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Background. Early-life exposures to antibiotics may increase the risk of developing childhood asthma. However, little is known
about the mechanisms linking antibiotic exposures to asthma. We hypothesized that changes in the nasal airway microbiota serve as
a causal mediator in the antibiotics—asthma link.

Methods.
2-24 months using 16S rRNA gene sequencing and an unsupervised machine learning approach. We performed a causal mediation

In a population-based birth-cohort study in Finland, we identified longitudinal nasal microbiota profiles during age

analysis to estimate the natural direct effect of systemic antibiotic treatments during age 0—11 months on risks of developing physician-
diagnosed asthma by age 7 years and the natural indirect (causal mediation) effect through longitudinal changes in nasal microbiota.

Results. In our birth cohort of 697 children, 8.0% later developed asthma. Exposure to >2 antibiotic treatments during age
0-11 months was associated with a 4.0% increase in the absolute risk of developing asthma (absolute increase, 95% CI, .9-7.2%;
P =.006). The unsupervised clustering approach identified 6 longitudinal nasal microbiota profiles. Infants with a larger number of
antibiotic treatments had a higher risk of having a profile with early Moraxella sparsity (per each antibiotic treatment, adjusted RRR,
1.38; 95% CI, 1.15-1.66; P < .001). This effect of antibiotics on asthma was partly mediated by longitudinal changes in the nasal mi-

crobiota (natural indirect effect, P = .008), accounting for 16% of the total effect.

Conclusions.
longitudinal changes in the nasal airway microbiota.
Keywords.

Early exposures to antibiotics were associated with increased risk of asthma; the effect was mediated, in part, by

airway microbiota; antibiotics; asthma; causal mediation; children.

Asthma affects approximately 9% of children in the United
States [1] and Western Europe [2, 3]. Concurrently, the rate
of inappropriate antibiotic use in children remains high [4, 5],
despite discouragement by national and international guide-
lines [6, 7]. Several epidemiological studies have reported a
dose-dependent association between antibiotic exposures
during the first years of life and subsequent asthma develop-
ment [8-11], with broad-spectrum antibiotics associated with a
higher risk of asthma [8]. Yet, despite the clinical and research
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relevance, little is known about the factors mediating the
antibiotics—asthma link.

The literature has indicated that the microbiota plays major
roles in immune development during early childhood and the
development of various disease conditions, including atopy
and asthma [3, 12-14]. In addition to the gut microbiota,
the airway microbiota also modulates immune responses in
the airway niche [12] and contributes to the risk and severity
of acute respiratory infections (ARIs) [15, 16], wheezing [17,
18], and asthma [19-21] in childhood. Antibiotic exposures
cause temporary alterations in the microbiota, thereby making
major effects during the early life—a critical period for the mi-
crobiota-host interplay that shapes long-term physiological
functions [12]. Accordingly, it has been hypothesized that the
antibiotics-related microbiota changes may mediate the effects
of antibiotics on the development of childhood asthma [18].
However, no study has investigated the potential mediator role
of airway microbiota in the link of interest. Recent advent of
causal mediation analysis methods now enables us to disen-
tangle the mediation effects in such complex interrelations [22].
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To address this knowledge gap, by applying a causal media-
tion approach to the data of a population-based birth-cohort
study, we tested the hypothesis that the exposure to systemic
antibiotics during infancy contributes—through longitudinal
changes in the nasal airway microbiota—to the development of
childhood asthma.

METHODS

Design, Setting, and Participants

In a population-based birth-cohort study—the Steps to the
Healthy Development and Well-being of Children (STEPS)
Study—families of Finnish children born in the Hospital
District of Southwest Finland between January 2008 and
April 2010 were enrolled during pregnancy or soon after
birth. Details of the study design, testing, and analysis are de-
scribed in the Supplementary Methods. Briefly, as part of the
STEPS Study, children were enrolled into a subcohort with
an intensive follow-up for ARIs from birth to age 24 months
and followed for development of asthma until age 7.5 years
[15, 23]. No selection criteria other than language (Finnish-
or Swedish-speaking family) were applied to recruiting the
families in the STEPS Study. Patient demographics; family
history; pre-, peri-, and postnatal history; and environmental
information were collected from the National Birth Registry,
by structured questionnaires, and with a diary. The Ministry
of Social Affairs and Health and the Ethics Committee of the
Hospital District of Southwest Finland approved the study.
Parents of participating children gave their written, informed

consent.

Exposure

The exposure of interest was systemic antibiotic use during
infancy (age 0-11 months). Antibiotic treatments were clas-
sified in therapeutic classes (narrow- vs broad-spectrum) as
previously described [4]. Narrow-spectrum penicillins (amox-
icillin, phenoxymethylpenicillin, benzylpenicillin, and am-
picillin), first-generation cephalosporins, sulfonamides, and
nitrofurantoin were considered narrow-spectrum antibiotics.
All other antibiotics—including combination of (-lactam
and (-lactamase inhibitors (eg, amoxicillin-clavulanate) and
macrolides—were considered broad-spectrum [4]. Data on an-
tibiotic use were captured through multiple sources. Parents
were instructed to record all respiratory and other symptoms
as well as physician visits with antibiotic treatments into a
daily diary during infancy. Families were also instructed to
visit the study clinic during ARIs, and children were examined
by a study physician using a structured form. Data on emer-
gency department visits, outpatient visits, and hospitalizations
during infancy with antibiotic treatments were retrieved from
medical and prescription records of the Hospital District of
Southwest Finland

Mediator

The mediator of interest was longitudinal changes in the nasal
airway microbiota during age 2-24 months. Briefly, using a stand-
ardized protocol [15], nasal swab specimens were collected by
study personnel at scheduled visits at age 2, 13, and 24 months at
healthy state.. The 16S ribosomal RNA (rRNA) gene-sequencing
methods were adapted from those developed for the National
Institutes of Health Human Microbiome Project [24]. The 16S
rDNA V4 region was amplified by polymerase chain reaction
and sequenced on the MiSeq platform (Illumina, San Diego, CA)
using the 2 X 250-bp paired-end protocol. Sequencing reads were
merged using USEARCH v7.0.1090. 16S rRNA gene sequences
were clustered into operational taxonomic units (OTUs) at a sim-
ilarity cutoff value of 97% using UPARSE [25]. OTUs were deter-
mined by mapping centroids to the SILVA database.

To identify profiles of longitudinal patterns in the nasal mi-
crobiota during age 2-24 months, we applied a longitudinal
k-means clustering approach [26] based on correlation distance
[27] to the individual longitudinal trajectories based on rela-
tive abundances of the 100 most common genera, which ac-
counted for 99% of overall abundance. The number of profiles
was chosen based on Calinski-Harabasz methods and clinical
plausibility [26]. The derived longitudinal profiles were used as
the mediator in the causal mediation analysis.

Outcome

The outcome of interest was physician-diagnosed asthma, de-
fined as a diagnosis of asthma in the medical records from age
6.5 to 7.5 years (asthma at age 7 years) with or without a pre-
scription of inhaled corticosteroids for asthma at the same age.
Physician diagnosis of asthma was retrieved from the medical
records (Supplementary Table 1) and asthma medication use
from nationwide electronic prescription records.

Statistical Analysis

First, a directed acyclic graph (DAG) (Figure 1) was constructed
to represent our proposed model linking the exposure (antibiotic
treatments) to the outcome (asthma development) with the medi-
ator (longitudinal microbiota profiles) and potential confounders
(sex, parental history of asthma, household siblings, breast-
feeding during age 0-2 months, and frequency of ARIs during
age 0-11 months). The model was constructed based on clinical
plausibility and a priori knowledge [8, 10-12, 18, 28]. Next, to ex-
amine the association between frequency of antibiotic treatments
and derived longitudinal microbiota profiles, multinomial regres-
sion models adjusting for confounders were constructed.

To examine the direct and indirect effects in a counterfactual
framework, causal mediation analysis was performed [22, 29, 30].
This method enables us to examine the extent to which the effect
of exposure on the outcome is direct (direct effect) and to what
extent it is mediated by the mediator (indirect effect). Specifically,
the natural direct effect represents how much asthma risk would
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Figure 1. Causal DAG of the proposed mediation model. Abbreviations: ARI, acute respiratory infection; DAG, directed acyclic graph.

change if the patient were set to be exposed versus to be unex-
posed, but for each individual the longitudinal microbiota pattern
was kept at the level it would have taken in the absence of expo-
sure [22, 29, 30]. The natural indirect effect represents how much
asthma risk would change if the patient were set to be exposed but
the longitudinal microbiota pattern was changed from the level it
would take if unexposed to the level it would take if exposed [22,
29, 30]. In the causal mediation analysis, the number of antibiotic
treatments during age 0-11 months was dichotomized based on
the distribution of data: 0-1 antibiotic treatment and 2 or more
antibiotic treatments (the highest quartile). Additionally, to im-
prove the interpretability of inferences, the longitudinal microbiota
profiles were further consolidated into the profile with the highest
Moraxella abundance (low-risk profile [with regard to asthma risk;
Supplementary Table 2]) versus other profiles (high-risk profile).
Stratification by Moraxella genus was chosen based on its domi-
nance of the nasal microbiota and the literature reporting the re-
lations of Moraxella with ARIs, wheezing, and asthma [15-19]. To
account for confounding, we used inverse probability weighting
for marginal structural models, which creates a pseudo-population
where the exposed and unexposed are exchangeable as the expo-
sure is independent from the measured confounders 31, 32].

In sensitivity analyses, the analysis was repeated with any use
of broad-spectrum antibiotics during age 0-11 months as the
exposure, use of a different cutoff for antibiotic exposure (0-2 vs
>3), restriction of antibiotic treatments to age 0-2 months, and
use of a different mediator categorization (the lowest Moraxella
abundance vs other profiles), separately. Data were analyzed
using R version 3.6.1.

RESULTS

Study Sample
0f£923 children in the STEPS respiratory cohort, 886 (96%) chil-
dren had data on antibiotic treatments during age 0-11 months

(Supplementary Figure 1). A total of 2261 nasal samples were
collected at age 2, 13, and 24 months; and 2172 (96%) met the
quality-control requirements and had sufficient sequence depth
for 16S rRNA gene sequencing (rarefaction cutoff, 2023 reads
per sample). Children with data on antibiotic exposures and
longitudinal microbiota data were included in the current anal-
ysis (analytical cohort, n = 697 children with 1923 nasal sam-
ples). Medical records and electronic prescription data were
available for 99% of the analytic cohort and 56 (8.0%) developed
physician-diagnosed asthma by age 7 years. Inhaled cortico-
steroid prescription was documented in 93% of these children
with asthma. Children in the analytical cohort and those in the
nonanalytical cohort were similar in most baseline characteris-
tics and outcome (Supplementary Table 3).

Antibiotic Use During Age 0-11 Months

Overall, while 48% of children did not receive any systemic
antibiotics, 52% received antibiotics during age 0-11 months
(median, 1 per child; interquartile range [IQR], 0-2). Of the
used antibiotics (Figure 2), 39% were classified as broad-spec-
trum antibiotics. During age 0-11 months, 32% of children
used at least 1 course of broad-spectrum antibiotics. The most
commonly used antibiotic was amoxicillin (33%), followed by
amoxicillin-clavulanate (15%), penicillin G (10%), gentamicin
(9%), and azithromycin (8%). Compared with children with
0-1 antibiotic treatment, those with 2 or more antibiotic treat-
ments were more likely to have household siblings and ARIs
(both P <.001) (Table 1).

Longitudinal Nasal Microbiota Profiles

Nasal microbiota testing at age 2, 13, and 24 months detected
30 phyla and 1386 genera. The microbiota was dominated by
Firmicutes at age 2 months (53%), followed by Proteobacteria
at age 13 (58%) and 24 (64%) months. Clustering of longitu-
dinal nasal microbiota data during age 2-24 months identified

1548 « CID 2021:72 (1 May) « Toivonen et al


http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa262#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa262#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa262#supplementary-data

Amoxicillin <

Penicillin G -

Penicillin V -

Ampicillin

Cefalexin -
Sulfadiazine—trimethoprim -

Amoxicillin—clavulanate -

Cefuroxime -
7] Cefaclor -
Qo
_5 Ceftriaxone -
a )
= Cefotaxime -
< Ceftazidime -

Azithromycin =
Clarithromycin -
Gentamicin -
Clindamycin - “

Metronidazole = “

Antibiotic group
Narrow-spectrum penicillins
1st generation cephalosporins
Sulfonamides
Broad-spectrum penicillins
2nd-3rd generation cephalosporins
Macrolides
Aminoglycosides

. Other

Undefined

Doxycycline ‘
Vancomycin = ‘
Undefined antibiotics =
0.0% 10.0% 20.0% 30.0% 40.0%
Percentage

Figure 2.

Exposure to antibiotic treatments during age 0—11 months in 697 children enrolled in the STEPS cohort. Narrow-spectrum antibiotics are presented in blue and

broad-spectrum antibiotics in red. Abbreviation: STEPS, Steps to the Healthy Development and Well-being of Children.

6 longitudinal profiles (Figure 3A). Children with a larger
number of antibiotic treatments had higher risks of having
profile D with early Moraxella sparsity than profile A with
persistent Moraxella dominance (reference) (per each anti-
biotic treatment, adjusted relative rate ratio [RRR], 1.38; 95%
confidence interval [CI], 1.15-1.66; P <.001) (Table 2 and

Table 1. Baseline Characteristics of 697 Children in the STEPS Cohort by
Number of Antibiotic Treatments During Age 0-11 Months

0-1 Antibiotic >2 Antibiotic
Treatment Treatments

(n=501; 72%) (n =196; 28%)
Male sex 255 (51) 114 (58)
Maternal history of asthma 36 (7) 16 (8)
Parental history of asthma 56 (11) 30 (15)
Maternal smoking during pregnancy 23 (5) 9 (5)
Birth by cesarean delivery 72 (14) 18 (9)
Prematurity (<37 weeks) 24 (5) 6 (3)
Low birth weight (<2500 g) 17 (3) 4(2)
Small for gestational age 1(2) 3(2)
Household sibling 183 (37) 119 (61)
Breastfed during age 0-2 months® 391 (78) 164 (84)
Parental smoking® 59 (12) 29 (15)
Eczema by age 13 months 69 (14) 39 (20)
Day care at age 13 months 111 (22) 43 (22)
Number of ARIs during age 4 (2-6) 7 (6-10)

0-11 months, median (IQR)

Data are no. (%) of children unless otherwise indicated.

Abbreviations: ARI, acute respiratory infection; IQR, interquartile range; STEPS, Steps to
the Healthy Development and Well-being of Children.

“Data on breastfeeding available for 630 (90%) children.
®Data on parental smoking available for 557 (80%) children.

Supplementary Table 4). Similarly, broad-spectrum antibiotic
treatments were associated with significantly higher risks of
having profile D (per each antibiotic treatment, adjusted RRR,
1.74; 95% CI, 1.31-2.30; P < .001) (Table 2 and Supplementary
Table 5). When using dichotomized nasal microbiota profiles
(Figure 3B and Supplementary Table 6), both any antibiotic and
broad-spectrum antibiotic treatments were associated with a
higher probability of having a high-risk profile (both P <.01)
(Supplementary Table 7).

Causal Mediation Analysis

Of the children who used 0-1 antibiotic treatment during age
0-11 months, 6.8% developed asthma. In contrast, of those who
underwent 2 or more antibiotic treatments, 11.2% developed
asthma (Supplementary Table 8). The prevalence of asthma
by longitudinal microbiota profile is shown in Supplementary
Table 2. In the mediation analysis, children with 2 or more an-
tibiotic treatments had a 4.0% increase in the absolute risk of
developing asthma (total effect; 95% CI, .9-7.2%; P =.006),
with a direct effect of a 3.3% increase (95% CI, .4-6.4%; P = .03)
(Table 3). The effect of antibiotics on asthma risk was mediated,
in part, by the longitudinal changes in the nasal microbiota (low
vs high-risk nasal microbiota profiles; P =.008), accounting
for 16.2% (95% CI, 3.1-65.0%) of total effect. Likewise, a
broad-spectrum antibiotic treatment during age 0-11 months
was associated with a 3.6% increase in the absolute risk of de-
veloping asthma (95% CI, .6-6.7%; P =.02), with a signif-
icant indirect effect (P =.01), accounting for 13.9% (95% CI,
1.7-64.9%) of total effect (Table 3). In the sensitivity analyses
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Figure 3. Longitudinal nasal microbiota profiles during age 2—24 months in 697 children enrolled in the STEPS cohort. A, Six longitudinal nasal microbiota profiles were identified
using the k-means clustering method: (1) profile A (reference) with persistent Moraxella dominance with high Dolosigranulum as well as low Streptococcus and Staphylococcus
abundances, n =279 (40%]; (2) profile B with Streptococcus-to-Moraxella transition, n = 84 (12%); (3) profile C with early Dolosigranulum/Corynebacteriaceae dominance, n = 139
(20%); (4) profile D with early Moraxella sparsity with its subsequent increase as well as persistently high Streptococcus abundance, n =100 (14%); (5) profile E with mixed longitu-
dinal patterns, n =92 (13%); (6) profile F, n =3 (0.4%). Relative abundances of the 15 most abundant genera are shown with the other genera categorized into the 5 most abundant
phylum groups. Color codes of genera are based on taxonomic annotation at the phylum level: red, Proteobacteria; blue, Firmicutes; yellow, Actinobacteria; and green, Bacteroidetes.
B, For the mediation analysis, longitudinal nasal microbiota profiles were dichotomized to (1) low-risk profile with persistent Moraxella dominance, early high Dolosigranulum as
well as low Streptococcus and Staphylococcus abundances (reference, profile A), n =279 (40%) and (2) high-risk profile with early Moraxella sparsity, early low Dolosigranulum
as well as high Streptococcus and Staphylococcus abundances (profiles B-F), n =418 (60%). Abbreviation: STEPS, Steps to the Healthy Development and Well-being of Children.
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Table 2. Association of Antibiotic Treatments During Age 0-11 Months With Longitudinal Nasal Microbiota Profiles During Age 2-24 Months

RRR (95% Cl), per Each Antibiotic Treatment

Longitudinal Microbiota Profiles During Age 2-24 Months
(Dependent Variable)

Antibiotic Treatments During Age 0-11

Broad-spectrum Antibiotic Treatments

Months (Exposure) During Age 0-11 Months?® (Exposure)

Profile A with persistent Moraxella dominance (n = 279, 40%)
Profile B with Streptococcus-to-Moraxella transition (n = 84, 12%)

Profile C with early Dolosigranulum/Corynebacteriaceae dominance
(n =139, 20%)

Profile D with early Moraxella sparsity with its subsequent increase
(n =100, 14%)

Profile E with mixed longitudinal patterns (n = 92, 13%)

Reference Reference
1.16 (.92-1.45) 1.16 (.80-1.67)
1.20 (1.01-1.43) 1.16 (.87-1.55)
1.38 (1.15-1.66) 1.74 (1.31-2.30)
1.20 (.98-1.48) 1.30 (.94-1.79)

Longitudinal clustering of nasal microbiota during age 2—-24 months identified 6 distinct profiles. Of these, the profile F included only 3 children and was excluded from this analysis. To
examine the association between frequency of antibiotic treatments and derived longitudinal microbiota profiles, multinomial logistic regression models adjusting for potential confounders
(sex, parental history of asthma, household siblings, breastfeeding during age 0-2 months, and acute respiratory infections during age 0-11 months) were constructed. Profile A with per
sistent Moraxella dominance (low-risk profile) was used as the reference. Results of unadjusted analysis are shown in Supplementary Tables 4 and 5.

Abbreviations: Cl, confidence interval; RRR, relative rate ratio.

“Narrow-spectrum antibiotics were defined as narrow-spectrum penicillins (amoxicillin, phenoxymethylpenicillin, benzylpenicillin, and ampicillin), first-generation cephalosporins, and
sulfonamides. All other antibiotics were defined as broad-spectrum antibiotics, including broad-spectrum penicillins (eg, amoxicillin-clavulanate), second- and third-generation cephalo-

sporins, macrolides, and aminoglycosides.

using a different cutoff for antibiotic treatments (0-2 vs >3),
restricting antibiotic use to age 0-2 months (with a limited sta-
tistical power), and using different mediator categorization, the
results did not materially change (Supplementary Tables 9-11).

DISCUSSION

In this population-based birth-cohort study with longitudinal
characterization of nasal airway microbiota, we found that anti-
biotic treatments during age 0-11 months had dose-dependent
effects on nasal airway microbiota patterns in the first 2 years
of life, with broad-spectrum antibiotics having larger effects.
Specifically, antibiotic treatments were associated with higher
risks of having a nasal microbiota profile with early Moraxella
sparsity. Furthermore, the causal mediation analysis demon-
strated that antibiotic treatments were associated with increased

Table 3. Effect of Antibiotic Treatments During Age 0-11 Months on Risk
of Developing Asthma by Age 7 Years Mediated by Longitudinal Patterns
of Nasal Microbiota

Absolute Risk Difference (95% CI), %

Antibiotic Broad-spectrum Antibiotic
Treatments (>2) Treatment (=1)
Total effect 4.0 (.9-72) 3.6 (.6-6.7)
Natural direct effect 3.3 (.4-6.4) 3.1(.1-6.1)
Natural indirect effect 7 (1-1.4)° 5 (1-1.1)°

n = 623. Causal mediation analysis estimating the total and direct effects of antibiotic ex-
posure during age 0-11 months on the risk of developing asthma by age 7 years as well
as indirect effect by longitudinal changes in nasal microbiota during age 2-24 months (low-
risk profile with persistent Moraxella dominance vs high-risk profile with early Moraxella
sparsity). Inverse probability weighting with marginal structural models was used in the
mediation analysis to account for potential confounders (ie, sex, parental history of asthma,
household siblings, breastfeeding during age 0-2 months, and acute respiratory infections
during age 0-11 months).

Abbreviation: Cl, confidence interval.
#Proportion of indirect effect by antibiotic treatments was 16.2% (95% Cl, 3.1-65.0%).

®Proportion of indirect effect by broad-spectrum antibiotic treatments was 13.9% (95%
Cl, 1.7-64.9%).

risks of childhood asthma and that the link was mediated, in
part, by the longitudinal changes in nasal microbiota. To the
best of our knowledge, this is the first study that has demon-
strated the role of airway microbiota during early childhood in
mediating the antibiotics—asthma link.

In agreement with our findings, epidemiological research
reported relations of early-life antibiotic use with higher
risks of asthma development [8-11]. For example, recent
analysis of claims-based data reported dose-dependent as-
sociations between antibiotic prescription fills during in-
fancy and higher risk of asthma [8]. However, the causal
inferences on the antibiotics—asthma link in previous registry-
based studies are potentially limited through confounding
by indication, particularly by ARIs [33]. Our findings are
buttressed by the intensive ascertainment of antibiotic treat-
ments with their indications in a population-based study
and the rigorous adjustment of confounders including ARIs.
Additionally, the observed relationships between antibiotic
treatments and altered composition of airway microbiota are
also consistent with previous studies. For example, studies
reported antibiotics-related reductions in Moraxella [34],
Dolosigranulum [35], and Corynebacterium [18, 35] as well as
increases in Streptococcus and Haemophilus [18] in airway mi-
crobiota. For example, a single-center trial of 39 infants with
respiratory syncytial virus bronchiolitis reported that 2-week
treatment with azithromycin depleted Moraxella at the end
of treatment [34]. While studies collectively suggested aber-
rant (and, at least, transient) effects of antibiotic exposures on
the airway microbiota, the literature has remained uncertain
about the long-term effects of antibiotic exposures on the lon-
gitudinal airway microbiota patterns and their relations with
chronic airway morbidities, such as childhood asthma. This
large birth-cohort study of healthy children builds on previous
studies, and extends them by demonstrating, for the first time,
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the mediation role of longitudinal nasal microbiota changes in
the antibiotics—asthma link.

Underlying mechanisms of the antibiotics-nasal micro-
biota—asthma relationship warrant further clarification. It is
possible that antibiotic exposures altered not only the airway
microbiota composition but also its function, thereby contrib-
uting to asthma risk. For example, in gut microbiota research,
dysbiosis was found to be related to enriched proinflammatory
microbe-derived metabolites—eg, 12,13-diHome—and asthma
risk [13]. Intra-abdominal treatments of 12,13-diHome in mice
reduced regulatory T cells and induced pulmonary inflamma-
tion [36]. In the airway microbiota research, the exact mechan-
isms linking the airway microbiota—including Moraxella—to
childhood airway diseases (eg, ARI, incident asthma) remain
uncertain [17-19, 21, 34, 37]. Similar to our finding, studies
showed relations of Moraxella sparsity with higher morbidity
[16, 38]. For example, a multicenter prospective study of 1016
US infants with ARI showed that Moraxella sparsity was as-
sociated with higher severity, which was also validated in an
independent cohort [38]. Additionally, in a case-control study
of 461 children aged less than 5 years in the Netherlands, spar-
sity of several different Moraxella spp was associated with
lower respiratory infection [16]. By contrast, other studies re-
ported that dominance/presence by Moraxella (and other bac-
teria, such as Streptococcus) was associated with higher risks
of respiratory morbidities (eg, recurrent wheeze [17], incident
asthma [19], and asthma exacerbation [21, 37]). For example,
in post hoc analysis of a clinical trial of 254 school-age chil-
dren with asthma, Zhou et al [37] reported that transition to
Moraxella cluster during loss of asthma control was associated
with higher risks of exacerbations. These apparent discrepan-
cies between studies may be attributable to the difference in
study design (eg, birth cohort vs trials), population (healthy
infants vs school-age asthmatics), setting (sampling at healthy
state vs at ARI), testing (eg, 16S rRNA gene sequencing vs cul-
ture), and analysis (eg, longitudinal vs cross-sectional anal-
ysis). Regardless, studies showed that altered upper airway
microbiota is associated with unique airway metabolome
profiles [39] and that airway microbes elicit a unique host re-
sponse—eg, M. catarrhalis with increased T-helper (T,) 1 cy-
tokine profile [40] and Haemophilus influenzae with mixed
T, /T 2/T, 17 inflammatory response [41]. Our observations
should advance research into mechanisms that underlie the
antibiotics—microbiota—asthma link.

Interestingly, our data also demonstrated that most of the
total effect—the effect of antibiotic exposures on asthma devel-
opment—was mediated by pathways other than the longitudinal
changes in nasal microbiota. There are several potential mech-
anisms for this observation. First, it is possible that the effect was
mediated by the changes in gut microbiota. Indeed, antibiotics
are known to have long-term aberrant effects on the gut micro-
biota [42], which not only has a large microbial mass but plays

major roles in immune development [12]. The unique compo-
sition of gut microbiota has also been linked to risks of devel-
oping childhood asthma [3, 14]. Second, antibiotics may have
contributed to asthma risk through their immunomodulatory
effects. Third, it is also possible that our dichotomization of
longitudinal nasal microbiota patterns might have resulted in
loss of information in compensation for the greater interpret-
ability of high-dimensional microbiota data. Notwithstanding
the complexity, the identification of longitudinal nasal micro-
biota patterns as a mediator in the antibiotics—asthma link is an
important finding.

Our study has several potential limitations. First, we ana-
lyzed upper airway microbiota while asthma involves lower
airways. Yet, nasal sampling is a noninvasive procedure in
young infants and previous studies have reported that the
upper airway microbiota reliably represents the lower airway
microbiota [16, 43]. Second, some nasal samples were ex-
cluded from analysis due to insufficient sequence depth.
However, the analytical and nonanalytical cohort did not
materially differ, arguing against substantial selection bias.
Third, there was a partial temporal overlap between antibi-
otic exposures and baseline microbiota data. Yet, there was no
overlap with the subsequent (age 13-month and 24-month)
data that comprise the longitudinal patterns. Additionally,
the sensitivity analysis restricting antibiotic treatment to age
0-2 months demonstrated consistent inferences. Fourth, as
with any observational study, causal inferences may be con-
founded by unmeasured factors (eg, gut microbiota, child’s ge-
netics), while we applied robust adjustment for confounding
(eg, adjustment for parental history of asthma accounts for, at
least partially, confounding by the child’s genetics). Our data
should also provide insights into future studies that may im-
prove confounding control. Finally, we must be cautious in
generalizing the inferences to other populations (eg, young
American children) until they are externally validated. Yet, the
observed relationships in this population-based cohort study
are clinically and biologically plausible.

CONCLUSIONS

In this population-based birth-cohort study, we found that
exposure to antibiotic treatments during age 0-11 months
had dose-dependent relations with longitudinal nasal airway
microbiota patterns during the first 2 years of life, with
broad-spectrum antibiotics having a larger impact. We also
found that antibiotic exposures were associated with increased
risks of developing asthma, which was mediated, in part, by
longitudinal changes in nasal microbiota. For clinicians, these
findings lend additional support to the current guidelines that
discourage unnecessary use of antibiotics, particularly in young
children. Furthermore, our observations should not only facili-
tate further investigations into the complex interplay between
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antibiotic exposures, microbiota, and host response but they
also offer new avenues for the prevention of childhood asthma.
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line. Consisting of data provided by the authors to benefit the reader, the
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sponding author.
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