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Abstract
Copyright ©The authors 2022. Background Bronchiolitis is not only the leading cause of hospitalisation in US infants but also a major
forlreprodiiction[rightsiand risk factor for asthma development. Growing evidence supports clinical heterogeneity within bronchiolitis.
g::m;z::z;z(‘;z:::;org Our objectives were to identify metatranscriptome profiles of infant bronchiolitis, and to examine their
relationship with the host transcriptome and subsequent asthma development.
This article has an editorial Methods As part of a multicentre prospective cohort study of infants (age <1 year) hospitalised for
CRSER bronchiolitis, we integrated virus and nasopharyngeal metatranscriptome (species-level taxonomy and
?;tg%zg:;gg;% 1_2‘0121283/ function) data measured at hospitalisation. We applied network-based clustering approaches to identify
metatranscriptome profiles. We then examined their association with the host transcriptome at

Received: 20 Aug 2021 hospitalisation and risk for developing asthma.

Accepted: 17 Nov 2021 Results We identified five metatranscriptome profiles of bronchiolitis (n=244): profile A:
virus®®Ymicrobiomemmensals, profile B: virus®SYRV-Amicrobiome!™- nluenzae. profile C:
virus®SVmicrobiome>PeUmoniae profile D: virust® Y microbiome-"ontiaueraciens, and profile E: virustSV/RV-C

microbiome™- @™l Compared with profile A, profile B infants were characterised by a high proportion
of eczema, Haemophilus influenzae abundance and enriched virulence related to antibiotic resistance.
These profile B infants also had upregulated T-helper 17 and downregulated type I interferon pathways
(false discovery rate (FDR) <0.005), and significantly higher risk for developing asthma (17.9% versus
38.9%; adjusted OR 2.81, 95% CI 1.11-7.26). Likewise, profile C infants were characterised by a high
proportion of parental asthma, Streptococcus pneumoniae dominance, and enriched glycerolipid and
glycerophospholipid metabolism of the microbiome. These profile C infants had an upregulated RAGE
signalling pathway (FDR <0.005) and higher risk of asthma (17.9% versus 35.6%; adjusted OR 2.49, 95%
CI 1.10-5.87).

https://doi.org/10.1183/13993003.02293-2021 Eur Respir J 2022; 60: 2102293


https://orcid.org/0000-0002-5805-9369
https://orcid.org/0000-0002-5117-0080
https://orcid.org/0000-0003-4384-8661
https://orcid.org/0000-0002-6667-4708
https://orcid.org/0000-0001-5662-1541
https://orcid.org/0000-0002-5071-7654
mailto:yraita1@alumni.jh.edu
https://crossmark.crossref.org/dialog/?doi=10.1183/13993003.02293-2021&domain=pdf&date_stamp=
https://bit.ly/3xcM4ry
https://bit.ly/3xcM4ry
https://doi.org/10.1183/13993003.02293-2021
mailto:permissions@ersnet.org
https://doi.org/10.1183/13993003.00378-2022
https://doi.org/10.1183/13993003.00378-2022

EUROPEAN RESPIRATORY JOURNAL ORIGINAL RESEARCH ARTICLE | Y. RAITA ET AL.

Conclusions Metatranscriptome and clustering analysis identified biologically distinct metatranscriptome
profiles that have differential risks of asthma.

Introduction

Bronchiolitis is the leading cause of hospitalisation in US infants, accounting for ~110000 hospitalisations
annually [1]. In addition to the substantial acute morbidity, ~30% of infants hospitalised for bronchiolitis
(“severe bronchiolitis”) subsequently develop asthma [2]. However, the underlying mechanisms linking
these two common conditions remain unclear. This major knowledge gap has hindered efforts to prevent
asthma in this high-risk population.

Although bronchiolitis has traditionally been thought of as a single disease entity [3], growing evidence
supports heterogeneity in the clinical manifestations [4] and pathobiology (e.g. as reflected by between-
virus differences in the upper airway microbiome determined via 16S rRNA gene sequencing) [5-7].
Additionally, studies also suggest a complex interplay between viruses, microbiome and host response in
the airway, and its interrelationship with respiratory health [2, 8-14]. Despite the clinical and research
significance, no study has integrated virus and airway microbiome (both taxonomy and function) data to
investigate the metatranscriptome profiles of bronchiolitis, their relationship with host response during the
critical period of airway development (i.e. early infancy) and their contribution to incident asthma in later
childhood.

To address this knowledge gap, we analysed data from a multicentre prospective cohort to 1) identify
nasopharyngeal metatranscriptome profiles (or clusters) of bronchiolitis, and 2) investigate their association
with the host airway response and subsequent development of asthma.

Methods

Study design, setting and participants

We analysed data from a multicentre prospective cohort study of infants hospitalised for bronchiolitis: the
35th Multicenter Airway Research Collaboration (MARC-35) study. Full details of the study design,
setting, participants, data collection, testing and statistical analysis can be found in the supplementary
material.

Briefly, at 17 sites across 14 US states (supplementary table S1), MARC-35 enrolled infants (age <1 year)
who were hospitalised with an attending physician diagnosis of bronchiolitis during three bronchiolitis
seasons in 2011-2014. The diagnosis of bronchiolitis was made according to the American Academy of
Pediatrics bronchiolitis guidelines, defined as an acute respiratory illness with a combination of rhinitis,
cough, tachypnoea, wheezing, crackles or chest retractions. We excluded infants with a pre-existing heart
and lung disease, immunodeficiency, immunosuppression or gestational age <32 weeks, those with a
previous bronchiolitis hospitalisation, or those who were transferred to a participating hospital >24 h after
initial hospitalisation. All patients were treated at the discretion of the treating physicians. The Institutional
Review Board at each participating hospital approved the study with written informed consent obtained
from the parent or guardian.

Of 921 infants enrolled into the longitudinal cohort, the current analysis investigated 244 infants
hospitalised for bronchiolitis who were randomly selected for nasopharyngeal metatranscriptome
(microbiome) and transcriptome (host) testing (figure 1 and supplementary figure S1).

Data collection and measurement of virus, metatranscriptome and transcriptome

Clinical data (patient demographic characteristics, family, environmental and medical history, and details
of the acute illness) were collected via structured interview and chart reviews using a standardised protocol.
Additionally, nasopharyngeal airway specimens were collected within 24 h of hospitalisation using a
standardised protocol [12]. Details of the data collection and measurement methods are described in the
supplementary material. The nasopharyngeal specimens were tested for 1) respiratory viruses (e.g.
respiratory syncytial virus (RSV) and rhinovirus (RV) species), 2) metatranscriptome (microbiome
taxonomy at the species level and function) and 3) transcriptome (host function).

RNA sequencing for the nasopharyngeal dual transcriptome (metatranscriptome and transcriptome)

Full details of RNA extraction, RNA sequencing (RNAseq) and quality control are described in the
supplementary material. Briefly, after total RNA extraction, DNase treatment and rRNA reduction, we
performed RNAseq with an Illumina NovaSeq6000 using an S4 100PE Flowcell (Illumina, San Diego,
CA, USA). All RNAseq samples had high sequence coverage (mean 8067019 paired-end reads per
sample) after quality control. We filtered and trimmed raw reads for adapters and contaminants using the
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FIGURE 1 Analytic workflow of metatranscriptome profiling. a) A total of 921 infants (age <1 year) hospitalised with bronchiolitis comprised the
35th Multicenter Airway Research Collaboration (MARC-35) longitudinal cohort. At enrolment, the nasopharyngeal specimens were collected. These
nasopharyngeal specimens were tested for respiratory viruses (e.g. respiratory syncytial virus (RSV) and rhinovirus (RV) species) and
dual-transcriptome sequencing. These infants are followed with biannual parent interviews, acquisition of annual medical records and in-person
exams. b) 244 randomly selected infants underwent dual-transcriptome sequencing (via RNA sequencing (RNAseq)) of nasopharyngeal specimens
to characterise the microbiome taxonomy and function as well as the host transcriptome. c) After individually computing an affinity matrix for each
of three datasets (i.e. virus, microbiome taxonomy and function data), we generated a fused affinity matrix by similarity network fusion. Then, we
used the fused affinity matrix to identify metatranscriptome profiles by spectral clustering. To choose an optimal number of profiles, we used a
combination of silhouette scores, network modularity, profile size, and clinical and biological plausibility. We visualised the five profiles by using
the t-distributed stochastic neighbour embedding method. d) To visualise the between-metatranscriptome profile differences in the major clinical
and virus variables, microbiome taxonomy, and functions, we used chord diagrams, pirate plots and ranked plots. e) To examine the relationship
between the metatranscriptome profiles and host function (transcriptome data), we performed differential gene expression analyses and functional
pathway analyses. As infants with profile A clinically resembled “classic” bronchiolitis and had the largest profile size, this group served as the
reference group. f) To examine the relationship of the metatranscriptome profiles with the risk for developing asthma (binary outcome), we
constructed unadjusted and adjusted logistic regression models. FDR: false discovery rate.
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k-mers strategy in bbduck. We characterised the active (via RNA transcripts) bacterial component of the
microbiome (species level) coupling PathoScope 2.0 with the expanded Human Oral Microbiome
Database. To characterise microbiome function, we used SUPER-FOCUS and Diamond. To annotate
proteins that implement a specific biological process or structural complex into subsystems, we used the
SEED database. This database comprises three-level hierarchical microbiome functions: the level 1
subsystem with 35 functions, followed by the level 2 subsystem with 194 functions and the level 3
subsystem with 1290 functions. Lastly, we estimated host transcript abundances in Salmon using the
human genome (hg38) and the mapping-based mode.

Functional and clinical outcomes

The outcomes of interest were 1) host function (the nasopharyngeal transcriptome) at index hospitalisation
for bronchiolitis and 2) asthma development by age 5 years. The definition of asthma was based on a
commonly used epidemiological definition of asthma: physician diagnosis of asthma by age 5 years plus
either asthma medication use (e.g. albuterol inhaler, inhaled corticosteroids or montelukast) or
asthma-related symptoms in the preceding year.

Statistical analysis

The objectives of the current study were 1) to identify biologically distinct metatranscriptome profiles
among infants with bronchiolitis (description (clustering)), and 2) to relate them to the host transcriptome
and risk of asthma development (association). The analytic workflow is summarised in figure 1. Full
details of the statistical analysis can be found in the supplementary material.

Briefly, we first computed a distance matrix for each of the three datasets, i.e. virus (including the genomic
load of RSV, RV-A and RV-C), microbiome taxonomy (species level) and microbiome function data:
Euclidean distance for the virus data, Bray—Curtis distance for the taxonomy data and Pearson distance for
the function data. Then, we computed an affinity matrix of each dataset separately and generated a fused
affinity matrix by similarity network fusion using the SNFtool package. To identify mutually exclusive
metatranscriptome profiles, we applied spectral clustering to the fused affinity matrix. To choose an
optimal number of profiles, we used a combination of the silhouette scores (supplementary figure S2a),
network modularity (supplementary figure S2b), profile size (n=33-67), and clinical and biological
plausibility. The network modularity measures how well separated subnetworks are given a particular
partitioning (i.e. profiles) of the network. To test the stability of profiles (i.e. internal validation), we
computed the accuracy of profiles using semisupervised label propagation methods (supplementary
figure S3). To complement these approaches, we also used a priori knowledge by confirming that the
derived profiles were consistent with earlier studies [2].

After deriving the metatranscriptome profiles, we examined their relationships with both functional (host
transcriptome) and clinical (asthma) outcomes. First, we conducted differential expression gene and
functional pathway analyses by comparing the reference profile with each of the other profiles. To
investigate whether genes for specific biological pathways were enriched among the large positive or
negative fold changes, we conducted a functional class scoring analysis using the clusterProfiler package.
Second, to determine the longitudinal association of the profiles with asthma at age 5 years (binary
outcome), we constructed unadjusted and adjusted logistic regression models accounting for patient
clustering within sites. In the sensitivity analysis, we examined the robustness of profile—outcome
associations by repeating the analysis using a different number of profiles. We analysed the data using R
version 3.6.1 (R Foundation for Statistical Computing, Vienna, Austria). All p-values were two-tailed, with
p<0.05 considered statistically significant. We corrected for multiple testing using the Benjamini—-Hochberg
false discovery rate (FDR) method.

Results

Of the infants enrolled into this longitudinal cohort, the current study focused on 244 randomly selected
infants with bronchiolitis who underwent testing for nasopharyngeal airway microbial metatranscriptome
and host transcriptome (figure 1 and supplementary figure S1). The analytic cohort and non-analytic
cohorts did not differ in patient characteristics (p>0.05) (supplementary table S2), except for daycare use
and solo-RSV infection. Among the analytic cohort, the median (interquartile range) age was 3
(2-6) months, 40.2% were female and 41.8% were non-Hispanic White. Overall, 91.0% were RSV
infected, with solo-RSV infection in 65.2% and RSV/RV co-infection in 11.9% (table 1).

Integrated omics approach identified distinct metatranscriptome profiles
To derive biologically distinct metatranscriptome profiles of infant bronchiolitis, we applied integrative
network and clustering approaches to the virus, microbiome taxonomy (species level) and microbiome
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TABLE 1 Baseline characteristics and clinical course of infants with bronchiolitis, according to metatranscriptome profiles

Overall Profile A Profile B Profile C Profile D Profile E p-value
Subjects 244 (100) 67 (27.5) 36 (14.8) 59 (24.2) 33 (13.5) 49 (20.1)
Demographics
Age (months) 3 (2-6) 3 (1-6) 4 (2-7) 3 (2-6) 4 (2-7) 3 (2-6) 0.36
Female 98 (40.2) 29 (43.3) 13 (36.1) 22 (37.3) 17 (51.5) 17 (34.7) 0.54
Race/ethnicity 0.33
Non-Hispanic White 102 (41.8) 29 (43.3) 14 (38.9) 1 (35.6) 16 (48.5) 22 (44.9)
Non-Hispanic Black 57 (23.4) 12 (17.9) 6 (16.7) 1(35.6) 8 (24.2) 0 (20.4)
Hispanic 76 (31.1) 24 (35.8) 15 (41.7) (25 4) 9 (27.3) 3 (26.5)
Other or unknown 9 (3.7) 2 (3.0 1(2.8) 2 (3.4 0 (0.0) 4 (8.2)
Prematurity (32-36.9 weeks) 47 (19.3) 15 (22.4) 6 (16.7) 11 (18. 6) 9 (27.3) 6 (12.2) 0.48
Birthweight (kg) 3.20 (2.89-3.57)  3.20 (2.90-3.52)  3.17 (2.70-3.42)  3.23 (2.86-3.69)  3.09 (2.79-3.43)  3.31 (3.00-3.64) 0.43
Caesarean delivery 84 (35.0) 19 (28.8) 15 (42.9) 22 (37.3) 11 (33.3) 17 (36.2) 0.69
Previous breathing problems (n) 0.92
0 204 (83.6) 55 (82.1) 31 (86.1) 50 (84.7) 27 (81.8) 41 (83.7)
1 30 (12.3) 8 (11.9) 3(8.3) 8 (13.6) 4 (12.1) 7 (14.3)
2 10 (4.1) 4 (6. 0) 2 (5.6) 1(1.7) 2 (6.1) 1(2.0)
Previous ICU admission 4 (1.6) 3 (45 0 (0.0) 0 (0.0) 1(3.0) 0 (0.0) 0.19
History of eczema 31 (12.7) 3 (4. ) 8 (22.2) 10 (16.9) 2 (6.1) 8 (16.3) 0.03
Palivizumab use 8 (3.8) 1(1.7) 2 (6.2) 3(6.1) 0 (0.0) 2 (4.9) 0.48
Lifetime antibiotic use® 79 (32.4) 25 (37.3) 17 (47.2) 16 (27.1) 4 (12.1) 17 (34.7) 0.02
Ever attended daycare 71 (29.1) 5 (22.4) 11 (30.6) 16 (27.1) 13 (39.4) 16 (32.7) 0.46
Cigarette smoke exposure at home 34 (13.9) 9 (13.4) 4 (11.1) 11 (18.6) 6 (18.2) 4 (8.2) 0.52
Maternal smoking during pregnancy 34 (14.2) 9 (13.6) 7 (20.0) 7 (11.9) 3(9.1) 8 (17.0) 0.69
Parental history of asthma 76 (31.1) 14 (20.9) 12 (33.3) 24 (40.7) 11 (33.3) 15 (30.6) 0.19
Parental history of eczema 46 (18.9) 9 (13.4) 12 (33.3) 12 (20.3) 8 (24.2) 5(10.2) 0.06
Clinical presentation
Weight (kg) 6.07 (4.60-7.99) 5.50 (4.36-7.10) 6.80 (5.16-8.12)  6.28 (4.52-7.53)  6.40 (4.75-8.20)  6.20 (4.80-8.45) 0.22
Respiratory rate (breaths:min™>) 48 (40-60) 48 (40-56) 48 (40-56) 48 (39- 60) 52 (44-64) 50 (41-60) 0.45
Oxygen saturation 0.19
<90% 18 (7.6) 5(7.9) 4 (11.8) 2 (3.4) 1(3.1) 6 (12.2)
90-93% 29 (12.2) 12 (19.0) 4(11.8) 4 (6.8) 2 (6.2) 7 (14.3)
>94% 190 (80.2) 46 (73.0) 26 (76.5) 53 (89.8) 29 (90.6) 36 (73.5)
Blood eosinophilia (>4%) 21 (10.1) 4 (7.0) 4 (13.3) 5 (10.0) 2 (6.9) 6 (14.3) 0.73
IgE sensitisation 51 (20.9) 11 (16.4) 9 (25.0) 13 (22.0) 6 (18.2) 12 (24.5) 0.77
Clinical course
Positive pressure ventilation use® 18 (7.4) 6 (9.0) 3(8.3) 5 (8.5) 3(9.1) 1 (2.0) 0.55
Intensive treatment use” 42 (17.2) 13 (19.4) 6 (16.7) 12 (20.3) 3(9.1) 8 (16.3) 0.72
Length of stay (days) 2 (1-3) 2 (1-4) 2 (1-4) 2 (1-4) 2 (1-3) 2 (1-3) 0.89
Antibiotic use during hospitalisation 80 (32.8) 26 (38.8) 15 (41.7) 19 (32.2) 8 (24.2) 12 (24.5) 0.29
Corticosteroid use during 29 (11.9) 8 (11.9) 7 (19.4) 10 (16.9) 1 (3.0) 3(6.1) 0.11
hospitalisation
Respiratory virus
RSV infection 222 (91.0) 61 (91.0) 31 (86.1) 59 (100.0) 33 (100.0) 38 (77.6) <0.001
RSV-A® 153 (62.7) 46 (68.7) 22 (61.1) 41 (69.5) 15 (45.5) 29 (59.2) 0.15
RSV-B® 71 (29.1) 16 (23.9) 9 (25.0) 19 (32.2) 18 (54.5) 9 (18.4) 0.01
Solo-RSV infection 159 (65.2) 42 (62.7) 21 (58.3) 48 (81.4) 24 (72.7) 24 (49.0) 0.007
RV infection
RV-A 26 (10.7) 8 (11.9) 7 (19.4) 5 (8.5) 2 (6.1) 4(82) 0.41
RV-B 4 (1.6) 1(1.5) 1(2.8) 0 (0.0) 1(3.0) 1(2.0) 0.67
RV-C 21 (8.6) 2 (3.0) 0 (0.0) 1(1.7) 2 (6.1) 16 (32.7) <0.001
Solo-RV infection 13 (5.3) 4 (6.0) 1(2.8) 0 (0.0) 0 (0.0) 8 (16.3) 0.002
RSV/RV co-infection 29 (11.9) 5 (7.5) 3(8.3) 6 (10.2) 5 (15.2) 10 (20.4) 0.25
Other co-infection pathogens with 34 (13.9) 14 (20.9) 7 (19.4) 5 (8.5) 4 (12.1) 4 (8.2) 0.17
RSV!
Chronic outcome
Asthma at age 5 years 62 (25.4) 12 (17.9) 14 (38.9) 21 (35.6) 3(9.1) 12 (24.5) 0.009

Data are presented as n (%) or median (interquartile range), unless otherwise stated; percentages may not total 100% due to rounding and missing
data. ICU: intensive care unit; RSV: respiratory syncytial virus; RV: rhinovirus. *: any systemic antibiotic use from birth up to the index hospitalisation
for bronchiolitis; *: infants with bronchiolitis who underwent continuous positive airway ventilation and/or mechanical ventilation; *: infants with
bronchiolitis who were admitted to the ICU and/or who underwent positive pressure ventilation; *: two infants had co-infection of RSV-A and RSV-B;
f: infants with co-infection of RSV and non-RV pathogens, including adenovirus (n=7), bocavirus (n=8), endemic coronavirus (n=15), enterovirus
(n=1), influenza virus (n=1), human metapneumovirus (n=4), Mycoplasma pneumonia (n=1) and parainfluenza virus (n=3) (since six infants had
co-infection with three or more infecting agents, the total number is not equal to 34).
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function data (figure 1). Both the average silhouette scores and network modularity found that a five-class
model was the optimal fit (supplementary figure S2), with the five profiles called A, B, C, D and E. The
semisupervised label propagation methods also indicated that the stability was also highest with the
five-class model (supplementary figure S3).

The five distinct metatranscriptome profiles (figure 2a and supplementary figure S4) were chiefly
characterised by the identified virus(es) and the major bacteria species of the nasopharyngeal airway
microbiome: profile A: virus®®Ymicrobiome® ™™™ (27 5%); profile B: virus®®Y®Y-*microbiome- e
(14.8%); profile C: virus®®Ymicrobiome "™ (24 29): profile D: virus*>Ymicrobiome™-ontiauefaciens
(13.5%); and profile E: virus®>Y2YCmicrobiome™-<®@™halis (20 19%) (table 1, and figures 2b and 3).

Descriptively, infants with profile A were characterised by a young age, a low proportion of parental
asthma and eczema and personal history of eczema, and a high proportion of RSV infection (figures 2 and
supplementary figures S5-S7). In many respects they resembled “classic” bronchiolitis. These infants also
had a higher abundance of commensals (e.g. Corynebacterium and Cutibacterium; both FDR <0.001)
(figure 3 and supplementary figure S7). Infants with profile B were characterised by a high proportion of
lifetime antibiotics use, history of eczema, parental eczema, IgE sensitisation and co-infection with RV-A,
and a higher abundance of Haemophilus influenzae (FDR <0.001 when compared with those with profile A).
Infants with profile C were characterised by a high proportion of parental asthma and solo-RSV infection
as well as a higher abundance of Streptococcus pneumoniae (FDR <0.001). Infants with profile D were
characterised by a low proportion of hypoxaemia, a high proportion of RSV infection and a higher
abundance of Moraxella nonliquefaciens (FDR <0.001). Infants with profile E were characterised by a
high proportion of RV-C co-infection and a higher abundance of Moraxella catarrhalis (FDR <0.001).
These virus and microbiome variables that characterised the profiles had high-ranked normalised mutual
information scores, indicating large contributions to the similarity network (supplementary figure S8).

Metatranscriptome profiles had distinct microbiome function pathways

These metatranscriptome profiles of infant bronchiolitis also had distinct microbiome functions.
For example, compared with infants with profile A (virus®®Vmicrobiome®™™™¥%) who clinically
resembled “classic” bronchiolitis and were the largest group, those with profile B (virusRSV/RV-A
microbiome™M¢"29¢y had enriched virulence and iron acquisition and metabolism (FDR <0.05) (figure 4).
More specifically, profile B infants had an upregulated virulence function related to antibiotic resistance
(e.g. multidrug resistance efflux pumps) (FDR <0.05) (supplementary figure S9a) and iron metabolism
function related to haemin transport (FDR <0.05) (supplementary figure S9b). Profile C
(virus®*VmicrobiomeSP"¢4momi4¢y infants had enriched fatty acid, lipid and isoprenoid metabolism (FDR
<0.05) (figure 4), e.g. upregulated glycerolipid and glycerophospholipid metabolism (FDR <0.05)
(supplementary figure S10). In contrast, profile D (virus®®Ymicrobiome™"omiauefaciensy infants had
downregulated glycerolipid and glycerophospholipid function in fatty acid, lipid and isoprenoid
metabolism (FDR <0.05) (figure 4 and supplementary figure S11). Lastly, profile E (virus®$Y/RV-C
microbiome™-c@@™alisy infants had upregulated stress response metabolism (FDR <0.05) (figure 4),
e.g. cold shock CspA protein family (FDR <0.05) (supplementary figure S12).

Metatranscriptome profiles had distinct host transcriptome characteristics during infancy and
differential risk for developing asthma

To better understand the relationship between the metatranscriptome profiles and the host response
(represented by the transcriptome) during infancy, we conducted differential expression gene and
functional pathway analyses. Compared with profile A, profile B had 63 differentially enriched pathways
(FDR <0.05) (supplementary figure S13), e.g. upregulated T-helper 17 (Th17) and downregulated type I
interferon (IFN) pathways. Similarly, profile C had 45 differentially enriched pathways (FDR <0.05), e.g.
an upregulated RAGE (receptor for advanced glycation end-products) signalling pathway (supplementary
figure S14). For profiles A versus D and A versus E comparisons, the detailed differences are summarised
in supplementary figures S15 and S16.

The metatranscriptome profiles also had differential risks for developing asthma by age 5 years (figure 5).
For example, compared with profile A infants, profile B infants had a significantly higher risk of asthma
(17.9% versus 38.9%; adjusted OR 2.81, 95% CI 1.11-7.26; p=0.030). Likewise, profile C infants also
had a significantly higher risk of asthma (35.6%; adjusted OR 2.49, 95% CI 1.10-5.87; p=0.031), while
profile D infants had a non-significantly lower risk of asthma (9.1%; adjusted OR 0.47, 95% CI 0.10-1.65;
p=0.28). In the stratification by development of recurrent wheeze by age 3 years, the results were similar
(supplementary figure S17).
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FIGURE 2 Metatranscriptome profiles among infants with bronchiolitis, and their relationship with major

clinical and virus variables. a) t-distributed stochastic neighbour embedding (t-sne) of nasopharyngeal
metatranscriptome profiles. To visualise the metatranscriptome profiles, the t-sne method was applied to the
five eigenvectors in the spectral clustering. Each dot represents the metatranscriptome of a single infant in a
low-dimensional space. The infants cluster together according to their metatranscriptome profiles. b) Major
clinical and virus characteristics according to metatranscriptome profiles. The ribbons connect from the
individual metatranscriptome profiles to the major clinical and virus characteristics. The width of the ribbon
represents the proportion of infants within the profile who have the corresponding clinical or virus
characteristic, which was scaled to a total of 100%. For example, the profile B infants (orange) had a high
proportion of lifetime antibiotics use, history of eczema, parental eczema, IgE sensitisation, blood eosinophilia

and co-infection with rhinovirus (RV)-A. Profile C (pink) infants had a high proportion of parental asthma and
solo-respiratory syncytial virus (RSV) infection.
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FIGURE 3 Between-profile differences in relative abundance of the 10 most abundant nasopharyngeal microbial species among infants with
bronchiolitis. The pirate plots (a combination of box plots and violin plots) show the distribution of the 10 most abundant species in the
nasopharyngeal microbiome, according to the five metatranscriptome profiles. The box plots show median and interquartile range. In the overlying
violin plots, the width represents the probability that infants in a profile take on a specific relative abundance. The between-profile differences in
the relative abundance were tested by the Kruskal-Wallis test. FDR: false discovery rate.

Sensitivity analysis

To address the robustness of these findings, we examined different numbers of profiles. The alluvial plot
(supplementary figure S18) demonstrates the consistency of the original profiles (profiles A-E) across the
different numbers chosen (four and six profiles). For example, with the use of four-class models (that had
the second-highest accuracy in label propagation methods), the first and fourth profiles had >90%
concordance with the original profiles A and E (supplementary table S3). In contrast, the second profile
had a mixture of the original profiles B and C. Similar to the primary analysis, these four profiles were
also characterised by virus and microbiome taxonomy (e.g. S. pneumoniae and M. catarrhalis)
(supplementary table S3 and supplementary figure S19). Lastly, compared with profile 1 (which is
concordant with profile A), profile 2 (concordant with profiles B and C) infants with distinct microbiome
functions (e.g. enriched by virulence, iron acquisition and metabolism, and fatty acid, lipid and isoprenoid
metabolism; supplementary figure S20) had upregulated Th17 (FDR=0.002) and RAGE signalling
(FDR=0.001) pathways. These infants also had a significantly higher risk for developing asthma (18.8%
versus 34.6%; adjusted OR 2.25, 95% CI 1.05-5.00; p=0.041) (supplementary figure S21).

Discussion

By integrating virus and nasopharyngeal metatranscriptome (both microbiome taxonomy and function) data
from a multicentre prospective cohort study of 244 infants with severe bronchiolitis, we identified five
biologically distinct metatranscriptome profiles. In particular, infants with profile B (virus®®V/RYV-#
microbiome"™¢"24¢) not only had distinct microbiome function (e.g. upregulated virulence function) but
also were associated with a unique host response in the nasopharyngeal airway (e.g. upregulated Th17
pathways) at the time of bronchiolitis. Additionally, infants with profile C (virus®*Ymicrobiome®?"e“meniae)
also had a distinctive microbiome function (e.g. enriched lipid metabolism) and host response
(e.g. upregulated RAGE signalling pathway). Furthermore, these two metatranscriptome profiles had a
significantly higher risk for developing childhood asthma. To the best of our knowledge, this is the first
study that has identified metatranscriptome profiles in bronchiolitis and demonstrated their relationship
with the host airway response and subsequent development of asthma.

Recent research has suggested the relationship between virus, airway microbiome, host response and
respiratory disease. For example, studies have reported the association between respiratory viruses and a
unique upper airway microbiome (measured either via 16S rRNA gene sequencing or quantitative PCR) in
infants with bronchiolitis [5, 6, 15] and school-age children [16]. In these studies, RV-A infection was
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associated with a Haemophilus-dominant profile and RV-C with a Moraxella-dominant profile, which is
consistent with our metatranscriptomics findings. Recent studies have also shown the potential role of
Haemophilus and Streptococcus genera in the upper airway, both among infants with or without
bronchiolitis, in the host immune response [17, 18] and the development of wheeze illness and asthma
[18-20]. Furthermore, research has suggested that the interaction of microbiome-host functions, via
downstream metabolic regulation, contributes to the pathobiology of bronchiolitis and asthma [21]. Indeed,
studies of the upper airway metabolome among infants with bronchiolitis have reported the associations of
altered lipid metabolism with disease severity [12] and asthma risk [21]. The current study corroborates
these earlier reports, and extends them not only by identifying metatranscriptome profiles through the
integrated omics approach but also by demonstrating their relationship with the unique host immune
response and asthma development.

There are several potential mechanisms linking the metatranscriptome profiles to the host airway
response and subsequent asthma risk. First, we observed the relationship of profile B (virus®®V/RV-4

microbiome
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Unadjusted : ——=— 288(1.14-7.39) 0.025
Adjusted? l——=— 281(1.11-7.26)  0.030
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Adjusted? | — 0.47 (0.10-1.65)  0.28
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FIGURE 5 Association between nasopharyngeal metatranscriptome profiles of infant bronchiolitis and risk for developing asthma. Asthma (binary
outcome) was defined as physician diagnosis of asthma at age 5years plus either asthma medication use (e.g. albuterol inhaler, inhaled
corticosteroids or montelukast) or asthma-related symptoms in the preceding year. To examine the association between bronchiolitis profiles
(profile A as the reference) and the risk of developing childhood asthma, unadjusted and adjusted logistic regression models were fit.
*: multivariable random effects logistic model adjusted for age, sex and clustering within hospitals. RSV: respiratory syncytial virus; RV: rhinovirus.

sensitisation, H. influenzae abundance, and enriched virulence related with antibiotic resistance and iron
metabolism function, with upregulated Th17 and downregulated type I IFN pathways. Consistently, studies
have reported that antibiotic exposures during early infancy lead to Haemophilus-dominant maturation of
the nasal microbiome during the first 2 years of life [22]. Likewise, RV-A infection is also associated with
a high abundance of Haemophilus in young children [7, 16]. Additionally, H. influenzae requires haemin
transport function and X factor for its aerobic growth [23]. Furthermore, animal models have reported that
H. influenzae induces early interleukin-17 responses from lung macrophages and neutrophils, followed by
later responses from Th17 cells in lungs and mediastinal lymph nodes, leading to neutrophil influx into the
airways [24]. Studies have also shown roles of the Th17 pathway in neutrophilic inflammation, steroid
insensitivity and airway remodelling in both allergic and non-allergic asthma [25, 26]. In addition to the
upregulated Th17 pathway, profile B also had downregulated type I IFN pathways. Recent research has
reported immature type I IFN response to RV-A infection [27]. Reduced antiviral response (e.g. IFNs) to
RV infection impairs phagocytosis of H. influenzae among patients with chronic lung disease [28]. Studies
have also demonstrated that the type I IFN response to RV infection is impaired among infants with
allergic sensitisation [29], and that the use of anti-IgE monoclonal antibody improves the IFN-o. response
and reduces asthma exacerbation risks [30]. These prior data are in line with our findings in profile B.
Second, the mechanisms linking profile C (virus®®Vmicrobiome®P"™"4¢) " characterised by a high
likelihood of solo-RSV infection, S. pneumoniae dominance, and enriched glycerolipid and
glycerophospholipid metabolism, to the unique host response (e.g. RAGE signalling) and asthma risk
warrants further clarification. Research has shown that RSV infection increases the virulence of
S. pneumoniae [31]. S. pneumoniae produces phosphatidic acid, a precursor to all membrane
glycerophospholipids [32]. Studies have also suggested the pro-inflammatory role of glycerophospholipid
(e.g. activation of natural killer T-cells) in the pathobiology of asthma [33, 34]. Additionally,
S. pneumoniae is associated with upregulated RAGE expression in the lung [35]. A Mendelian
randomisation study has also demonstrated the causal role of RAGE in asthma pathobiology [36].
Furthermore, compared with RAGE knockout mice, wild-type mice develop more pronounced airway
inflammation and mucus metaplasia when intranasally administered recombinant type 2 cytokines [37].
While it is intriguing to observe the abundance of S. pneumoniae and its potential pathobiological effect in
the post-pneumococcal conjugate vaccine (PCV) era, research has shown that the introduction of PCV-13
has led to changes in pneumococcal serotypes, genotypes and antimicrobial resistance [38].
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In contrast, we observed that profile D (virus®®"microbiome™"omiauefaciensy yuas  characterised by

downregulated glycerolipid and glycerophospholipid function, and had the lowest risk for developing
asthma. Studies have reported that M. nonliquefaciens is less pathogenic [39] and associated with a lower
risk of incident asthma [40]. Besides, the low bronchiolitis severity (suggested by the low proportion of
hypoxaemia) in profile D may have also contributed to the decreased asthma risk. Lastly, profile E
(virus®SVRV-Cmicrobiome™-ca@halisy had upregulated CspA family proteins, which induce uspAl gene
expression and prolong survival of M. catarrhalis [41]. M. catarrhalis’s lipopolysaccharides activate
both MyD88-dependent and TRIF-dependent signalling pathways [42]. These pathways activate
pro-inflammatory downstream signalling factors (e.g. NF-xB, mitogen-activated protein kinases and IFN
regulatory factors) that play roles in asthma [43]. Notwithstanding the complexity of these mechanisms, the
observed interrelations between the metatranscriptome profiles, host immune response and asthma
development are important findings. Our data should not only advance research that will disentangle the
complex web but they also inform the development of microbiome (or endotype)-specific strategies for the
primary prevention of asthma.

Our study has several potential limitations. First, bronchiolitis involves inflammation of the lower airways
in addition to the upper airways. While the present study is based on nasopharyngeal samples, studies have
shown that upper airway sampling provides a reliable representation of the lung microbiome [43] and
transcriptome [44]. Furthermore, the use of upper airway specimens is preferable because lower airway
sampling (e.g. bronchoscopy) would be quite invasive in young infants. Second, the nasopharyngeal
samples were obtained at a single time-point. While longitudinal molecular data are also informative, the
study objective was to identify metatranscriptome profiles of bronchiolitis. However, even with
single-time-point data, we successfully identified biologically distinct profiles that are longitudinally
associated with asthma risk. Third, it is possible that asthma diagnosis was misclassified and that some
children will go on to develop asthma at a later age. To address these points, the study sample is currently
being followed up to age 9 years. Fourth, the present study did not have healthy “controls”. However, our
study objective was not to evaluate metatranscriptome profiles related to bronchiolitis development
(i.e. bronchiolitis yes versus no) but to examine the relationship between the metatranscriptome profile of
infants with bronchiolitis and their asthma risk. Fifth, while this hypothesis-generating study derives novel
and well-calibrated hypotheses that facilitate future experiments, our findings warrant further validation.
Lastly, the study sample consisted of racially/ethnically and geographically diverse infants hospitalised for
bronchiolitis. Our findings may not be generalisable to infants with mild-to-moderate bronchiolitis or a
sample with different respiratory virus proportions. Regardless, our data remain relevant for the ~110000
infants hospitalised yearly in the USA [1], a vulnerable population with substantial morbidity burden.

Conclusions

In summary, by applying an integrated omics approach to data from a multicentre prospective cohort of
244 infants with severe bronchiolitis, we identified five biologically distinct and clinically meaningful
metatranscriptome profiles. These profiles were associated not only with distinct host airway responses
during bronchiolitis but also with differential risks for developing asthma. Our data suggest a complex
interplay between respiratory virus, airway microbiome and host immune response, and their integrated
contributions to the subsequent development of asthma. For clinicians, our findings may provide an
evidence base for the early identification of high-risk children during an important period of airway
development, i.e. early infancy. For researchers, our data should facilitate further investigations into the
development of microbiome profile (or endotype)-specific strategies for asthma prevention.
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