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Abstract

Background

There is a major unmet need for improving the care of children and adolescents with severe
asthma and wheeze. Identification of factors contributing to disease severity may lead to
improved diagnostics, biomarkers, or therapies. The airway microbiota may be such a key
factor.

Objective

To compare the oropharyngeal airway microbiota of children and adolescents with severe and
mild/moderate asthma/wheeze.

Methods

Oropharyngeal swab samples from school-age and pre-school children in the European U-
BIOPRED multicenter study of severe asthma, all receiving severity-appropriate treatment,
were examined using 16S rRNA gene sequencing. Bacterial taxa were defined as Amplicon
Sequence Variants (ASVs).

Results

We analysed 241 samples from four cohorts; A) 86 school-age children with severe asthma,
B) 39 school-age children with mild/moderate asthma, C) 65 pre-school children with severe
wheeze and D) 51 pre-school children with mild/moderate wheeze. The most common
bacteria were Streptococcus (mean relative abundance 33.5%), Veillonella (10.3%),
Haemophilus (7.0%), Prevotella (5.9%) and Rothia (5.5%). Age group (school-age versus
pre-school) was associated with the microbiota in beta-diversity analysis (F=3.32, p=0.011)
and in a differential abundance analysis (28 significant ASVs). Among all children, we found
no significant difference in the microbiota between children with severe and mild/moderate
asthma/wheeze in a univariable beta-diversity analysis (F=1.99, p=0.08, n=241), but a
significant difference in a multivariable model (F=2.66, p=0.035), including number of
exacerbations in the previous year. Age was also significant when expressed as a Microbial
Maturity Score (Spearman Rho 0.39, p=4.6e-10), however this score was not associated with
asthma/wheeze severity.

Conclusion

There was a modest difference in the oropharyngeal airway microbiota between children with
severe and mild/moderate asthma/wheeze across all children but not in individual age groups,

and a strong association between the microbiota and age. This suggests the oropharyngeal



181  airway microbiota as an interesting entity in studying asthma severity, but probably without

182  the strength to serve as a biomarker for targeted intervention.
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Introduction

Asthma is one of the most common chronic diseases of childhood!-?. It originates from the
interactions between multiple genes®* and environmental factors®®, several of which are
hypothesized to exert their effects in complex gene-environment interactions’. Many of these
effects are potentially related to microbial exposures in early 1ife®*1°, This has led to
hypotheses implicating our microbial environment as a key driver for the remarkable increase

in incident asthma and related immune-mediated diseases over the past half-century!!~14.

The airways are now known to harbor a diverse array of microbes!*>!® However, the microbial
impact on health and disease remains to be fully elucidated. Several studies have
demonstrated striking differences in the airway microbiota of adult individuals with and
without asthma!”~!?. In children, studies have shown that changes in the airway microbiota in
infancy may precede asthma development!®2°2! | that children diagnosed with wheeze or
asthma may have differences in their current airway microbiota compared with healthy

children??-2

, and that changes in patterns of airway microbiota of children with asthma may
precede loss of asthma control and exacerbations®®. Despite variation between anatomical
regions, studies have found an ecological continuity with high intra-subject consistency in the
bacterial communities residing in the various parts of the respiratory tract, including the nose,
mouth, pharynx and lower airways!>?’-3!, Furthermore, the airway microbiota develops in a

highly dynamic and region-dependent manner over the course of infancy and childhood??-°.

Although asthma is seen in patients of all ages, its prevalence peaks in childhood where it can
manifest as mild recurring symptoms such as cough and wheeze, chronic symptoms requiring
daily treatment, or even severe persistent symptoms and frequent exacerbations despite
maximal treatment®. Treatment strategies for children with severe asthma and wheeze are
still inadequate?’, which has prompted the search for new biomarkers and potential treatment
avenues. The airway microbiota is intriguing in this context, since it has been shown to

influence episodes of asthma-like symptoms in young children*°,

Most of the molecular mechanisms underpinning the differences in severity of asthma are
unknown. The U-BIOPRED (Unbiased BIOmarkers in the PREDiction of respiratory disease
outcomes) consortium is a multicenter public-private partnership study funded by the

Innovative Medicines Initiative (IMI), designed around state-of-the-art comprehensive
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profiling across many ‘omics fields. The consortium is using systems biology and data driven
discovery methods to enable characterization of multi-compartment physiological handprints
to discover mechanistic differences between severe and mild/moderate asthma and

wheeze*!42,

In this study, our aim was to identify features of the oropharyngeal airway microbiota
associated with asthma/wheeze severity. We analyzed oropharyngeal throat swab samples
from the U-BIOPRED cohorts of children and adolescents with severe or mild/moderate
asthma/wheeze, all receiving severity-appropriate treatment, using 16S rRNA gene amplicon
sequencing. We hypothesized that the oropharyngeal airway microbiota differs between
children and adolescents with severe and mild/moderate asthma/wheeze and that this might

be age dependent.

Materials and methods

Study cohorts

All participants from the U-BIOPRED paediatric cohorts were included in the present study,
consisting of A) 97 school-age (6-17 years) children with severe asthma, B) 43 school-age
children with mild/moderate asthma, C) 77 pre-school children (1-5 years) with severe
wheeze and D) 54 pre-school children with mild/moderate wheeze. For the sake of brevity,
we refer to these cohort participants as children throughout the manuscript despite also
including adolescents. Children were recruited to these four cohorts using strict pre-defined
inclusion and exclusion criteria, delineating phenotypes based on factors including age,
diagnostic criteria for asthma, current treatment, and asthma control. See table S1 for a full
list of criteria, which have also been published previously?’. Briefly, the cohorts were
characterized by the following: Cohort A — ongoing poorly controlled asthma (persistent
symptoms, frequent exacerbations, or persistent airflow limitation) despite high-dose inhaled
corticosteroids (ICS) and at least two other controller medications. Cohort B — controlled or
partly controlled asthma, prescribed low-dose ICS and no other or one additional controller
medication. Cohort C — persistent symptoms and frequent exacerbations despite current or
failed high-dose ICS and a leukotriene receptor antagonist (LTRA). Cohort D — controlled or
partially controlled symptoms prescribed no treatment or low-dose ICS and/or a LTRA, as

previously described?’.
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The study was registered on ClinicalTrials.gov (NCT01982162). The study was approved by
local ethics committees and parents or caregivers gave written informed consent; children

gave assent where appropriate.

Clinical examinations

Children were examined at planned visits to one of the 7 participating study centers in five
European countries. At the time of visit, they had at least 4 weeks under stable medication
and no clinical asthma exacerbation. Exacerbations were defined as the prescription of high
dose OCS for at least three days or a doubling of OCS dose for participants on maintenance
OCS following consultation with a medical practitioner or hospitalization or attendance in the
Emergency Room due to asthma symptoms*. Clinical measurements of anthropometrics,
skin prick tests of common aeroallergens (positive defined as >3mm) and lung function tests
(spirometry with reversibility tests and whole-body plethysmography) were performed at the
clinical visits, provided the children were of sufficient age to cooperate. In cohort A and B,
fraction of exhaled nitric oxide (FeNO) was measured. Blood samples were analysed for
specific IgE for common aeroallergens (positive defined as > 0.35 kU/L). Information
concerning home environment, comorbidities and use of medication, including antibiotics,
inhaled corticosteroids (ICS), ICS/LABA (long-acting beta2 agonist) combinations, nasal
corticosteroids, and oral corticosteroids was obtained by personal interview. Treatment was
quantified as recent treatment if more frequent than once per month on average. Urine was
analysed for cotinine. All procedures used detailed Standard Operating Procedures (SOPs) to

ensure uniform practices across study centers. Full methods were previously published?”.

Microbiota sequencing

Throat swabs were collected by research assistants using dry flocked swabs (ESwab, BD, NJ,
USA), placed in a Liquid Amies transport medium and stored at -20°C. Genomic DNA was
extracted using the FastDNA™ SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA, USA).
DNA extracts were checked for consistency and quality by gel electrophoresis. Then, the 16S
rRNA gene was amplified using a two-step PCR process targeting the hypervariable V4
region and normalised for amplicon contents before undergoing sequencing using the
Illumina MiSeq Desktop Sequencer (Illumina Inc., CA, USA) as previously described?>.
Paired-end reads (250 bp x 2) were pooled for subsequent processing. The reads were quality

checked using FastQC* and MultiQC*, and then cleaned by removing primers (515F-Y: 5'-
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GTGCCAGCMGCCGCGGTAA and 806R: 5'-GGACTACHVGGGTWTCTAAT) using
Cutadapt*. For designating Amplicon Sequence Variants (ASVs) we followed the DADA2

4748 Briefly, the pipeline works by performing quality filtering and trimming, de-

pipeline
replicating sequences, learning dataset-specific error rates, de-noising by removing
potentially containing errors sequences, merging paired-end reads while removing
mismatches to reduce errors, constructing ASVs, removing chimera by implementing
“bimera” method, and running taxonomic classification of ASVs using different public
databases. The Silva database version 132% and the Genome Taxonomy Database (GTDB)>°
were used for taxonomic annotations. The Silva database was used for down-stream analysis,
while GTDB was used to identify ASVs taxonomic annotation that could not be detected by
the Silva database. Positive (mock community) and negative (sterile water) controls were

added to each plate as previously described®?, and checked against real samples using relative

abundance plots.

Statistical analysis

Data analysis was performed with the statistical software R v. 3.6.1 (R core team 2016),
using the add-on packages {phyloseq}>! for microbiota data handling and {ggplot2}°? for
visualizations. Alpha diversity was measured as Shannon diversity index and associations
with clinical covariates were analyzed with linear models, which were adjusted for
log(library size). Furthermore, library size, extraction plate ID (2 plates) and sequencing run
(2 runs) were analyzed as potential technical covariates, but these were omitted from the
alpha diversity analysis as they were not significant. Beta-diversity was assessed using
weighted UniFrac® on log-transformed abundances adding a pseudocount of 1 and tested
with the permutational multivariate analysis of variance (adonis2 PERMANOVA)>*, using a
modified F statistic (between-group versus. within-group variance) as a measure of effect size
and considering marginal effects of factors. Covariates were analyzed as single predictors in
univariable models and all combined in a backward selection multivariable PERMANOVA
model where terms were successively removed by highest p-value until all p-values were
below 0.1. All beta-diversity models were adjusted for library size, log(library size),
extraction plate ID and sequencing run, which were all statistically significant in most
models. Differential abundance was tested using fitFeatureModel from the package

{metagenomeSeq}>°. In cases where the feature model failed (fewer than 2 positive samples

in one of the groups), a Wilcoxon test was used instead. Only ASVs present in at least 10% of
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the samples and with a mean relative abundance > 10 were analyzed. P-values were
adjusted for false discovery rate (FDR) using the Benjamini-Hochberg approach and reported
as g-values®. A raw p-value below 0.05 was considered nominally significant. We computed
Microbial Maturity Scores by fitting a random forest regression model of age in years as a
continuous outcome and using the relative abundance of all ASVs with at least 20% presence
as predictors, resulting in 68 ASVs, using the default value of mtry (nvariavles / 3 ~ 23). This
model was cross-validated using repeated 10-fold CV with 5 repeats, keeping the repeat with
median performance (assessed by spearman correlations) as the final model. The score was
then defined as the cross-validated predictions from that repeat. The Microbial Maturity
Score was normalized for age by regressing out the actual age in a linear model, taking the
residuals and z-scaling to produce the Microbiota-for-age Z-scores. Contribution of ASVs to
maturity was quantified by the Variable Importance Score, extracted directly from the
random forest model, and by correlating each individual ASV with the Microbial Maturity

Score using Spearman’s Rho correlation.

Results

Study participants

From the 271 children included in the 4 study cohorts, 241 throat swab samples were
successfully sampled and sequenced to a depth of at least 1000 reads. Only one sample was
taken per child. Important baseline characteristics of the four cohorts are summarized in table
1 and study centers are visualized in fig S1. A full description of the participant

characteristics can be found elsewhere?’.

Microbial composition

A median of 11,975 reads per sample [IQR 7,613-21,098] passed quality control. The dataset
contained 4,491,120 quality filtered reads in 1177 Amplicon Sequence Variants (ASVs). The
main microbial constituents belonged to genera Strepfococcus (mean relative abundance

33.5%), Veillonella (10.3%), Haemophilus (7.0%), Prevotella (5.9%) and Rothia (5.5%), see
fig 1. These rates varied considerably within each cohort, see fig S2. Notably, Moraxella was

detected in low amounts (5.0% of samples, 0.01% mean relative abundance).
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Microbiota, asthma/wheeze severity and age

We examined the differences between cohorts by Shannon diversity index (alpha diversity,
within-sample), beta diversity (between-sample, compositional differences) and differential
abundance analysis (considers the association with each ASV on its own).

When analyzing Shannon diversity index, we found no differences between the four cohorts,
see table S2.

We found no differences between children with severe and mild/moderate asthma/wheeze
within each age group (PERMANOVA; school-age, F=0.64, p=0.70, n=125; pre-school,
F=1.08, p=0.33, n=116), or in the full cohort (F=1.99, p=0.08, n=241). We found a nominally
significant difference in microbiota composition between school-age and pre-school children
(F=3.32,p=0.011, n=241) as a categorical predictor. Analyzing age as a continuous
predictor showed similar results (F=2.95, p=0.025), though we found no association with age
as a continuous predictor within each age group. Mutually adjusting for severity and age
group did not materially change the results (severity F=1.69 p=0.126; age group F=3.02,
p=0.022). These differences are visualized in Fig 2 and shown in Table 2.

We then examined if any ASVs were significantly associated with severity, in a differential
abundance analysis. While nine ASVs were individually significant, none remained so after
correction for multiple testing, see Table S3. Similarly, no ASVs remained significantly
associated with severity within each age group.

We also examined the difference between age groups in a differential abundance analysis, see
Fig 3 and Table S4. Here, we found 28 significant ASVs (p < 0.05), eight of which were
significant after FDR correction (q < 0.05), and an additional six with g-values between 0.05
and 0.10. These describe the age-group-related differences observed in the global beta-
diversity analysis. The ASVs most strongly associated with the school-age group were
Megasphera micronuciformis, Actinomyces graevenitzii, Veillonella and Prevotella, while the
ASVs most strongly associated with the pre-school group were Alloprevotella,
Porphyromonas, Neisseria and an unknown bacterial taxon (ASV150) which could not even
be classified at phylum level using our default annotation database (Silva), while another

(GTDB) classified it as a Streptococcus.
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Phenotypic and environmental covariates and microbial diversity

Furthermore, we examined associations between the microbiota and phenotypic and
environmental factors to identify potential covariates of high importance that may confound
or cloud the main association with severity, or with age group.

When considering Shannon diversity index, we found that a concurrent diagnosis of eczema
was associated with increased diversity, but only in school-age children, and that the number
of exacerbations in the previous year was associated with decreased diversity, but only in pre-
school children. None of these results were significant after FDR adjustment.

In the beta-diversity analysis, we found several factors which were significantly associated
with microbiota composition, see table 2. Besides age group and age, described above, we
found that study center, season of visit, siblings and having positive skin prick test or any
sensitization were significantly associated with microbiota composition either overall or in

one age group. None of these remained significant after FDR adjustment.

Multivariable beta-diversity model

Since some study design variables had strong associations, we finally performed a
multivariable backward selection model in all children and each age group, see the lower part
of table 2, to adjust for variables that may confound or cloud the association with our main
variables of interest, severity and age group. We selected asthma/wheeze severity, study
center and age group as compulsory variables. Many variables had stronger associations in
the multivariable models. Of note, asthma/wheeze severity became significant among all
children (F=2.66, p=0.035) when adjusting for the other covariates, but not in either age
group. The number of exacerbations in the previous year, which was also associated with
severity, became much stronger in the multivariable model (F=4.98, p=0.001). When
omitting number of exacerbations from the multivariable model, severity was no longer
significant (F=1.93, p=0.088), whereas omitting other factors in the model did not change the

results.

Microbial maturation

Many studies in paediatric microbiota research now employ machine learning to show
clinical impact of the degree of maturation, computing derived metrics such as Microbiota-
for-age Z-scores>’3*%35, ' We found that a Microbial Maturity Score, derived from a random

forest model of ASV abundances, was strongly associated with actual age (Spearman
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correlation 0.39, p=4.6e-10), even when employing cross-validation to prevent overfitting,
see fig 4A. This score was subsequently normalized for actual age into a Microbiota-for-age
Z-score to derive the relative level of maturation for each child. The ASVs contributing to the
Microbial Maturity Score predictably echoed the results from the age-group differential
abundance score; among the most important ASVs were Alloprevotella, Veillonella and
several Streptococcus ASVs, see fig S3. We found that among school-age children, a trend
for a slightly higher Microbiota-for-age Z-score was found among children with severe
compared to mild/moderate asthma (mean difference 0.27, 95% confidence interval -0.67 to
0.14, p=0.20), but this association was not statistically significant. Similarly, we found no
significant difference in Microbiota-by-age Z-scores between severe and mild/moderate pre-
school wheeze (mean difference -0.09, -0.25 to 0.43, p=0.61), see fig 4C. These associations

did not materially change after adjusting for study center, visit season and technical variables.

Discussion

Primary findings

In a large European multi-center study of children with severe and mild/moderate
asthma/wheeze between the ages of 1 and 17 years, we found that the airway microbiota,
sampled using oropharyngeal swabs, was similar overall between children with severe and
mild/moderate asthma/wheeze. In crude analyses, we found no association between
microbiota composition and severity, but after adjusting for the number of exacerbations and
other covariates in a backward selection model, a significant difference was detected. The
microbiota was strongly associated with age. Using a robust cross-validated random forest
setup, we were able to express much of the microbiota development over time as a Microbial
Maturity Score and identify key taxa contributing to this maturation. However, this score was

not associated with asthma/wheeze severity.

Strengths and limitations

The major strength of the study is that the participating children were recruited based on strict
predefined criteria of symptom burden and need for pharmacological therapy, after at least 6
months of treatment optimization and exclusion of differential diagnoses by a paediatrician.
This ensures a uniform and comparable study populations as far as is possible when

recruiting from multiple countries and age groups. Furthermore, all children underwent
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detailed characterization. Other strengths of the study include a reasonable sample size and

usage of Standard Operating Procedures (SOPs) to minimize sampling variation.

A limitation to the study is the lack of a healthy control group, which may have precluded
identification of associations between the microbiota and ongoing asthma/wheeze, which are
not specific to the severe phenotype. Another limitation is the oropharyngeal sampling site, as
this may only partially reflect lower airway microbiota which is presumed to be of high
importance for asthma. Despite the systematic variation seen across different parts of the
respiratory tract>®, there is a high exchange of microbes throughout it within an individual,
making the upper respiratory tract microbiota an interesting and readily available
compartment to study in lower airway diseases!>?72%0, Of note, the oral microbiota has been
reported to more closely resemble the lower respiratory tract than the nasal microbiota?®.
However, this intra-individual inter-compartment microbial exchange may differ between
healthy and disease states, which may limit the relevance of the upper airway microbiota in
studying lower airway diseases. In addition, it is a limitation that we do not have
longitudinally collected samples, particularly given our findings of a strong association
between the microbiota and age.

An important part of the design of the cohort is that most children were on regular medication
which varied according to severity. This is a limitation of the design of the study in that we
are unable to discern differences in severity from differences in treatment. In addition, it is a
limitation that we do not have objective measurements of medication adherence and
deposition which may vary significantly between children, and that we did not have access to
samples taken before vs after initiation of treatment to estimate its impact on the airway
microbiota. Similarly, there may be residual confounding by factors not included or
inadequately captured in our study, including previous antibiotic use and environmental
conditions.

The 16S rRNA gene amplicon sequencing technique applied is a major leap forward in
microbial surveys compared to traditional culture and early molecular techniques. Whereas
culturing is very specific in identifying species and strains, 16S sequencing has the advantage
that nearly all bacteria present, whether living or dead, will be detected. Still more
sophisticated approaches, such as metagenomic sequencing, offer even more detailed views
into the composition and metabolic potential of the microbiome, but at substantially higher
costs, making 16S rRNA gene amplicon sequencing a very attractive option for large-scale

microbial surveys like the present study.
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463  The strength of a diverse population of children with asthma and wheeze of varying degrees
464  of severity from different countries is equally challenged by geographic and ethnic

465  differences resulting in increased variation in the data. We found that geographical location
466  strongly influenced beta-diversity, especially in pre-school children. There are multiple

467  potential differences between treatment centers and the countries which could all contribute
468  to this, including differences in genetics, treatment policies, environment, diet, and technical
469  factors such as sampling and handling despite the usage of SOPs.

470

471  As clearly demonstrated by our results, children are different across age groups, representing
472  a continuum of evolving states, both in terms of clinical phenotypes and indeed also their
473  microbiotas. Our finding that age group was the largest source of systematic variation in the
474  composition of the airway microbiota highlights the importance of appropriate stratification

475  inrecruitment and analysis of paediatric microbiome studies.

476  Interpretation

477  In our study, we found only a modest difference between children with severe and

478  mild/moderate asthma/wheeze. This was dependent on controlling for number of

479  exacerbations in the previous year, which was itself very different between severe and

480  mild/moderate phenotypes. This could suggest that this feature of the severe phenotype has
481  an independent effect on the airway microbiome, and that other latent features of the severe
482  phenotype could each have distinct effects as well, which is consistent with reports of

483  differential influence of phenotypic factors among adults with severe asthma®!. Interestingly,
484  while number of exacerbations had a strong association with the microbiota among all

485  children, it was not significant within either age group. We did not find any individual-level
486  features (single ASVs, diversity or other readouts) which would enable us to distinguish

487  severity groups from each other and be used as a biomarker for such a discrimination or be
488  considered as a potential novel drug target mechanistically contributing to disease severity.
489

490  These observed associations could be due to differences between phenotypes or differences in
491  both maintenance treatment and exacerbation treatments, which complicates the

492  interpretation in an observational study like this. The association with number of

493  exacerbations might be due to antibiotic treatment, which is especially common in
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preschoolers — an exposure which may cumulatively influence the airway microbiota. An
example of this type of phenotype-treatment-microbiota relation has been shown for
metformin treatment of type 2 diabetes®?. Furthermore, severity classifications may differ
between age groups, where phenotypic factors may differentially contribute to classification.
Of note, number of exacerbations associated with severity but not age group in our study,
whereas allergic sensitization associated with age group but not severity. Despite mutually
adjusted models, disentangling these closely related clinical factors remains challenging and
residual mutual confounding cannot be ruled out. This is important to consider when
interpreting the association with severity which was only significant after adjusting for

number of exacerbations.

In adults, the airway microbiota has been associated with asthma severity!®, specific

63,64

inflammatory subtypes®*** and ICS responsiveness®. In children, the infant airway

microbiota has been associated with asthma risk and severity of respiratory infections!?-2%-66:67
as well as the efficacy of azithromycin treatment in recurrent episodes of asthma-like
symptoms*’. Studies in older children have shown that the microbiome is associated with
having asthma?* and exacerbation risk?®. However, there is a paucity of such studies focusing
on the clinical phenotype of severe asthma in children. Our findings indicate that the airway
microbiome is not a strong determinant of asthma severity among both pre-school and
school-age children, and thereby not an obvious target for interventions in these age groups

for gaining better asthma control, but also that further study is warranted to clarify this

relationship and shed light on the severe asthma phenotype in children.

We found a large impact of age and age group on the oropharyngeal airway microbiota
composition and several significant taxa, but no significant changes in alpha diversity. This
age effect is mirrored by previous reports, with most of the available studies focusing on the
gut microbiota. Studies have suggested that an adult-like gut microbiota composition is
established when a child reaches 2 years of age, but subtle changes may continue to
develop®-72. The airway microbiota changes extensively from birth®3; Teo et al®’ described
the development of the nasopharyngeal microbiota during the first year of life, dominated
early by Staphylococcus, Corynebacterium, Alloiococcus, Moraxella and Streptococcus, of
which only the latter was present in high abundance in our samples, which could be due to

132

differences in sampling sites?*. Similarly, Biesbroek et al*? showed that nasopharyngeal

samples were co-dominated early on by Moraxella, Staphylococcus, Streptococcus and
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Corynebacterium, which had significantly shifted by age 24 months to a high degree of
Moraxella dominance, with Streptococcus and Haemophilus as the other primary
constituents. Intriguingly, their 6- and 12-month samples were more similar to the 24-month
time point than the 1.5-month time point, suggesting a rapid maturation in the
nasopharyngeal microbiota. Both of these studies found major contributions from Moraxella,
which was also found to dominate approximately half of samples in a study of BAL samples
collected from 35 wheezers with a median age of 34 months, comparable to our pre-school
cohorts’®. Moraxella was also found in 4 week old infants by culture of hypopharyngeal
aspirates, which was associated with later asthma!®. However, Moraxella was not among the
top taxa found in our study. This may be due to a difference in sampling location, since the
employed technique and primers have been shown to detect Moraxella well in previous
reports®. In addition, the prevalence of 5% in our study is comparable to that of adult throat
swabs from the Human Microbiome Project, where the prevalence was also much lower than
e.g. anterior nares®” (7.5% throat vs 18.2% anterior nares, V35 data)’*. Notably, detection of
such a taxon will also depend on the sequencing depth.

We found similar overall compositions between the pre-school and school-age cohorts, and
no significant association with age on composition in beta-diversity analyses within each age
group but were able to define a strong Microbial Maturity Score using a random forest model,
which takes into account potential interactions between multiple ASVs. This type of readout
has previously been used to link delayed maturation in the gut microbiome with asthma
development®® and nasal microbiota with respiratory infections®*. While the maturation score
was strong in our data, we did not find any association to asthma/wheeze severity, i.e.
delayed or accelerated maturation in children with severe compared with mild/moderate

asthma/wheeze.

This report focuses on the potential of the oropharyngeal airway microbiota in distinguishing
between children with severe and mild/moderate asthma/wheeze. However, combining
multiple omics layers, such as transcriptomics, proteomics and metabolomics®’, could

provide novel insights not present in each layer on its own’>.

Conclusion

We found that the airway microbiota, sampled using oropharyngeal swabs, was overall

modestly different between children and adolescents with severe and mild/moderate
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asthma/wheeze in a large multicenter study, across all children but not in individual age
groups. This difference constituted a shift in microbiota composition in multivariable
adjusted but not crude models. No specific taxa were significantly different between severity
groups. Furthermore, we found strong associations between the microbiota and age, which
we expressed as a microbial maturation score. However, this score could not distinguish
between disease severity groups. This suggests oropharyngeal airway microbiota as
interesting entity in studying asthma severity, but probably without the strength to serve as a

biomarker for targeted intervention.
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Tables

Cohort A B C D All
Severity Severe Mild/Moderate Severe Mild/Moderate -

Age category School age School age  Pre-school age Pre-school age -
Number of participants 97 43 77 34 271
Number of samples included %6 39 65 31 241
Male sex, n (%) 44 (51.2%) 26 (66.7%) 42 (64.6%) 33 (64.7%) | 145 (60.2%)
Age (yrs), mean (sd) 12.5 (2.8) 11.2(3.2) 3.6(1.2) 3.4(1.2) 7.9 (4.9)
Caucasian ethnicity, n (%) 66 (76.7%) 30 (76.9%) 51 (78.5%) 45 (88.2%) | 192 (79.7%)
Any siblings, n (%) 79 (91.9%) 33 (84.6%) 51 (78.5%) 43 (84.3%) | 206 (85.5%)
C-section delivery, n (%) 23 (26.7%) 9 (23.1%) 13 (20.0%) 13 (25.5%) | 58 (24.1%)
Height (cm), mean (sd) 153.4 (15.6) 147.9(17.5)  1032(9.5)  103.1(11.1) |128.5(27.9)
Weight (kg), mean (sd) 52.9 (18.3) 43.2(15.2) 18 (4.3) 172 (3.4) | 34.4(20.9)
Body Mass Index, mean (sd) 21.9 (5.1) 19 (3.1) 16.8 (2.2) 16 (1.1) 18.8 (4.3)
FEV1, % of predicted, mean (sd) 87.8 (21.5) 90.5 (17.3) - - 90.9 (20.3)
FEF 25-75, % of predicted, mean (sd) 69.5 (30.8) 78.4 (26.9) - - 77.1 (36.1)
FeNO ppb, median (IQR) 38.8 (16-61.8) 26 (14.5-41) - - 30 (15.6-57)
Recent inhaled corticosteroid

treatment, 1 (%) 86 (100%) 38 (97.4%) 65 (100%) 23 (45.1%) | 212 (88.0%)
Recent oral corticosteroid

treatment, n (%) 25 (29.1%) 1 (2.6%) 14 (21.5%) 0 (0%) 40 (16.6%)
Recent nasal corticosteroid

treatment, 1 (%) 12 (14.0%) 5(12.8%) 1 (1.5%) 0 (0%) 18 (7.5%)
Recent antibiotic treatment, n (%) 15 (17.5%) 2 (5.1%) 8 (12.3%) 5(9.8%) 30 (12.4%)
Number of exacerbations in the

previous year, median (IQR) 3(25) 102 426 10-3) 20d-5)
Skin Prick Test positive, n (%) 66 (76.7%) 30 (76.9%) 19 (29.2%) 18 (35.3%) | 133 (55.2%)
Specific IgE positivie, n (%) 54 (62.8%) 21 (53.8%) 16 (24.6%) 15 (29.4%) | 106 (44.0%)
Urine cotinine positive, n (%) 7 (8.5%) 5(14.7%) 10 (19.6%) 2 (4.5%) 24 (11.4%)

Table 1: Baseline characteristics of the participants from each of the four cohorts. Summaries

correspond to children with included samples only. Sd — standard deviation. FEV1 — Forced

expiratory volume in 1 second. FEF 25-75 — Forced expiratory flow at 25-75%. FeNO —

Fraction of exhaled nitric oxide. IQR — Interquartile range.




All children School-age children Pre-school children

Univariable N R* F P-valuel N R> F P-valuel N R?> F P-value
Severity (Severe vs Mild/Moderate) 241 0.007 1.99 0.080 |125 0.005 0.64 0.695 (116 0.009 1.08 0.327
Age group (School-age vs. Pre-school) {241 0.012 3.32 0.011

Age (Per year) 241 0.011 2.95 0.025 | 125 0.003 0.49 0.802 (116 0.020 0.60 0.931
Sex (Male vs. Female) 241 0.004 0.96 0.388 |125 0.004 0.50 0.787 116 0.006 0.81 0.544
Ethnicity (Caucasian vs. Other) 241 0.003 0.92 0.434 |125 0.009 1.26 0.221 {116 0.001 0.15 0.994
Delivery (Cesarean sction vs. Vaginal) |241 0.005 1.22 0.282 |125 0.004 0.63 0.678 |116 0.006 0.69 0.658
Study center (Overall effect) 241 0.040 1.84 0.011 |125 0.036 1.03 0.369 116 0.068 1.75 0.017
Season of visit (Overall effect) 241 0.022 2.01 0.015 |125 0.039 1.87 0.035 {116 0.038 1.60 0.066
Siblings (Any) 241 0.003 0.82 0.519 |125 0.013 1.84 0.109 (116 0.019 2.39 0.035
Number of Siblings 241 0.024 1.07 0.352 |125 0.047 1.12 0.292 116 0.054 1.37 0.103
Breastfeeding (Per month) 241 0.005 1.27 0.243 |125 0.006 0.82 0.524 (116 0.008 0.94 0.427
Cat in the home 241 0.004 1.20 0.265 |125 0.009 1.29 0.266 [116 0.007 0.81 0.546
Dog in the home 241 0.002 0.63 0.695 |125 0.007 1.01 0.365 (116 0.011 1.41 0.204

Cotinine in Urine (Positive vs Negative) |211 0.003 0.59 0.728 {116 0.006 0.85 0.508 | 95 0.003 0.29 0.953

Number of Exacerbations,

previous year 241 0.008 2.24 0.057 {125 0.009 1.28 0.228 (116 0.012 1.50 0.171
Specific IgE (Any positive) 141 0.007 1.08 0.302 | 82 0.008 0.76 0.538 | 59 0.003 0.20 0.989
Skin Prick Test (Any positive) 204 0.013 2.85 0.016 {104 0.006 0.71 0.613 {100 0.006 0.70 0.611
Any sensitization (sIgE or SPT) 226 0.011 2.90 0.020 {118 0.006 0.85 0.470 {108 0.008 0.93 0.436
Diagnosed Eczema 239 0.008 2.17 0.073 {125 0.009 1.28 0.253 |[114 0.016 2.01 0.068
Diagnosed Allergic Rhinitis 233 0.002 0.54 0.766 [122 0.001 0.09 0.998 [111 0.008 0.99 0.386
Recent antibiotic treatment 241 0.002 0.59 0.718 {125 0.003 0.37 0.909 [116 0.008 0.97 0.396
Recent inhaled corticosteroid treatment  |241 0.008 2.08 0.065 116 0.010 1.28 0.234
Recent nasal corticosteroid treatment 241 0.003 0.69 0.629 (125 0.005 0.74 0.558 [116 0.004 0.47 0.813
Recent oral corticosteroid treatment 241 0.004 1.08 0.316 {125 0.007 1.04 0.359 [116 0.014 1.70 0.125

Multivariable Backward Selection
Severity (Severe vs Mild/Moderate) 241 0.009 2.66 0.035 |125 0.004 0.64 0.709 (116 0.009 1.19 0.275
Age group (School-age vs. Pre-school)  |241 0.009 2.71 0.025
Delivery (Cesarean section vs Vaginal) {241 0.006 1.83 0.097

Study center (Overall effect) 241 0.047 2.23 0.002 {125 0.040 1.15 0.247 |[116 0.072 1.90 0.012
Season of visit (Overall effect) 241 0.021 2.00 0.019 [125 0.041 2.01 0.025

Siblings (Any) 116 0.023 3.00 0.011
Breastfeeding (Per month) 241 0.007 1.93 0.095

Number of Exacerbations, previous year |241 0.017 4.98 0.001

Current oral corticosteroid treatment 241 0.006 1.78 0.095

Table 2: Associations between environmental and phenotypic covariates and microbial
composition (log-transformed weighted UniFrac distances) from PERMANOVA tests of beta
diversity. Results from Univariable tests correspond to models with one term at a time,

whereas Multivariable Backward Selection refers to a model with all terms presented above,



successively dropping the term with the highest p-value until all terms have p-values <0.1. In
addition, all models, including those labeled univariable, were adjusted for the technical
variables library size, log(library size), DNA extraction plate and sequencing run. Similarly,
age group and study center were kept in all models. F statistics measure distance between /
within groups and can be interpreted as a ratio where a value of 1 corresponds to no
association. R? measures variance explained. P-values from non-parametric permutation tests

from the adonis PERMANOVA model.
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Fig 1: A) Mean relative abundances of most common genera across all samples (N=241),
colored by phylum. B) Mean relative abundances of these genera within each of the four

cohorts.
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Fig 2: Principal Coordinates plot from weighted UniFrac distances on log-transformed counts
between all samples (N=241), colored by cohort. Ellipses demonstrate +/- 1 SD within each
cohort. A shift between the school-age (cohorts A and B) and pre-school (cohorts C and D)
children are observed (adonis2, F = 3.32, p = 0.011, n=241), but not between severe and
mild/moderate cases within each age group or in the full cohort. This shift was more
pronounced in PCo3 and PCo4 than the two first axes, which indicates that the majority of

the compositional variation in the microbiota did not differ between cohorts.
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Fig 3: Volcano plot showing effect size (Log-2 fold change, x-axis) and p-values (y-axis) of

differential abundance analysis of Amplicon Sequence Variants (ASVs) between school-age

and pre-school children, colored by taxonomic phylum and labeled by highest taxonomic

level identifiable. Differences were tested using the feature model from metagenomeSeq.

N=241.
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Fig 4: Predictive Microbial Maturity score based on a cross-validated Random Forest model
of Amplicon Sequence Variant (ASV) relative abundances predicting actual ages of the
participants. A) The relationship between the actual age of participants and the Microbial
Maturity score. B) The distribution of Microbial Maturity score across cohorts. C)
Distribution of the relative microbial maturity adjusted for age, termed Microbiota-for-age Z-
score, across cohorts, showing no significant association between relative maturity and

disease severity in either age group.



Supplemental information

A: Severe school-aged B: Mild - moderate school- D: Mild - moderate pre-
C: Severe pre-school wheeze
asthma aged asthma school wheeze
(Cohort SW)
(Cohort SA) (Cohort MMA) (Cohort MMW)

1. Parent/ legal guardian able to give written informed consent

2. Assent obtained from all children where appropriate

3. Parent/ legal guardian, or where appropriate the child, able to complete the study and all measurements

4. Parent / legal guardian, or where appropriate the child, able to read, comprehend, and write at a sufficient level to complete study related materials
Inclusion 1. Aged between 6 — 17 years at 1. Aged between 6 — 17 years at 1. Agedbetween 1 — 5 years at the time 1. Aged between 1 — 5 years at the

clusio screening screening of screening time of screening

criteria 2. Under follow up with a respiratory 2. Under follow up with a respiratory

specialist for at least 6 months prior to
enrolling in the study

3. Previous assessment to exclude other
diagnoses and optimise asthma control
including treatment of co-morbidities,
assessment of adherence and
reduction in allergen exposure in
sensitised individuals

specialist for at least 6 months prior to
enrolling in the study

Previous assessment to exclude other
diagnoses and optimise asthma
control including treatment of co-
morbidities, assessment of adherence
and reduction in allergen exposure in
sensitised individuals

As a result of medical interview, physical examination or screening investigation the physician responsible considers the child unfit for the study

History of allergy, which, in the opinion of the responsible physician, contra-indicates participation

Participant is female who is pregnant or lactating or up to 6 weeks post partum or within 6 weeks cessation of breast feeding.

Participation within 3 months of the first dose in a study using a new molecular entity, or the first dose in any other study investigating drugs or having participated within

three months in a study with invasive procedures (permission to enroll required from Scientific Board)

1.

2.

3.

4.

5. Risk of non-compliance with study procedures
6. Prematurity <35 weeks gestation

Change in asthma medication within 4 weeks of the screening assessment (except those using the Symbicort maintenance and reliever therapy (SMART) regime

(assessment deferred)



8. History or current evidence of an upper or lower respiratory infection or symptoms (including common cold) within 2 weeks of baseline assessment (assessment deferred)

9. Severe exacerbation within 4 weeks of the baseline assessment (assessment deferred)

Exclusion
criteria
1. Significant alternative diagnoses that 1. Significant other primary pulmonary
may mimic or complicate asthma, in disorders in particular cystic fibrosis,
particular dysfunctional breathing, interstitial lung disease
panic attacks, and overt psychosocial 2. Patients with bronchiectasis should
problems (if these are thought to be only be excluded if this is thought to
the major problem rather than in be the major pulmonary disorder rather
addition to severe asthma) than in addition to severe asthma
2. Significant other primary pulmonary 3. Diagnosis of chronic inflammatory
disorders in particular cystic fibrosis, diseases other than asthma
interstitial lung disease (inflammatory bowel disease,
3. Patients with bronchiectasis should rheumatoid arthritis)
only be excluded if this is thought to
be the major pulmonary disorder
rather than in addition to severe
asthma
4. Diagnosis of chronic inflammatory
diseases other than asthma
(inflammatory bowel disease,
rheumatoid arthritis)
Any one or more of the following: History of breathlessness and wheeze
e Improvement in FEV; > 12% or 200ml predicted after inhalation of 400 mcg
salbutamol
Asthma e Airway hyper-responsiveness (PCy <8mg/ml)
diagnosis Spontaneous variability in FEV; of > 12% or 200 ml over the past year

e Diurnal variability in peak flow in a properly conducted trial of > 15%, with a
compatible clinical picture

e Persistent airflow limitation: post steroid trial (either 2 weeks of high dose OCS or
intramuscular triamcinolone) post bronchodilator z score <-1.96 (cohort a only)




High dose ICS (=500mcg FP or
>800mcg BUD daily or equivalent) +
OCS

Low to moderate dose ICS (<250mcg FP
daily or <400mcg BUD or equivalent)

High dose ICS (=200mcg FP or >400mcg

BUD daily or equivalent) and a leukotriene

No treatment or low dose ICS
(<100mcg FP or <200mcg BUD daily

lus
Asthma lus P .. receptor antagonist, or a failed trial of these  or equivalent) and/or a leukotriene
p none or one other controller medication
treatment a trial of at least two other controller (long acting beta agonists, leukotriene receptor antagonist
medications (long acting beta agonists, receptor antagonists or theophylline)
leukotriene receptor antagonists or
theophylline).
Any one or more of the following: Controlled asthma. All of the following Any one or more of the following: Controlled symptoms (wheeze,
1. Persistent symptoms, both of the in the last 4 weeks: 1. Persistent symptoms, both of the cough or l.)r eathlessness). All of the
following for 3 of the past 6 months: e Daytime symptoms twice per week or  following for 3 of the past 6 months: following in the last 4 weeks:
® Persistent symptoms (at least 50% of less S o ® Persistent symptoms of wheeze, cough * oDral}; tslsme symptoms twice per week
days) ¢ No limitation to activities or breathlessness (at least 50% of days)
¢ No limitations to activities
® Need for reliever treatment >3 times * No nocturnal symptoms ® Need for reliever treatment >3 times per
per week because of asthma e Need for reliever treatment twice per week because of asthma symptoms * No nocturnal symptoms
symptoms week or less 2. Frequent severe exacerbations e Need for reliever treatment twice
. . k or 1
2. Frequent severe exacerbations e FEV, > 80% predicted o (2 in the past year or >3 in the past 2 o li)er week or less
Asthma e >2 in the past year or >3 in the past 2 OR years requiring hospital attendance or
control years requiring hospital attendance or  partially controlled asthma. One or two course of high dose ICS or oral Partially controlled symptoms. One

high dose OCS

e or >1 in the past year requiring PICU
admission)

3. zscore FEV<-1.96

e post bronchodilator post steroid trial
4. Prescribed daily or alternate day
oral steroids and/or omalizumab

e irrespective of level of symptom
control

of the following in the previous 4 weeks:

e Daytime symptoms more than twice
per week

e Any limitation of activities
e Any nocturnal symptoms

e Need for reliever treatment twice per
week or more

e Pre bronchodilator FEV; < 80%
predicted

prednisolone

e or >1 in the past year requiring PICU
admission;

3. Prescription of daily or alternate day
OCS

e irrespective of level of symptom control

or two of the following in the
previous 4 weeks:

¢ Daytime symptoms more than
twice per week

e Any limitation of activities
e Any nocturnal symptoms

e Need for reliever treatment twice
per week or more

Table S1: Inclusion and exclusion criteria for the four cohorts. Reproduced from the original paper describing the baseline characteristics of the
cohort: Fleming L, Murray C, Bansal AT, Hashimoto S, Bisgaard H, Bush A, et al. The burden of severe asthma in childhood and adolescence:
results from the paediatric U-BIOPRED cohorts. Eur Respir J. 2015. DOI: 10.1183/13993003.00780-2015.



All children

School-age children

Pre-school children

Variable N |Estimate| 95% CI |P-value Prvalue N |Estimate| 95% CI |P-value Prvalue N |Estimate| 95%CI |P-value Prvalue
(overall) (overall) (overall)
Severity (Severe vs. Mild/Moderate) 241 0.075 [-0.07;0.22] 0.306  0.303 |125 0.166 [-0.04;0.37] 0.107 0.102 |116 -0.024 [-0.23;0.19] 0.825 0.822
Age group (School-age vs. Pre-school) 241 0.088 [-0.05;0.23] 0.212  0.208
Age (Per year) 240 0.006 [-0.01;0.02] 0.445 0.442 |124 -0.017 [-0.05;0.01] 0.286 0.279 |116 0.039 [-0.05;0.13] 0.374 0.367
Sex (Male vs. Female) 241 -0.056 [-0.20;0.09] 0.440 0.436 |125 -0.005 [-0.20;0.19] 0.961 0961 |116 -0.092 [-0.31;0.13] 0.402 0.395
Ethnicity (Caucasian vs. Other) 241 -0.045 [-0.22;0.13] 0.609  0.607 |125 0.031 [-0.19;0.25] 0.787 0.784 |116 -0.125 [-0.40;0.15] 0.369  0.362
Delivery (Cesarean section vs Vaginal) 241 -0.029 [-0.19;0.13] 0.728  0.726 |125 0.010 [-0.21;0.23] 0.930  0.929 |[116 -0.068 [-0.32;0.18] 0.592  0.586
Study centers (B vs A) 241 0.195 [-0.13;0.52] 0.235  0.476 116 0.115 [-0.28;0.51] 0.565  0.447
Study centers (C vs A) 241 0.033 [-0.25;0.31] 0.815 0476 |[125 -0.308 [-0.70;0.08] 0.118 0412 |116 0.114 [-0.26;0.48] 0.544  0.447
Study centers (D vs A) 241 -0.051 [-0.64;0.54] 0.864 0476 |[125 -0.306 [-0.94;0.32] 0.338  0.412
Study centers (E vs A) 241 0.093 [-0.17;0.36] 0.489 0476 |125 -0.135 [-0.51;0.24] 0479 0.412 |[116 0.038 [-0.27;0.35] 0.809  0.447
Study centers (F vs A) 241 0.016 [-0.27;0.30] 0915 0476 |125 -0.141 [-0.53;0.25] 0479 0.412 |[116 -0.205 [-0.59;0.18] 0.294  0.447
Study centers (G vs A) 241 -0.106 [-0.40;0.18] 0.472 0476 |125 -0.336 [-0.75;0.08] 0.109 0.412 |[116 -0.160 [-0.52;0.20] 0.377  0.447
Season of visit (Spring vs Autumn) 241 0.007 [-0.19;0.21] 0.944  0.596 |125 -0.053 [-0.34;0.23] 0.710 0.788 |[116 0.113 [-0.18;0.41] 0.447  0.220
Season of visit (Summer vs Autumn) 241 0.097 [-0.09;0.29] 0.315 0.596 |125 -0.054 [-0.29;0.18] 0.651 0.788 |[116 0332 [-0.00;0.67] 0.051  0.220
Season of visit (Winter vs Autumn) 241 0.102 [-0.09;0.29] 0.301  0.596 |125 0.085 [-0.21;0.38] 0.571 0.788 |[116 0.187 [-0.08;0.46] 0.171  0.220
Siblings (Any) 241 0.041 [-0.16;0.24] 0.684  0.681 |[125 0.127 [-0.18;0.44] 0.416 0409 |116 -0.032 [-0.30;0.24] 0.812  0.809
Number of Siblings 241 0.039 [-0.03;0.11] 0.252  0.249 [125 0.068 [-0.02;0.15] 0.119 0.114 [116 -0.025 [-0.14;0.09] 0.656 0.651
Breastfeeding (Per month) 241 0.010 [-0.00;0.02] 0.053 0.051 [125 0.009 [-0.00;0.02] 0.176 0.170 |116 0.014 [-0.01;0.03] 0.153  0.147
Cat in the home 241 0.022 [-0.16;0.21] 0.814 0.813 (125 0.079 [-0.18;0.34] 0.550 0.544 |116 -0.014 [-0.29;0.26] 0.921  0.920
Dog in the home 241 0.085 [-0.10;0.27] 0.359 0.356 |125 0.085 [-0.13;0.30] 0.437 0.430 |[116 0.013 [-0.36;0.39] 0.944 0.943
Cotinine in Urine (Positive vs Negative) 211 -0.102 [-0.34;0.14] 0.400 0.396 |116 -0.240 [-0.57;0.09] 0.153 0.147 | 95 0.067 [-0.29;0.43] 0.714  0.709
Number of Exacerbations, previous year 241 -0.015 [-0.04;0.01] 0.207 0.204 |125 0.017 [-0.02;0.05] 0.326 0.319 |[116 -0.044 [-0.08;-0.01] 0.012  0.010
Specific IgE (Any positive) 141 0.110 [-0.08;0.30] 0.261 0.255 | 82 -0.049 [-0.45;0.35] 0.810 0.806 |59 0.138 [-0.11;0.39] 0.273  0.259
Skin Prick Test (Any positive) 204 0.063 [-0.10;0.22] 0.433 0429 (104 -0.115 [-0.51;0.28] 0.566  0.559 |100 0.072 [-0.16;0.30] 0.537  0.530




Any sensitization (sIgE or SPT)
Diagnosed Eczema

Diagnosed Allergic Rhinitis

Recent antibiotic treatment

Recent inhaled corticosteroid treatment
Recent nasal corticosteroid treatment

Recent oral corticosteroid treatment

226
239
233
241
241
241
241

0.108
0.134
0.173
-0.015
-0.113
0.107
0.023

[-0.04:0.26]
[-0.01;0.28]
[-0.10;0.45]
[-0.23;0.20]
[-0.33;0.10]
[-0.16;0.37]
[-0.16:0.21]

0.165
0.078
0.216
0.887
0.299
0.426
0.807

0.162
0.075
0.212
0.887
0.295
0.423
0.806

118
125
122
125
125
125
125

-0.038
0.222
0.205
0.126
-0.595
0.123
0.103

[-0.40;0.32]
[0.01;0.43]
[-0.14;0.55]
[-0.15;0.40]
[-1.65;0.46]
[-0.15;0.40]
[-0.13;0.34]

0.835
0.039
0.239
0.368
0.267
0.377
0.385

0.832
0.036
0.232
0.362
0.260
0.371
0.378

108
114
111
116
116
116
116

0.128
0.035
0.108
-0.201
-0.161
-0.748
-0.134

[-0.08;0.34]
[-0.18;0.25]
[-0.35:0.56]
[-0.54;0.14]
[-0.41;0.08]
[-1.87:0.38]
[-0.45;0.19]

0.230
0.752
0.639
0.240
0.192
0.191
0.409

0.222
0.748
0.633
0.233
0.185
0.185
0.402

Table S2: Association between Shannon Diversity Index and clinical covariates in all children and within each age group.




Mean Relative
Age group ASV Phylum Family Genus Lowest known taxonomy Abundance Presence Log2FC P-value Q-value
All children | ASV79  Patescibacteria Saccharimonadales 0.0022 0.23 1.02 0.014 0.53
All children | ASV41 Bacteroidetes Prevotellaceae Prevotella 6 Prevotella 6 salivae 0.0034 0.39 0.83 0.005 0.53
All children | ASV125 Firmicutes Ruminococcaceae  Ruminococcaceae UCG-014 Ruminococcaceae UCG-014 0.0006 0.25 0.75 0.028 0.53
All children | ASV28  Firmicutes Carnobacteriaceae Granulicatella Granulicatella_elegans 0.0056 0.38 -0.68  0.026 0.53
All children | ASV68  Proteobacteria Pasteurellaceae Haemophilus Haemophilus 0.0015 0.37 -0.66  0.038 0.53
All children | ASV56  Firmicutes Streptococcaceae  Streptococcus Streptococcus 0.0017 0.48 -0.58  0.017 0.53
All children | ASV14  Proteobacteria Pasteurellaceae Haemophilus Haemophilus 0.0140 0.57 -0.52  0.033 0.53
All children | ASV4  Firmicutes Veillonellaceae Veillonella Veillonella 0.0755 0.66 0.45 0.050 0.62
All children | ASV2  Firmicutes Streptococcaceae  Streptococcus Streptococcus 0.0862 0.84 -0.43  0.037 0.53
School-age | ASV11 Proteobacteria Pasteurellaceae Actinobacillus Actinobacillus 0.0169 0.27 -1.58  0.006 0.36
School-age | ASV29 Proteobacteria Pasteurellaceae Actinobacillus Actinobacillus 0.0043 0.20 -1.22 0.025 0.40
School-age | ASV28 Firmicutes Carnobacteriaceae Granulicatella Granulicatella_elegans 0.0031 0.38 -1.17  0.016 0.40
School-age | ASV68 Proteobacteria Pasteurellaceae Haemophilus Haemophilus 0.0012 0.37 -1.13  0.006  0.36
School-age | ASV94  Firmicutes Lactobacillales 0.0008 0.40 -0.85  0.026 0.40
School-age | ASV56 Firmicutes Streptococcaceae  Streptococcus Streptococcus 0.0012 0.48 -0.81  0.026 0.40
School-age | ASV2  Firmicutes Streptococcaceae  Streptococcus Streptococcus 0.0828 0.84 -0.69  0.015 0.40
Pre-school | ASV79 Patescibacteria Saccharimonadales 0.0023 0.23 1.35 0.021 0.73
Pre-school |ASV41 Bacteroidetes Prevotellaceae Prevotella 6 Prevotella 6 salivae 0.0025 0.39 1.08 0.027 0.73
Pre-school |ASV36 Firmicutes Lachnospiraceae  Lachnoanaerobaculum Lachnoanaerobaculum 0.0056 0.41 0.97 0.021 0.73
Pre-school |ASV7  Bacteroidetes Prevotellaceae Prevotella 7 Prevotella 7 melaninogenica 0.0344 0.60 0.74 0.047 0.73

Table S3: Results from differential abundance analyses of OTUs between severe and mild/moderate cases, for all children together and stratified

by age group. Differences were tested using the feature model from metagenomeSeq. Only nominally significant ASVs are shown, but no ASVs




were significant after FDR correction. Presence is the fraction of samples where an ASV was found. Log2FC is log2 fold change, an effect size

with a positive value indicating association with school-age children. N=241.



Mean Relative

ASV Phylum Family Genus Lowest known taxonomy Abundance Presence Log2FC P-value Q-value
ASV30 |Bacteroidetes Prevotellaceae Alloprevotella Alloprevotella 0.0077 0.46 -1.22 6.61x10°%  0.007
ASV47 | Firmicutes Veillonellaceae Megasphaera Megasphaera_micronuciformis 0.0030 0.24 1.29 0.00034  0.019
ASV32 | Actinobacteria Actinomycetaceae Actinomyces Actinomyces_graevenitzii 0.0052 0.39 0.82 0.00155  0.039
ASVS5 | Proteobacteria Neisseriaceae Neisseria Neisseria 0.0440 0.54 -0.84  0.00176  0.039
ASV117|Bacteroidetes Porphyromonadaceae Porphyromonas Porphyromonas 0.0004 0.13 -1.70  0.00184  0.039
ASV150 | Unknown Unknown Unknown Bacteria 0.0003 0.25 -0.98  0.00208  0.039
ASV39 |Bacteroidetes Prevotellaceae Prevotella 7 Prevotella 7 0.0022 0.20 1.43 0.00325  0.047
ASV4 | Firmicutes Veillonellaceae Veillonella Veillonella 0.0755 0.66 0.65 0.00336  0.047
ASV104 | Bacteroidetes Porphyromonadaceae Porphyromonas Porphyromonas 0.0007 0.13 -1.70  0.00411  0.051
ASV9 | Firmicutes Family XI Gemella Gemella 0.0291 0.64 -0.56 0.00527  0.059
ASV166 | Firmicutes Erysipelotrichaceae  Solobacterium Solobacterium_moorei 0.0005 0.14 1.48 0.00946  0.092
ASV56 | Firmicutes Streptococcaceae Streptococcus Streptococcus 0.0017 0.48 -0.61 0.01019  0.092
ASVS51 | Firmicutes Lachnospiraceae Lachnoanaerobaculum Lachnoanaerobaculum_cf. 0.0026 0.39 -0.62  0.01106  0.092
ASV28 | Firmicutes Carnobacteriaceae Granulicatella Granulicatella_elegans 0.0056 0.38 -0.80  0.01150  0.092
ASV13 |Bacteroidetes Porphyromonadaceae Porphyromonas Porphyromonas_pasteri 0.0134 0.60 -0.63  0.01641 0.117
ASV214 | Firmicutes Streptococcaceae Streptococcus Streptococcus 0.0002 0.12 -1.31 0.01691  0.117
ASV127 | Firmicutes Ruminococcaceae Ruminococcaceae UCG-014 Ruminococcaceae UCG-014 0.0007 0.17 -1.15  0.01855  0.117
ASV14 |Proteobacteria Pasteurellaceae Haemophilus Haemophilus 0.0140 0.57 -0.56  0.02044  0.117
ASV96 |Fusobacteria  Leptotrichiaceae Streptobacillus Streptobacillus 0.0016 0.14 -1.50  0.02113  0.117
ASV33 | Firmicutes Veillonellaceae Veillonella Veillonella 0.0063 0.34 0.67 0.02224  0.117
ASV3 | Proteobacteria Pasteurellaceae Haemophilus Haemophilus 0.0519 0.68 -0.48  0.02229  0.117
ASV24 | Actinobacteria Micrococcaceae Rothia Rothia_mucilaginosa 0.0123 0.37 0.65 0.02378  0.117
ASV210 | Firmicutes Unknown Unknown Bacillales 0.0002 0.13 -1.09  0.02400 0.117
ASV41 |Bacteroidetes Prevotellaceae Prevotella 6 Prevotella 6 salivae 0.0034 0.39 0.62 0.03024  0.136
ASV110 | Bacteroidetes Porphyromonadaceae Porphyromonas Porphyromonas 0.0008 0.12 -1.77  0.03042  0.136
ASV7 |Bacteroidetes Prevotellaceae Prevotella 7 Prevotella 7 melaninogenica 0.0360 0.60 0.47 0.03594  0.155




ASV124 | Firmicutes Lachnospiraceae Oribacterium Oribacterium_parvum 0.0006 0.17 -0.79  0.03856  0.160

ASVS81 | Firmicutes Streptococcaceae Streptococcus Streptococcus 0.0011 0.37 -0.54  0.04281 0.171

Table S4: Results from differential abundance analyses of OTUs between school-age and pre-school children, corresponding to fig. 4.
Differences were tested using the feature model from metagenomeSeq. Only nominally significant ASVs are shown, some of which remained
significant after FDR correction (bold). Presence is the fraction of samples where an ASV was found. Log2FC is log fold change, an effect size
with a positive value indicating association with school-age children, and a negative value indicating association with pre-school children.

N=241.



Fig S1: Geographical distribution and distribution of children between study centers.
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Fig S2: Phylum-level relative abundances for each sample, grouped by cohort, ordered by

hierarchical clustering within each cohort. N=241.
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Fig S3: An overview of the most important taxa in the Microbial Maturity Score random
forest model, as assessed by the Variable Importance Score (y axis) and the directionality and

magnitude of correlation with the score for each taxon (x-axis).






