the three groups (nonallergic asthma, allergic
asthma, and healthy controls). A higher bacterial richness and a lower
diversity in asthma group was observed

No statistically significant evidence for differences in within-sample alpha
diversity between exposure groups (Shannon: p =0.59, Simpson:
p=0.33)

Shannon diversity index: HR =0.72 (95% CI: 0.42, 1.22)

Faith’s phylogenetic diversity: HR =1.02 (95% CI: 0.88, 1.18)

Note: aHR; adjusted hazard ratio; aOR, adjusted odds ratio; CI, confidence interval; COPD, chronic obstructive pulmonary disease; HR, hazard ratio; IQR, interquartile range; KEGG,
Kyoto Encyclopedia of Genes and Genomes; MRM, multiple regression on distance matrixes; OR, odds ratio; OTUs, operational taxonomic units; PC, principal component; PCA,
principal component analysis; SD, standard deviation; SRI; species richness index.
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microbiota may also modulate allergic sensitization and asthma
risk.

Discussion

Based on a systematic search, to our knowledge ours is the first
comprehensive review aiming to summarize current knowledge
on the role of outer (environmental) and inner layer (human
microbiota) biodiversity in the development of asthma, wheezing,
and allergic sensitization in humans. This comprehensive review
revealed that the study-specific associations between outer layer
biodiversity and asthma, wheezing, and allergic sensitization
were heterogenous across studies. A number of studies showed a
protective trend of exposure to high environmental biodiversity
on the development of asthma, wheezing, and allergic sensitiza-
tion. Although our results showed that in more studies bacterial
diversity was slightly higher among individuals with asthma,
there was no clear evidence of a significant association between
inner layer biodiversity and the risk of asthma, wheezing, or al-
lergic sensitization, that is, the observed differences were within
chance variation (Table S5).

Validity of Results

In addition to the four databases, we also searched the reference lists
of all the relevant articles identified. Our comprehensive review
included also evidence from longitudinal studies on biodiversity and
respiratory outcomes,'>2! which allowed assessment of the time-
dependent effects related to outer and inner layer biodiversity on the
development of asthma, wheezing, and allergic sensitization. The
different exposure assessment, sampling methods applied, and differ-
ent types of samples (including stool and airway samples) may also
complicate the comparison of different studies For example, the mul-
titude of locations (nasal cavity; naso-, oro-, and hypopharynx; tra-
chea; and/or bronchi) and diverse sampling techniques (brush, swab,
nasal wash, induced sputum, or bronchial alveolar lavage) used to
assess the airway microbiome may introduce differences in the char-
acterization of the microbiome composition®? and limit comparison
between different studies. Another challenge in comparing studies
may be the temporal variation in biodiversity, namely, the human
microbiome.?? Previous studies indicate that human microbiome
exhibits high variability in early life,?? throughout seasons, and in
response to respiratory tract infections (i.e., the airway micro-
biome)!>!7-23 and is also influenced by interactions between the
environment?* and host- and microbiome-associated factors.?5-28
Moreover, the different metrics used for diversity throughout differ-
ent studies (e.g., Shannon diversity index, Simpson index, phyloge-
netic diversity, Chaol) may also complicate comparison between
studies.?® However, the aim of this comprehensive review was to
summarize current knowledge on the role of biodiversity, regardless
the definition of biodiversity used in each study, namely, in the outer
layer (i.e., diversity of land-use types, number of different fungal spe-
cies, or SRI), or the type of samples, which represents different body
sites, and/or the composition of the human microbiota (i.e., the inner
layer). Study design-related limitations were largely due to potential
unadjusted confounding, which varied from study to study, as well
as to self-reported outcomes, which may limit the conclusions about
the role of biodiversity in the development of asthma, wheezing, and
allergic sensitization. In addition, heterogeneity and inaccuracy of
self-reported outcomes may lead to information bias. The variation
in the outcome assessment methods may have had an impact on the
ability to reach consistent summary results. Furthermore, this com-
prehensive review did not consider the different routes of exposure to
outer layer biodiversity (i.e., air, soil, natural waters, plants, and ani-
mals), limiting conclusions about the different effects of exposure to
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biodiversity in soil, air, and/or water on asthma, wheezing, and/or al-
lergic sensitization.

Synthesis with Previous Knowledge

Although the evidence on the role of biodiversity in the develop-
ment of respiratory outcomes was inconsistent, the findings of
the present systematic search suggest that the effects related to
the inner and outer layer biodiversity on asthma, wheezing, and
allergic sensitization are diverse. However, caution is needed
when interpreting the results, given the heterogeneity in defini-
tions of exposure and outcomes, and confounders that were
adjusted for.

Outer Layer (Environmental) Biodiversity

Previous studies have reported an association between early life
environmental exposures and airway inflammation.!!3® These
studies provided evidence that contact with animals and allergens
during early life reduces the risk to developing asthma.”-3!:32
Furthermore, exposure to higher environmental biodiversity,
assessed based on land-use or vegetation types, has been associ-
ated with a lower risk of respiratory outcomes, such as asthma and
allergic sensitization.33—3> Moreover, according to the biodiversity
hypothesis, contact with natural environments, including environ-
mental microbiota, enriches the human microbiome, promotes
immune balance, and protects from developing allergies and/or
inflammatory diseases.® Although exposure to beneficial micro-
biota seems to play an important role, the complexity of different
routes of exposure to microbiota and their timing, duration, inten-
sity, and frequency make studying the role of outer and inner biodi-
versity on respiratory health challenging.® Several previous
studies have investigated the association between the composition
of the immediate living environment and health and found that the
composition and diversity of environmental microbiota seem to
differ among different land-use types.>**37-3® Environments, such
as traditional farms®4% and green spaces,®*! which contain
enriched and specific microbial exposures, may be protective
against asthma and allergies. More recently a systematic review
and meta-analysis reported that the associations between exposure
to green spaces and asthma (current and ever) and allergic rhinitis
were inconsistent.*> The authors suggested that their result may be
explained by a variable balance between the positive and negative
effects related to biodiversity exposure.*> According to Hanski
et al.>* environmental biodiversity, human microbiota, and the
function of the immune system are dynamic and complex systems
that include different components that interact with each other.
They hypothesized that the association between environmental
biodiversity and atopy reflects the immunologic responses that
have been developed by individuals with long-term exposure to
specific environmental microbiota and allergens.** Ruff et al.*?
have also suggested that the drastic changes in modern environ-
ments and lifestyles may have reduced microbial biodiversity and
led to an imbalance of the evolutionarily processes, which in turn
may have led to more unstable and less resilient microbiota. This
change in the microbiota—dysbiosis—may, consequently, alter
the balance maintained in the gut, skin, and airway microbiomes,
impair immune homeostasis, and increase the risk of many chronic
inflammatory diseases, such as asthma and allergic diseases.

Inner Layer (Human Microbiota) Biodiversity

This comprehensive review suggests that the direction of associa-
tions between the inner layer biodiversity in different samples
(i.e., stool and/or airway samples), representing different body
sites, and the development of asthma, wheezing, and/or allergic
sensitization is not consistent. Among the 27 studies that included
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airway samples (e.g., hypopharyngeal and oropharyngeal, nose,
oropharynx samples, sputum, bronchial brushings, and oral
swabs), 5 studies reported a protective effect of inner layer biodi-
versity on the development of such outcomes, 10 reported a risk
factor, and 12 reported nonsignificant associations between inner
layer biodiversity and asthma, wheezing, or allergic sensitization.
Among the studies that characterized human microbiota using
stool samples, 12 studies reported no evidence on the role of
inner layer biodiversity on asthma, wheezing, or allergic sensiti-
zation, 4 studies reported an adverse effect of inner layer biodi-
versity, whereas 6 studies showed evidence on a protective effect
of biodiversity on asthma and allergic sensitization.

As suggested in the previous studies,!>!7#443 different sampling
time points and different anatomical sites may affect the outcome
and, consequently, the consistency of the results. However, the con-
cept of the gut-lung axis suggests that gut microbiota dysbiosis
affects the immune responses in the lungs, and vice versa, and the
development of asthma and allergic disease.***® In addition,
Marsland et al.* reported that there is an important “crosstalk”
between the gut and lungs, suggesting an association between
asthma and allergic diseases and a dysbiosis in not only the airway
microbiota but also in the gut microbiota. Furthermore, several envi-
ronmental exposures influence the diversity and composition of
human microbiota.” A study conducted in the Russian and the
Finnish Karelia showed significant differences in the skin and nasal
microbiota composition between the countries.>® The microbial di-
versity was higher in the Russian samples than in the Finnish sam-
ples. However, no significant associations were observed between
nasal and skin microbiota diversity and asthma among the Finnish
individuals.>® Consistently, a study including 72 adult participants
(20 with asthma exacerbation, 31 with nonexacerbated asthma, and
21 healthy individuals) found no statistically significant difference
in nasal bacterial diversity among these three study groups, using
Faith’s phylogenetic diversity.>! A recent cohort of mother—infant
pairs from the United States also showed that alpha diversity in gut
microbiome was not significantly enriched in atopic compared with
nonatopic infants.’> On the other hand, Espuela-Ortiz et al.>3
reported significant differences in salivary microbiome, using both
the Shannon diversity index and the Pielou index, between individu-
als with asthma and those without asthma.

These results are consistent with the studies conducted by
Huang et al.>* and Marri et al.> regarding alpha diversity in air-
way samples. Huang et al.>* reported a significantly higher bron-
chial bacterial diversity among individuals having asthma
compared with control individuals. The authors suggested that
bacterial diversity (variation in composition and relative abun-
dance of specific phylotypes) is associated with the degree of
bronchial hyperresponsiveness in individuals having asthma
treated with inhaled corticosteroids.>* Although lower gut bacterial
biodiversity is usually associated with disease status,>® in airways,
some diseases, including asthma, have been associated with
greater bacterial biodiversity.>*>> Furthermore, several studies
highlight that an increase in the abundance of specific taxa, includ-
ing Moraxellaceae and Pasteurellaceae in asthmatic airway sam-
ples (to which Moraxella catarrhalis and Haemophilus influenza
belong, respectively), supports the role of specific bacteria in the
development of asthma.>>7->% According to Fglsgaard et al.>® the
colonization with Moraxella catarrhalis and Haemophilus influen-
zae induced a mixed Th1/Th2/Th17 response of the airway mu-
cosa, which may result in chronic inflammation and, consequently,
increase the risk of asthma in early childhood.’” In addition,
Depner et al.>® reported that the detrimental effect of Moraxella
colonization may be related to environmental exposures. The
effect of Moraxella was not observed among farm children
[adjusted OR (aOR) =0.94 (95% CI: 0.34, 2.63)] compared with

Environmental Health Perspectives

066001-15

nonfarm children [aOR =6.88 (95% CI: 2.27, 20.86)], suggesting
that this natural environment may neutralize the effect of Moraxella
colonization. These findings are consistent with the interpretation of
a role for pathogenic bacteria, which may disturb the local bacterial
ecology, supporting the hypothesis of an association between inner
layer biodiversity and composition and the development of allergic
diseases. Moreover, Niemeier-Walsh et al.'* highlight that given
that there were fewer individuals with asthma than those without
asthma, it may be difficult to make a clear determination of differ-
ences in relative abundance between the asthma status groups.

Although our results showed that the majority of studies
found bacterial diversity was slightly higher among individuals
with asthma, the evidence on the effect of inner layer biodiversity
on asthma, wheezing, or allergic sensitization remains unclear.
This might align with the different genetics of asthma and allergic
sensitization, as recently demonstrated by genomic analyses.?'
Consistently with our comprehensive review, the results of these
previous studies on microbiota diversity and respiratory out-
comes are heterogeneous.

The small number of studies focusing on adults limits the
interpretation of the effects of outer and inner layer biodiversity
on respiratory outcomes at all ages. The relationship between
environmental biodiversity, microbial composition, and the onset
of allergic disease has been extensively studied in pediatric popu-
lations.59-63 Recent studies also suggest that events and expo-
sures during early life can influence the development of immune
regulation, contributing to the epidemic increase in allergic dis-
eases.'®%+%> In addition, the neonatal period of life is one of re-
markable developmental changes, including the maturation of the
microbiota and the establishment of functional immune system.®®
Stokholm et al.®’ found robust associations between gut micro-
biota maturity at 1 year of age and asthma at 5 years of age.
However, the timeframe during which maturation of regulatory
immune mechanisms occurs is not well known,°® and thus it is
uncertain at what age outer and inner layer biodiversity would be
of most importance. Although early childhood is an important pe-
riod, the interaction between the outer and inner microbial layers
never stops.® Rook® and Abrahamsson et al.'® also reported that
innate immunity needs constant and lifelong exposure to new
bacterial and/or repeated exposure to create and maintain toler-
ance. Longitudinal studies that capture the early outer and inner
layer biodiversity and the exposure to biodiversity throughout
childhood to adulthood are needed to elucidate the role of biodi-
versity over time.

In addition to diversity, several studies have suggested that the
composition of human and environmental microbiota may contrib-
ute to the development of asthma and allergies.'!"!>7%7! The
microbiota composition may be related to a decrease in diversity,
promoting less resilient microbiota. This would alter the ecosys-
tem provided by the microbiota and the balance of the immune
system response.”> Moreover, there are several factors that can
modify the effect of inner and outer layers of biodiversity on the
risk of asthma, wheezing, and/or allergic sensitization. The
increase in the prevalence of asthma and allergic diseases is
strongly related to urbanization trends.”® In urban areas, the expo-
sure to higher levels of air pollution may also affect the composi-
tion of airway microbiota, cause bacterial dysbiosis and promote
the development of asthma and/or allergies. In China, a study
including 114 healthy participants (18-21 y old), suggested that
exposure to higher levels of particulate matter <2.5 pm in aerody-
namic diameter (PM, 5) was associated with a decrease in the rela-
tive abundance of Bacteroidetes and Fusobacteria and with an
increase of Firmicutes, Proteobacteria, and Actinobacteria in the
oropharyngeal mucosa.”* The authors also highlighted that ex-
posure to high levels of sulfur dioxide, nitrogen dioxide, and
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ozone may also contribute to changes in microbial composi-
tion.”* A Finnish study also supported the hypothesis that peo-
ple living in urban areas are less exposed to outer layer
biodiversity compared with those living in rural areas. The di-
versity and richness of total bacterial, Proteobacteria,
Actinobacteria, and Bacteroidetes decreased as the percent-
age of built area increased. In addition, an opposite trend was
observed for potentially pathogenic bacterial communities, which
relative abundance increased as the percentage of built area
increased.”” Contrasting with urban areas, those who are living in
rural areas possibly carry more soil and plant material,”> which can
be expected to cause a higher exposure to environmental diverse
microbiota and might have a positive effect on the immune system
and respiratory health. Rural exposures, including cattle farms and
consumption of raw milk, may also promote the contact (i.e., der-
mal contact, inhalation, and/or consumption/ingestion) with diverse
environmental microbial products (e.g., endotoxin, muramic acid,
higher content of whey proteins and omega-3 fatty acids), which
may exert their effects directly on the immune system, reducing the
risk of asthma and allergic diseases.?*76-78

In addition, there are other factors, including the socioeco-
nomic status, use of antibiotics and functional biodiversity, that
can modify the association between inner and outer layers biodi-
versity and respiratory outcomes. The use of antibiotics has been
associated with temporary changes in microbiota, that is, with a
reduction in the amount and diversity of bacteria and loss of func-
tional diversity that can affect the microbiota—host interaction and
long-term immunological functions.”” In addition, McAleer
et al.80 reported that changes in intestinal microbiota, and of their
metabolites, may increase the susceptibility to asthma, especially
during early life.”-31:82 Accordingly, it has been suggested
that airway microbiota may modify the association between the
use of antibiotics and the risk of asthma among children 8384
Furthermore, the influence of inner layer biodiversity on the de-
velopment of asthma and/or allergic diseases may be related to
the presence of specific bacterial species capable of fulfilling
certain functions, such as the production of short-chain fatty
acids or production of vitamins— the functional microbiome.”®
According to Hufnagl et al.,”® the upper and lower airway micro-
biota may produce metabolites that interact with the host, thus
changing the development and progression of asthma. Moreover,
environmental factors, including pollens and air pollutants, can
also interact with these compounds and change the growth condi-
tions of microbiota and/or the production of compounds and
metabolites. The social environment may also influence the asso-
ciation between exposure to biodiversity and asthma. A small
study of healthy volunteers (n =44) conducted in Chicago found
that lower socioeconomic status was associated with a lower
alpha diversity (in sigmoid biopsies and stool samples).®> The
authors suggested that highly processed foods, physical inactiv-
ity, visceral adiposity, and frequency of antibiotic use (especially
in childhood), may mediate the association between social envi-
ronment and gut alpha diversity.”® Similar results were observed
in TwinsUK cohort study, where lower individual income was
associated with a lower gut biodiversity even after adjustment for
individual health status.5°

The effect of exposure to inner and outer layers of biodiver-
sity may be time dependent. Several studies included in this com-
prehensive review (14 related to outer layer and 12 related to
inner layer of biodiversity) assessed the effect of early exposure
to biodiversity on asthma, asthma-like symptoms, and allergic
sensitization, highlighting that exposure during early life (prena-
tal and early childhood) may have a strong effect on asthma and
allergic diseases pathogenesis. Of the 82 included studies, only
one cohort study®” assessed the effect of exposure to outer layer
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biodiversity during childhood on asthma and allergic sensitiza-
tion among adults. Among those studies assessing the effect of
exposure to inner layer of biodiversity, only 12 investigated a
possible longitudinal association between microbiota diversity in
early infancy and development of asthma, asthma-like symptoms,
and/or allergic sensitization later in life. However, the direction
of the association and the estimate effects were inconsistent. The
time period between exposure (environmental exposure and col-
lection of human samples) and outcomes assessment may also
limit the causal inference of the results. The findings that early
dysbiosis may be associated with asthma and allergic diseases
later in life suggests that exposure to the microbiome may be
associated with the development of asthma and allergic dis-
eases.®® However, this does not exclude the possibility that the
association is bidirectional.3-°° Therefore, interpretation of these
associations requires consideration of temporality and underlying
biology.®® This comprehensive review underlines exposure to
biodiversity as a key modulator of immune system, which is asso-
ciated with susceptibility to develop asthma. This comprehensive
review suggests that the heterogeneity of exposure and outcomes
assessment or definition may induce variability in the results. It
should also be noted that other factors can play a role in variability
and/or inconsistence of the results. For instance, the geographic dis-
tribution of the included studies, and inclusion of individuals from
different populations, may contribute to the variability in results due
to exposure to different environments and social and behavioral risk
factors (e.g., medications,”’ dietary habits,”>* exposure to natural/
built-up areas,?367>9 socioeconomic status®?).8%% In addition, the
results suggest that further efforts are needed for causal inference
and elaboration of the exact underlying mechanisms by which bio-
diversity exposure influences the development of asthma and aller-
gic diseases.

Furthermore, most studies addressing the role of biodiversity
in the development of respiratory outcomes have analyzed only a
single point in time in cross-sectional studies, which has not
allowed assessment of responses of the immune system to
changes in human microbiome caused by exposure to environ-
mental and biological factors.*> The results of this comprehensive
review may not fully represent the general population given that
in some of the included studies participants may have had a
genetic predisposition to develop asthma. Genetic predisposition
increases the susceptibility to immune dysfunction, which may
be triggered or further amplified by specific immunomodulatory
exposures involving inner and outer layers of biodiversity.
Recent studies suggested that host genetics is also associated the
composition of human microbiota.”’° Neonates with a family
history of allergic diseases have been reported to have a higher
abundance of Enterobacteriaceae and a lower abundance of
Lactobacillaceae and Bifidobacteriaceae.”3*° Another important
limitation in the previous studies has been that the link between
biodiversity and pathophysiological mechanisms underlying
asthma may have been confounded by the asthma subtype and
the inflammatory process.*> Based on this comprehensive review,
there is a need for population-based longitudinal studies, includ-
ing a) cohort studies, especially in previously underrepresented
populations (e.g., in Asian and African regions); b) standardized
outcome definitions; and ¢) studies with recruitment at an early
developmental phase (e.g., from preconception) and having a lon-
gitudinal follow-up to identify critical periods of exposure in the
life course into adulthood and to better understand mechanisms
linking environmental exposures and changes in microbiome
composition, diversity and/or function to development of asthma
and allergic sensitization. Furthermore, climate change is affect-
ing the biodiversity of both outer and inner layers.!°® Climate
change is responsible for environmental degradation and loss of
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biodiversity in plants, animals, and microorganisms, thus affect-
ing the distribution, composition, and interactions between
microorganisms.'%! Climate change can also disrupt the relation
between environmental microorganisms and humans, resulting in
loss of inner layer biodiversity.'%!! Therefore, understanding
how the interactions between outer and inner layer, biodiversity,
human being, and immune system respond to climate change is
also needed for assessing the role of biodiversity in the develop-
ment of asthma, wheezing, and allergic sensitization.

In conclusion, the present comprehensive review revealed
that the associations between the exposure to environmental bio-
diversity and asthma, wheezing, and allergic sensitization were
heterogenous across studies. Although more studies showed that
exposure to higher environmental biodiversity may have a protec-
tive effect on the development of asthma, wheezing, and allergic
sensitization, there was no consistent evidence of an association
between inner layer biodiversity and asthma, wheezing, or aller-
gic sensitization.
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