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ABSTRACT

Background: The role of the airway microbiome in the developtrefrrecurrent wheezing and
asthma remains uncertain, particularly in the trigh-group of infants hospitalized for

bronchiolitis.

Objective: Examine the relation of nasal microbiota at broalitis hospitalization and 3 later

points to the risk of recurrent wheezing by agea&ry.

Methods: In 17 US centers, researchers collected clinici& dad nasal swabs from infants
hospitalized for bronchiolitis. Trained parentslecled nasal swabs 3 weeks post-hospitalization
and, when healthy, during summer and 1 year pospitadization. We applied 16S rRNA gene
sequencing to all nasal swabs. We used joint mogléti examine the relation of longitudinal

nasal microbiota abundances to risk of recurrergeaing.

M easurements and Main Results: Among 842 infants hospitalized for bronchiolitisere was
88% follow-up at 3 years and 31% developed rectisdr@ezing. The median age at enroliment
was 3.2 months (IQR, 1.7-5.8 months). In joint miodeanalyses adjusting for 16 covariates,
including viral etiology, a 10% increase in relati@bundance dfloraxellaor Streptococcu8
weeks after day 1 of hospitalization was associafiéitian increased risk of recurrent wheezing
(HR 1.38; 95% highest density interval [HDI] 1.184%; and HR 1.76; 95%HDI 1.13-3.19,
respectively). Increasestreptococcuthe summer after hospitalization was also asstiaith

a higher risk of recurrent wheezing (HR 1.76; 95%HN5-3.27).

Conclusions: Enrichment oMoraxellaor Streptococcuafter bronchiolitis hospitalization was
associated with recurrent wheezing by age 3 yeassibly providing new avenues to ameliorate

the long-term respiratory outcomes of infants vgglvere bronchiolitis.

Abstract word count: 250



Clinical Implications: In a prospective multicenter cohort of infantspitadized with
bronchiolitis, we found the post-hospitalizatioagssembly of the nasal microbial ecosystem was
associated with recurrent wheezing by age 3 years.

Capsule Summary: Enrichment oMoraxellaor Streptococcuafter bronchiolitis
hospitalization was associated with recurrent wimeglay age 3 years. This finding identifies a
potential window of opportunity for clinicians tonaliorate these infants’ long-term respiratory
outcomes.

Key words: Bronchiolitis,recurrent wheezindyloraxella StreptococcuHaemophilus
respiratory syncytial virus, rhinovirus, longitudirstudies, microbiome

Abbreviations: RSV:respiratory syncytial virus; RV: rhinovirus; ARIcate respiratory
infections; ED: emergency department; NPA: nasopigeal aspirate; HDI: high density
interval; CAS: Childhood Asthma Study
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INTRODUCTION

Bronchiolitis is an acute respiratory infection @hd leading cause of hospitalization for U.S.
infants, accounting for ~130,000 hospitalizationswally.* In addition to this acute severity of
illness, these hospitalized infants are 3 to 4 simere likely than healthy controls to develop
recurrent wheezing and childhood asthmélnfortunately, the infants who will develop this

long-term respiratory morbidity after a bronchiglihospitalization remain incompletely defined.

To date, most longitudinal bronchiolitis cohortdies have utilized 1 of the 2 most common
viral etiologies of bronchiolitis, respiratory swytial virus (RSV) and rhinovirus (RV), as the
primary exposure’. However, respiratory viruses infect infants imaiys colonized with highly
functional bacteria®* And emerging evidence suggests that the bactmmaposition of the
airway is associated not only with acute severititomes? but also long-term respiratory

outcomes®

More than a decade ago, Bisgaard and colleagueg csnventional culture reported that
hypopharyngeal colonization boraxella Haemophilusor Streptococcug asymptomatic 1
month old infants was associated with recurrentexirgy and childhood asthmfaMore

recently, cross sectional, culture-independentistuidave shown that when compared with
healthy controls, children and adults with asthraaehairway microbiota compositions enriched
with Proteobacteria (e.gvjoraxellaandHaemophilug * #** Furthermore, longitudinal
microbiota studies in the first 2 years of lifeybdound thatMoraxella Haemophilusand
Streptococcuslominate nasopharyngeal communities during a@stgiratory infections (ARIY

2:and in sensitized children, are associated withrib wheeze at age 5 yeats.



To date, however, no study has examined in a nenités cohort of infants hospitalized for
bronchiolitis, the association between the longitaicomposition of the nasal microbiota and
risk of recurrent wheezing of childhood. Indeeds ik the first longitudinal microbiota analysis
of the present cohott>*We hypothesized that a post-hospitalization ireeéaMoraxella

relative abundance is associated with a higherafiskcurrent wheezing by age 3 years.



METHODS

Study design, setting, and participants

As previously described,site teams at 17 hospitals in 14 U.S. states ledraifants (age less
than 1 year) hospitalized for bronchiolitis int@ tB8" Multicenter Airway Research
Collaboration (MARC-35; http://www.emnet-usa.orgida35/M35.htm). Attending physicians
diagnosed an infant’s bronchiolitis based on theeAican Academy of Pediatrics definitioh
Enroliment occurred over 3 consecutive winter seagoe., November to April) from 2011-
2014. The institutional review board at the 17 ipgrating hospitals approved this study and all

families signed an informed consent prior to pgr&ton.

Data collection

Research teams at each of the sites not only ¢stratinical data from the emergency
department (ED) and inpatient charts, but also gotadl structured interviews with parents /
legal guardians during the hospitalization for dgraphic, historical and environmental

information.

Nasopharyngeal aspirate collection
All site researchers collected nasopharyngeal @agsifNPAs) within 24 hours of hospitalization
using the same equipment (e.g., sample traps anidisicatheters from Medline Industries

[Mundelein, IL]) and a standardized protocol asvjirasly described:

Nasal swab collection
Within 24 hours of hospitalization, site teams edléd an index nasal swab from both anterior
nares using a single nylon, pediatric FLOQSwab @BoBrescia, Italy):®> This swab was

collected either before the NPA collection or >2ifsoafter the NPA collection. During the



hospitalization, site teams taught parents hovwotlect the nasal swab sample. When possible
during the index sample collection, the site tearal®ed 1 nare and had the parent practice their
technigue by swabbing the other nare. Three waft&sthe date of hospitalization, using the
same sample collection methods, trained parenisoted] the “clearance swab”. The summer
(June, July, or August) following the hospitalipatj when the children were healthy, the parents
collected the “summer swab”. The year following Huespitalization, children were randomly
assigned to a specific season for their healthyoswelection. Therefore, 1/4 of parents were
assigned to collect the “seasonal swab” over sundugre, July, August), fall (September,
October, November), winter (December, January, rgelj, or spring (March, April, May). All

collected swabs were processed as previously tesct

16SrRNA gene sequencing
As previously described? we sequenced the 16S rRNA gene V4 region of the rsath
bacteria on the Illumina MiSeq platform. We utilizenicrobiota data with sufficient sequence

depth (i.e.> 1,000 reads per sample) for all analyses (seeysisil

Quantitative rever se-transcriptase polymer ase chain reaction assays

Using the NPA samples from hospitalization, quatitie reverse-transcriptase polymerase chain
reaction (QRT-PCR) assays were conducted at B&gtiege of Medicine as previously
described for 17 viruses: RSV (types A and B), okiirus, influenza (types A and B, and 2009
novel H1IN1), human metapneumovirus, human bocagvraisinfluenza viruses (types 1, 2 and

3), adenovirus, enterovirus, coronaviruses (NL®G;43, HKU1, and 229E}°

Outcome measur es

Based on biannual parent phone interviews, theggimautcome for the present analysis was
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recurrent wheezing by age 3 years, as definedd2@07 National Institutes of Health (NIH)'s
Expert Panel Report 3 (EPR-3) —i.e., having &tl@acorticosteroid-requiring exacerbations in 6
months or having at least 4 wheezing episodesyiat that last at least 1 day and affect sl&ep.
There is no required or specified time frame betwsggaodes of wheezing. Since wheezing in
early childhood may be transiefitwe extended this outcome to children who had reour
wheezing by age 3 years and also had asthma 4t yegrs. We defined asthma at age 4 years
using an epidemiologic definition: between ages® 4 years having both a physician-diagnosis
of asthma and either asthma medication use (¢bgteaol inhaler, inhaled corticosteroids) or

asthma-related symptoms (e.g., wheezing, noctemajh).*®

Statistical analyses

Analyses only included subjects with an index moota sample of sufficient quality. In order
to maintain consistency between cross-sectionatlamtbngitudinal time-to-event analyses,
microbiota samples collected after the onset afirenit wheezing were excluded. Covariates for
patient characteristics and clinical presentatmliected at index were compared between
children with and without recurrent wheezing usthgsquared tests or Wilcoxon rank sum

tests, as appropriate.

The unrarefied 16S rRNA gene sequence read cowerssa@mbined at the genus level. We
defined the top 10 genera as those with the highean relative abundance across all samples.
Kruskall-Wallis rank sum tests assessed the sigmfie of the differences in age, alpha-diversity
(Shannon index), and relative abundances of thgeopra across all 4 time points, with P-
values for the top genera comparisons using théeBrami correction for multiple testing.

To examine the relation of genus abundance to rexcuwheezing, we first performed cross-

sectional analyses on the data. We calculatedwbralb mean microbial abundances for each
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genus of interest using the relative abundancesaath time points. Based on microbial
abundances at each of the 4 time points, we caregiothe nasal samples into 2 groups: those
above the mean and those below. Chi square testsrdeed significance of the association
between these groups and recurrent wheekingiiple comparison correction was not used in

these analyses as they served as exploratory asdhysthe joint modeling .

Next, we performed longitudinal analyses by cortding joint models for the longitudinal
microbial data to quantify its relationship witretbnset of recurrent wheezirf§ Specifically,

we created a longitudinal mixed-effects generalirgshr model to predict relative genus
abundances over time using the 8 most abundanttakalinical covariates as the fixed effects,
time as the random slope, and subject as the raimtensept. These relative abundances and
their interaction by time point were both scaledrsthat a 10% change in abundance was
equivalent to a unit change and incorporated as-tiependent covariates into a Cox
proportional hazards model with the outcome recuinnheezing by age 3 years. We used
Bayesian methods via a modified version ofrdtanarmR package assuming scaled default
prior distributions. This Bayesian approach produmenservative model estimates without the
multiple comparison problems found in frequentjgpraache$! Significance was determined
using the 95% high density interval (HDI) of thesparior distribution of the log hazard ratio

within a region of practical equivalence (ROPE)uaxd zero.

To confirm the joint model results, we generateglga-Meier curves stratified by groups of
participants identified by the joint model as beatdnigher risk for recurrent wheezing and used
log-rank tests to determine statistical signifieand/e also conducted a joint model sensitivity
analysis restricting the outcome to children whd recurrent wheezing by age 3 years and also

had asthma at age 4 years.
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For each of the high-risk groups identified by jhiet model, we generated locally weighted
scatterplot smoothing (i.e., loess) curves with 3&#tfidence intervals (Cl) for the relative
abundances for the time following day 1 of hospatdlon. The process of creating smoothed
curves for each of the risk groups was repeatéactade 8 of the top 10 genera; we removed 2
genera which showed imperceptible changes over fiméurther improve clarity, we used a rug

plot of sample times (instead of 95%CIs) to indecie distribution of the observations.

The overlap between participant memberships imitkegroups identified by the joint model
was assessed using a Venn diagram. After removimgpgoverlap, patient characteristics and
clinical presentation were compared between theglisups using Fisher exact tests and

Kruskal-Wallis tests, as appropriate.

The analysis used R version 3.3.3. All P-valuesavwepo-tailed, with P< 0.05 considered

statistically significant.
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RESULTS

Patient characteristics

Of 921 infants in the longitudinal cohort, 842 tradficient sequence depth (i.e1000 reads

per sample) and were included in the present aisall/se analytic and non-analytic cohorts
differed in antibiotic use prior to hospitalizati{f=0.02), with a higher percentage of infants in
the non-analytic cohort having used antibiotice (Bable E1 in online repository). The analytic
cohort had a median age at hospitalization of 3aths (IQR, 1.7-5.8 months), 60% were male,
and 80% had no history of wheezing. We characterize bacterial microbiota using 2,086
nasal swabs (842 index, 599 clearance, 379 sunam@r266 seasonal) collected during and after
hospitalization for bronchiolitis. We had 88% fallaip at age 3 years. Overall, 265 (31%)
infants developed recurrent wheezing by age 3 y@alde 1 summarizes the patient
characteristics among children who did and diddesmelop recurrent wheezing. In general,
infants who developed recurrent wheezing were algen study entry, had a mother with

asthma, a personal history of eczema, and RSV-wedaonchiolitis.

Composition of the nasal microbiota during and after bronchiolitis hospitalization

The median age at the time of nasal swab collecBbannon index, and abundances of top 10
nasal microbiota genera by swab collection timeappaie shown i able E2 (in online
repository). Nasal swab collections continuedlunthedian age of 16 months. The alpha
diversity was lowest at the clearance time poiwt laighest at the seasonal time point. Among
the genera of interegtjoraxella HaemophilusandStreptococcusvere all in the top 10 genera

by relative abundance.

Relative abundance of Moraxella, Haemophilus, and Streptococcus by time point and risk of
developing recurrent wheezing by age 3 years

12



In cross sectional analyses, we found that upopitadization the relative abundance of the risk
bacteria (i.e.Moraxella, HaemophilusandStreptococcyswere not associatesith recurrent
wheezing by age 3years. By contrast, at the clearime point (i.e., 3 weeks after day 1 of
hospitalization), infants with a relative abundan€é&loraxellagreater than the mean had
significantly higher risk of recurrent wheezing &ye 3 years than infants with relative
abundances below the mean (P=0Figure 1A). In parallel analyse$jaemophilusassociation
with recurrent wheezing did not reach significaatany of the time points (séggureElin
online repository). However, infants wigtreptococcuabundances greater than the mean at
either the clearance or summer time point had sogmitly higher risk of recurrent wheezing by
age 3 years when compared with infants who hadabaleanStreptococcusbundances

(P=0.01 and P=0.03 respectiverygure 1B).

Longitudinal Moraxella, Haemophilus, and Streptococcus abundance after hospitalization

and hazard of developing recurrent wheezing by age 3 years

The aforementioned cross sectional results wecesilswn in our longitudinal analysis using
joint modeling. In the joint model, increasktbraxellarelative abundance at the clearance time
point was associated with development of recunér@ezing by age 3 years after adjusting for
16 confounders such as maternal asthma, birth nmigtery of eczema, sensitization, viral
etiology, and intensive care use (HR 1.38, 95% HDIL-1.85Figure 2). Thus, for every 10%
increase in the abundanceMbraxellaat clearance, there was a 38% increase in thefisk
developing recurrent wheezing by age 3 years. 8irtol our cross sectional analyses,
Haemophilusabundance did not reach significance in the joiatel analyses (ségégure E1in
online repository). By contrast, we found that easedStreptococcuabundance at clearance
and the summer following hospitalization were bassociated with recurrent wheezing by age 3

years (HR 1.76, 95%HDI 1.13-3.19; and HR 1.76; 9991 15-3.27, respectivel¥igure 2).
13



In sensitivity analyses, we created Kaplan-Meieves stratified by the 3 risk groups (i.e.,
increasedMoraxellaat clearance, increas&treptococcusat clearance, and increased
Streptococcust summer) identified in our cross sectional andtjmodelling analyses-{gure

3). In these survival analyses, we again demonsttatethcreased hazard of recurrent wheezing
by age 3 years for infants with highoraxellaor Streptococcusat clearance (both P=0.01) or

high Streptococcuat summer (P<0.01).

Longitudinal Moraxella and Streptococcus abundance after hospitalization among children
with recurrent wheezing by age 3 years who also developed asthma at age 4 years

To address the potential heterogeneity of recumdraezing, we examined children who not
only developed recurrent wheezing by age 3 yeatsalso had asthma at age 4 years.
Supportive of the recurrent wheezing results, waébin joint models that children with higher
MoraxellaandStreptococcuabundance at clearance had an increased riskfeat wheezing
accompanied by age 4 year asthma (HR 1.75, 95%HI33.18; and HR 2.84, 95%HDI 1.07-
9.03, respectivelyFigure 4). Children with increase8treptococcuabundance at summer had a
borderline significant increased risk of recurretieeze with age 4 year asthma (HR 2.51;

95%HDI 0.96-8.43Figure 4).

Stability of nasal microbiota risk group composition after hospitalization

The 3 nasal microbiota risk groups — A) increaskulaxellaat clearance; B) increased
Streptococcust clearance; and C) increastdeptococcuat summer — have minimal overlap
(seeFigure E2in online repository). Comparing the characterssand clinical presentation of
infants within each of the 3 risk groups - afteclexing infants in more than one risk group - we
found that children with elevatédoraxellaor Streptococcuat clearance were wheezing upon

hospitalization more than children with increa§tceptococcuat summer. Otherwise, the 3 risk

14



groups had similar demographics and clinical priedems (sed able E3 in online repository).
We also found that the elevated abundances fouaddh of the 3 risk groups were not present
at the subsequent sample time polfig@re 5 and Figure E3 in online repository). Examining
whether the transient nature of the increased amees could be due to antibiotic
administration, we found that most patients didnegtive antibiotics either before or during the
hospitalization, in accordance with the currentnistdolitis practice guidelines? Moreover,

there were no significant differences in antibi@aministration between patients with above or

below mean taxa abundances (¥able E4 in online repository).
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DISCUSSION

In this prospective, multicenter cohort of 842 mtfahospitalized for bronchiolitis, we identified
in cross-sectional, survival, and joint modelinglgses that having increased relative abundance
of nasalMoraxellaor Streptococcu8 weeks after day 1 of hospitalization — or insezhnasal
Streptococcughe summer after hospitalization — was associattédrecurrent wheezing by age
3 years. Our data corroborate the relation of infdoraxellaandStreptococcuabundance to
childhood wheezing outcomés*?and extend this prior research by focusing nog onla high-
risk cohort of infants hospitalized for bronchidjtbut also by analyzing hospitalization and
post-hospitalization samples using robust longitatanalytic techniques (i.e., joint modeling).
Although replication is needed, and causality hadeen established, we may have identified,
for infants hospitalized with bronchiolitis, a shasindow of opportunity (i.e., the weeks after
hospitalization) to influence the secondary sudoessf the nasal microbial ecosystem, and
potentially, the risk of developing of recurrenteezing by age 3 yeafs **and recurrent

wheezing accompanied by asthma at age 4 years.

Over the past 60 years, multiple cohort studie ltlmonstrated that up to 60% of infants
hospitalized with bronchiolitis will develop recant wheezing within 3 years of hospitalization.
2 Furthermore, compared with healthy controls, ekitchospitalized with bronchiolitis are also
at much higher risk of developing childhood astifraad even, longer term respiratory
morbidity. > Many of these bronchiolitis cohorts focused onwinal infection (e.g., RSV).
However, viruses infect infants within a complexcrobial ecosystem (i.e., microbiomé&)And
research results over the last decade have deratatsthat airway bacteria, including nasal

microbiota, are also associated with wheezing ouésoin children® " 226
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Several studies of airway microbiota have implidd#raxellay Haemophilusand/or

8-11, 26and

Streptococcuss risk bacteria for wheezing and asthma usiniy tratss sectiondl
prospectivé’ " ?study designs. Teo and colleagues found in théralien Childhood Asthma
Study (CAS; n=234) that asymptomatic nasopharyngaahization with a high abundance of
Streptococcusround age 2 months was associated with wheezged years? In the same
cohort, higher frequency of detecting nasopharyhilesaxella Haemophilusor Streptococcus
at times of health between age 6 months and 2 yemssassociated in sensitized children (n=73)

with higher odds of chronic wheeze at age 5 yeadsanon-sensitized children (n=64) with any

wheeze in the first 3 years of life (i.e., transieheeze)®

For the first time, we have examined the longitaflimsal abundances of these 3 risk bacteria
(i.e., Moraxella HaemophilusandStreptococcusin a large, diverse multicenter cohort of U.S.
infants hospitalized for bronchiolitis. The relaigbundances of these risk bacteria upon
hospitalization were not associated with recurrgmeezing by age 3 years. However, in the
weeks after severe viral infection, enrichmentrofrdant’s nasal ecosystem with either
Moraxellaor Streptococcuscreased the risk of developing recurrent whegebyage 3 years
and recurrent wheezing accompanied by asthma at ggars. Similar to CAS? we also found
a separate group of children who at a median a@enwdnths (i.e., around 6 months after
hospitalization) while healthy, had increagideptococcuabundance and a higher risk of
recurrent wheezing by age 3 years. It remains ancl®wever, why these infants have a later
increase irBtreptococcugbundance and as seen in Figure 3, a later ohsstuwrent wheezing.
The lack of a significant association witaemophilusnay have been due to inadequate power
and/or a weaker association. Importantly, we cargui all of these findings using multiple

analytic techniques. Moreover, our joint models destrated that the present microbiota
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findings are independent of multiple other potdrd@nfounding factors associated with

childhood asthma, including viral etiology and Ig&nsitization in infancy.

These findings suggest that interventions that #fie nasal microbiome after hospitalization for
bronchiolitis may be beneficial. Indeed, Beigelnaaua colleagues found in a small (n=39)
randomized, placebo-controlled trial that azithreomyfor 14 days in infants hospitalized with
RSV bronchiolitis™ reduced nasal lavadéoraxellaabundance at 2 week8 Furthermore, in
concordance with our findings, decreadéaraxellaabundance at 14 days, no matter the group
assignment, was associated with reduced odds wirest wheezing (i.e., 3 or more wheezing
episodes) over the subsequent 12 monttiEhis potential approach to bronchiolitis treatment
needs further study and thoughtful consideratiayuapossible unintended consequences of
widespread antibiotic use. Indeed, bronchiolitid ds long-term respiratory outcomes may be

best understood as a complex adaptive syStem.

Taken together, the potential health effects ofdin@ay microbiome are tantalizing. We note,
however, that earliyloraxellacolonization in healthy infants was associatedh\atver rates of
respiratory infections® Thus, understanding the potential protective oblgloraxellain
healthy populations, compared with its consistdantification as a risk bacterium (not only
before and during acute respiratory infectibriSbut also in asthm3, will be critical to
advancing our understanding of the role of thisugefand ultimately, the strain bMoraxellg) in
respiratory conditions. It is also possible tha&t plost-hospitalization increasesMioraxellaor
Streptococcusay simply be a marker of children who are alreabyglisposed to develop
recurrent wheezing. Alternatively, the associatietween post-hospitalization increases in
Moraxellaor Streptococcuand recurrent wheezing may be causal — i.e., iicta may

influence host immune response to viral infectfdrf® *°If true, influencing microbiome
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reassembly after hospitalization for bronchioléither with antibiotic$* ?or preferably, with
intranasal administration of protective specfemay be an approach to help prevent asthma in

this high-risk group.

This study has potential limitations. First, altgbubronchiolitis is the leading cause of
hospitalization in infants, we suggest caution wheneralizing our results beyond the ~130,000
U.S. infants hospitalized with bronchiolitis eadkay.** Second, bronchiolitis is a condition that
affects the entire airway from nose to luritjsVhile our samples from the nose may not
represent the pathobiology in the lung, nasal eglts bronchial cells have similar responses to
stimulation and have significant mediator releaseatations® Third, there was no healthy
control group in MARC-35, but our study objectivaswnot to examine the association between
the microbiome and the development of bronchioliiihin the general population, but rather to
determine the relation of the nasal microbiotaetmrrent wheezing within the high-risk
population of infants hospitalized with bronchigitFourth, although we have 88% follow-up at
age 3 years, the number of nasal swabs includéttianalyses decreased over time due to
parents forgetting to collect swabs and the exatusf samples collected after the onset of
recurrent wheezing as required by the joint moéidh, the present results are unable to
untangle how host environmental conditions, inaligdbacterial-bacterial interactions at the time
of infection, may enhance the survival of certaipa@es.’ However, our group is currently
examining the role of airway microbe-host relationghe development of childhood asthma.
Sixth, these analyses will need to be repeated wieenhildren in the cohort turn age 6 years
and are formally evaluated for asthma. Finally,ghesent analysis neither accounted for
potential genetic differences within our samfleor different strains dfloraxellaand
Streptococcusnor the function of the microbiome. We are cutlsepursuing these important

research questions.
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In summary, we have identified in a large, prospecimulticenter cohort of diverse U.S. infants
hospitalized with bronchiolitis that increased atbamce of nasdafloraxella or Streptococcus

the weeks and months following hospitalization wedated to recurrent wheezing by age 3
years. These results not only confirm thltraxellaandStreptococcuare risk bacteria, but also
identify a potential window of opportunity for cloians to ameliorate the chronic respiratory
outcomes for this high-risk group of children. ledethese findings may serve as a starting point
to begin investigations that would change managéfem common pediatric condition that has

no proven effective intervention beyond supportisee.
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Table 1. Characteristicsand clinical presentationsfor 842 infants hospitalized for bronchialitis, by

recurrent wheezing outcome

Recurrent wheezing by 36 months

No Yes
Variables n =577 (69%) n =265 (31%) P-value
Characteristics
Age at index (months), median (IQR) 3.0 (1.8)5. 3.6 (2.1,5.9) 0.01
Sex — Female 232 (40) 106 (40) 1.00
Race/ethnicity 0.11
Non-Hispanic white 245 (43) 127 (48)
Non-Hispanic black 127 (22) 65 (25)
Hispanic 180 (31) 67 (25)
Other 25 (4) 6 (2)
Maternal asthma 100 (17) 77 (29) <0.001
Maternal smoking during pregnancy 69 (12) 5 (¥7) 0.06
C-section delivery 188 (33) 90 (34) 0.76
Low birth weight (<2.3 kg) 29 (5) 22 (8) 0.09
Mostly breastfed during first 3 months 254 (44) 121 (46) 0.71
Postnatal smoke exposure 90 (16) 38 (14) 0.71
Child history of eczema 72 (13) 49 (19) .0
Daycare attendance 129 (22) 67 (25) 0.40
Presentation at hospitalization for bronchioalitis
History of antibiotics use prior to index 172 (30) 88 (33) 0.36
History of hospitalization prior to index 875) 44 (17) 0.64
RSV* 494 (86) 196 (74) <0.001
Rhinovirus* 111 (19) 62 (23) 0.20
IgE sensitizationt 118 (21) 46 (17) 0.34
Intensive care uset 82 (14) 45 (17) 0.35

All data are no. (%) unless otherwise indicatedaRes are computed using chi-squared tests (aatabo
variables) and Wilcoxon rank sum tests (continuariables).

Abbreviations: IQR, interquartile range; RSV, reafry syncytial virus; IgE, immunoglobulin E.
* Detected via nasopharyngeal aspirate samplesatetl at index.
t Defined as detection of any positive values &um allergen-specific IgE at index.

¥ Defined as admission to intensive care unit anaée of mechanical ventilation (continuous positirway
pressure and/or intubation during inpatient stagardless of location) at any time during the indespitalization.
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Figure 1. Cross-sectional comparison of Moraxella and Streptococcusr elative abundance
and the percentage of recurrent wheezing outcomes

The microbiota samples were classified into aboeamabundance (orange) and below mean
abundance (purple) groups by comparing the relaitendance of a genus at one of 4 times
points (i.e., index, clearance, summer, and se§seith the mean of this genus across all time
points. The percentage of recurrent wheezing by3agears was computed at every time point
for each group. The association between the abwedgnoup (i.e., above mean or below mean)
and recurrent wheezing outcome at each time pastamalyzed using chi-squared tests.
Abundance group membership was not consistentstiros points; a taxon may be protective
at one time point and a risk factor for recurreheezing at a different time point. Samples
collected after the onset of recurrent wheeze wrectuded. (1) Increased abundance of
Moraxella(mean = 0.08) at the clearance time point is Baantly associated with a higher
percentage of recurrent wheezing (P=0.04). (2)ela®ed abundance $freptococcugmean =
0.04) at the clearance (P=0.01) and summer (P=@r@8)points are significantly associated
with a higher percentage of recurrent wheezing.

Figure 2. Associations between longitudinal Moraxella and Streptococcus relative
abundances and hazard of recurrent wheezing by age 3 years

The hazard ratios for the relative abundance anda@dnce by time point interaction for
Moraxella (left) andStreptococcugright) were calculated using a Bayesian implemigon of
the joint model for longitudinal and time-to-evelata. Bars and points indicate the 95% high
density intervals (HDI) and medians, respectividy the posterior distributions of the log
hazard ratios. The shaded area represents thenrefgiwactical equivalence (ROPE) around
zero, defined as [-0.05, 0.05]. Variables with Hihat do not overlap the ROPE were
considered statistically significant. The time-teest models adjusted for clinical variables
recorded at the index time point, with maternahast and RSV infection being significant in
both models.

Abbreviations: HDI, high density intervals; ROPEgion of practical equivalence; HR, hazard
ratio; RSV, respiratory syncytial virus; RV, rhinoys; IgE, immunoglobulin E

Figure 3. Kaplan-Meier curvesstratified by Moraxella and Streptococcusrisk groups for
the onset of recurrent wheezing by age 3 years

Using the mean cutoffs fdroraxella(mean=0.08) an8treptococcugmean=0.04) at the
relevant time points, infants were classified itite 3 risk groups identified by the joint model:
(A) increasedMoraxellaat clearance (n=102), (B) increasteptococcust clearance (n=48),
and (C) increase8treptococcusat summer (n=58). Kaplan-Meier curves were gepdradr

each of the 3 risk groups for the outcome, rectindreezing by age 3 years. The curves were
stratified by membership in the risk group. Thddgahows the number of subjects still at risk
for recurrent wheeze based on event occurrencestady dropout. Infants may be included in
more than 1 risk group. Log-rank test results iathd that the differences in the hazard
functions of the stratified curves were significéntall risk groups.
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Figure 4. Associations between longitudinal Moraxella and Streptococcusrelative
abundances and hazard of recurrent wheezing by age 3 years accompanied by asthma at
age4years

The hazard ratios for the relative abundance andadnce by time point interaction for
Moraxella(left) andStreptococcugright) were calculated using a Bayesian implerton of
the joint model for longitudinal and time-to-eveldta. Bars and points indicate the 95% high
density intervals (HDI) and medians, respectividy the posterior distributions of the log
hazard ratios. The shaded area represents thenrefgovactical equivalence (ROPE) around
zero, defined as [-0.05, 0.05]. Variables with HBiat do not overlap the ROPE were
considered statistically significant. The time-teert models adjusted for clinical variables
recorded at the index time point, with maternahiast, RSV infection, and history of eczema
being significant in both models.

Abbreviations: HDI, high density intervals; ROPEgion of practical equivalence; HR, hazard
ratio; RSV, respiratory syncytial virus; RV, rhinoys; IgE, immunoglobulin E

Figure5. Longitudinal variation of relative abundances for Moraxella and Streptococcus
risk groupsin thetime after hospitalization

Loess curves were fit for the relative abundanddafaxella (blue) andStreptococcusgred)

using the time since day 1 of hospitalization fdants in the 3 risk groups identified by the joint
model: (A) increaseoraxellaat clearance (n=102), (B) increaséttleptococcuat clearance
(n=48), and (C) increase&treptococcuat summer (n=58). Infants were classified int& ris
groups using the mean cutoffs fdoraxella(mean=0.08) an8treptococcugmean=0.04) at the
relevant time points and may have been includeddre than 1 risk group. Shaded regions
indicate 95% confidence intervals. The curves stiemransience of the increased abundance of
the risk genera.
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Hazard Ratio (95% HDI)
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Hazard Ratio (95% HDI)

Primary exposure
Relative abundance

Relative abundance x Clearance
Relative abundance x Summer
Relative abundance x Seasonal

Covariates
Sex — Female

Race — Non—Hispanic white
Maternal asthma

Smoked during pregnancy
C—section delivery

Low birth weight
Breastmilk mostly 3 months
Postnatal smoke exposure
Daycare

History of eczema
Antibiotics prior to index
Hospitalization prior to index
RSV+ at index

RV+ at index

IgE sensitization at index
Intensive care use
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Primary exposure
Relative abundance

Relative abundance x Clearance
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Maternal asthma

Smoked during pregnancy
C—section delivery
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Figure E1. Relation ofHaemophilus relative abundance to recurrent wheezing by age y3ars

(1) Based on the mean abundance of Haemophilus across all time points (mean = 0.04), microbiota
samples were classified into above mean (orange) and below mean (purple) groups. The percentage of
recurrent wheezing was computed at every time point for each abundance group. Abundance group
membership was not consistent across time points, and samples collected after the onset of recurrent
wheeze were excluded. (2) The hazard ratios for the relative abundance and abundance by time point
interaction for Haemophilus were cal culated using a Bayesian implementation of the joint model for
longitudinal and time-to-event data. Bars and points indicate the 95% high density intervals (HDI) and
medians, respectively, for the posterior distributions of the log hazard ratios. The shaded area represents
the region of practical equivalence (ROPE) around zero, defined as[-0.05, 0.05]. Variableswith HDIs
that did not overlap the ROPE were considered statistically significant. The time-to-event model adjusted
for clinical variables recorded at the index time point, with maternal asthma and RSV infection being
significant in both models (data not shown).

Figure E2. Overlap of participants in theMoraxella and Streptococcus risk groups

Using the mean cutoffs for Moraxella (mean=0.08) and Streptococcus (mean=0.04) at the relevant time
points, infants were classified into the risk groupsidentified by the joint model: (A - blue) increased
Moraxella at clearance (n=102); (B - red) increased Sreptococcus at clearance (n=48); and (C - light red)
increased Sreptococcus at summer (N=58). The overlap between these 3 risk groupsis depicted using a
Venn diagram. There is minimal overlap between the risk groups, with only 2 subjects belonging to al 3
risk groups and 6 subjects having increased Streptococcus at both clearance and summer.

Figure E3. Longitudinal variation of relative abundances for highly abundant genera in the time
after hospitalization, categorized by theMoraxella and Streptococcus risk groups

Loess curves werefit for the relative abundances of 8 of the top ten genera using the time since day 1 of
hospitalization for infantsin each of the risk groups identified by the joint model: (A) increased
Moraxella at clearance (n=102), (B) increased Sreptococcus at clearance (n=48), and (C) increased
Streptococcus at summer (n=58). Infants were classified into risk groups using the mean cutoffs for
Moraxella (mean=0.08) and Streptococcus (mean=0.04) at the relevant time points and may have been
included in more than 1 risk group. The rug plot aong the x-axis denotes the distribution of observation
times for subjectsin the specified risk group. Acinetobacter and Bacillus did not have noticeable variation
over time and were excluded to improve readability.
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Table E1. Comparison of characteristics and clinidapresentations for analytic and non-analytic
cohorts

Analytic cohort Non-analytic
Variables n =842’ n=7¢ P-value
Genus abundances, mean (S
Moraxella at clearanc 0.07 (0.18 0.10 (0.24 0.5¢
Sreptococcus at clearanc 0.02 (0.08 0.06 (0.18 0.4¢
Sreptococcus at summe 0.04 (0.14 0.04 (0.13 0.97
Outcomes
Recurrent wheezing by age 3 ye 265 (31) 31 (40) 0.17
Recurrent wheezing by age 3 years
accompanied by asthma at 4 years 119 (14) 19 (24) 0.03
Characteristics
Age at index (months), median (IC 3.19[1.68,5.7¢ 3.73[1.61, 7.3: 0.17
Sex— Femalt 338 (40) 29 (37) 0.7¢
Race/ethnicit 0.47
Non-Hispanic whit 372 (44) 28 (36)
Non-Hispanic blac 192 (23 18 (23
Hispanic 247 (29 28 (36
Othel 31 (4 4 (5)
Maternal asthmr 177 (21) 18 (23) 0.8:2
Maternal smoking during pregnar 114 (14) 12 (15) 0.7¢
C-section deliver 278 (33) 33 (42) 0.1z
Low birth weight (<2- 3 k¢ 51 (6) 8 (10) 0.2
Mostly breastfed during first 3 mon 375 (45) 36 (£6) 1.0C
Postnatal smoke expos 128 (15) 10 (13) 0.6¢
Child history of eczen 121 (14) 16 (21) 0.2C
Daycare attendan 196 (23) 15 (19) 0.5C
Presentation at hospitalization for bronchiolitis
History of antibiotics use prior to ind 260 (31) 35 (45) 0.0z
History of hospitalization prior to ind: 131 (16) 16 (21) 0.3¢
RSV 690 (82) 61 (78) 0.51
Rhinovirust 173 (21) 13 (17) 0.5(C
IgE sensitizatiot 164 (19) 18 (23) 0.54
Intensive care us§ 127 (15) 14 (18) 0.61

All data are no. (%) unless otherwise indicatedaRies are computed using chi-squared tests (catagwariables),
Wilcoxon rank sum tests (continuous variables), Wndskal-Wallis rank sum tests (relative abundahces

Abbreviations: IQR, interquartile range; RSV, reapry syncytial virus; IgE, immunoglobulin E; S&tandard
deviation

* One index swab was lost during shipment.
T Detected via nasopharyngeal aspirate samplesctedl at index.
T Defined as detection of any positive values &um allergen-specific IgE at index for both food @eroallergens.

§ Defined as admission to intensive care unit anaée of mechanical ventilation (continuous positirway
pressure and/or intubation during inpatient stagardless of location) at any time during the indespitalization.




Table E2.Nasal swab microbiota summaries, by collection timpoint

Collection Time Point

Index Clearanc Summe Seasoni

P-

Variable n=_842 n =599 n=2379 n =266
value*

Age (months), median 5, 1 7 59y 38(23.65 89(7.1,109) 1a25 19.8) <0.001

(IQR)

Alpha-diversity,

median (IQR)
Shannon index 0.61 (0.09, 1.12)57 (0.19, 0.94)0.68 (0.32, 1.05) 0.77 (0.42, 1.12) <0.001

Relative abundances of top 10 genera,

mean (SD)
Saphylococcus 0.40 (0.42) 0.32 (0.40) 0.26 (0.37) 0.19 (0.33) .06a
Corynebacterium 0.11 (0.22) 0.13 (0.24) 0.19 (0.28) 0.16 (0.26) .06Q
Dolosigranulum 0.05 (0.14 0.08 (0.18 0.08 (0.17 0.12 (0.22  <0.001
Moraxella 0.09 (0.20) 0.07 (0.19) 0.05 (0.14) 0.07 (0.16) .06
Sreptococcus 0.05 (0.13) 0.02 (0.09) 0.04 (0.14) 0.04 (0.13) .06a
Enterobacter 0.06 (0.21) 0.13 (0.29) 0.13 (0.30) 0.13 (0.29) .00@
Acinetobacter 0.02 (0.12) 0.06 (0.21) 0.03 (0.14) 0.05(0.16)  410.
Bacillus 0.02 (0.14) 0.03 (0.15) 0.04 (0.15) 0.05(0.17) .06a
Pseudomonas 0.01 (0.08) 0.05 (0.18) 0.04 (0.17) 0.07 (0.20) .06
Haemophilus 0.07 (0.20) 0.02 (0.11) 0.02 (0.07) 0.02 (0.08) .06a

Comparisons across time points use Kruskal-Wadlik isum tests. Relative abundances calculated usiagefied
sequence read counts.

Abbreviations: IQR, interquartile range; SD, stadiddeviation

*P-values for relative abundances adjusted for iplaltesting using the Bonferroni correction.




Table E3. Characteristics and clinical presentatioa for infants hospitalized for bronchiolitis,
by identified risk groups

Risk group
Moraxella Streptococcus Streptococcus

Variable n=7¢ n=2¢ n = 4¢ P-
Characteristics
Age at time of collectio 4.3(2.8,7.1) 6.1 (3.4, 10.1) 9.6(7.7,11.1)  €A.0
(months), median (IQR)
Sex- Femal 37 (47 10 (35 20 (46 0.52
Race/ethnicit 0.21

Non-Hispanic whiti 38 (48 14 (48 27 (61

Non-Hispanic blac 13 (17 7 (24 8 (18

Hispanic 26 (33 6 (21 6 (14

Othe 2 (3) 2 (7 3(7)
Maternal asthrr 17 (22 4 (14 8 (18 0.7¢C
Maternal smoking durin 10 (13 2 (7 7(16) 0.52
Birth seaso 0.1t

Spring 8 (10 517 4(9

Summe 11 (14 8 (28 10 (23

Fall 43 (54 7 (24 19 (43

Winter 17 (22 9 (31 11 (25
C-section deliver 32 (41 12 (41 13 (30 0.4C
Low birth weight (<2- 3 k¢ 4 (5) 0 (0 3(7) 0.4t
Mostly breastfed during firs 41 (52 16 (55 24 (55 0.9¢
Postnatal smoke expos 13 (17 2 (7 7 (16 0.4¢
Child history of eczerr 14 (18 7 (24 6 (14 0.5C
Daycare attendan 21 (27 9 (31 11 (25 0.8¢
Presentation at hospitalization for bronchiolitis
Age at index (months 3.6 (2.0, 6.2 5.5(2.2, 8.7 3.9(2.1,5.z 0.2t
History of antibiotics us 28 (35 10 (35 19 (43 0.6€
History of hospitalizatiol 11 (14 6 (21 5(11) 0.5€
RSV+ at index 62 (79 22 (76 36 (82 0.8C
RV+ at index’ 15 (19 6 (21 12 (27 0.5¢
IgE sensitization at indif 16 (20 8 (28 9 (21 0.7C
Wheezing at inde 0.01

No 31(39 2 (7 17 (39

Yes 45 (57 24 (83 25 (57

Unknown 3(4) 3 (10 2 (5
Antibiotics during pr- 21 (27 13 (45 18 (41 0.11
Intensive care uf 6 (8) 4 (14 7 (16 0.31

All data are no. (%) unless otherwise indicatedj&ets in more than 1 risk group are excluded. lRegsare
computed using Fisher exact tests (categoricahbbas) and Wilcoxon rank sum tests (continuousatées).
Abbreviations: IQR, interquartile range; RSV, reafiry syncytial virus; IgE, immunoglobulin E

* Detected via nasopharyngeal aspirate samplesatetl at index

t Defined as detection of any positive values &um allergen-specific IgE at index for both foola
aeroallergens.



¥ Defined as admission to intensive care unit anaée of mechanical ventilation (continuous posit@rway
pressure and/or intubation during inpatient stagardless of location) at any time during the index
hospitalization.

Table E4. Comparison of above and below mean taxa abundancbkyg antibiotics
administration

History of antibiotics use prior to index

No Yes
Genus abundance n =562 (67%) n = 280 (33%) P-value
Moraxella at clearance 0.10
Below mean 486 (87) 254 (91)
Above mean 76 (14) 26 (9)
Streptococcus at clearance 0.26
Below mean 534 (95) 260 (93)
Above mean 28 (5) 20 (7)
Streptococcus at summer 0.95
Below mean 524 (93) 260 (93)
Above mean 38 (7) 20 (7)

All data are no. (%). P-values are computed ushigguared tests.




Table E5. Principal investigators at the 17 partigbating sites in MARC-35

Amy D. Thompson, Ml Alfred I. duPont Hospital for ChildreiwWilmington, DE
Federico R. Laham, MD, N Arnold Palmer Hospital for ChildreOrlando, FI
Jonathan M. Mansbach, MD, Ml Boston Children's HospiteBoston, M£

Vincent J. Wang, MD, MHA; and Susan W Children's Hospital of Los AngeleLos Angeles, C,
MD

Michelle B. Dunn, MD; and Jonathan | Children's Hospital of PhiladelphiPhiladelphia, P.
Spergel, MD, PhD

Juan C. Celedon, MD, DrF Children's Hospital of PittsburgPittsburgh, P,
Michael R. Gomez, MD, M-HCA; and The Children's Hospital at St. FrancTulsa, Ok

Nancy Inhofe, MD
Brian M. Pate, MD; and Henry T. Puls, }  The Children's Mercy Hospital & ClinicKansas City, M(

Stephen J. Teach, MD, M Children's National Medical CentéVashington, D.C
Richard T. Strait, MD; and Stephen Cincinnati Children's Hospital and Medical Cen

Porter, MD, MSc, MPI Cincinnati, OF

llana Y. Waynik, ML Connecticut Children's Medical CentHartford, C1

Sujit S. lyer, ML Dell Children's Medical Center of Central TexAustin, TX
Michelle D. Stevenson, MD, N Norton Children's HospitaLouisville, KY

Wayne G. Schreffler, MD, PhD; and Ari Massachusetts General HospiBoston, M#£
Cohen, ML

Anne K Beasley, MD; and Cindy S. Bau Phoenix Children's HospitéPhoenix, Az
MD

Thida Ong, MD; and Markus Boos, M Seattle Children's HospiteSeattle, W/
PhC
Charles G. Macias, MD, MF Texas Children's HospiteHouston, T>




