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Abstract

Background: Bronchiolitis is the leading cause of hospitalization of U.S. infants and an
important risk factor for childhood asthma. Recent evidence suggests that bronchiolitis is clinically
heterogeneous. We sought to derive bronchiolitis endotypes by integrating clinical, virus, and
lipidomics data, and to examine their relationship with subsequent asthma risk.

Methods: This is a multicenter prospective cohort study of infants (age <12 months) hospitalized
for bronchiolitis. We identified endotypes by applying clustering approaches to clinical, virus,

and nasopharyngeal airway lipidomic data measured at hospitalization. We then determined their
longitudinal association with the risk for developing asthma by age six years by fitting a mixed-
effects logistic regression model. To account for multiple comparisons of the lipidomics data, we
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computed the false discovery rate (FDR). To understand the underlying biological mechanism of
the endotypes, we also applied pathway analyses to the lipidomics data.

Results: Of 917 infants with bronchiolitis (median age, 3 months), we identified

clinically- and biologically-meaningful lipidomic endotypes: A) cinicalclassiclipjgmixed (n=263),
B) clinicalseverelipidsphingolipids-high (n=281), C) clinicalmoderatelipidphospholipids-high
(n=212), and D) clinicala®pic|ipjgsphingolipids-low (n=161). Endotype A infants were characterized
by “classic” clinical presentation of bronchiolitis. Profile D infants were characterized by

a higher proportion of parental asthma, IgE sensitization, and rhinovirus infection, and low
sphingolipids (e.g., sphingomyelins, ceramides). Compared with endotype A, profile D infants
had a significantly higher risk of asthma (22% vs. 50%; unadjusted OR, 3.60; 95%Cl, 2.31-
5.62; P<0.001). Additionally, endotype D had a significantly lower abundance of polyunsaturated
fatty acids (e.g., docosahexaenoic acid [DHA]; FDR=0.01). The pathway analysis revealed that
sphingolipid metabolism pathway was differentially-expressed in endotype D (FDR=0.048).

Conclusions: In this multicenter prospective cohort study of infants with bronchiolitis,
integrated clustering of clinical, virus, and lipidomic data identified clinically- and biologically-
distinct endotypes that have a significantly differential risk for developing asthma.

INTRODUCTION

Bronchiolitis is the leading cause of hospitalization in U.S. infants, accounting for
~110,000 hospitalizations annually [1]. In addition to the substantial acute disease burden,
the literature has also highlighted its chronic morbidities [2]. Indeed, of these infants
hospitalized for bronchiolitis, approximately 30% will develop childhood asthma [3-6].

Although bronchiolitis has traditionally been thought of as a single disease entity with a
similar mechanism [7], growing evidence supports the heterogeneity of this condition [8].
For example, recent epidemiologic studies have reported and validated clinically-distinct
subgroups of bronchiolitis [9] with a different risk of the development of recurrent
wheeze [10] and asthma [11, 12]. Yet, these subgroups (phenotypes) were identified only
through clinical characteristics. The pathobiological mechanisms underlying the clinical
heterogeneity remains to be elucidated. This insufficient understanding of pathobiology of
bronchiolitis during infancy—a critical period for airway development—nhas hindered efforts
to develop targeted asthma prevention strategies in this high-risk population. Lipidomics
is well-suited to address this limitation by comprehensively profiling lipids, which not
only comprise the major structural basis of cell membranes but also have active roles

in biological signaling [13, 14]. Recent research has suggested that their dysregulation is
responsible for the pathobiology of various diseases, including bronchiolitis [15-17] and
asthma [18-22]. However, no study has yet investigated biologically-distinct molecular
subgroups (endotypes) of infant bronchiolitis based on their lipidomic signatures.

To address this knowledge gap, we analyzed data from a multicenter prospective cohort

of infants hospitalized for bronchiolitis to 1) identify distinct nasopharyngeal lipidomic
endotypes of bronchiolitis by applying an integrated clustering approach, and 2) determine
their association with the subsequent development of recurrent wheeze and asthma.
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METHODS

Study design, setting, and participants

We analyzed data from a multicenter prospective cohort study of infants hospitalized for
bronchiolitis—the 35th Multicenter Airway Research Collaboration (MARC-35) study [23,
24]. MARC-35 is coordinated by the Emergency Medicine Network (EMNet, www.emnet-
usa.org), an international research collaboration with 247 participating hospitals. Details of
the study design, setting, participants, data collection, testing, and statistical analysis may be
found in the Supplemental Methods.

Briefly, MARC-35 investigators at 17 sites across 14 U.S. states (Supplemental Table E1)
enrolled infants (age <1 year) who were hospitalized with an attending physician diagnosis
of bronchiolitis during three bronchiolitis seasons (November 1 to April 30) from 2011

to 2014. The diagnosis of bronchiolitis was made according to the American Academy of
Pediatrics bronchiolitis guidelines, defined as acute respiratory illness with a combination of
rhinitis, cough, tachypnoea, wheezing, crackles, or retraction [7]. We excluded infants with
a preexisting heart and lung disease, immunodeficiency, immunosuppression, or gestational
age <32 weeks. All patients were treated at the discretion of the treating physicians.

Of 921 infants enrolled into the longitudinal cohort, the current analysis investigated

917 infants who underwent nasopharyngeal lipidomic testing. All study procedures were
approved by the responsible bioethics committee at each participating hospital and were in
accordance with the World Medical Association Declaration of Helsinki. A written informed
consent was obtained from the parent or guardian.

Data collection

Clinical data (demographic characteristics, family, environmental, and medical history; and
details of the acute illness) were collected via structured interview and chart reviews [15]. In
addition to the clinical data, investigators also collected nasopharyngeal airway specimens at
hospitalization using a standardized protocol [25, 26]. These specimens underwent 1) viral
testing of 17 respiratory viruses (including respiratory syncytial virus [RSV], rhinovirus)
using real-time polymerase chain reaction (RT-PCR) assays at Baylor College of Medicine
(Houston, TX, USA) [25, 26], 2) complex lipidomic profiling at Metabolon (Durham,

NC, USA), and 3) RNA sequencing (transcriptome profiling; n=243) at the University of
Maryland (Baltimore, MD, USA) [19].

Nasopharyngeal complex lipidomic profiling
Lipids were extracted from the nasopharyngeal specimens by a modified Bligh-Dyer
extraction using methanol/water/dichloromethane in the presence of deuterated internal
standards [27]. The extracts were dried under nitrogen and reconstituted in ammonium
acetate dichloromethane: methanol. The extracts were transferred to vials for infusion-mass
spectrometry (MS) analysis, performed on a Shimadzu liquid chromatograph (LC) with
nano PEEK tubing (Shimadzu Scientific Instruments, Kyoto, Kyoto, Japan) and the SCIEX
Selexlon-5500 QTRAP (SCIEX, Toronto, ON, Canada). The specimens were analyzed by
both positive and negative mode electrospray. Individual lipid species were then quantified
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by taking the ratio of the signal intensity of each target compound to that of its internal
standard, then multiplying by the concentration of internal standard added to the specimen.

Nasopharyngeal transcriptomic profiling

The details of RNA extraction, RNA-sequencing, quality control, and transcriptome
profiling are described in the Supplemental Methods. Briefly, after total RNA extraction,
DNase treatment, and ribosomal RNA reduction, we performed RNA-sequencing with
NovaSeq6000 (Illumina, San Diego, CA, USA) using an S4 100PE Flowcell (Illumina, San
Diego, CA, USA). All RNA-sequencing samples had high sequence coverage after quality
control. The transcript abundances were estimated with Salmon using the human genome
hg38 and the mapping-based mode [28].

Outcome measures

The primary outcome was the development of asthma by six years of age. Asthma was
defined using a commonly used epidemiologic definition: physician diagnosis of asthma,
with either asthma medication use (e.g., inhaled bronchodilators, inhaled corticosteroids,
leukotriene receptor antagonists) or asthma-related symptoms (e.g., wheezing, nocturnal
cough) in the preceding year [29]. The secondary outcome was the development of recurrent
wheeze by three years of age. 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 [30].

Statistical analysis

The study objectives were 1) to identify biologically-distinct lipidomic endotypes among
infants hospitalized for bronchiolitis (clustering), and 2) to relate them to subsequent clinical
outcomes (association). The analytic workflow is summarized in Figure 1. The details of the
statistical analysis can be found in the Supplemental Methods.

First, we computed a distance matrix for each of the three datasets (clinical, virus, and
lipidomic data). Based on a priori knowledge [15, 19, 24, 31, 32], we choose clinical

(age, sex, birth weight, history of breathing problems, lifetime antibiotics use, lifetime
corticosteroid use, parental asthma, parental eczema, IgE sensitization, and intensive care
use) and virus (RSV, rhinovirus species A and C, and virus genomic load) variables. We
analyzed lipidomic data for 982 lipid species. We then derived mutually-exclusive clusters
for each dataset by using a consensus clustering algorithm [33]. To choose an optimal
number of clusters for each dataset, we used a combination of the consensus matrix,
consensus cumulative distribution function, cluster consensus value, cluster size, and clinical
and biological plausibility (Supplemental Figures E1-3) [15, 19, 24, 31, 32, 34]. Second,
we combined these clusters (i.e., the clinical, virus, and lipidomic clusters) to derive a fused
matrix, computed a Gower distance, and derived mutually-exclusive endotypes [33]. Third,
to interpret the endotypes clinically and biologically, we developed chord diagrams on the
relationship of the endotypes with major clinical and virus variables as well as a heatmap

of the major lipid classes. Fourth, to determine the longitudinal association of the endotypes
with asthma risk, we constructed a mixed-effects logistic regression model accounting for
patient clustering within hospitals. As there was no significant between-endotype difference
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in the proportion of the outcome missingness (n=59; P=0.85), we conducted a complete
case analysis. To determine the association with the rate of recurrent wheeze, we modeled
the time to the outcome by fitting a Cox proportional hazards model. Patients who did

not have an outcome were censored at their last follow-up interview during the 36-month
follow-up period. We verified the proportionality of hazards assumption through examining
the Schoenfeld residuals. Fifth, to examine the function of each endotype, we conducted
three analyses: i) between-endotype examinations of fatty acids, ii) metabolic pathway
analysis by comparing the reference endotype with each of the other endotypes with

the Kyoto Encyclopedia of Genes and Genomes (KEGG) as the reference [35], and iii)
Integrated transcriptomic-lipidomic pathway analysis in a subset of subject (n=243) using
MetaboAnalyst 5.0 [36].

Lastly, in the sensitivity analysis, we first examined the endotype-asthma associations
after excluding infants with a previous breathing problem. Second, we also examined the
robustness of the endotype-outcome association by repeating the analysis using a different
number of endotypes. We performed the statistical analysis using R version 3.6.1. (R
Foundation, Vienna, Austria). We computed the Benjamini-Hochberg false discovery rate
(FDR) that allows for the interpretation of statistical significance in the context of multiple
hypothesis testing [37].

Of 921 infants enrolled into the MARC-35 longitudinal cohort, the current study focused on
917 infants hospitalized for bronchiolitis who underwent nasopharyngeal lipidomic testing.
Among the current cohort, the median age was 3 (interquartile range [IQR], 2-6) months,
60% were male, and 44% were non-Hispanic white. Overall, 89% had RSV, 20% had
rhinovirus, and 15% underwent intensive care use during the hospitalization (Table 1).

Multi-modal clustering identified distinct lipidomic endotypes among infants with
bronchiolitis

After integrating the cluster data derived from each of the clinical, virus, and lipidomic
datasets (Figure 1 and Supplemental Figures E1-3), we applied the consensus clustering
approach. The combination of the consensus matrix, consensus cumulative distribution
function, cluster consensus value, endotype size (n=161-281), and clinical and biological
plausibility found that a 4-class model was an optimal fit (Supplemental Figure

E4), with the four lipidomic endotypes called A, B, C, and D. The four distinct

endotypes were chiefly characterized by their clinical and lipidomic characteristics: A)
clinicalc!assiclipjgmixed (n=263; 29%), B) clinicalseverelipigsphingolipids-high (n=281: 31%), C)
c|inica|m0derate|ipidphospholipids—high (n=212; 23%), and D) C|inica]atopiqipidsphingolipids—low
(n=161;18%).

Between the endotypes, several clinical characteristics were significantly different (P<0.05;
Table 1 and Figure 2). Figure 3A summarizes between-endotype differences in lipid classes
(all FDR<0.05). Endotype A (clinical@ssiclipidmixed) jnfants were characterized by a young
age, a high proportion of males, a low proportion of breathing problem history, parental
history of asthma and eczema, and IgE sensitization, and a high proportion of RSV
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infection, with a mixed lipidomic profile. In many clinical aspects, endotype A resembled
“classic” bronchiolitis. Endotype B (clinicals®verelipidsphingolipids-highy \yag the most severe
endotype with a high proportion of girls, intensive care use, prolonged hospital length-of-
stay, and RSV infection, with the highest abundance of sphingolipids (including ceramides)
(Figures 2A and 3A). Endotype C (clinical™moderate|jpjqgphospholipids-highy jnfants were
characterized by an intermediate severity among the four endotypes (moderate severity),
with the highest abundance of phospholipids (Figures 2B and 3A). Lastly, endotype

D (clinical@tpic|jpjgsphingolipids-lowy jnfants were characterized by a high proportion of
breathing problem history, eczema, parental history of asthma and eczema, and IgE
sensitization, and a high proportion of rhinovirus infection, with the lowest abundance of
sphingolipids and the highest abundance of lysophosphatidylcholine (LPC) (Figures 2C and
3A).

Lipidomic endotypes had differential risks of chronic airway morbidities

To investigate the longitudinal association of the lipidomic endotypes with the clinical
outcomes, we compared the outcome risks between endotype A (who resemble classic
bronchiolitis) and each of the other endotypes. Compared to endotype A, endotype D had

a significantly higher risk of developing asthma (22% vs. 50%; odds ratio [OR], 3.60;
95%Cl, 2.31-5.62; P<0.001; Figure 4). For the recurrent wheeze outcome, the Kaplan-Meier
curves significantly differed between the endotypes (Pjog-rank=0.01; Figure 5). Compared to
endotype A, endotype D had a significantly higher rate (30% vs. 43%; hazard ratio [HR],
1.65; 95% ClI, 1.19-2.27; P=0.003; Figure 4). In contrast, the risk of asthma and the rate of
recurrent wheeze were not significantly different in endotype B or C infants.

Lipidomic endotypes had distinctly different functional characteristics

The lipidomic endotypes of infant bronchiolitis had distinctly different lipid classes (all
FDR<0.05; Figure 3A) and fatty acid profiles (all FDR<0.05 except for hexacosanoic acid;
Figure 3B). For example, compared to endotype A, endotype D had a lower abundance

of ceramides and sphingomyelins (FDR<0.10; Figure 6A) and polyunsaturated fatty acids
(PUFASs), including docosahexaenoic acid (DHA) (FDR<0.05; Figure 6B). Likewise,

the metabolic pathway analysis revealed that the sphingolipid metabolism pathway was
differentially enriched between endotypes A and D (FDR<0.05; Figure 6C). Similarly, the
integrated transcriptomic-lipidomic analysis also revealed a between-endotype difference
in the sphingolipid and a-linolenic acid (an w—3 fatty acid) metabolism pathways (both
FDR<O0.05; Figure 6D).

For the comparisons of endotype A with each of the other endotypes (B and C), the detailed
functional differences are summarized in Supplemental Figures E5 and 6. For example,

the pathway analyses demonstrated that endotype B (clinicalsevere|ipidsphingolipids-high)

had a differentially-enriched sphingolipid metabolism pathway and that endotype C
(clinicalmoderate|jpjgphospholipids-highy had g differentially-enriched glycerophospholipid
metabolism pathway (both FDR<0.05).
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Sensitivity analysis demonstrated the robustness of the findings

In the analysis limiting to infants without a previous breathing problem, the endotype-
outcome associations remained consistent (Supplemental Table E2). For example, compared
with endotype A, profile D infants had a significantly higher risk of asthma (OR, 3.64;
95%Cl, 2.18-6.08; P<0.001). Next, different numbers of endotypes were also examined.
The alluvial plot (Supplemental Figure E7) demonstrates consistency with the original
endotypes across the different numbers chosen. With the use of 5-class models (endotypes
1-5), for example, endotype 1 had 100% concordance with the original endotype A

and the endotype 5 had 100% concordance with endotype D (Supplemental Table

E3). Additionally, compared to endotype 1 (concordant with endotype A), endotype 5
(concordant with endotype D) had a significantly higher risk of asthma (19% vs. 53%;
OR, 4.72; 95%ClI, 2.86-7.81; P<0.001; Supplemental Figure E8). Likewise, in the rate

of developing recurrent wheeze, the Kaplan-Meier curves significantly differed between
the endotypes (Pjog-rank=0.01; Supplemental Figure E9). Lastly, compared to endotype 1,
endotype 5 had a significantly higher rate (28% vs. 41%; HR, 1.70; 95% Cl, 1.18-2.46;
P=0.005; Supplemental Figure E8).

DISCUSSION

By applying a clustering approach to the integrated clinical, virus, and nasopharyngeal
lipidomic data from a multicenter prospective cohort of 917 infants hospitalized for
bronchiolitis, we identified four endotypes. These endotypes not only had distinct lipidomic
profiles but also invoked differential risks of chronic airway morbidities—the development
of recurrent wheeze and asthma. In particular, compared with infants with an endotype

A (cinicalclassiclipjdmixed) those with an endotype D (clinical2tPic Jipjgsphingolipids-lowy haq
a significantly higher risk. Furthermore, endotype D had a unique fatty acid profile with
low PUFAs (e.g., DHA). The sensitivity analysis indicated the robustness of our inference.
To the best of our knowledge, this is the first investigation that has identified clinically-
meaningful and biologically-distinct lipidomic endotypes among infants with bronchiolitis
and demonstrated their longitudinal relationships with the risk of chronic respiratory
outcomes.

Epidemiological studies have indicated heterogeneity of bronchiolitis by demonstrating
reproducible clinical subtypes (phenotypes) based on clinical data [10-12]. For example,

a recent analysis of three cohort studies of bronchiolitis in the U.S. and Finland has

revealed that the phenotype characterized by a history of breathing problems, allergic
predisposition, and rhinovirus infection had a significantly increased risk for asthma [12]
—which is in line with the present analysis. Additionally, previous reports using global
metabolomics (i.e., not lipidomics) have suggested pathobiological roles of complex lipids
in the pathobiology of both acute respiratory infections [17, 38-42] and asthma [19,

43, 44]. For example, concordant with the endotype B (clinicalsevereljpidsphingolipids-highy
observed in the current study, a metabolomic analysis of 144 infants with bronchiolitis has
reported a positive association of sphingolipids in the upper airway with higher bronchiolitis
severity [15]. Furthermore, consistent with the endotype D (clinical2!©Pic|jpjdsphingolipids-low)
observed in the current study, an analysis of plasma metabolome has reported that lower
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levels of ceramides and sphingomyelins at age six months were associated with a higher
risk of asthma-like symptoms before age three years in two birth cohort studies from
Denmark and the U.S [18]. Moreover, another global metabolomic analysis of infants

with bronchiolitis has shown that the “metabotype” characterized by a low abundance of
PUFAs (e.g., a-linolenic acid) had the highest risk for developing asthma by five years

[19]. These studies have collectively suggested important roles of functional lipids in the
pathogenesis of childhood asthma. The current multicenter prospective study builds on these
previous reports, and extends them by comprehensively investigating airway lipids and
demonstrating biologically-distinct bronchiolitis endotypes that have differential risks for
developing asthma.

The exact mechanisms underlying the observed endotypes—particularly endotype D
characterized by rhinovirus infection, unique lipidomic profiles (e.g., lower sphingolipid
and PUFA levels and higher LPC levels), and the highest asthma risk—warrant further
clarification. First, studies have suggested that sphingolipids play important roles in the
airway immune response, contributing to asthma pathogenesis [19, 45] For example,

the inhibition of serine palmitoyl-CoA transferase—the rate-limiting enzyme of de novo
sphingolipid biosynthesis—in the airways alters the pulmonary sphingolipid composition
(e.g., decreased ceramides) and results in bronchial hyperreactivity [19]. Second,
sphingolipid biosynthesis is regulated by the ORMDL 3 gene in the 17g21 locus—one of
the most widely replicated loci in the asthma GWAS literature [46]. Its overexpression
results in decreased sphingolipid levels [17] and increased asthma risks [47]. Consistently,
an epidemiologic study has also shown an interaction between 17g21 variants and rhinovirus
infection in early childhood on the risk of asthma development [48]. Third, research has
also suggested immune modulating roles of PUFAs (e.g., =3 PUFAs, including DHA and
eicosapentaenoic acid [EPA]) in asthma pathobiology [49]. For example, DHA and EPA
are precursors for protectins and resolvins, which bring about a programmed resolution

of the inflammatory process [50, 51]. Observational studies and randomized controlled
trials have also shown a protective effect of PUFAs on asthma development [52-54]—
e.g., an inverse association of plasma PUFA levels and dietary PUFA intake with the risk
of allergic sensitization and asthma-like symptoms at age 3 years [52]. Supplementation
with w—3 long-chain PUFAs during the third trimester of pregnancy significantly reduced
the risk of persistent wheeze or asthma in offspring [53]. Lastly, we also observed that
LPC level is highest in endotype D. Consistently, observational studies have reported

that LPC—a pro-inflammatory lipid mediator—is elevated in the bronchoalveolar lavage
fluids of patients with asthma [55, 56]. Additionally, mouse models also demonstrated

that intranasal LPC exposure increases Th2 cytokine levels, airway inflammation, and
hyperresponsiveness [57]. Notwithstanding the complexity of these potential mechanisms,
our findings—in conjunction with the existent literature—should facilitate further research
into the mechanisms underlying the bronchiolitis-asthma link and the development of early
and targeted interventions (e.g., supplementation of DHA) for asthma prevention.

LIMITATIONS

This study has several potential limitations. First, bronchiolitis involves lower airway
inflammation in addition to that of upper airways. Although the current study relied on
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nasopharyngeal airway data, research has demonstrated that upper airway specimens offer

a reliable representation of inflammatory profiles in the lower airways [58]. Additionally,
the use of upper airway specimens is favored because bronchoscopy or other lower airway
sampling methods are invasive in these infants. Second, the nasopharyngeal specimens were
obtained at the time of bronchiolitis hospitalization. While sequential lipidomic testing
would also be instrumental, the goal of the current study was to identify lipidomic endotypes
of bronchiolitis. Even with the single-time point data, the study successfully identified
biologically-meaningful endotypes that have differential risks of asthma development. Third,
our data did not include detailed nutritional information (e.g., supplemental DHA use by the
mother and infants), which may have contributed to the endotypes. Fourth, the current study
did not have non-bronchiolitis controls. Nonetheless, the objective of the study was not to
assess lipidomic endotypes related to incident bronchiolitis but to examine the relationship
of endotypes with subsequent asthma risk among infants hospitalized for bronchiolitis

[4]. Fifth, although this hypothesis-generating study derives novel and well-calibrated
hypotheses that guide future experiments, our inferences warrant further validation. Lastly,
while the study sample consists of racially/ethnically- and geographically-diverse infants,
the generalization of our findings to other populations (e.g., infants with mild-to-moderate
bronchiolitis) requires caution. Regardless, our observations remain directly relevant to the
110,000 infants hospitalized yearly in the U.S.—a patient population with large morbidity

[1].

CONCLUSIONS

By integrating the clinical, virus, and nasopharyngeal airway lipidomic data from

a multicenter prospective cohort study of 917 infants hospitalized for bronchiolitis,

we identified four clinically-meaningful and biologically-distinct lipidomic endotypes.
Specifically, compared with the endotype that clinically resembles “classic” bronchiolitis,
lipidomic endotype D —which was characterized by a higher proportion of previous
breathing problems, history of eczema, parental asthma, IgE sensitization, and rhinovirus
infection, and specific lipidomic profile (e.g., low sphingolipids and PUFAs)—had a higher
risk for developing recurrent wheeze and asthma. Our data lend significant support to

the emerging concept that bronchiolitis is a heterogeneous syndrome involving different
pathobiological mechanisms. For clinicians, our observations provide an evidence base for
early identification of infants at high risk for childhood asthma. For researchers, our findings
should advance research into the development of endotype-specific strategies for asthma
prevention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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OR Odds ratio
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REFERENCES

1.

Fujiogi M, Goto T, Yasunaga H, Fujishiro J, Mansbach JM, Camargo CA, Hasegawa K. Trends
in bronchiolitis hospitalizations in the United States: 2000-2016. Pediatrics 2019; 144: e20192614.
[PubMed: 31699829]

. Hasegawa K, Mansbach JM, Camargo CA. Infectious pathogens and bronchiolitis outcomes. Expert

Rev. Anti. Infect. Ther. 2014; 12: 817-828. [PubMed: 24702592]

. Torméanen S, Lauhkonen E, Riikonen R, Koponen P, Huhtala H, Helminen M, Korppi M, Nuolivirta

K. Risk factors for asthma after infant bronchiolitis. Allergy Eur. J. Allergy Clin. Immunol. 2018;
73:916-922.

. Hasegawa K, Dumas O, Hartert TV, Camargo CA, Hospital MG, Approaches PH, Health E.

Advancing our understanding of infant bronchiolitis through phenotyping and endotyping: Clinical
and molecular approaches. Expert Rev Respir Med. 2017; 10: 891-899.

. Régnier SA, Huels J. Association between respiratory syncytial virus hospitalizations in infants

and respiratory sequelae: Systematic review and meta-analysis. Pediatr. Infect. Dis. J. 2013; 32:
820-826. [PubMed: 23518824]

Thorax. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fujiogi et al.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Page 11

.LiuL,PanY, Zhu Y, Song Y, Su X, Yang L, Li M. Association between rhinovirus wheezing illness

and the development of childhood asthma: A meta-analysis. BMJ Open 2017; 7: 1-9.

. Ralston SL, Lieberthal AS, Meissner HC, Alverson BK, Baley JE, Gadomski AM, Johnson DW,

Light MJ, Maraga NF, Mendonca EA, Phelan KJ, Zorc JJ, Stanko-Lopp D, Brown MA, Nathanson
I, Rosenblum E, Sayles S, Hernandez-Cancio S. Clinical practice guideline: The diagnosis,
management, and prevention of bronchiolitis. Pediatrics 2014; 134: e1474-e1502. [PubMed:
25349312]

Jartti T, Smits HH, Bgnnelykke K, Bircan O, Elenius V, Konradsen JR, Maggina P, Makrinioti H,

Stokholm J, Hedlin G, Papadopoulos N, Ruszczynski M, Ryczaj K, Schaub B, Schwarze J, Skevaki
C, Stenberg-Hammar K, Feleszko W. Bronchiolitis needs a revisit: Distinguishing between virus
entities and their treatments. Allergy 2019; 74: 40-52. [PubMed: 30276826]

. Manshach JM, Piedra PA, Teach SJ, Sullivan AF, Forgey T, Clark S, Espinola JA, Camargo CA.

Prospective multicenter study of viral etiology and hospital length of stay in children with severe
bronchiolitis. Arch. Pediatr. Adolesc. Med. United States; 2012; 166: 700-706.

. Dumas O, Hasegawa K, Mansbach JM, Sullivan AF, Piedra PA, Camargo CA. Severe bronchiolitis
profiles and risk of recurrent wheeze by age 3 years. J. Allergy Clin. Immunol. Elsevier Inc.; 2019;
143: 1371-1379.e7. [PubMed: 30240701]

Dumas O, Erkkola R, Bergroth E, Hasegawa K, Mansbach JM, Piedra PA, Jartti T CCJ. Severe
bronchiolitis profiles and risk of asthma development in Finnish children. J Allergy Clin Immunol
2021; S0091-6749.

Fujiogi M, Dumas O, Hasegawa K, Jartti T, Camargo CA. Identifying and predicting severe
bronchiolitis pro fi les at high risk for developing asthma : Analysis of three prospective cohorts.
eClinicalMedicine 2022; 43: 101257. [PubMed: 35028545]

Han X Lipidomics for studying metabolism. Nat. Rev. Endocrinol. 2016; 12: 668-679. [PubMed:
27469345]

Han X, Gross RW. The Foundations and Development of Lipidomics. J. Lipid Res. 2021; 63:
100164. [PubMed: 34953866]

Stewart CJ, Mansbach JM, Wong MC, Ajami NJ, Petrosino JF, Camargo CA, Hasegawa K.
Associations of nasopharyngeal metabolome and microbiome with severity among infants with
bronchiolitis: A multiomic analysis. Am. J. Respir. Crit. Care Med. 2017; 196: 882-891. [PubMed:
28530140]

Hasegawa K, Stewart CJ, Mansbach JM, Linnemann RW, Ajami NJ, Petrosino JF, Camargo CA.
Sphingolipid metabolism potential in fecal microbiome and bronchiolitis in infants: A case-control
study. BMC Res. Notes BioMed Central; 2017; 10: 1-12.

Fujiogi M, Camargo CA, Raita Y, Bochkov YA, Gern JE, Mansbach JM, Piedra PA, Hasegawa

K. Respiratory viruses are associated with serum metabolome among infants hospitalized for
bronchiolitis: A multicenter study. Pediatr. Allergy Immunol. 2020; 31: 755-766. [PubMed:
32460384]

Rago D, Pedersen CET, Huang M, Kelly RS, Glrdeniz G, Brustad N, Knihtild H, Lee-Sarwar KA,
Morin A, Rasmussen MA, Stokholm J, Bannelykke K, Litonjua AA, Wheelock CE, Weiss ST,
Lasky-Su J, Bisgaard H, Chawes BL. Characteristics and mechanisms of a sphingolipid-associated
childhood asthma endotype. Am. J. Respir. Crit. Care Med. 2021; 203: 853-863. [PubMed:
33535020]

Zhu Z, Camargo CAJ, Raita Y, Fujiogi M, Liang L, Rhee EP, Woodruff PG, Hasegawa K.
Metabolome subtyping of severe bronchiolitis in infancy and risk of childhood asthma. J. Allergy
Clin. Immunol. 2022; 149: 102-112. [PubMed: 34119532]

Li WJ, Zhao Y, Gao Y, Dong LL, Wu YF, Chen ZH, Shen HH. Lipid metabolism in asthma:
Immune regulation and potential therapeutic target. Cell. Immunol. 2021; 364: 104341. [PubMed:
33798909]

Vinding RK, Stokholm J, Chawes BLK, Bisgaard H. Blood lipid levels associate with childhood
asthma, airway obstruction, bronchial hyperresponsiveness, and aeroallergen sensitization. J.
Allergy Clin. Immunol. 2016; 137: 68-74.e4. [PubMed: 26148797]

Lee-Sarwar KA, Kelly RS, Lasky-Su J, Zeiger RS, O’Connor GT, Sandel MT, Bacharier LB,
Beigelman A, Laranjo N, Gold DR, Weiss ST, Litonjua AA. Integrative analysis of the intestinal

Thorax. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fujiogi et al.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Page 12

metabolome of childhood asthma. J. Allergy Clin. Immunol. Elsevier Inc.; 2019; 144: 442-454.
[PubMed: 30914378]

Hasegawa K, Mansbach JM, Bochkov YA, Gern JE, Piedra PA, Bauer CS, Teach SJ, Wu S,
Sullivan AF, Camargo CA. Association of rhinovirus C bronchiolitis and immunoglobulin E
sensitization during infancy with development of recurrent wheeze. JAMA Pediatr. 2019; 173:
544-552. [PubMed: 30933255]

Raita Y, Pérez-Losada M, Freishtat RJ, Hahn A, Castro-Nallar E, Ramos-Tapia |, Stearrett N,
Bochkov YA, Gern JE, Mansbach JM, Zhu Z, Camargo CA, Hasegawa K. Nasopharyngeal
metatranscriptome profiles of infants with bronchiolitis and risk of childhood asthma: a
multicentre prospective study. Eur. Respir. J. 2021; 2102293: [published online ahead of print].
Hasegawa K, Mansbhach JM, Ajami NJ, Espinola JA, Henke DM, Petrosino JF, Piedra PA,

Shaw CA, Sullivan AF, Camargo CAJ. Association of nasopharyngeal microbiota profiles with
bronchiolitis severity in infants hospitalised for bronchiolitis. Eur. Respir. J. 2016; 48: 1329-1339.
[PubMed: 27799386]

Hasegawa K, Jartti T, Mansbach JM, Laham FR, Jewell AM, Espinola JA, Piedra PA, Camargo
CA. Respiratory syncytial virus genomic load and disease severity among children hospitalized
with bronchiolitis: Multicenter cohort studies in the United States and Finland. J. Infect. Dis. 2015;
211: 1550-1559. [PubMed: 25425699]

Germain A, Barupal DK, Levine SM, Hanson MR. Comprehensive circulatory metabolomics in
ME/CFS reveals disrupted metabolism of Acyl lipids and steroids. Metabolites 2020; 10.

Patro R, Duggal G, Love M, Irizarry RA, Kingsford C. Salmon provides fast and bias-aware
quantification of transcript expression. Nat. Methods 2017; 14: 417-419. [PubMed: 28263959]

Camargo CA, Ingham T, Wickens K, Thadhani R, Silvers KM, Epton MJ, Town GI, Pattemore PK,
Espinola JA, Crane J, Crane J, Dench C, Duignan M, Epton MJ, Fishwick D, Fitzharris P, Ingham
T, Irvine V, Kelly R, Lampshire P, Lane J, Leadbitter P, MacDonald C, McCartin F, McLeod S,
Nicholson A, Pattemore P, Roff K, Sawyer G, Siebers R, et al. Cord-blood 25-hydroxyvitamin D
levels and risk of respiratory infection, wheezing, and asthma. Pediatrics 2011; 127.

National Asthma Education and Prevention Program. Expert. Expert Panel Report 3: guidelines for
the diagnosis and management of asthma. Full report 2007. US Gov. Print. Off. Washington, DC;
2007.

Abreo A, Gebretsadik T, Stone CA, Hartert TV. The impact of modifiable risk factor reduction on
childhood asthma development. Clin. Transl. Med. 2018; 7.

Raita Y, Pérez-Losada M, Freishtat RJ, Harmon B, Mansbach JM, Piedra PA, Zhu Z, Camargo CA,
Hasegawa K. Integrated omics endotyping of infants with respiratory syncytial virus bronchiolitis
and risk of childhood asthma. Nat. Commun. 2021; 12: 3601. [PubMed: 34127671]

Monti S, Tamayo P, Mesirov J, Golub T. Consensus clustering: A resampling-based method for
class discovery and visualization of gene expression microarray data. Mach. Learn. 2003; 52:
91-118.

Seymour CW, Kennedy JN, Wang S, Chang CCH, Elliott CF, Xu Z, Berry S, Clermont G, Cooper
G, Gomez H, Huang DT, Kellum JA, Mi Q, Opal SM, Talisa V, Van Der Poll T, Visweswaran

S, Vodovotz Y, Weiss JC, Yealy DM, Yende S, Angus DC. Derivation, validation, and potential
treatment implications of novel clinical phenotypes for sepsis. JAMA 2019; 321: 2003-2017.
[PubMed: 31104070]

Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000;
28: 27-30. [PubMed: 10592173]

Pang Z, Chong J, Zhou G, De Lima Morais DA, Chang L, Barrette M, Gauthier C, Jacques PE,

Li S, Xia J. MetaboAnalyst 5.0: Narrowing the gap between raw spectra and functional insights.
Nucleic Acids Res. 2021; 49: W388-W396. [PubMed: 34019663]

Benjamini Y, Hochberg Y. Controlling the false discovery rate: A practical and powerful approach
to multiple testing. J. R. Stat. Soc. Ser. B 1995; 57: 289-300.

Zhang X, Peng D, Zhang X, Wang X, Chen N, Zhao S, He Q. Serum metabolomic profiling
reveals important difference between infants with and without subsequent recurrent wheezing in
later childhood after RSV bronchiolitis. Apmis 2021; 129: 128-137. [PubMed: 33155332]

Thorax. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fujiogi et al.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Page 13

Stewart CJ, Mansbach JM, Ajami NJ, Petrosino JF, Zhu Z, Liang L, Camargo CA, Hasegawa K.
Serum metabolome is associated with the nasopharyngeal microbiota and disease severity among
infants with bronchiolitis. J. Infect. Dis. 2019; 219: 2005-2014. [PubMed: 30629185]

Fujiogi M, Camargo CAJ, Raita Y, Bochkov YA, Gern JE, Mansbach JM, Piedra PA, Hasegawa

K. Association of rhinovirus species with nasopharyngeal metabolome in bronchiolitisinfants: A
multicenterstudy. Allergy Denmark; 2020; 75: 2379-2383.

Fujiogi M, Camargo CA, Raita Y, Toivonen L, Freishtat RJ, Mansbach JM, Piedra PA, Hasegawa
K. Association of endemic coronaviruses with nasopharyngeal metabolome and microbiota among
infants with severe bronchiolitis: a prospective multicenter study. Pediatr. Res. Springer US; 2021;
89: 1594-1597. [PubMed: 32937650]

Barlotta A, Pirillo P, Stocchero M, Donato F, Giordano G, Bont L, Zanconato S, Carraro S, Baraldi
E. Metabolomic profiling of infants with recurrent wheezing after bronchiolitis. J. Infect. Dis.
2019; 219: 1216-1223. [PubMed: 30445537]

Turi KN, McKennan C, Gebretsadik T, Snyder B, Seroogy CM, Lemanske RF, Zoratti E, Havstad
S, Ober C, Lynch S, McCauley K, Yu C, Jackson DJ, Gern JE, Hartert TV. Unconjugated

bilirubin is associated with protection from early-life wheeze and childhood asthma. J. Allergy
Clin. Immunol. 2021; 148: 128-138. [PubMed: 33434532]

Kelly RS, Mendez KM, Huang M, Hobbs BD, Clish CB, Gerszten R, Cho MH, Wheelock CE,
McGeachie MJ, Chu SH, Celed6n JC, Weiss ST, Lasky-Su J. Metabo-endotypes of asthma reveal
differences in lung function: Discovery and validation in two TOPMed cohorts. Am. J. Respir.
Crit. Care Med. 2021; 205: 288-299.

Sturgill JL. Sphingolipids and their enigmatic role in asthma. Adv. Biol. Regul. Elsevier; 2018; 70:
74-81. [PubMed: 30197277]

Moffatt MF, Gut IG, Demenais F, Strachan DP, Bouzigon E, Heath S, von Mutius E, Farrall M,
Lathrop M, Cookson WOCM. A large-acale, consortium-based genomewide association study of
asthma. N. Engl. J. Med. 2010; 363: 1211-1221. [PubMed: 20860503]

Ono JG, Kim BI, Zhao Y, Christos PJ, Tesfaigzi Y, Worgall TS, Worgall S. Decreased sphingolipid
synthesis in children with 17g21 asthma-risk genotypes. J. Clin. Invest. 2020; 130: 921-926.
[PubMed: 31929190]

Caliskan M, Bochkov YA, Kreiner-Mlgler E, Bngnelykke K, Stein MM, Du G, Bisgaard H,
Jackson DJ, Gern JE, Lemanske RF, Nicolae DL, Ober C. Rhinovirus wheezing illness and genetic
risk of childhood-onset asthma. N. Engl. J. Med. 2013; 368: 1398-1407. [PubMed: 23534543]
Wendell SG, Baffi C, Holguin F. Fatty acids, inflammation, and asthma. J. Allergy Clin. Immunol.
2014; 133: 1255-1264. [PubMed: 24613565]

Schwab JM, Chiang N, Arita M, Serhan CN. Resolvin E1 and protectin D1 activate inflammation-
resolution programmes. Nature 2007; 447: 869-874. [PubMed: 17568749]

Serhan CN. Resolution phase of inflammation: Novel endogenous anti-inflammatory and
proresolving lipid mediators and pathways. Annu. Rev. Immunol. 2007; 25: 101-137. [PubMed:
17090225]

Lee-Sarwar K, Kelly RS, Lasky-Su J, Kachroo P, Zeiger RS, O’Connor GT, Sandel MT,

Bacharier LB, Beigelman A, Laranjo N, Gold DR, Weiss ST, Litonjua AA. Dietary and plasma
polyunsaturated fatty acids are inversely associated with asthma and atopy in early childhood. J.
Allergy Clin. Immunol. Pract 2019; 7: 529-538.e8. [PubMed: 30145365]

Bisgaard H, Stokholm J, Chawes BL, Vissing NH, Bjarnadéttir E, Schoos A-MM, Wolsk HM,
Pedersen TM, Vinding RK, Thorsteinsdéttir S, Falsgaard NV, Fink NR, Thorsen J, Pedersen AG,
Waage J, Rasmussen MA, Stark KD, Olsen SF, Bgnnelykke K. Fish oil-derived fatty acids in
pregnancy and wheeze and asthma in offspring. N. Engl. J. Med. 2016; 375: 2530-2539. [PubMed:
28029926]

Talaei M, Sdona E, Calder PC, Jones LR, Emmett PM, Granell R, Bergstrom A, Melén E, Shaheen
SO. Intake of n-3 polyunsaturated fatty acids in childhood, FADS genotype and incident asthma.
Eur. Respir. J. 2021; 58.

Yoder M, Zhuge Y, Yuan Y, Holian O, Kuo S, van Breemen R, Thomas LL, Lum H. Bioactive
lysophosphatidylcholine 16:0 and 18:0 are elevated in lungs of asthmatic subjects. Allergy,
Asthma Immunol. Res 2014; 6: 61-65. [PubMed: 24404395]

Thorax. Author manuscript; available in PMC 2023 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Fujiogi et al.

56.

57.

58.

59.

Page 14

Chilton FH, Averill FJ, Hubbard WC, Fonteh AN, Triggiani M, Liu MC. Antigen-induced
generation of lyso-phospholipids in human airways. J. Exp. Med. 1996; 183: 2235-2245.
[PubMed: 8642333]

Bansal P, Gaur SN, Arora N. Lysophosphatidylcholine plays critical role in allergic airway disease
manifestation. Sci. Rep. 2016; 6: 2-11. [PubMed: 28442761]

Poole A, Urbanek C, Eng C, Schageman J, Jacobson S, O’Connor BP, Galanter JM, Gighoux

CR, Roth LA, Kumar R, Lutz S, Liu AH, Fingerlin TE, Setterquist RA, Burchard EG,
Rodriguez-Santana J, Seibold MA. Dissecting childhood asthma with nasal transcriptomics
distinguishes subphenotypes of disease. J. Allergy Clin. Immunol. 2014; 133: 670-678.e12.
[PubMed: 24495433]

Xia J, Wishart DS. MetPA: A web-based metabolomics tool for pathway analysis and visualization.
Bioinformatics 2010; 26: 2342-2344. [PubMed: 20628077]

Thorax. Author manuscript; available in PMC 2023 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fujiogi et al.

Page 15

Key messages
What is already known on thistopic:

Emerging evidence suggests that bronchiolitis is a heterogeneous condition. Although
subgroups (phenotypes) were identified only through clinical characteristics, little is
known about its biologically-distinct subgroups (endotypes) based on the molecular
signatures and their longitudinal relationships with asthma development.

What this study adds:

Integrated clustering of clinical, virus, and nasopharyngeal lipidomic data in infants
with bronchiolitis revealed biologically-distinct endotypes (e.g., an endotype with low
sphingolipids and PUFAS) that have differential risks for asthma development.

How this study might affect research, practice or policy:

Our observations not only lend significant support to the emerging concept

that bronchiolitis is a heterogeneous syndrome involving different pathobiological
mechanisms but also provide an evidence base for early identification of infants at high
risk for asthma.

Thorax. Author manuscript; available in PMC 2023 November 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Fujiogi et al. Page 16

Multicenter prospective cohort study
917 infants hospitalized with bronchiolitis
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Figure 1. Analytic workflow of lipidomic endotyping
The analytic cohort consists of 917 infants hospitalized for bronchiolitis in a multicenter

prospective cohort study—MARC-35. At enrolment, the nasopharyngeal airway specimens
were collected for lipidomic and transcriptomic profiling.

1. Clustering individual datasets: We first computed a distance matrix and identified
mutually exclusive clusters for each of the clinical, virus, and lipidomic datasets by applying
consensus clustering algorithms.
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2. Clustering fused matrix: By integrating these derived clusters from three datasets,

we generated a fused matrix and computed a Gower distance. By applying a consensus
clustering algorithm to the fused matrix, we identified four mutually exclusive lipidomic
endotypes. To choose an optimal number of profiles, we used a combination of consensus
matrix, consensus cumulative distribution function, cluster consensus value, endotype size,
and clinical and biological plausibility.

3. Examining clinical and biological characteristics of endotypes: To interpret the
lipidomic endotypes clinically and biologically, we developed chord diagrams on major
clinical and virus variables and a heatmap of 14 major lipid classes.

4. Determining clinical significance of endotypes. To examine clinical significance of
the endotypes, we determined the longitudinal relationship of the lipidomic profiles with
the risk for developing asthma (the primary outcome) and recurrent wheeze (the secondary
outcome). We constructed logistic regression models for asthma development and Cox
proportional hazards models for recurrent wheeze.

5. Investigating the biological significance of each endotype: We conducted three
analyses: i) between-endotype examinations of fatty acids, ii) metabolic pathway analysis,
and iii) /ntegrated transcriptomic-lipidomic pathway analysis.

6. Examining therobustness of the findings: In the sensitivity analysis, we also examined
the concordance between different numbers of lipidomic endotypes.
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Figure 2. Major clinical and virus characteristics according to the lipidomic endotypes among
infants hospitalized for bronchiolitis

The ribbons connect from the individual lipidomic 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, in panel C, the endotype A infants (blue) had a high proportion of
males, a low proportion of previous breathing problems, parental history of asthma and
eczema, and IgE sensitization, and a high proportion of RSV infection. In contrast, endotype
D (red) infants had a high proportion of previous breathing problems, parental history of
asthma and eczema, and rhinovirus infection.

Abbreviations: IgE, immunoglobulin E; RSV, respiratory syncytial virus

A. Comparison of endotype A (blue) with endotype B (green)

B. Comparison of endotype A (blue) with endotype C (orange)

C. Comparison of endotype A (blue) with endotype D (red)
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Figure 3. Lipid classes and fatty acids according to the lipidomic endotypes among infants

hospitalized for bronchiolitis

Heatmaps show the mean values for the corresponding A) lipid classes and B) fatty acids

in each of the four lipidomic endotypes. The areas of circles and colors represent the mean
value of the corresponding value. Each variable is standardized by using auto-scaling. The

between-endotype differences were examined by the Kruskal-Wallis test.

* False discovery rate <0.05
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Number of Point estimate
Outcomes outcomes, n (%)  (95% CI) P-value
Asthma
at age 6 years Odds ratio’
Endotype A 54 (22%) Reference [ -
Endotype B 64 (24%) 1.13 (0.75-1.72) f i i 0.55
Endotype C 45 (23%) 1.07 (0.69-1.68) | i 0.78
Endotype D 75 (50%) 3.60 (2.31-5.62) I i | <0.001
Recurrent wheeze
by age 3 years Hazard ratio®
Endotype A 79 (30%) Reference -
Endotype B 84 (30%) 0.99 (0.73-1.34) 0.99
Endotype C 63 (30%) 1.01 (0.72-1.40) A 0.98
Endotype D 69 (43%) 1.62 (1.17-2.25) | : ! I_l._|| | | | 0.003
0.60 0.80 1.0 15 20 3.0 4.0 6.0

Figure 4. Association of the lipidomic endotypes among infants hospitalized for bronchiolitis
with therisk for developing asthma and recurrent wheeze

* To examine the association of the lipidomic endotypes (endotype A as the reference) with
the risk for developing asthma, a mixed-effects logistic regression model accounting for
potential patient clustering within the hospitals was fit.

T To examine the association between the endotypes (endotype A as the reference) and the
rate of recurrent wheeze, a mixed-effects Cox proportional hazards model was constructed.
Abbreviation: CI, confidence interval
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Figure 5. Kaplan-Meier curvesfor development of recurrent wheeze by agethreeyears,

accor ding to the lipidomic endotypes, among infants hospitalized for bronchiolitis

Overall, the survival curves significantly differed between the endotypes (Pjog-rank=0.01).
Compared with endotype A infants (clinicalCl@ssiclipidmixed) the rate of developing
recurrent wheeze by age three years was not significantly different in endotype B
or endotype C infants. In contrast, the rate was significantly higher in endotype D

(clinicalaopic|jpjgsphingolipids-lowy jnfants (HR 1.65; 95% CI 1.19-2.27; P=0.003). The
corresponding hazard ratio estimates are presented in Figure 4.
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Figure 6. Between-endotype differences (A vs. D) in lipidomic profiles and pathways among
infants hospitalized for bronchiolitis

A) Lipid classes. The mean values for the corresponding lipid classes in each of lipidomic
endotypes (A vs. D) are plotted. Each lipid class is standardized by using auto-scaling. The
between-endotype differences were examined by Wilcoxon rank-sum test.
B) Fatty acids. The mean values for the corresponding fatty acids in each of lipidomic

endotypes (A vs. D) are plotted. Each fatty acid is standardized by using auto-scaling. The
between-endotype differences were examined by Wilcoxon rank-sum test.

C) Metabalic pathway analysis: In the metabolite pathway analysis, all detected pathways
(based on the Kyoto Encyclopedia of Genes and Genomes [KEGG]) are shown. The color of
each dot represents the pathway impact. The pathway impact is calculated as the sum of the
importance measures of the matched metabolites normalized by the sum of the importance
measures of all metabolites in each pathway [59].

D) Integrated transcriptomic-lipidomic pathway analysis: In the integrated
transcriptomic-lipidomic pathway analysis, 20 pathways (based on KEGG) with the lowest
FDRs are selected. The color of each dot represents the ratio of hit lipids and genes for the
corresponding pathways.
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* False discovery rate (FDR) of <0.05 and ** FDR of <0.10 in panels A and B.
Abbreviations: DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; GPI,
glycosylphosphatidylinositol; KEGG, Kyoto Encyclopedia of Genes and Genome
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