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ABSTRACT  63 

Background: Young children with rhinovirus (RV) infection—particularly bronchiolitis—are at 64 

high risk for developing childhood asthma. Emerging evidence suggests clinical heterogeneity 65 

within RV bronchiolitis. However, little is known about these biologically-distinct subgroups 66 

(endotypes) and their relations with asthma risk. 67 

Objective: We aimed to identify RV bronchiolitis endotypes and examine their longitudinal 68 

relations with asthma risk.  69 

Methods: As part of multicenter prospective cohort study of infants (age <12 months) 70 

hospitalized for bronchiolitis, we integrated clinical, RV species, nasopharyngeal microbiome 71 

(16S rRNA gene sequencing), cytokine, and metabolome (liquid chromatography–tandem mass 72 

spectrometry) data collected at hospitalization. We then applied network and clustering 73 

approaches to identify bronchiolitis endotypes. We also examined their longitudinal association 74 

with risks of developing recurrent wheeze by age 3 years and asthma by age 5 years. 75 

Results: Of 122 infants hospitalized for RV bronchiolitis (median age, 4 months), we identified 76 

four distinct endotypes—mainly characterized by RV species, microbiome, and type 2 cytokine 77 

(T2) response: A) virusRV-CmicrobiomemixedT2low, B) virusRV-AmicrobiomeHaemophilusT2low, C) 78 

virusRSV/RVmicrobiomeStreptococcusT2low, and D) virusRV-CmicrobiomeMoraxellaT2high. Compared with 79 

endotype A infants, endotype D infants had a significantly higher rate of recurrent wheeze (33% vs. 80 

64%; HR, 2.23; 95%CI, 1.00-4.96; P=0.049) and higher risk for developing asthma (28% vs. 59%; 81 

OR, 3.74: 95%CI, 1.21-12.6; P=0.03) 82 

Conclusion: Integrated-omics analysis identified biologically-meaningful RV bronchiolitis 83 

endotypes in infants, such as one characterized by RV-C infection, Moraxella-dominant 84 
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microbiota, and high T2 cytokine response, at higher risk for developing recurrent wheeze and 85 

asthma. This study should facilitate further research to validating our inferences. 86 

Word count: 250 87 

 88 

Clinical Implications: Our findings lend support to the concept that “bronchiolitis” represents 89 

several diseases that have distinct biological mechanisms, and provide an evidence base for the 90 

early identification of high-risk children  91 

 92 

Capsule Summary: By integrating clinical, virus, nasopharyngeal microbiome, cytokine, and 93 

metabolome data, we identified four endotypes of RV bronchiolitis. Endotype characterized by 94 

RV-C infection, Moraxella-dominant microbiota, high type 2 cytokine response had the highest 95 

risk for asthma.   96 

 97 

Keywords: integrated-omics, microbiome, metabolome, cytokines, endotyping, bronchiolitis, 98 

asthma 99 
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Abbreviations: MARC-35, the 35th Multicenter Airway Research Collaboration; RV, rhinovirus; 101 

RV-A, rhinovirus A; RV-C, rhinovirus C; RSV, respiratory syncytial virus; T2, type 2 cytokines; 102 

IQR, interquartile range; ICU, intensive care unit; sIgE, specific immunoglobulin E; CI, 103 

confidential interval; PCR, polymerase chain reaction; FDR, false discovery rate; IL, interleukin; 104 

TSLP, thymic stromal lymphopoietin; IFN-beta, interferon-beta; MIP-1, macrophage 105 
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presumably secreted; DHA, docosahexaenoic acid; GPS, glycerophosphatidylserine; GPC, 107 

glycerophosphorylcholine; GPE, glycerophosphoethanolamine; GPG, glycerophosphoglycerol 108 

  109 
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INTRODUCTION 111 

Viral respiratory infection in infancy is an important asthma risk factor, with the largest 112 

population attributable fraction for childhood asthma. 1 One such infection, bronchiolitis, is the 113 

leading cause of hospitalization in US infants, accounting for ~110,000 hospitalizations annually.2 114 

Approximately 20%-40% of infants hospitalized for bronchiolitis develop recurrent wheeze and 115 

asthma in childhood.3–8 Of the major causative pathogens, infection with rhinovirus 116 

(RV)—consisting of three species (A, B and C)—has a stronger association with these chronic 117 

airway morbidities (e.g., recurrent wheeze and childhood asthma).9,10  118 

While bronchiolitis has been considered a single disease with similar mechanisms, recent 119 

studies have shown heterogeneity in clinical presentations,11,12 chronic morbidities (e.g., 120 

subsequent risk of asthma),9,13 and upper airway microbiome,14–16 cytokine,17,18 and metabolome19 121 

profiles among infants with bronchiolitis. However, these studies have relied solely on single-level 122 

data (e.g., only clinical or microbiome data). To our knowledge, no study has used clinical, virus, 123 

and multi-level omics data to investigate the endotypes of bronchiolitis—let alone RV 124 

bronchiolitis—and their longitudinal relation with recurrent wheeze and asthma. The inadequate 125 

understanding of bronchiolitis endotypes during infancy—an important period of lung 126 

development—has hindered efforts to develop endotype-specific bronchiolitis treatment and 127 

asthma prevention strategies in this high-risk population. 128 

To address this knowledge gap, we aimed to identify biologically- and 129 

clinically-meaningful endotypes of RV bronchiolitis through integrating clinical, virus, 130 

nasopharyngeal microbiome, cytokine and metabolome data from a multicenter prospective cohort 131 

study. We hypothesized that these endotypes have differential risks of developing recurrent 132 

wheeze and asthma in later childhood.  133 
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METHODS 134 

Study Design, Setting, and Participants 135 

This is an analysis of the data from a multicenter prospective cohort study of infants 136 

hospitalized for bronchiolitis—the 35th Multicenter Airway Research Collaboration (MARC-35) 137 

study.15 MARC-35 is coordinated by the Emergency Medicine Network (EMNet, 138 

www.emnet-usa.org), an international research collaboration with 247 participating hospitals. 139 

Details of the study design, setting and participants, data collection, testing, and statistical analysis 140 

may be found in the Supplementary Methods in Online Supplement. Briefly, at 17 sites across 141 

14 U.S. states (Table E1), MARC-35 enrolled infants (aged <1 year) who were hospitalized with 142 

an attending physician diagnosis of bronchiolitis during three consecutive bronchiolitis seasons 143 

(November 1 to April 30) from 2011 to 2014. The diagnosis of bronchiolitis was made according 144 

to the American Academy of Pediatrics bronchiolitis guidelines, defined as acute respiratory 145 

illness with a combination of rhinitis, cough, tachypnea, wheezing, crackles, or retractions.20 We 146 

excluded infants who were transferred to a participating hospital >24 hours after initial 147 

hospitalization or with a preexisting heart and lung disease, immunodeficiency, 148 

immunosuppression or gestational age of <32 weeks. All patients were treated at the discretion of 149 

the treating physicians. The institutional review board at each participating hospital approved the 150 

study with a written informed consent obtained from parent or guardian. Of 921 infants enrolled 151 

into the longitudinal cohort, the current analysis investigated 122 infants with RV infection who 152 

underwent nasopharyngeal microbiome, cytokine, and metabolomics testing (Figure E1). 153 

 154 

Data Collection, Virus, Microbiome, Cytokine, and Metabolomics Testing 155 
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Clinical data (patients’ demographic characteristics, and family, environmental, and 156 

medical history, and details of the acute illness) were collected via structured interview and chart 157 

reviews using a standardized protocol.15,21 Additionally, nasopharyngeal samples were collected 158 

within 24 hours of hospitalization using a standardized protocol.15 The details of the data 159 

collection methods are described in the Supplementary Methods. We conducted A) real-time 160 

PCR to test for respiratory viruses, with subsequent RV genotyping,15 B) 16S rRNA gene 161 

sequencing to profile microbiome,15 C) electrochemiluminescence immunoassays and 162 

enzyme-linked immunosorbent assay to measure cytokines,18 and D) liquid chromatography–163 

tandem mass spectrometry (LC-MS/MS) to profile the metabolome.19  164 

 165 

Real-time PCR to Test for Respiratory Viruses 166 

The details of real-time PCR to test for respiratory viruses are described in the 167 

Supplementary Methods. For RV detection, complementary DNA was generated using 168 

virus-specific primers for RV, and singleplex real-time PCR was used. Next, to identify the RV 169 

species (A, B, and C), RV-positive samples were partially sequenced to determine the RV species 170 

and type22 at the University of Wisconsin-Madison (Madison, WI). To quantify the relative RV 171 

genomic load, cycle threshold (CT) values were used.  172 

 173 

Nasopharyngeal Airway Microbiome Profiling 174 

The details of microbiome profiling and quality control measures are described in 175 

Supplementary Methods. In brief, 16S rRNA gene sequencing methods were adapted from the 176 

methods developed for the National Institutes of Health (NIH) Human Microbiome Project.23 177 

Bacterial genomic DNA was extracted using a MO BIO PowerSoil DNA Isolation Kit (Mo Bio 178 
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Laboratories, Carlsbad, CA, USA).24 The 16S rDNA V4 region was amplified by PCR and 179 

sequenced in the MiSeq platform (Illumina, SanDiego, CA, USA) using a 2×250 bp paired-end 180 

protocol that yields paired-end reads which overlap almost completely. Sequencing read pairs 181 

were demultiplexed based on the unique molecular barcodes, and reads were merged using 182 

USEARCH v7.0.1090.25 Rarefaction curves of bacterial operational taxonomic units (OTUs) were 183 

constructed using sequence data for each sample to ensure coverage of the bacterial diversity 184 

present. Samples with suboptimal amounts of sequencing reads were re-sequenced to ensure that 185 

the majority of bacterial taxa were encompassed in our analyses. 16S rRNA gene sequences were 186 

clustered into OTUs at a similarity cut-off value of 97% using the UPARSE algorithm.26 OTUs 187 

were determined by mapping the centroids to the SILVA database.27  188 

 189 

Nasopharyngeal Cytokines Measurement 190 

The details of cytokine measurement are described in Supplementary Methods. 191 

Investigators collected nasopharyngeal airway samples within 24 hours of hospitalization by using 192 

a standardized protocol. Ten nasopharyngeal cytokines (interleukin-4 [IL�4], IL�5, IL�10, IL�193 

12, IL�13, IL�25, IL�33, interferon [IFN]�β, macrophage inflammatory protein [MIP]�1α, 194 

thymic stromal lymphopoietin [TSLP]) were quantified using electrochemiluminescence 195 

immunoassays. Additionally, RANTES concentration was quantified by using an enzyme-linked 196 

immunosorbent assay. 197 

 198 

Nasopharyngeal Metabolome Testing 199 

The details of metabolomic profiling are described in Supplementary Methods. In brief, 200 

metabolome profiling used LC-MS/MS by Metabolon (Durham, NC, USA). Instrument variability 201 
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was 4%, as determined by calculating the median relative standard deviation for the internal 202 

standards that were added to each sample before the sample was injected into the mass 203 

spectrometer.  204 

 205 

Outcome Measures 206 

The clinical outcomes were 1) recurrent wheeze by age 3 years, and 2) asthma at age 5 207 

years. The definition of recurrent wheeze was based on the 2007 NIH asthma guidelines  as 208 

having at least two corticosteroid-requiring exacerbations in six months or at least four wheezing 209 

episodes in one year that last at least one day and affect sleep. The definition of asthma was based 210 

on commonly-used epidemiologic definition of asthma : physician-diagnosis of asthma at age 5 211 

years, plus either asthma medication use (e.g., albuterol inhaler, inhaled corticosteroids, 212 

montelukast) or asthma-related symptoms in the preceding year. 213 

 214 

Statistical Analysis 215 

In this study, the inferential goals are to identify biologically-distinct RV bronchiolitis 216 

endotypes (description [clustering]) and to relate them to the outcome risks (association). The 217 

analytic flow is summarized in Figure 1; the details of the statistical analysis may be found in the 218 

Supplementary Methods. Briefly, we first preprocessed variables to compute a distance matrix 219 

for each of datasets (i.e., clinical and virus, microbiome, cytokines, and metabolome). For the 220 

clinical data, to generate a distance matrix from the mixed-type data (i.e., data with binary, 221 

categorical and continuous variables), we computed Gower distance using variables that are 222 

selected based on a priori knowledge—age, sex, birth weight, history of breathing problem(s), 223 

lifetime antibiotic use, parental asthma, blood eosinophilia of ≥4%, specific immunoglobulin E 224 

Jo
urn

al 
Pre-

pro
of



 9

(sIgE) sensitization, and viruses (RV species, RV genomic load, coinfection with respiratory 225 

syncytial virus [RSV]).1,9 For the microbiome data, we computed Bray-Curtis distance using the 226 

relative abundance data (i.e., total sum scaling) of 20 most abundant genera, which accounted for 227 

97% of total abundance. For the cytokine data, we included all measured cytokines. To derive a 228 

distance matrix for the cytokine data, we computed Euclidian distance using all measured 229 

cytokines with normalization with RNase P (host housekeeping gene) cycling threshold value, 230 

log2 transformation, and Pareto scaling. For metabolome data, we computed the Euclidian 231 

distance using 100 metabolites with highest variances with adjustment for batch effects using R 232 

sva package.31 Second, to conduct integrated-omics endotyping, we computed an affinity matrix of 233 

each dataset separately, and computed a fused affinity matrix by similarity network fusion using R 234 

SNFtool package.32 Lastly, to identify mutually-exclusive endotypes, we conducted spectral 235 

clustering using the fused affinity matrix.32 To choose the optimal number of endotypes, we used 236 

both eigengaps and clinical plausibility. To determine the magnitude of variables’ contribution to 237 

endotypes, we also computed the ranking of normalized mutual information score of each 238 

variable.32 239 

To examine the longitudinal relation of derived endotypes with recurrent wheeze, we 240 

modeled the time to recurrent wheeze by fitting a Cox proportional hazards model. Patients who 241 

did not have an outcome were censored at their last follow-up interview or at the time of 242 

withdrawal during the 36-month follow-up period. The proportionality of hazards assumption was 243 

verified through evaluating Schoenfeld residuals. To determine the association of endotypes with 244 

the risk of childhood asthma, we fitted a logistic regression model. To detect 245 

biologically-meaningful pathways, we performed metabolite set enrichment analysis using R 246 

MetaboAnalystR package.33  247 
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In the sensitivity analysis, to address potential heterogeneity of asthma, we constructed 248 

the model with stratifying the asthma outcome by recurrent wheeze. Next, we also examined the 249 

robustness of endotype-outcome associations using different numbers of endotypes. To visualize 250 

consistencies across the different numbers chosen (3, 4, or 5 endotypes), we used alluvial plot. 251 

Then, we examined the between-endotype differences in clinical, virus, microbiome, cytokine, and 252 

metabolome data, and estimated the association of endotypes with asthma using a logistic 253 

regression model. We analyzed the data using R version 3.5.1 (R foundation for Statistical 254 

Computing, Vienna, Austria). All P-values were two-tailed, with P<0.05 considered statistically 255 

significant. We corrected for multiple testing using the Benjamini-Hochberg false discovery rate 256 

(FDR) method.  257 
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RESULTS 258 

 In this multicenter prospective cohort study, 122 infants with RV bronchiolitis who 259 

underwent nasopharyngeal microbiome, cytokine, and metabolome testing were eligible for the 260 

current analysis (Figure E1). The analytic cohort and non-analytic cohort did not differ in most 261 

patient characteristics, except for lifetime antibiotic use, IgE sensitization, and RSV coinfection 262 

(P≥0.05; Table E2). Among the analytic cohort, the median age was 4 (IQR, 2-6) months, 34% 263 

were female, and 41% were non-Hispanic white. 264 

 265 

Integrated-omics Endotyping 266 

By integrating clinical, virus, nasopharyngeal microbiome, cytokine, and metabolome 267 

data, we identified 4 distinct endotypes among infants with RV bronchiolitis (Figure 2), with the 268 

number of endotypes chosen according to eigengap values and silhouette scores (Figure E2) as 269 

well as clinical plausibility.1 These endotypes were chiefly characterized by RV species, major 270 

bacteria genera in the nasopharyngeal airway microbiome, and type 2 cytokine (T2) response: A) 271 

virusRV-CmicrobiomemixedT2low (22%), B) virusRV-AmicrobiomeHaemophilusT2low (19%), C) 272 

virusRSV/RVmicrobiomeStreptococcusT2low (36%), and D) virusRV-CmicrobiomeMoraxellaT2high (23%) 273 

(Figure 2).  274 

Across the endotypes, several clinical characteristics (e.g., lifetime antibiotic use, 275 

parental history of asthma, blood eosinophilia) were different (Tables 1). Additionally, there were 276 

significant differences in all measured cytokines—including type 2 (IL-4, IL-5, and IL-13) and 277 

epithelial-derived (IL-17E/IL-25, IL-33, and TSLP) cytokines (all P<0.05; Table E3). Similarly, 278 

there were significant differences in metabolites, predominantly lipid metabolites such as 279 

sphingolipids and arachidonate (P<0.05; Table E3). These characteristics with significant 280 
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between-endotype difference also had a high-ranked normalized mutual information score—i.e., a 281 

large contribution to the similarity network (Figure E3).  282 

Descriptively, endotype A was characterized by younger age, low proportion of lifetime 283 

antibiotics use and parent history of asthma, low proportion of positive pressure ventilation use, 284 

high proportion of RV-C, mixed microbiome profile, and generally-low cytokine profile. 285 

Endotype B was characterized by RV-A, Haemophilus dominance, and low T2 cytokine profile. 286 

Endotype C was characterized by high proportion of positive pressure ventilation use, RV-RSV 287 

coinfection, Streptococcus dominance, and low T2 but high IFN-� and RANTES levels. Lastly, 288 

endotype D was characterized by older age, lifetime antibiotic use, blood eosinophilia, IgE 289 

sensitization, RV-C, Moraxella dominance, and high T2 cytokine profile (Figure 3 and Table 290 

E3). 291 

 292 

Association with Risks of Developing Recurrent Wheeze and Asthma  293 

Overall, the Kaplan-Meier curves for recurrent wheeze outcome significantly differed 294 

between the endotypes (PWilcoxon=0.04; Figure 4). Specifically, the Cox proportional hazards 295 

model demonstrated that, compared with endotype A infants (virusRV-CmicrobiomemixedT2low), the 296 

rate of developing recurrent wheeze was not significantly different in endotype B or C infants. In 297 

contrast, endotype D infants (virusRV-CmicrobiomeMoraxellaT2high) had a significantly higher rate of 298 

recurrent wheeze (33% vs. 64%; HR 2.23; 95%CI 1.00-4.96; P=0.049; Table 2). Likewise, 299 

compared with endotype A infants, only endotype D infants had a significantly higher risk for 300 

asthma at age 5 years (28% vs. 59%; OR 3.74; 95%CI 1.21-12.6; P=0.03; Table 2). To address 301 

potential heterogeneity of asthma, we further stratified the outcome by recurrent wheeze status. 302 

For example, despite the reduced sample size, compared with endotype A infants, endotype D 303 
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infants had a significantly higher risk of developing asthma after recurrent wheeze outcome (26% 304 

vs. 67%; OR 5.60; 95%CI 1.43–25.1; P=0.02; Table E4). In the examination of asthma risk 305 

without recurrent wheeze, endotype D infants had a non-significantly higher risk of outcome (13% 306 

vs. 40%; OR 4.67; 95%CI 0.71–41.0; P=0.12).  307 

 308 

Comparison Between Endotypes A vs. D  309 

To better understand the difference between the lowest-risk (endotype A) and highest-risk 310 

(endotype D) groups—both of which were also characterized by RV-C infection, we compared 311 

clinical, nasopharyngeal microbiome, cytokine, and metabolome data between these endotypes 312 

(Tables E5-8). Compared with endotype A infants, endotype D infants had a higher abundance of 313 

Moraxella (Table E6) and higher levels of type 2 (IL-4, IL-5, and IL-13) and epithelial-derived 314 

(IL-17E/IL-25, IL-33, TSLP) cytokines (all FDR<0.05; Table E7). Furthermore, endotype D 315 

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

hydroxyoctadecadienoic acids [HODE]; FDR<0.05; Table E8). To examine 317 

biologically-meaningful pathways, we also performed metabolite set enrichment analysis. The 318 

analysis identified differentially-enriched pathways—e.g., arginine and proline, sphingolipid, and 319 

arachidonic acid metabolism pathways in the endotype A vs. D comparison (all FDR<0.05; Table 320 

E9 and Figure E4). 321 

 322 

Sensitivity Analysis 323 

To examine the robustness of the findings, we examined different numbers of endotypes. 324 

Alluvial plot (Figure E5) demonstrated consistency of the original endotypes across the different 325 

numbers chosen (3, 4, or 5 endotypes). With the use of 5 endotypes, the first one had 100% 326 
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concordance with the original endotype A and the fifth one had 96% concordance with the original 327 

endotype D (Table E10). Also similar to the primary analysis, these 5 endotypes were also 328 

characterized by RV species, major nasopharyngeal bacteria genera (e.g., Moraxella, 329 

Haemophilus, Streptococcus), and type 2 cytokines (Table E10). Lastly, compared to endotype 1 330 

(which is consistent with endotype A), endotype 5 (consistent with endotype D) infants had a 331 

non-significant but consistently higher risk of asthma at age 5 years (33% vs. 62%; OR 3.25; 332 

95%CI 0.94-12.1; P=0.07). 333 

Jo
urn

al 
Pre-

pro
of



 15

DISCUSSION 334 

 By integrating clinical, RV species, nasopharyngeal microbiome, cytokine, and 335 

metabolome data from a multicenter prospective cohort study of 122 infants with RV bronchiolitis, 336 

we identified four biologically-distinct endotypes. These endotypes were mainly characterized by 337 

RV species, major bacteria of the microbiome, and cytokine responses. In particular, the endotype 338 

D—which is characterized by prior antibiotic use, eosinophilia, IgE sensitization, RV-C infection, 339 

Moraxella-dominant microbiota, high T2 cytokine response, and specific lipid profiles (e.g., 340 

enriched sphingolipids, arachidonate, HODE)—had the highest risk for developing recurrent 341 

wheeze and asthma in later childhood. To our knowledge, this is the first study that has identified 342 

biologically-meaningful endotypes in infants, let alone in infants with RV bronchiolitis, and 343 

demonstrated their longitudinal relations with the risk of developing recurrent wheeze and asthma. 344 

 Recent studies—which are mostly limited to clinical data or single data element (e.g., 345 

microbiome)—have examined the relationships between infant bronchiolitis and the development 346 

of its chronic morbidities. For example, in agreement with the current observations, we previously 347 

reported that infants with RV-C bronchiolitis with IgE sensitization, compared with those with 348 

RSV bronchiolitis, had a higher risk of developing recurrent wheeze.9 Similarly, and also 349 

consistent with the current study, prior studies have demonstrated the association of unique 350 

airway microbiome profiles with the risk of recurrent wheeze and childhood asthma. For 351 

example, studies have reported associations between dominance/presence by Moraxella in the 352 

upper airway and a high risk of recurrent wheeze,34,35 incident asthma,36 and asthma 353 

exacerbation.37,38 Additionally, recent population-based cohort study has demonstrated that, in 354 

agreement with our data, antibiotic exposures during early infancy are associated with a higher 355 

risk of developing asthma and its effect is mediated by the changes in nasal microbiome.39 Studies 356 
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have also shown that enhanced T2 inflammatory response in the airway of infants with RV18 and 357 

RSV40 infection is associated with a higher risk of developing recurrent wheeze and asthma. 358 

Moreover, recent studies have also underscored the significance of the metabolome, which 359 

represents the downstream functional products of the microbiome, child’s genetic make-up, and 360 

immune response. Indeed, studies have associated specific lipid profiles—e.g., sphingolipids, 361 

arachidonate, HODE (12/15–lipoxygenase metabolite of linoleic acid [an ω-6 polyunsaturated 362 

fatty acid])—in the airway with the pathobiology of bronchiolitis19 and asthma. 41,42 The current 363 

study corroborates and extends these earlier findings, not only by identifying 364 

biologically-meaningful bronchiolitis endotypes in infants through integrated-omics endotyping 365 

but also by demonstrating their longitudinal relations with recurrent wheeze and asthma. 366 

 The exact mechanisms underlying the observed endotypes—particularly endotype D 367 

(virusRV-CmicrobiomeMoraxellaT2high with a unique lipid profile) with the highest risk for recurrent 368 

wheeze and asthma—warrant clarification. Emerging evidence has demonstrated that, compared 369 

to RV-A and -B, RV-C infection has a distinct pathobiology, including its cellular receptor (human 370 

cadherin-related family member 3 [CDHR3]),43 inflammatory profiles,44 and its interaction with 371 

IgE sensitization.9 Indeed, in hospitalized children (aged 24-72 months) with RV-C infection, 372 

nasal cytokine profile was characterized by high levels of T2 cytokines (e.g., IL-4, IL-9, IL-13).44 373 

Furthermore, RV infection —particularly RV-C infection—among infants14 and school-age 374 

children45 has been associated with Moraxella-dominant microbiome profile in the airway. Studies 375 

have also suggested that interrelations between Moraxella and host immune response in the airway 376 

play an important role in the airway inflammation. For example, in vitro, Moraxella catarrhalis 377 

upregulated gene expression of pro-inflammatory cytokines (e.g., IL-33) and led to greater 378 

magnitude of epithelial damage.37 Lastly, recent studies have reported the role of lipids—major 379 
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structural components of cell membrane and molecular signaling—in the pathobiology of airway 380 

diseases. For example, sphingolipids play important roles in immune response, inflammation, 381 

apoptosis, and cell proliferation.46 Sphingolipids have also attracted attention because ORMDL3 382 

gene within the 17q21 locus—one of the most important genomic regions in asthma 383 

pathogenesis—regulates de novo sphingolipid synthesis.42,47
 Study of human lung epithelial cell 384 

model has demonstrated that siRNA knockdown of ORMDL3 modifies the rate-limiting step of 385 

sphingolipid production.48 Additionally, ω-6 polyunsaturated fatty acids play important roles in 386 

asthma pathobiology. For example, arachidonate is a precursor of the arachidonic cascade that 387 

produces inflammatory eicosanoids—such as leukotrienes and prostaglandins. Likewise, research 388 

has also reported that HODE (another metabolite of ω-6 polyunsaturated fatty acids) dysregulates 389 

NF-κB and decreases GR-α transcript in human bronchial epithelial cell and allergic asthma 390 

mouse models.49 Notwithstanding the complexity of these mechanisms, the identification of 391 

endotypes in infants with RV bronchiolitis, and their longitudinal relations with chronic outcomes, 392 

are important findings that can facilitate future research focusing on the potential target for the 393 

primary prevention of childhood asthma. 394 

 395 

Limitations 396 

Our study has several potential limitations. First, we focused on infants with RV 397 

bronchiolitis as RV infection during early childhood is known to have a stronger association with 398 

chronic airway morbidities (compared to non-RV pathogens, such as RSV).9,10 Regardless, 399 

examining endotypes of non-RV bronchiolitis will be the focus of our future investigations. 400 

Second, bronchiolitis involves inflammation of the lower airways in addition to the upper airways. 401 

While our study is based on the nasopharyngeal samples, studies have shown that upper airway 402 
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sampling provides reliable representation of the lung microbiome50 and transcriptomic51 profiles. 403 

Furthermore, the use of upper airway specimens is unavoidable as bronchoscopy or other methods 404 

of lower airway sampling would be too invasive in young infants. Third, we used an untargeted 405 

metabolomics approach which is subject to measurement errors, and may have missed small 406 

differences in individual metabolites. While the untargeted metabolomic approach enabled us to 407 

comprehensively measure hundreds of metabolites (e.g., sugars, amino acids, lipids, organic acids), 408 

for future diagnostic goals, the use of targeted approaches is needed. Fourth, the sample size of this 409 

study is relatively smaller to the number of variables examined. This study should facilitate further 410 

validation research. Fifth, the nasopharyngeal samples were obtained <24 hours of hospitalization 411 

at a single time-point. While longitudinal molecular data (e.g., succession of the airway 412 

microbiome over childhood) are also important, the study objective was to identify endotypes of 413 

RV bronchiolitis during infancy. Additionally, even with single-time point data, we successfully 414 

identified biologically-distinct endotypes that are longitudinally associated with the development 415 

of recurrent wheeze and asthma. Sixth, the current study did not have healthy “controls”. Yet, we 416 

note that the study objective is not to assess molecular signatures of bronchiolitis development 417 

(yes/no) but to identify endotypes within infants with RV bronchiolitis. Lastly, the study sample 418 

consisted of a racially/ethnically- and geographically-diverse US infants hospitalized for 419 

bronchiolitis. While our sample had a large severity contrast, our inferences may not be 420 

generalizable to infants in ambulatory settings with mild-to-moderate bronchiolitis. Nonetheless, 421 

our data remain relevant for tens of thousands of infants with RV bronchiolitis hospitalized yearly 422 

in the US,2 a vulnerable population with high chronic morbidity.  423 

 424 

Conclusion 425 
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 By integrating the clinical, RV species, nasopharyngeal microbiome, cytokine, and 426 

metabolome data from a multicenter prospective cohort study of 122 infants hospitalized for RV 427 

bronchiolitis, we identified four biologically-distinct and clinically-meaningful endotypes. 428 

Specifically, the bronchiolitis endotype characterized by previous antibiotic use, eosinophilia, IgE 429 

sensitization, RV-C infection, Moraxella-dominant nasopharyngeal microbiota, high T2 cytokine 430 

response, and specific lipid profiles (e.g., sphingolipids, arachidonate, HODE) had the highest risk 431 

for developing recurrent wheeze and asthma. Considering the relatively small sample size of 432 

infants hospitalized for bronchiolitis in the current study, we need an external validation. However, 433 

our data lend support to the emerging concept that “bronchiolitis” represents several diseases that 434 

share biological mechanisms (endotypes). For clinicians, our findings could provide an evidence 435 

base for the early identification of high-risk children during an important period of airway 436 

development—infancy. Our data should also facilitate further investigation (e.g., modification of 437 

microbiome and host response) into the development of endotype-specific asthma prevention 438 

strategies.   439 
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FIGURE LEGENDS 587 

Figure 1. Analytic flow of integrated-omics endotyping 588 

A. After an affinity matrix of each dataset was separately computed, and a fused affinity matrix 589 

was generated by similarity network fusion. Then, the fused affinity matrix was used to 590 

identify mutually-exclusive endotypes by spectral clustering. 591 

B. Eigengaps and clinical plausibility were examined to choose the optimal number of endotypes. 592 

The concordance between different numbers of endotypes was also examined. After deriving 593 

endotypes, a similarity network was visualized.  594 

C. The between-endotype differences in nasopharyngeal microbiome, cytokine, and metabolome 595 

were visualized using heatmap. 596 

D. To examine the longitudinal relation of derived endotypes with recurrent wheeze, the time to 597 

recurrent wheeze was modeled by fitting a Cox proportional hazards model. The risk of 598 

childhood asthma was modeled by fitting a logistic regression model. 599 

Abbreviations: RV-A, rhinovirus A; RV-C, rhinovirus C; RSV, respiratory syncytial virus; T2, 600 

type 2 cytokines  601 

 602 

Figure 2. Similarity network visualization of rhinovirus bronchiolitis endotypes 603 

Nodes (circles) with a same color represent infants with the corresponding endotype (A, B, C, or 604 

D). Network graphs in the integrated-omics similarity network are visualized using with 605 

Fruchterman-Reingold layout. Layout of the network from the four datasets are fixed with the 606 

position of integrated-omics similarity network. We selected 1000 edges with the highest 607 

similarity for the network visualization and the width of edge reflects the strength of similarity. 608 
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Abbreviations: RV-A, rhinovirus A; RV-C, rhinovirus C; RSV, respiratory syncytial virus; T2, 609 

type 2 cytokines  610 

 611 

Figure 3. Between-endotype differences in nasopharyngeal microbiome, cytokine, and 612 

metabolome in infants with rhinovirus bronchiolitis 613 

To visualize the between-endotype differences, the microbiome data (five most abundant genera) 614 

are processed by log2 transformation and Pareto scaling; the cytokine data are processed by log2 615 

transformation and autoscaling; the metabolome data (30 metabolites with highest normalized 616 

mutual information score, Table E2) are processed by log2 transformation with batch effect 617 

adjustment. The color bar indicates the median value in the corresponding endotype—red color 618 

indicates a higher median value while blue color indicates a lower median value. Super-pathway of 619 

each metabolite is color-coded for each function.  620 

Abbreviations: RV-A, rhinovirus A; RV-C, rhinovirus C; RSV, respiratory syncytial virus; IL, 621 

interleukin; TSLP, thymic stromal lymphopoietin; IFN-beta, interferon-beta; MIP-1, macrophage 622 

inflammatory protein-1; RANTES, regulated upon activation, normal T cell expressed and 623 

presumably secreted; DHA, docosahexaenoic acid; GPS, glycerophosphatidylserine; GPC, 624 

glycerophosphorylcholine; GPE, glycerophosphoethanolamine; GPG, glycerophosphoglycerol 625 

 626 

Figure 4. Kaplan-Meier curves for development of recurrent wheeze by age 3 years, 627 

according to rhinovirus bronchiolitis endotypes 628 

The survival curves significantly differed across the endotypes (PWilcoxon=0.04). Compared with 629 

endotype A (virusRV-CmicrobiomemixedT2low) infants, the rate of developing recurrent wheeze by 630 
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age 3 years was not significantly different in endotype C or D. By contrast, the rate was 631 

significantly higher in endotype D (virusRV-CmicrobiomeMoraxellaT2high) infants. Corresponding 632 

hazards ratio estimates are presented in Table 2. We observed 15 censoring and assumed 633 

non-informative censoring as the exposure (endotypes) contains the information of many 634 

important covariates. 635 

Abbreviations: RV-A, rhinovirus A; RV-C, rhinovirus C; RSV, respiratory syncytial virus  636 

 637 
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Table 1. Baseline characteristics and clinical course of infants, according to rhinovirus bronchiolitis endotypes  

Characteristics 
Overall 

(n=122; 100%) 
Endotype A 
(n=27; 22%) 

Endotype B 
(n=23; 19%) 

Endotype C 
(n=44; 36%) 

Endotype D 
(n=28; 23%) P-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) 
 

2.3–3.1 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 (5.05–

7.35) 
6.70 (5.56–
8.10) 

7.60 (4.72–
8.57) 

0.32 
Respiratory rate (per minute), median 
(IQR)

48 (40–60) 43 (32–54) 48 (40–60) 48 (40–60) 50 (42–56) 0.26 
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Oxygen saturation  
   

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 eosinophilia (≥4%) 13 (10.7) 3 (11.1) 4 (17.4) 1 (2.3) 5 (17.9) 0.07 
sIgE 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 (7.4) 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, intensive care unit; sIgE, specific immunoglobulin E; RV-A, rhinovirus A; RV-B, rhinovirus B; RV-C, 
rhinovirus C; RSV, respiratory syncytial virus 
Data are no. (%) of infants unless otherwise indicated. Percentages may not equal 100, because of rounding and missingness. 
* Infants with bronchiolitis who underwent continuous positive airway ventilation and/or mechanical ventilation. 
† Infants with bronchiolitis who were admitted to ICU and/or who underwent positive pressure ventilation. 
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Table 2. Association of rhinovirus bronchiolitis endotypes in infants with development of recurrent wheeze and asthma 
outcomes 
 
 
Endotypes 

Recurrent wheeze  
by age 3 years* 

Childhood asthma  
at age 5 years† 

 

Number 
of 

outcomes 

Hazard ratio  
(95% CI) 

P-value 
Number 

of 
outcomes 

Odds ratio  
(95% CI) 

P-value 

Endotype A  
 virusRV-CmicrobiomemixedT2low (n=27) 

9 1 [Reference] - 7 1 [Reference] - 

Endotype B  
 virusRV-AmicrobiomeHaemophilusT2low (n=23) 

9 0.98 (0.39−2.48) 0.97 8 1.47 (0.43−5.16) 0.54 

Endotype C  
 virusRSV/RVmicrobiomeStreptococcusT2low (n=44) 

18 1.20 (0.54−2.67) 0.66 15 1.48 (0.51−4.56) 0.47 

Endotype D  
 virusRV-CmicrobiomeMoraxellaT2high (n=28) 

18 2.23 (1.00−4.96) 0.049 16 3.74 (1.21−12.6) 0.03 

Abbreviation: CI, confidential interval 
* Recurrent wheeze was defined as having at least two corticosteroid-requiring exacerbations in six months or at least four wheezing episodes in one year that 
last at least one day and affect sleep. To examine the association between RV bronchiolitis endotypes (endotype A as the reference) and the rate of recurrent 
wheeze, Cox proportional hazards model was fit. We observed 15 censoring and assumed non-informative censoring as the exposure (endotypes) contains the 
information of many important covariates. 
† Asthma was defined as physician-diagnosis of asthma by age 5 years, plus either asthma medication use (e.g., albuterol inhaler, inhaled corticosteroids, 
montelukast) or asthma-related symptoms in the preceding year. To examine the association between RV bronchiolitis endotypes (endotype A as the reference) 
and the risk of developing childhood asthma, logistic regression model was fit.  
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