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ABSTRACT

Background: Young children with rhinovirus (RV) infection—pagtilarly bronchiolitis—are at
high risk for developing childhood asthma. Emergivglence suggests clinical heterogeneity
within RV bronchiolitis. However, little is knowrbaut these biologically-distinct subgroups
(endotypes) and their relations with asthma risk.

Objective: We aimed to identify RV bronchiolitis endotypes an@mine their longitudinal
relations with asthma risk.

Methods: As part of multicenter prospective cohort studyndéénts (age <12 months)
hospitalized for bronchiolitis, we integrated cotial, RV species, nasopharyngeal microbiome
(16S rRNA gene sequencing), cytokine, and metabel@iquid chromatography—tandem mass
spectrometry) data collected at hospitalization.tWén applied network and clustering
approaches to identify bronchiolitis endotypes. 8 examined their longitudinal association
with risks of developing recurrent wheeze by age&s and asthma by aggédars.

Results: Of 122 infants hospitalized for RV bronchiolitis éafian age, 4 months), we identified
four distinct endotypes—mainly characterized by $écies, microbiome, and type 2 cytokine
(T2) response: A) vir microbiomd&™>e#T2°" B) virudV*microbiomé'@emopilustolow ¢y
virus™"R¥microbiom@&'ePecsT2oW and D) viru&Y “microbiomé'®@@T2"" Compared with
endotype A infants, endotype D infants had a sigguiitly higher rate of recurrent wheeze (33% vs.
64%; HR, 2.23; 95%CI, 1.00-4.96; P=0.049) and higis& for developing asthma (28% vs. 59%;
OR, 3.74: 95%Cl, 1.21-12.6; P=0.03)

Conclusion: Integrated-omics analysis identified biologicallyamingful RV bronchiolitis

endotypes in infants, such as one characterizdRM3Z infection,Moraxella-dominant
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microbiota, and high T2 cytokine response, at higis& for developing recurrent wheeze and
asthma. This study should facilitate further reskedo validating our inferences.

Word count: 250

Clinical Implications: Our findings lend support to the concept that “lotgalitis” represents
several diseases that have distinct biological meisims, and provide an evidence base for the

early identification of high-risk children

Capsule Summary: By integrating clinical, virus, nasopharyngeal rolwome, cytokine, and
metabolome data, we identified four endotypes oftiRdhchiolitis. Endotype characterized by
RV-C infection,Moraxella-dominant microbiota, high type 2 cytokine responaé the highest

risk for asthma.

Keywords: integrated-omics, microbiome, metabolome, cytokieaslotyping, bronchiolitis,

asthma

Abbreviations: MARC-35, the 38 Multicenter Airway Research CollaboratidRY, rhinovirus;
RV-A, rhinovirus A; RV-C, rhinovirus C; RSV, resptory syncytial virus; T2, type 2 cytokines;
IQR, interquatrtile range; ICU, intensive care usigE, specific immunoglobulin E; Cl,
confidential interval; PCR, polymerase chain reaGtFDR, false discovery rate; IL, interleukin;
TSLP, thymic stromal lymphopoietin; IFN-beta, ifegon-beta; MIP-1, macrophage

inflammatory protein-1; RANTES, regulated upon aation, normal T cell expressed and
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presumably secreted; DHA, docosahexaenoic acid; Gliy&rophosphatidylserine; GPC,

glycerophosphorylcholine; GPE, glycerophosphoetteamime; GPG, glycerophosphoglycerol
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INTRODUCTION

Viral respiratory infection in infancy is an impart asthma risk factor, with the largest
population attributable fraction for childhood astn! One such infection, bronchiolitis, is the
leading cause of hospitalization in US infants paurtting for ~110,000 hospitalizations annudlly.
Approximately 20%-40% of infants hospitalized foobchiolitis develop recurrent wheeze and
asthma in childhoot® Of the major causative pathogens, infection whihavirus
(RV)—consisting of three species (A, B and C)—hagranger association with these chronic
airway morbidities (e.qg., recurrent wheeze anddtitibd asthma}°

While bronchiolitis has been considered a singsease with similar mechanisms, recent
studies have shown heterogeneity in clinical pregiEms'?chronic morbidities (e.g.,
subsequent risk of asthnTa)* and upper airway microbion&;*°cytokinel”*®and metabolontd
profiles among infants with bronchiolitis. Howevtrese studies have relisalely on single-level
data (e.g., only clinical or microbiome data). Tl &nowledge, no study has used clinical, virus,
and multi-level omics data to investigate the eyples of bronchiolitis—Ilet alone RV
bronchiolitis—and their longitudinal relation witecurrent wheeze and asthma. The inadequate
understanding of bronchiolitis endotypes duringndy—an important period of lung
development—has hindered efforts to develop endesgecific bronchiolitis treatment and
asthma prevention strategies in this high-risk etpan.

To address this knowledge gap, we aimed to idebtdlogically- and
clinically-meaningful endotypes of RV bronchiolitisrough integrating clinical, virus,
nasopharyngeal microbiome, cytokine and metaboliete from a multicenter prospective cohort
study. We hypothesized that these endotypes h#feeattitial risks of developing recurrent

wheeze and asthma in later childhood.
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METHODS
Study Design, Setting, and Participants

This is an analysis of the data from a multiceptespective cohort study of infants
hospitalized for bronchiolitis—the $3viulticenter Airway Research Collaboration (MARC)35
study™ MARC-35 is coordinated by the Emergency Medicirenork (EMNet,
www.emnet-usa.org), an international research botktion with 247 participating hospitals.
Details of the study design, setting and participagiata collection, testing, and statistical asialy
may be found in th8upplementary Methodsin Online Supplement. Briefly, at 17 sites across
14 U.S. statesI(@ble E1), MARC-35 enrolled infants (aged <1 year) who weospitalized with
an attending physician diagnosis of bronchiolitisilg three consecutive bronchiolitis seasons
(November 1 to April 30) from 2011 to 2014. Thegtiasis of bronchiolitis was made according
to the American Academy of Pediatrics bronchiolisdelines, defined as acute respiratory
illness with a combination of rhinitis, cough, tgphea, wheezing, crackles, or retractiéhg/e
excluded infants who were transferred to a pawsiong hospital >24 hours after initial
hospitalization or with a preexisting heart andgaissease, immunodeficiency,
immunosuppression or gestational age of <32 wekpatients were treated at the discretion of
the treating physicians. The institutional revievald at each participating hospital approved the
study with a written informed consent obtained frpanent or guardian. Of 921 infants enrolled
into the longitudinal cohort, the current analyeigestigated 122 infants with RV infection who

underwent nasopharyngeal microbiome, cytokine,raathbolomics testing-(gure E1).

Data Collection, Virus, Microbiome, Cytokine, and M etabolomics Testing
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Clinical data (patients’ demographic charactersstand family, environmental, and
medical history, and details of the acute illnegsje collected via structured interview and chart
reviews using a standardized prototd: Additionally, nasopharyngeal samples were coltcte
within 24 hours of hospitalization using a standsed protocol:> The details of the data
collection methods are described in Supplementary Methods. We conducted A) real-time
PCR to test for respiratory viruses, with subseg@hgenotyping;’ B) 16S rRNA gene
sequencing to profile microbiont2C) electrochemiluminescence immunoassays and
enzyme-linked immunosorbent assay to measure aysfd and D) liquid chromatography—

tandem mass spectrometry (LC-MS/MS) to profilertietabolomé?

Real-time PCR to Test for Respiratory Viruses

The details of real-time PCR to test for respinataruses are described in the
Supplementary M ethods. For RV detection, complementary DNA was generatadg
virus-specific primers for RV, and singleplex réiate PCR was used. Next, to identify the RV
species (A, B, and C), RV-positive samples weréigdhr sequenced to determine the RV species
and typé® at the University of Wisconsin-Madison (Madisonl)\Wo quantify the relative RV

genomic load, cycle threshold (CT) values were used

Nasopharyngeal Airway Microbiome Profiling

The details of microbiome profilingnd quality control measures are described in
Supplementary Methods. In brief, 16S rRNA gene sequencing methods wdepted from the
methods developed for the National Institutes oélle(NIH) Human Microbiome Projeét.

Bacterial genomic DNA was extracted using a MO Bl@verSoil DNA Isolation Kit (Mo Bio



179 Laboratories, Carlsbad, CA, USA)The 16S rDNA V4 region was amplified by PCR and

180 sequenced in the MiSeq platform (lllumina, SanDjgga, USA) using a 2x250 bp paired-end
181 protocol that yields paired-end reads which ovedimpost completely. Sequencing read pairs
182 were demultiplexed based on the unique moleculaobias, and reads were merged using

183 USEARCH v7.0.1098° Rarefaction curves of bacterial operational taxoicaunits (OTUS) were
184 constructed using sequence data for each samplestoe coverage of the bacterial diversity
185 present. Samples with suboptimal amounts of sedugneads were re-sequenced to ensure that
186 the majority of bacterial taxa were encompassemlimanalyses. 16S rRNA gene sequences were
187 clustered into OTUs at a similarity cut-off value9d% using the UPARSE algoriththOTUs

188 were determined by mapping the centroids to tha/BlHatabasé’

189

190 Nasopharyngeal Cytokines Measurement

191 The details of cytokine measurement are describ&dpplementary Methods.

192 Investigators collected nasopharyngeal airway sasplthin 24 hours of hospitalization by using
193 a standardized protocol. Ten nasopharyngeal cygskimterleukin-4 [IL14], ILJ5, IL[110, IL[
194 12, 1L0J13, IL1125, IL[133, interferon [IFN]IB, macrophage inflammatory protein [MIPla,

195 thymic stromal lymphopoietin [TSLP]) were quantifiasing electrochemiluminescence

196 immunoassays. Additionally, RANTES concentratiorswgaantified by using an enzyme-linked
197 immunosorbent assay.

198

199 Nasopharyngeal Metabolome Testing

200 The details of metabolomic profiling are descrilbe8upplementary M ethods. In brief,

201 metabolome profiling used LC-MS/MS by Metabolon (Bam, NC, USA). Instrument variability
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was 4%, as determined by calculating the mediaativel standard deviation for the internal
standards that were added to each sample befosatmgle was injected into the mass

spectrometer.

Outcome M easures

The clinical outcomes were 1) recurrent wheezedeyJayears, and 2) asthma at age 5
years. The definition of recurrent wheeze was basetthe 2007 NIH asthma guideliness
having at least two corticosteroid-requiring exaedions in six months or at least four wheezing
episodes in one year that last at least one dagfect sleep. The definition of asthma was based
on commonly-used epidemiologic definition of asthmhysician-diagnosis of asthma at age 5
years, plus either asthma medication use (e.gitexitl inhaler, inhaled corticosteroids,

montelukast) or asthma-related symptoms in theggliag year.

Statistical Analysis

In this study, the inferential goals are to idgnbfologically-distinct RV bronchiolitis
endotypes (description [clustering]) and to retaem to the outcome risks (association). The
analytic flow is summarized iRigure 1; the details of the statistical analysis may hentbin the
Supplementary Methods. Briefly, we first preprocessed variables to cotepadistance matrix
for each of datasets (i.e., clinical and virus,nstidome, cytokines, and metabolome). For the
clinical data, to generate a distance matrix fromrhixed-type data (i.e., data with binary,
categorical and continuous variables), we comp@eder distance using variables that are
selected based @npriori knowledge—age, sex, birth weight, history of breadtproblem(s),

lifetime antibiotic use, parental asthma, bloodmmghilia of >4%, specific immunoglobulin E
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(slgE) sensitization, and viruses (RV species, RWagnic load, coinfection with respiratory
syncytial virus [RSV]):° For the microbiome data, we computed Bray-Cuigadce using the
relative abundance data (i.e., total sum scalif@Pamost abundant genera, which accounted for
97% of total abundance. For the cytokine data,ngkided all measured cytokines. To derive a
distance matrix for the cytokine data, we compuadlidian distance using all measured
cytokines with normalization with RNase P (host $ekeeping gene) cycling threshold value,
log2 transformation, and Pareto scaling. For mdtabe data, we computed the Euclidian
distance using 100 metabolites with highest vagamwith adjustment for batch effects usiig

sva package’ Second, to conduct integrated-omics endotyping;ameputed an affinity matrix of
each dataset separately, and computed a fusedyafffiatrix by similarity network fusion using R
S\Ftool packag€? Lastly, to identify mutually-exclusive endotypese conducted spectral
clustering using the fused affinity matTo choose the optimal number of endotypes, we used
both eigengaps and clinical plausibility. To deter@the magnitude of variables’ contribution to
endotypes, we also computed the ranking of norm@lmutual information score of each
variable®?

To examine the longitudinal relation of derived etyppes with recurrent wheeze, we
modeled the time to recurrent wheeze by fittingox @roportional hazards model. Patients who
did not have an outcome were censored at theifdstv-up interview or at the time of
withdrawal during the 36-month follow-up period.€rproportionality of hazards assumption was
verified through evaluating Schoenfeld residuats détermine the association of endotypes with
the risk of childhood asthma, we fitted a logisggression model. To detect
biologically-meaningful pathways, we performed rbelide set enrichment analysis using R

MetaboAnalystR packagé”
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In the sensitivity analysis, to address potent&élogeneity of asthma, we constructed
the model with stratifying the asthma outcome ureent wheeze. Next, we also examined the
robustness of endotype-outcome associations usiegesht numbers of endotypes. To visualize
consistencies across the different numbers ch@eh ¢r 5 endotypes), we used alluvial plot.
Then, we examined the between-endotype differenagmical, virus, microbiome, cytokine, and
metabolome data, and estimated the associatiomdoftgpes with asthma using a logistic
regression model. We analyzed the data using Rove8s5.1 (R foundation for Statistical
Computing, Vienna, Austria). All P-values were ttedled, with P<0.05 considered statistically
significant. We corrected for multiple testing ugihe Benjamini-Hochberg false discovery rate

(FDR) method.
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RESULTS

In this multicenter prospective cohort study, 12famnts with RV bronchiolitis who
underwent nasopharyngeal microbiome, cytokine,raathbolome testing were eligible for the
current analysisHigure E1). The analytic cohort and non-analytic cohort wd differ in most
patient characteristics, except for lifetime ardilw use, IgE sensitization, and RSV coinfection
(P=0.05;Table E2). Among the analytic cohort, the median age wl®R, 2-6) months, 34%

were female, and 41% were non-Hispanic white.

I ntegr ated-omics Endotyping

By integrating clinical, virus, nasopharyngeal mlgome, cytokine, and metabolome
data, we identified 4 distinct endotypes amongritdavith RV bronchiolitis figure 2), with the
number of endotypes chosen according to eigendaps/and silhouette scordsdure E2) as
well as clinical plausibility. These endotypes wechiefly characterized by RV species, major
bacteria genera in the nasopharyngeal airway mignady and type 2 cytokine (T2) response: A)
virus® “microbiom&™ T2 (229%), B) viru§’*microbiomd@m™rhilusT2low (1 904) C)
virus®™"R¥microbiom@&" e sT oW (3604) and D) virdd “microbiomé'@@aT2neh (2304)
(Figure?2).

Across the endotypes, several clinical charactesige.g., lifetime antibiotic use,
parental history of asthma, blood eosinophilia)endifferent Tables 1). Additionally, there were
significant differences in all measured cytokinesehiding type 2 (IL-4, IL-5, and IL-13) and
epithelial-derived (IL-17E/IL-25, IL-33, and TSLEYtokines (all P<0.05T able E3). Similarly,
there were significant differences in metabolifggdominantly lipid metabolites such as

sphingolipids and arachidonate (P<0.0&ble E3). These characteristics with significant

11
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between-endotype difference also had a high-rankethalized mutual information score—i.e., a
large contribution to the similarity networki@ure E3).

Descriptively, endotype A was characterized by ymirage, low proportion of lifetime
antibiotics use and parent history of asthma, lowpprtion of positive pressure ventilation use,
high proportion of RV-C, mixed microbiome profiknd generally-low cytokine profile.
Endotype B was characterized by RV+aemophilus dominance, and low T2 cytokine profile.
Endotype C was characterized by high proportiopasitive pressure ventilation use, RV-RSV
coinfection,Sreptococcus dominance, and low T2 but high IFN-and RANTES levels. Lastly,
endotype D was characterized by older age, lifeamtéiotic use, blood eosinophilia, IgE
sensitization, RV-CMoraxella dominance, and high T2 cytokine profiledure 3 andTable

E3).

Association with Risks of Developing Recurrent Wheeze and Asthma

Overall, the Kaplan-Meier curves for recurrent wteeeutcome significantly differed
between the endotypeswiRoxoni=0.04;Figure 4). Specifically, the Cox proportional hazards
model demonstrated that, compared with endotypefats (viru§" “microbiomd>®*T2'%), the
rate of developing recurrent wheeze was not siganifily different in endotype B or C infants. In
contrast, endotype D infants (vif&°microbiomd'®@@T2"M had a significantly higher rate of
recurrent wheeze (33% vs. 64%; HR 2.23; 95%CI 2.096; P=0.0497 able 2). Likewise,
compared with endotype A infants, only endotypenfants had a significantly higher risk for
asthma at age 5 years (28% vs. 59%; OR 3.74; 93%2Q412.6; P=0.03F able 2). To address
potential heterogeneity of asthma, we further giedtthe outcome by recurrent wheeze status.

For example, despite the reduced sample size, acechpath endotype A infants, endotype D

12



304 infants had a significantly higher risk of develogiasthma after recurrent wheeze outcome (26%
305 vs. 67%; OR 5.60; 95%CI 1.43-25.1; P=0.03ble E4). In the examination of asthma risk

306 without recurrent wheeze, endotype D infants hadrasignificantly higher risk of outcome (13%
307 vs. 40%; OR 4.67; 95%CI 0.71-41.0; P=0.12).

308

309 Comparison Between EndotypesA vs. D

310 To better understand the difference between thedowsk (endotype A) and highest-risk
311 (endotype D) groups—both of which were also charazd by RV-C infection, we compared
312 clinical, nasopharyngeal microbiome, cytokine, ametabolome data between these endotypes
313 (TablesE5-8). Compared with endotype A infants, endotype [@mi$ had a higher abundance of
314 Moraxella (Table E6) and higher levels of type 2 (IL-4, IL-5, and 13)land epithelial-derived
315 (IL-17E/IL-25, IL-33, TSLP) cytokines (all FDR<0.p%able E7). Furthermore, endotype D

316 infants had a higher intensity of specific lipid tadaolites (e.g., sphingolipids, arachidonate,

317 hydroxyoctadecadienoic acids [HODE]; FDR<0.0%ple E8). To examine

318 biologically-meaningful pathways, we also perfornmeetabolite set enrichment analysis. The
319 analysis identified differentially-enriched pathvwgaye.g., arginine and proline, sphingolipid, and
320 arachidonic acidhetabolism pathways in the endotype A vs. D comspar{all FDR<0.05T able
321 E9andFigureE4).

322

323  Sensitivity Analysis

324 To examine the robustness of the findings, we emadcdifferent numbers of endotypes.
325 Alluvial plot (Figure E5) demonstrated consistency of the original endaygmeoss the different

326 numbers chosen (3, 4, or 5 endotypes). With theotiSeendotypes, the first one had 100%
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331

332

333

concordance with the original endotype A and tfie ine had 96% concordance with the original
endotype D Table E10). Also similar to the primary analysis, these B@ypes were also
characterized by RV species, major nasopharyngeaéba genera (e.doraxella,

Haemophilus, Streptococcus), and type 2 cytokined @ble E10). Lastly, compared to endotype 1
(which is consistent with endotype A), endotypedngistent with endotype D) infants had a
non-significant but consistently higher risk oftasa at age 5 years (33% vs. 62%; OR 3.25;

95%Cl 0.94-12.1; P=0.07).
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DISCUSSION

By integrating clinical, RV species, nasopharynge&robiome, cytokine, and
metabolome data from a multicenter prospective d@tody of 122 infants with RV bronchiolitis,
we identified four biologically-distinct endotypeRhese endotypes were mainly characterized by
RV species, major bacteria of the microbiome, aytdiine responsesn particular, the endotype
D—uwhich is characterized by prior antibiotic usesi@ophilia, IgE sensitization, RV-C infection,
Moraxella-dominant microbiota, high T2 cytokine responsel gpecific lipid profiles (e.qg.,
enriched sphingolipids, arachidonate, HODE)—hadhigbest risk for developing recurrent
wheeze and asthma in later childhood. To our kndgéethis is the first study that has identified
biologically-meaningful endotypes in infants, l&trge in infants with RV bronchiolitis, and
demonstrated their longitudinal relations with tisé& of developing recurrent wheeze and asthma.

Recent studies—which are mostly limited to clihidata or single data element (e.g.,
microbiome)—have examined the relationships betweamt bronchiolitis and the development
of its chronic morbidities. For example, in agreaimeith the current observations, we previously
reported that infants with RV-C bronchiolitis willjE sensitization, compared with those with
RSV bronchiolitis, had a higher risk of develophegurrent wheez&Similarly, and also
consistent with the current study, prior studiegehdemonstrated the association of unique
airway microbiome profiles with the risk of recuntevheeze and childhood asthma. For
example, studies have reported associations betd@amance/presence Moraxella in the
upper airway and a high risk of recurrent whe#z8jncident asthma® and asthma
exacerbatiori’*® Additionally, recent population-based cohort sthdg demonstrated that, in
agreement with our data, antibiotic exposures duerly infancy are associated with a higher

risk of developing asthma and its effect is medidtg the changes in nasal microbiof&tudies
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have also shown that enhanced T2 inflammatory respin the airway of infants with R¥and
RSV infection is associated with a higher risk of deping recurrent wheeze and asthma.
Moreover, recent studies have also underscoresighédicance of the metabolome, which
represents the downstream functional productseofititrobiome, child’s genetic make-up, and
immune response. Indeed, studies have associaedisfipid profiles—e.g., sphingolipids,
arachidonate, HODE (12/15-lipoxygenase metabolitmoleic acid [anw-6 polyunsaturated
fatty acid])—in the airway with the pathobiology fafonchiolitis® and asthmd'***The current
study corroborates and extends these earlier fysdimot only by identifying
biologically-meaningful bronchiolitis endotypesinfants through integrated-omics endotyping
but also by demonstrating their longitudinal redas with recurrent wheeze and asthma.

The exact mechanisms underlying the observed gpest—particularly endotype D
(virus®¥"Cmicrobiomd" a1 2" with a unique lipid profile) with the highest rifbr recurrent
wheeze and asthma—warrant clarification. Emergindemce has demonstrated that, compared
to RV-A and -B, RV-C infection has a distinct pahaogy, including its cellular receptor (human
cadherin-related family member 3 [CDHR3}jinflammatory profiles? and its interaction with
IgE sensitizatiori.Indeed, in hospitalized children (aged 24-72 msnitith RV-C infection,
nasal cytokine profile was characterized by higtele of T2 cytokines (e.qg., IL-4, IL-9, IL-13§.
Furthermore, RV infection —particularly RV-C infem—among infant$ and school-age
childrerf has been associated wittor axella-dominant microbiome profile in the airway. Studies
have also suggested that interrelations betwéariaxella and host immune response in the airway
play an important role in the airway inflammatiéior examplein vitro, Moraxella catarrhalis
upregulated gene expression of pro-inflammatorgliges (e.g., IL-33) and led to greater

magnitude of epithelial damagéLastly, recent studies have reported the rolépads—major

16



380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

structural components of cell membrane and molesigmaling—in the pathobiology of airway
diseases. For example, sphingolipids play importales in immune response, inflammation,
apoptosis, and cell proliferatiéA Sphingolipids have also attracted attention bes@RMDL3
gene within the 17921 locus—one of the most impang@nomic regions in asthma
pathogenesis—regulatds novo sphingolipid synthesi&*’ Study of human lung epithelial cell
model has demonstrated that SIRNA knockdow®RIMDL3 modifies the rate-limiting step of
sphingolipid productiof® Additionally, ©-6 polyunsaturated fatty acids play important rafes
asthma pathobiology. For example, arachidonateieeursor of the arachidonic cascade that
produces inflammatory eicosanoids—such as leukws@nd prostaglandins. Likewise, research
has also reported that HODE (another metabolite-6fpolyunsaturated fatty acids) dysregulates
NF-xB and decreases Girtranscript in human bronchial epithelial cell aliérgic asthma

mouse model$’ Notwithstanding the complexity of these mechanijsims identification of
endotypes in infants with RV bronchiolitis, anditHengitudinal relations with chronic outcomes,
are important findings that can facilitate futuesearch focusing on the potential target for the

primary prevention of childhood asthma.

Limitations

Our study has several potential limitations. Fwgt, focused on infants with RV
bronchiolitis as RV infection during early childiib known to have a stronger association with
chronic airway morbidities (compared to non-RV pagens, such as RSV}’ Regardless,
examining endotypes of non-RV bronchiolitis will e focus of our future investigations.
Second, bronchiolitis involves inflammation of tbaver airways in addition to the upper airways.

While our study is based on the nasopharyngeal lesmgiudies have shown that upper airway
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sampling provides reliable representation of thmegylmicrobiomé® and transcriptomi¢ profiles.
Furthermore, the use of upper airway specimensasaidable as bronchoscopy or other methods
of lower airway sampling would be too invasive mupng infantsThird, we used an untargeted
metabolomics approach which is subject to measureareors, and may have missed small
differences in individual metabolites. While thetangeted metabolomic approach enabled us to
comprehensively measure hundreds of metabolitgs éelgars, amino acids, lipids, organic acids),
for future diagnostic goals, the use of targetqut@gches is needed. Fourth, the sample size of this
study is relatively smaller to the number of valésiexamined. This study should facilitate further
validation research. Fifth, the nasopharyngeal $ssnpere obtained <24 hours of hospitalization
at a single time-point. While longitudinal moleauttata (e.g., succession of the airway
microbiome over childhood) are also important,ghely objective was to identify endotypes of
RV bronchiolitisduring infancy. Additionally, even with single-time poidata, we successfully
identified biologically-distinct endotypes that doagitudinally associated with the development
of recurrent wheeze and asthma. Sixth, the custeny did not have healthy “controls”. Yet, we
note that the study objective is not to assessautae signatures of bronchiolitis development
(yes/no) but to identify endotypes within infantghwRV bronchiolitis. Lastly, the study sample
consisted of a racially/ethnically- and geograplhyediverse US infants hospitalized for
bronchiolitis. While our sample had a large seyeardntrast, our inferences may not be
generalizable to infants in ambulatory settingswaitild-to-moderate bronchiolitis. Nonetheless,
our data remain relevant for tens of thousandafahts with RV bronchiolitis hospitalized yearly

in the US? a vulnerable population with high chronic morbydit

Conclusion
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By integrating the clinical, RV species, nasophgeal microbiome, cytokine, and
metabolome data from a multicenter prospective datady of 122 infants hospitalized for RV
bronchiolitis, we identified four biologically-disict and clinically-meaningful endotypes.
Specifically, the bronchiolitis endotype characed by previous antibiotic use, eosinophilia, IgE
sensitization, RV-C infectiorMoraxella-dominant nasopharyngeal microbiota, high T2 cyteki
response, and specific lipid profiles (e.g., spblimds, arachidonate, HODE) had the highest risk
for developing recurrent wheeze and asthma. Consglthe relatively small sample size of
infants hospitalized for bronchiolitis in the curtestudy, we need an external validation. However,
our data lend support to the emerging concept‘branchiolitis” represents several diseases that
share biological mechanisms (endotypes). For d¢iing; our findings could provide an evidence
base for the early identification of high-risk argn during an important period of airway
development—infancy. Our data should also facdifatther investigation (e.g., modification of
microbiome and host response) into the developwfeendotype-specific asthma prevention

strategies.
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FIGURE LEGENDS

Figure 1. Analytic flow of integrated-omics endotyping

A. After an affinity matrix of each dataset was sefmyacomputed, and a fused affinity matrix
was generated by similarity network fusion. Thée, fused affinity matrix was used to
identify mutually-exclusive endotypes by spectiaktering.

B. Eigengaps and clinical plausibility were examinedhoose the optimal number of endotypes.
The concordance between different numbers of epdstyas also examined. After deriving
endotypes, a similarity network was visualized.

C. The between-endotype differences in nasopharymgeabbiome, cytokine, and metabolome
were visualized using heatmap.

D. To examine the longitudinal relation of derived etypes with recurrent wheeze, the time to
recurrent wheeze was modeled by fitting a Cox pramaal hazards model. The risk of
childhood asthma was modeled by fitting a logistigression model.

Abbreviations: RV-A, rhinovirus A; RV-C, rhinoviruS; RSV, respiratory syncytial virus; T2,

type 2 cytokines

Figure 2. Similarity network visualization of rhinovirus bronchiolitis endotypes

Nodes (circles) with a same color represent infaiitis the corresponding endotype (A, B, C, or
D). Network graphs in the integrated-omics similanetwork are visualized using with
Fruchterman-Reingold layout. Layout of the netwindin the four datasets are fixed with the
position of integrated-omics similarity network. Welected 1000 edges with the highest

similarity for the network visualization and thedth of edge reflects the strength of similarity.
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Abbreviations: RV-A, rhinovirus A; RV-C, rhinovirus; RSV, respiratory syncytial virus; T2,

type 2 cytokines

Figure 3. Between-endotype differences in nasopharyngeal microbiome, cytokine, and
metabolomein infants with rhinovirus bronchiolitis

To visualize the between-endotype differencespifoeobiome data (five most abundant genera)
are processed by lptransformation and Pareto scaling; the cytokirta dee processed by lpg
transformation and autoscaling; the metabolome (@&tanetabolites with highest normalized
mutual information scordable E2) are processed by Ipgansformation with batch effect
adjustment. The color bar indicates the medianevadihe corresponding endotype—red color
indicates a higher median value while blue coldidgates a lower median value. Super-pathway of
each metabolite is color-coded for each function.

Abbreviations: RV-A, rhinovirus A; RV-C, rhinovirus; RSV, respiratory syncytial virus; IL,
interleukin; TSLP, thymic stromal lymphopoietin);NFbeta, interferon-beta; MIP-1, macrophage
inflammatory protein-1; RANTES, regulated upon aation, normal T cell expressed and
presumably secreted; DHA, docosahexaenoic acid; Gliy&rophosphatidylserine; GPC,

glycerophosphorylcholine; GPE, glycerophosphoetteamime; GPG, glycerophosphoglycerol

Figure4. Kaplan-Meer curvesfor development of recurrent wheeze by age 3 years,

accor ding to rhinovirus bronchiolitis endotypes

The survival curves significantly differed acrobe endotypes (Ricoxor=0.04). Compared with

endotype A (viru8 “microbiomé*®T2°%) infants, the rate of developing recurrent whemze
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age 3 years was not significantly different in eéiyge C or D. By contrast, the rate was
significantly higher in endotype D (vird$microbiomé"@1aT2Msh) infants. Corresponding
hazards ratio estimates are presentehinie 2. We observed 15 censoring and assumed
non-informative censoring as the exposure (endsjypentains the information of many
important covariates.

Abbreviations: RV-A, rhinovirus A; RV-C, rhinoviruS; RSV, respiratory syncytial virus
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Table 1. Basdline characteristics and clinical cour se of infants, accor ding to rhinovirus bronchiolitis endotypes

Overall Endotype A EndotypeB  EndotypeC  EndotypeD

Characteristics (n=122; 100%)  (n=27: 22%) (n=23; 1%) (n=44; 36%) (n=28; 23%) ' value
Demographics
Age (month), median (IQR) 4 (2-6) 3 (2-6) 4 (2-5) 4 (3-6) 5 (1-8) 0.44
Female sex 42 (34.4) 8 (29.6) 6 (26.1) 18 (40.9) 10 (35.7) 0.61
Race/ethnicity 0.89

Non-Hispanic white 50 (41.0) 11 (40.7) 8 (34.8) 21 (47.7) 10 (35.7)

Non-Hispanic black 29 (23.8) 7 (25.9) 7 (30.4) 8 (18.2) 7 (25.0)

Hispanic 39 (32.0) 7 (25.9) 8 (34.8) 14 (31.8) 10 (35.7)

Other or unknown 4 (3.3) 2(7.4) 0 (0.0) 1(2.3) 1(3.6)
Prematurity (32-37 weeks) 27 (22.1) 5 (18.5) 4(17.4) 11 (25.0) 7 (25.0) 0.87
Birth weight (kg) 0.33

0-1.3 0(0) 0(0) 0(0) 0(0) 0(0.0)

1.4-2.2 11 (9.0) 0 (0) 3(13.0) 6 (13.6) 2(7.1)

2231 41 (33.6) 10 (37.0) 8 (34.8) 11 (25.0) 12 (42.9)

>3.2 70 (57.4) 17 (63.0) 12 (52.2) 27 (61.4) 14 (50.0)
Mode of birth (caesarean delivery) 37 (30.3) 8 (29.6) 7 (30.4) 13 (29.5) 9(32.1) 0.99
Previous breathing problems (count) 0.33

0 88 (72.1) 22 (81.5) 18 (78.3) 30 (68.2) 18 (64.3)

1 28 (23.0) 5 (18.5) 5(21.7) 9 (20.5) 9(32.1)

2 6 (4.9) 0 (0) 0 (0) 5(11.4) 1(3.6)
Previous ICU admission 1(0.8) 0 (0) 1(4.3) 0 (0) 0 (0) 0.19
Lifetime antibiotic use 50 (41.0) 5 (18.5) 5(21.7) 22 (50.0) 18 (64.3) 0.001
Ever attended daycare 34 (27.9) 9 (33.3) 4(17.4) 15 (34.1) 6 (21.4) 0.38
Cigarette smoke exposure at home 13 (10.7) 2(7.4) 4 (17.4) 5(11.4) 2(7.1) 0.66
Maternal smoking during pregnancy 12 (9.8) 2(7.4) 5(21.7) 4(9.1) 1(3.6) 0.22
Parental history of asthma 48 (39.3) 4 (14.8) 11 (47.8) 22 (50.0) 11 (39.3) 0.02
Parental history of eczema 27 (22.1) 3(11.1) 7 (30.4) 8 (18.2) 9 (32.1) 0.18
Clinical presentation
Weight (kg), median (IQR) 6.70 (5.18-8.00) 5.70 (4.85-7.60) 5.99 (5.0 6.70 (5.5+ 7.60 (4.7- 0.32
Respiratory rate (per minute), median 48 (40-60) 43 (3:-54) 48 (40-60) 48 (40-60) 50 (42-56) 0.26
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Oxygen saturatior 0.71

<90% 11 (9.4) 1(3.7) 2 (10.0) 5 (11.9) 3(10.7)

90-93% 14 (12.0) 4 (14.8) 4 (20.0) 3(7.1) 3(10.7)

>94% 92 (78.6) 22 (81.5) 14 (70.0) 34 (81.0) 22 (78.6)
Blood eosinophiliaX4%) 13 (10.7) 3(11.1) 4(17.4) 1(2.3) 5(17.9) 0.07
slgE sensitization 15 (12.3) 3(11.1) 3 (13.0) 4 (9.1) 5(17.9) 0.74
Clinical course
Positive pressure ventilation use 4(3.3) 0 (0) 0 (0) 3 (6.8) 1(3.6) 0.55
Intensive treatment uSe 13 (10.7 1(3.7) 3(13.0) 4(9.1) 5(17.9) 0.37
Length of day (day), median (IQR) 2 (1-3) 1(1-2) 2 (1-3.5) 2 (1-3) 2 (1-4) 0.08
Antibiotic use during hospitalization 39 (32.0 6 (22.2) 7 (30.4) 18 (40.9) 8 (28.6) 0.40
Corticosteroid use during hospitalization 21 (17.2 2(7.9) 5(21.7) 8 (18.2) 6 (21.4) 0.47
Respiratory virus
RV-A 60 (49.2) 8 (29.6) 17 (73.9) 26 (59.1) 9 (32.1) 0.002
RV-B 6 (4.9) 2(7.4) 1(4.3) 1(2.3) 2(7.1) 0.76
RV-C 57 (46.7) 17 (63.0) 6 (26.1) 15 (34.1) 19 (67.9) 0.002
RSV coinfection 60 (49.2) 14 (51.9) 6 (26.1) 30 (68.2) 10 (35.7) 0.004

Abbreviations: IQR, interquartile range; ICU, ins@&re care unit; sIgE, specific immunoglobulin E; RYrhinovirus A; RV-B, rhinovirus B; RV-C,
rhinovirus C; RSV, respiratory syncytial virus

Data are no. (%) of infants unless otherwise indidaPercentages may not equal 100, because alinguand missingness.

" Infants with bronchiolitis who underwent continuqussitive airway ventilation and/or mechanical viation.

"Infants with bronchiolitis who were admitted to IGidd/or who underwent positive pressure ventilation
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Table 2. Association of rhinovirus bronchiolitis endotypesin infants with development of recurrent wheeze and asthma

outcomes
Recurrent wheeze Childhood asthma
Endotypes by age 3 years at age5 years'
Number Hazard ratio | Number Odds ratio |
of (95% Cl) P-value of (95% CI) P-value
outcomes outcomes
Endotype / _ i i
virus®"°microbiom&™e4T2°" (n=27) 9 1 [Reference] 7 1 [Reference]
Endotype I A
VirusRV'Amicrobiomé'ae””ph"“S’TZ'OW (n:23) 9 0.98 (039_ 248) 0.97 8 1.47 (043_ 516) 0.54
EndotyptC
VirUSRSV/RVminObioméreptococcustlow (n:44) 18 1.20 (054_ 267) 0.66 15 1.48 (051_ 456) 0.47
Endotype [ 18 2.23 (1.00- 4.96) 0.049 16 3.74 (121 12.6) 0.03

virus® “microbiom@'*@elaT 2N (n=2g)

Abbreviation: Cl, confidential interval

* Recurrent wheeze was defined as having at leastorticosteroid-requiring exacerbations in sixntis or at least four wheezing episodes in one tyesr

last at least one day and affect sleep. To exathmassociation between RV bronchiolitis endotyjeaslotype A as the reference) and the rate of reaur
wheeze, Cox proportional hazards model was fit.o&erved 15 censoring and assumed non-informagiveacing as the exposure (endotypes) contains the
information of many important covariates.

t Asthma was defined as physician-diagnosis onaathy age 5 years, plus either asthma medicatierieug., albuterol inhaler, inhaled corticosterpids
montelukast) or asthma-related symptoms in theggliag year. To examine the association between iR&dhiolitis endotypes (endotype A as the refergnce
and the risk of developing childhood asthma, légistgression model was fit.
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A. Integrated-omics endotyping
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D. Association of endotypes with clinical outcomes
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