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Background: Infants with bronchiolitis are at high risk for developing childhood
asthma. While genome-wide association studies suggest common genetic
susceptibilities between these conditions, the mechanisms underlying the link
remain unclear.

Objective: Through integrated genetics-metabolomics analysis in this high-risk
population, we sought to identify genetically driven metabolites associated with
asthma development and genetic loci associated with both these metabolites and
asthma susceptibility.

Methods: In a multicenter prospective cohort study of infants hospitalized for
bronchiolitis, we profiled the nasopharyngeal metabolome and genotyped the
whole genome at hospitalization. We identified asthma-related metabolites from
283 measured compounds and conducted metabolite quantitative trait loci
(MtQTL) analyses. We further examined the mtQTL associations by testing
shared genetic loci for metabolites and asthma using colocalization analysis and
the concordance between the loci and known asthma-susceptibility genes.

Results: In 744 infants hospitalized with bronchiolitis, 28 metabolites (e.g.,
docosapentaenoate [DPA], 1,2-dioleoyl-sn-glycero-3-phosphoglycerol,
sphingomyelin) were associated with asthma risk. A total of 349 loci were
associated with these metabolites—161 for non-Hispanic white, 120 for non-
Hispanic black, and 68 for Hispanics. Of these, there was evidence for 30 shared
loci between 16 metabolites and asthma risk (colocalization posterior probability
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>0.5). The significant SNPs within loci were aligned with known asthma-
susceptibility genes (e.g., ADORA1, MUC16).

Conclusion: The integrated genetics-metabolomics analysis identified genetically
driven metabolites during infancy that are associated with asthma development
and genetic loci associated with both these metabolites and asthma susceptibility.
Identifying these metabolites and genetic loci should advance research into the
functional mechanisms of the infant bronchiolitis-childhood asthma link.

KEYWORDS

asthma, bronchiolitis, childhood asthma, genetics, integrated-omics, metabolomics,
phosphatidylglycerol, sphingolipids

Introduction

Bronchiolitis is the leading cause of infant hospitalization in the
U.S., accounting for 110,000 hospitalizations each year (1). Its chronic
morbidity is also substantial. Among infants hospitalized with
bronchiolitis (i.e., severe bronchiolitis), ~30% subsequently develop
childhood asthma (2-6). Yet, the mechanisms underlying the
bronchiolitis-asthma link remain unclear. Our limited understanding
has hindered the development of asthma prevention strategies.

Asthma is a complex syndrome that is influenced by both genetic
and environmental factors (e.g., early-life virus infection) (7).
Metabolomics systematically profiles small molecules in a biological
system, which represent the downstream functional products of these
genetic and environmental interactions. Studies have suggested
metabolites involved in asthma pathobiology—e.g., sphingolipids
(e.g., sphingomyelins) (8, 9), phospholipids (e.g., phosphatidylglycerol
[PG]) (10), and fatty acids (e.g., docosapentaenoate [DPA]) (11). In
addition to metabolomics, genome-wide association studies (GWASs)
have identified genetic loci for childhood asthma susceptibility (12-17).
For example, ORMDL3 located at chromosome 17q21—a major
regulator of sphingolipid metabolism—plays an important role in
asthma development (12, 15). Metabolomics and genetics studies
have independently attempted to elucidate the mechanisms
underlying asthma pathobiology. However, no study has yet
examined the integrated relationship of genetics, airway metabolome,
and asthma development in children—Ilet alone in infants at high risk
for asthma development.

To address this knowledge gap, we applied an integrative
genetics-metabolomics approach to data from a multicenter

Abbreviations: ADORA1, adenosine receptor Al; CAAPA, Consortium on Asthma
among African-ancestry Populations in the Americas; cAMP, cyclic adenosine
monophosphate; DPA, docosapentaenoate; ER, endoplasmic reticulum; FDR, false
discovery rate; GWAS, genome-wide association studies; GPE,
glycerophosphorylethanolamine; GPG, glycero-3-phosphoglycerol; IL, interleukin;
IRF7, interferon regulatory factor 7; MARC, multicenter airway research
collaboration; mtQTL, metabolite quantitative trait loci; NF-xB, nuclear factor-
kB; PG, phosphatidylglycerol; PP.H4, posterior probability of hypothesis 4; RSV,
respiratory syncytial virus; SNP, single nucleotide polymorphisms; TRAF6, tumor

necrosis factor receptor associated factor 6.
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prospective cohort study of infants with severe bronchiolitis. We
sought to identify the genetically driven metabolites and the genetic
loci regulating those metabolites associated with the development of
childhood asthma.

Materials and methods
Study design, setting, and participants

We analyzed data from the 35th Multicenter Airway Research
Collaboration (MARC-35) study—a multicenter prospective cohort
study (18). Details of the study design, setting, participants, data
collection, testing, and statistical analysis may be found in the
Supplementary Methods. Briefly, investigators enrolled 1,016 infants
(age <1 year) hospitalized with attending physician-diagnosis of
bronchiolitis at 17 sites across 14 U.S. states (Table S1) in 2011-2014.
The diagnosis of bronchiolitis was made according to the American
Academy of Pediatrics bronchiolitis guidelines (19), defined as an acute
respiratory illness with a combination of rhinitis, cough, tachypnea,
wheezing, crackles, or chest retractions. We excluded infants with a
known heart-lung disease, immunodeficiency, immunosuppression, or
gestational age of <32 weeks. All patients were treated at the discretion
of the treating physicians.

Of 1,016 infants enrolled in the MARC-35 cohort, the current
analysis investigated 744 infants who underwent both genotyping and
nasopharyngeal metabolome profiling (Table S2). The institutional
review board at each participating hospital approved the study with
written informed consent obtained from the parent or guardian.

Data collection

Clinical data (patients’ demographic characteristics, medical,
environmental, and family history, and details of the acute illness)
were collected via structured interviews and chart reviews using a
standardized protocol (8, 9). After the index hospitalization for
bronchiolitis, trained interviewers began interviewing parents/legal
guardians by telephone at 6-month intervals in addition to medical
record review by physicians. All data were reviewed at the Emergency
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Medicine Network Coordinating Center at Massachusetts General
Hospital (Boston, Massachusetts, USA) (18). By using a standardized
protocol (8), investigators collected peripheral blood specimens (for
genotyping) and nasopharyngeal specimens (for metabolome
profiling) within 24 hours of hospitalization. We described the
details of the data collection and measurement methods in the
Supplementary Methods.

Genotyping

We used the Illumina Multi-Ethnic Genotyping Array (San
Diego, California) for genotyping. For genotype imputation, we
used the TOPMed reference panel on the TOPMed Imputation
Server (20) and removed variants with an imputation score of <0.6
from the imputed dataset. We also removed rare variants with a
minor allele frequency of <0.01 from the dataset. Subsequently, we
included a total of 10,852,874 autosomal variants for the downstream
association study. We described the details of genotype imputation
and quality control in the Supplementary Methods.

Nasopharyngeal airway metabolome
profiling

We profiled the nasopharyngeal metabolome using liquid
chromatography with tandem mass spectrometry (LC-MS/MS) at
Metabolon (Morrisville, North Carolina). The laboratory processed
the blinded specimens in random order. Instrument variability was
4%, as determined by calculating the median relative standard
deviation for the internal standards. The metabolome profiling
identified 283 known metabolites from 76 sub-pathways within 7
super-pathways. We described the details of metabolome profiling in
a previous study (21) and Supplementary Methods.

Clinical outcome measure

The clinical outcome of interest is the development of asthma by
age 6 years. Asthma was defined using a commonly used
epidemiologic definition: physician-diagnosis of asthma, with either
asthma medication use (e.g., albuterol, inhaled corticosteroids) or
asthma-related symptoms (e.g., wheezing, nocturnal cough) in the
preceding year (22).

Statistical analysis

The objectives of the present study are (i) to identify genetically
driven metabolites that are associated with the risk of developing
asthma and (ii) to examine the genetic loci that are associated with
both these metabolites and asthma susceptibility. The analytic
workflow is summarized in Figure 1. The details of the statistical
analysis may be found in the Supplementary Methods.

Briefly, we first constructed logistic regression models with Lasso
regularization that examines the association of the nasopharyngeal
metabolome with asthma development to identify candidate
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metabolites for the subsequent metabolite quantitative trait loci
(mtQTL) analysis. Second, we performed the mtQTL analysis with
an additive linear regression genetic association analysis adjusting for
age, sex, and the first two ancestry principal components to examine
the association between the genotypes and candidate metabolites in
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FIGURE 1

Analytic workflow of the study (A). Of 744 infants (age <1 year)
hospitalized with bronchiolitis, the current analysis investigated 744
infants—332 (45%) were non-Hispanic white, 183 (25%) were non-
Hispanic black, and 229 (31%) were Hispanics—who underwent both
genotyping and nasopharyngeal metabolome profiling. (B). The
association of 283 nasopharyngeal metabolites of the infants with
asthma development by age 6 years was examined—by constructing
Lasso regression models—to identify candidate metabolites for the
downstream metabolite quantitative trait loci (mtQTL) analysis. (C)
The mtQTL analysis was performed to examine the association
between 28 candidate metabolites and genotypes in each of the three
major racial/ethnic subgroups of infants with bronchiolitis. The
clumping procedure was also conducted to determine mtQTLs that
are independent of each other. (D). Bayesian colocalization analysis
using summary statistics of the mtQTLs of MARC-35, UK Biobank
(white sample with childhood asthma), and CAAPA (African-admixed
sample with asthma) was conducted to identify shared genetic loci
between the mtQTLs and the independent GWAS summary statistics for
asthma. (E). The association peaks of the 30 loci with colocalization
evidence were compared between the GWAS summary statistics of the
mtQTL analysis of MARC-35 and the UK Biobank. The association peaks of
the three loci were aligned with those in the same genetic regions of UK
Biobank summary statistics for childhood asthma, and there were
concordances between the peaks of the two loci and known genes
related to asthma. Abbreviations: CAAPA, Consortium on Asthma among
African-ancestry Populations in the Americas; GPG, glycero-3-
phosphoglycerol; GWAS, genome-wide association studies; MARC,
multicenter airway research collaboration; PP.H4, posterior probability of
hypothesis 4; SNP, single nucleotide polymorphism.
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each of the three major racial/ethnic samples (non-Hispanic white,
non-Hispanic black, and Hispanics) in the MARC-35 cohort. The
significance threshold for these analyses was set to P<1x10°°. Third,
we conducted clumping procedures to determine mtQTLs that are
independent of each other. Fourth, we conducted pathway analyses to
examine the biological significance of the genetic loci identified in the
mtQTL analysis by using all genes within the clumped region of those
loci. Fifth, we conducted Bayesian colocalization analyses to examine
whether genetic loci for candidate metabolites are shared with those
for asthma by using the GWAS summary statistics of the mtQTL
analysis from MARC-35 and those of two independent datasets—the
UK Biobank (white sample with childhood asthma (23-25)) and the
Consortium on Asthma among African-ancestry Populations in the
Americas (CAAPA; African-admixed sample with asthma (26)). We
selected variants within 500 kb of the index SNP—the SNP with the
smallest (i.e., most significant) P-value in each clumped region—at
each of the shared loci in the non-Hispanic white and non-Hispanic
black samples, and estimated the posterior probability that the two
traits (i.e., each metabolite and asthma risk) share one common causal
variant (a posterior probability of hypothesis 4 [PP.H4]). We
considered loci with a posterior probability of 0.5 to colocalize.
Lastly, we visualized the index SNPs colocalized with childhood
asthma-risk loci from the UK Biobank GWAS summary statistics
by using LocusZoom (27).

Results

Of 1,016 infants enrolled in the MARC-35 cohort, the current
study focused on 744 infants with severe bronchiolitis who underwent
both genotyping and nasopharyngeal metabolome profiling. The
analytic (n=744) and non-analytic (n=272) cohorts did not differ in
the patient characteristics (P=>0.05; Table S2), except for the
proportion of racial/ethnicity and rhinovirus infection. Of the
infants in the analytic cohort, the median age was 3 (interquartile
range [IQR], 2-6) months and 40% were female; 45% were non-
Hispanic white, 25% were non-Hispanic black, and 31% were
Hispanics (Table 1). Overall, 26% subsequently developed asthma
by age 6 years (Table S3).

mtQTL analysis reveals nasopharyngeal
airway metabolites at infant bronchiolitis
that are genetically driven

Of 283 nasopharyngeal metabolites identified in infants with
bronchiolitis, 28 candidate metabolites were associated with the risk
of developing asthma based on the Lasso regression models
(Figure 2). Of these 28 candidate metabolites, 13 were lipids (e.g.,
DPA, 1,2-dioleoyl-sn-glycero-3-phosphoglycerol [GPG], glutarate,
sphingomyelin [d17:1/16:0, d18:1/15:0, d16:1/17:0]), 5 were amino
acids (e.g., N-acetylarginine), 4 were carbohydrates (e.g., arabitol),
and 6 were other classes of metabolites.

Based on the mtQTL analysis for each of the 28 candidate
metabolites, 900 SNPs were at a suggestive significance level (28)
(P <l><10’6)—524 in non-Hispanic white, 259 in non-Hispanic black,
and 117 in Hispanics (Figure S1 and Table S4). The clumping
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procedure for these SNPs showed that 349 loci were independently
associated with the candidate metabolites—161 loci associated with
26 metabolites in non-Hispanic white, 120 loci with 28 metabolites in
non-Hispanic black, and 68 loci with 25 metabolites in Hispanics
(Figure 3, Tables S5, S6). The pathway analysis showed the biological
importance of these loci with significant pathways (FDR<0.05;
Figure S2), which are relevant to both bronchiolitis and asthma
development—e.g., interferon-o/B (29), tumor necrosis factor
receptor-associated factor 6 (TRAF6) mediated interferon
regulatory factor 7 (IRF7) activation pathways (30).

Colocalization analysis demonstrates 30
genetic loci associated with both
metabolites and asthma-susceptibility

To test for genetic loci that are in common between the
candidate metabolites and asthma risk, colocalization analyses
were performed for the 281 loci identified in the clumping
procedure—161 in non-Hispanic white and 120 in non-Hispanic
black—by comparing the GWAS summary statistics of the mtQTL
analysis in MARC-35 to two independent datasets—the UK
Biobank and CAAPA (Table S5 and Figure S3). There was
evidence for 30 shared genetic loci between 16 metabolites and
asthma risk (PP.H4 >0.5; Table 2)—27 loci in UK Biobank (e.g.,
chromosome 6q26 with DPA, chromosome 1q21 with glutarate,
chromosome 1q32 with sphingomyelin [d17:1/16:0, d18:1/15:0,
d16:1/17:0]), 1 locus in CAAPA (chromosome 6ql2 with N-
acetylarginine), and 2 loci with both datasets (e.g., chromosome
14q31 with 1,2-dioleoyl-GPG).

Genetic loci are concordant to known
asthma-susceptibility genes

The association peaks for the 30 loci with colocalization evidence
were compared between the mtQTL analysis and UK Biobank (Figure
S4). For example, the association peaks of glutarate on chromosome
1921 (e.g., 1s2232187), 1,2-dioleoyl-GPG on chromosome 19p13 (e.g.,
rs113043905), and sphingomyelin [d17:1/16:0, d18:1/15:0, d16:1/
17:0] on chromosome 1932 (e.g., rs12752641) were aligned with the
association peak in the same genetic region from the UK Biobank
statistics of childhood asthma. Furthermore, there were apparent
concordances between the association peaks for two loci (i.e.,
chromosome 19p13 with 1,2-dioleoyl-GPG, chromosome 1q32 with
sphingomyelin [d17:1/16:0, d18:1/15:0, d16:1/17:0]) and genes that
are known to be related to asthma (e.g., MUCIG6,
ADORALI; Figure 4).

Discussion

By applying an integrated genetics-metabolomics approach to
multicenter prospective cohort data of 744 infants with severe
bronchiolitis, we identified 28 metabolites associated with asthma
development and 349 independent genetic loci associated with these
metabolites. Additionally, of these loci, colocalization analysis (with
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TABLE 1 Baseline characteristics and clinical course of 744 infants hospitalized with bronchiolitis, according to race/ethnicity.

Overall Non-Hispanic white Non-Hispanic black Hispanic

Characteristics (n=744; 100%) (n=332; 45%) (n=183; 25%) (n=229; 31%) P value

Demographics

Age (month), median (IQR) 3 (2-6) 3(2-6) 3(2-6) 4 (2-6) 0.67

Female sex 300 (40) 134 (40) 80 (44) 86 (38) 0.45

Prematurity (32.0-36.9 weeks) 136 (18) 55 (17) 43 (24) 38 (17) 0.11

C-section delivery 250 (34) 118 (36) 60 (34) 72 (32) 0.57

Previous breathing problems (count) 0.76

0 587 (79) 268 (81) 142 (78) 177 (77)

1 122 (16) 51 (15) 30 (16) 41 (18)

2 35 (5) 13 (4) 11 (6) 11 (5)

Previous ICU admission 12 (2) 4 (1) 2 (1) 6 (3) 0.35

History of eczema 111 (15) 45 (14) 39 (21) 27 (12) 0.02

Ever attended daycare 170 (23) 78 (24) 57 (31) 35 (15) 0.001
Parental history of asthma 246 (33) 107 (32) 73 (40) 66 (29) 0.04

Parental history of eczema 143 (19) 64 (19) 55 (30) 24 (11) <0.001

Clinical presentation

Weight (kg), median (IQR) 6 (5-8) 6 (5-8) 6 (5-8) 6 (5-8) 0.39
Respiratory rate (per minute), median

(IQR) 48 (40-60) 48 (40-60) 52 (40-61) 48 (40-60) 0.08
Oxygen saturation 0.01
<90% 62 (9) 27 (8) 9 (5) 26 (12)

90-93% 113 (16) 60 (19) 17 (9) 36 (16)

>94% 553 (76) 233 (73) 156 (86) 164 (73)

Blood eosinophilia (=4%) 70 (11) 32 (11) 17 (11) 21 (11) 0.99
IgE sensitization 155 (21) 52 (16) 54 (30) 49 (21) 0.001

Clinical course

Positive pressure ventilation use* 39 (5) 20 (6) 5(3) 14 (6) 0.21
Intensive treatment uset 114 (15) 50 (15) 23 (13) 41 (18) 0.32
Length-of-day (day), median (IQR) 2(1-3) 2(1-3) 2(1-3) 2 (1-3) 0.03

Respiratory virus

RSV only 421 (57) 210 (63) 93 (51) 118 (52) 0.004
RV only 52 (7) 17 (5) 17 (9) 18 (8) 0.17
RSV/RV coinfection 81 (11) 34 (10) 24 (13) 23 (10) 0.54
Other pathogeni 179 (24) 72 (22) 45 (25) 62 (27) 0.33

ICU, intensive care unit; IgE, immunoglobulin E; IQR, interquartile range; RSV, respiratory syncytial virus; RV, rhinovirus.

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.

‘tInfants with bronchiolitis who were admitted to ICU and/or who underwent positive pressure ventilation.

tAdenovirus, bocavirus, Bordetella pertussis, enterovirus, human coronavirus NL63, OC43, 229E, or HKU1, human metapneumovirus, influenza A or B virus, Mycoplasma pneumoniae, and
parainfluenza virus 1-3.

independent GWAS datasets for asthma) revealed 30 shared loci  the first study that has investigated infant bronchiolitis-childhood
between 16 metabolites and asthma risk. Furthermore, the significant  asthma link with an integrative genetics-metabolomics approach and
SNPs within two loci were aligned with known asthma-susceptibility =~ demonstrated genetically driven metabolites and related genetic loci
genes (e.g., ADORAI, MUCI6). To the best of our knowledge, this is  associated with asthma risk.
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FIGURE 3

Significant index SNPs identified in metabolite quantitative trait loci (mtQTL) analyses The 20 index SNPs with the lowest P-values associated with the
candidate metabolites were identified in the mtQTL analysis of each racial/ethnic sample after the clumping procedure. * Variants with a P value of
<1x107% R? of >0.2, and <500 kb away from the index SNP were assigned to the clump. t Sphingomyelin (d17:1/16:0, d18:1/15:0, d16:1/17:0)
Abbreviations: GPE, glycerophosphorylethanolamine; GPG, glycero-3-phosphoglycerol; HODE, hydroxyoctadecadienoic acid.
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TABLE 2 Summary of the 30 genetic loci associated with both the candidate metabolites and asthma risk.

Metabolite Locus
Metabolite Metabolite name Index N* Index Alt P value PP.H4* Known
class SNP* SNP* allele asthma
position .Non-. .Non-' UKB CAAPA genes
Hispanic  Hispanic white = black within
Wh|te black index
SNP+*
+ 500KB
Significant loci in the non-Hispanic white sample
Lipid 1,2-dioleoyl-GPG (18:1/ | 15116459436 1 1 7227920 T 5.0x10"7 0.009 0.513 0.267
18:1)
151637750 16 7 2188176 G 9.3x10°"7 0.740 0.656 0.259 AMZ1
rs146635511 | 2 10 124772492 T 2.8x10 NA 0.651 0.235 LHPP
5142277549 | 3 14 88122695 T 2.1x10"7 0.109 0.691 0.695
rs113043905 1 19 8717141 G 6.0x10"7 0.453 0.580 0.251 ADAMTSI0,
ACTLY,
MUCIS6,
ORIM1
Lipid docosapentaenoate rs78388829 5 2 15120216 G 5.1x10"7 0.784 0.695 0.278 FAMS84A,
(DPA; 22:5n3) DDX1
512524087 | 12 6 163619816 G 1.3x10% 0.574 0.841 0.287 QKI
Lipid glutarate (C5-DC: 152232187 3 1 147759651 A 6.5x10"7 0.656 0.768 0.277
glutarylcarnitine)
Lipid mevalonolactone 154752744 11 11 1697036 G 2.7x10"7 0.869 0.967 0.237 MUC5B
Amino acid N-acetylarginine r$9363451 29 6 65822620 A 2.9%x10"7 0.001 0.145 0.556
rs117045903 = 2 15 66627247 A 2.2x10% 0.294 0.698 0.289 SMAD3,
SMADe,
LINC01169
Carbohydrate arabitol rs2298110 34 1 19906558 G 1.1x10™" 0.077 0.936 0.398
rs113812800 1 2 3901708 C 2.4x10"7 0.053 0.738 0.383 ALLC
5143270861 | 2 4 182064534 A 2.6x10 0.707 0.698 0.258 MGC45800
5185153229 | 7 6 34748997 C 7.0x10%® 0.767 0.625 0.203 TCPI1,
SCUBE3
rs115777460 1 13 52988125 A 6.6x107"° 0.817 0.728 0.381
1577244206 7 15 31337658 G 7.6x10"7 0.610 0.957 0.377
Carbohydrate N-acetylneuraminate rs10101380 119 8 5147537 C 9.1x10™” 0.760 0.586 0.187 CSMDI
Energy aconitate 15148027659 = 4 10 74609570 G 5.8x10"7 0.633 0.514 0.214
Significant loci in the non-Hispanic black sample
Lipid 2-stearoyl-GPE (18:0) rs12494581 | 36 3 55257122 C 0.524 7.3x10° 0.812 0.506
07
Lipid palmitoylcarnitine 1s79141561 4 2 105989161 G NA 8.1x10 0.550 0.472
(C16) 07
Lipid sphingomyelin (d17:1/ 1512752641 8 1 203053298 C 0.475 5.0x10" 0.688 0.226 PPFIA4,
16:0, d18:1/15:0, d16:1/ o MYOG,
17:0) ADORAL,
MYBPH,
CHI3L1,
CHITI
1578340409 | 29 1 234553708 G 0.852 1.3x10° 0.659 0.164
07
(Continued)
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TABLE 2 Continued

Metabolite Locus
Metabolite = Metabolite name Chr Index Alt P value PP.H4* Known
class SNP+ allele asthma
position Non- Non- ~ UKB CAAPA  OChes
Hispanic =~ Hispanic = white  black lei .
white black pre sy
SNP+
+ 500KB
Lipid taurochenodeoxycholate  1rs72816230 7 17 1219933 G 0.023 6.2x10° 0.626 0.249
07
Amino acid dimethylglycine rs8052562 1 16 3491830 T 0.436 7.2x10° 0.686 0.268 TRAPI
07
Amino acid N-acetylaspartate rs11714340 64 3 27610676 C 0.211 5.0x10° 0.581 0.220
07
Carbohydrate N-acetylneuraminate 176840346 84 13 53885705 C 0.063 3.5%x10° 0.511 0.272
07
Cofactors and alpha-tocopherol 1s12942941 13 17 80129214 G 0.476 9.0x10° 0.652 0.239
vitamins o7
Energy aconitate 1512632521 29 3 32682166 A 0.920 1.3x10° 0.667 0.219 GLBI,
v TRIM71,
TMPPE,
CRTAP,
SUSDs,
CCR4
Nucleotide guanosine rs112308097 27 2 230821995 T NA 8.7x10 0.576 0.301
08
*The SNP with the smallest (i.e., most significant) P value in each clumped region in the mtQTL analysis.
+The number of SNPs with a P value of < 1 x 10 in each clumped region in the mtQTL analysis.
#We considered genetic loci with a posterior probability of H4 (PP.H4) of 20.5 to colocalize.
Alt, alternative; Chr, chromosome; CAAPA, consortium on asthma among African-ancestry populations in the Americas; DPA, docosapentaenoate; KB, kilobyte; GPE,
glycerophosphorylethanolamine; GPG, glycerophosphoglycerol; PP.H4, posterior probability of H4; SNP, single nucleotide polymorphism; UKB, UK Biobank.

Childhood asthma is a heterogeneous syndrome that results from  the downstream functional products of a child’s genetic make-up and
complex interactions between genetic and environmental factors in  environmental exposures (e.g., virus respiratory infection) (21, 31-
early childhood (7). Recent research has studied the mechanisms by ~ 40). Consistent with our findings, for example, recent studies of

applying high-throughput approaches to survey the metabolome—  infants with acute respiratory infection have reported associations of
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FIGURE 4

LocusZoom for the genetic loci with the UK Biobank summary statistics of childhood asthma To compare the association peaks of the loci between the
mtQTL analysis in infants with bronchiolitis and the UK Biobank summary statistics for childhood asthma, we applied LocusZoom to glutarate (C5-DC:
glutarylcarnitine) on chromosome 121, 1,2-dioleoyl-GPG on chromosome 19p13, and sphingomyelin [d17:1/16:0, d18:1/15:0, d16:1/17:0] on chromosome
1g32. The association peaks of these three loci were aligned with those in the same genetic regions of UK Biobank summary statistics for childhood asthma. The
red lines at the bottom boxes represent the genetic location of the genes that are known to be related to asthma. There were concordances between the
association peaks of two loci (i.e., chromosome 19p13 with 1,2-dioleoyl-GPG, chromosome 1932 with sphingomyelin) and known asthma genes (e.g., ADORAL,
MUC16). Abbreviations: GPG, glycero-3-phosphoglycerol; PP.H4, posterior probability of hypothesis 4; UKB, UK Biobank.
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the upper airway (21, 34-38), serum (36, 38), and urine (39)
metabolome signature (e.g., altered sphingolipid, phospholipid, and
fatty acid metabolism)—with the subsequent development of asthma.
Independent from these metabolomics investigations, GWASs have
identified genetic regions associated with respiratory syncytial virus
(RSV) infection (41-43), severe bronchiolitis (41, 42, 44), and asthma
risk (12-17, 43, 45-49). For example, multiple studies have identified
ORMDL3 as an asthma susceptibility gene (12, 15, 46, 48) with
asthma risk. ORMDL3 is a major regulator of serine
palmitoyltransferase—the rate-limiting enzyme of sphingolipid
biosynthesis (50). While most research independently have applied
genetics and metabolomics, few studies have examined the integrated
relationships of genetic variants and altered metabolism with
prevalent asthma in adults (51, 52). For example, Johnson et al.
recently conducted an mtQTL analysis of 348 adults (59 with
prevalent asthma) from Tangier Island and found several serum
metabolites (e.g., linoleoyl ethanolamide) associated with asthma
risk (51). Our multicenter prospective study—integrating the
genome and nasopharyngeal airway metabolome data from high-
risk infants—corroborates these earlier reports, and extends them by
demonstrating genetic loci and genetically driven metabolites
associated with the risk of developing asthma.

The exact mechanisms underlying the observed relationship of
genetic loci and metabolites—e.g., genes within chromosome 1q32
(e.g, ADORAI, PPFIA4) and sphingomyelin (d17:1/16:0, d18:1/15:0,
d16:1/17:0)—with asthma risk warrant further clarification. Studies
have shown that genes on chromosome 1q32, including ADORA1 and
PPFIA4 are associated with asthma risk (13, 53, 54), and ADORAI
may interact with sphingolipids to enhance airway inflammation (55—
59). For example, adenosine receptor A1 (ADORALI) encoded by the
ADORAI gene contributes to bronchoconstriction, mucus secretion,
and inflammation in bronchial epithelial cells through the
sphingolipid signaling pathway (55, 56). Experimental studies have
also shown that ADORAL regulated cyclic adenosine monophosphate
(cAMP) and sphingomyelin-derived lipids to mobilize intracellular
calcium stores in bronchial smooth muscle cells, leading to the
contraction of the bronchial smooth muscles and airway
remodeling (57-59). Sphingolipids are not only integrated
components of the human cell membrane (60) but also have
molecular signaling functions with roles in the immune response to
infections, inflammation, and cell proliferation, thereby contributing
to asthma pathobiology (61). Accordingly, studies have suggested
ADORAL1 (62) and sphingolipids (63) as therapeutic targets
for asthma.

In addition to sphingomyelins, we also observed a relationship
between genes on chromosome 19p13 (e.g., MUCI6), 1,2-dioleoyl-
GPG, and asthma risk. 1,2-dioleoyl-GPG 1is one of the
phosphatidylglycerols (PGs)—a main component of pulmonary
surfactant (64). An experimental study has suggested that PG
inhibits proinflammatory protein expression in alveolar
macrophages through downregulation of NF-kB activation (65, 66).
In contrast, the depletion of pulmonary surfactant PG leads to
asthma-associated surfactant dysfunction (10). Another study has
also reported that PG inhibits RSV infection by blocking viral
attachment to epithelial cells (67). Besides, Mucin-16—also known
as CA125 and encoded regulated by the MUCI6 gene—is the largest
membrane-associated mucin synthesized in the endoplasmic
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reticulum (ER) of the bronchial epithelial cells (68-70). Research
has demonstrated that the expression of mucin-16 was promoted by
NF-kB activation and protects against ER stress (71). ER stress
regulates proinflammatory signaling in epithelial cells through
pulmonary surfactant dysfunction that is also induced by PG
depletion (72). Accordingly, MUCI6 gene, mucin-16, and GPG
jointly play roles in ER stress (73). Notwithstanding the complexity
of these potential mechanisms, the identification of genetically driven
metabolites associated with the development of childhood asthma is
an important finding. Our data—in conjunction with the literature—
should advance further research into the pathobiological mechanisms
underlying the bronchiolitis-asthma link.

The current study has several potential limitations. First, the study
did not have “healthy controls.” Yet, the objective of the study was not
to identify the genetic loci and metabolites related to incident
bronchiolitis (i.e., bronchiolitis yes vs. no) but to investigate the
functional consequences of genetic risk factors for asthma (ie.,
genetically driven metabolites) in this high-risk population. Second,
compared to the non-analytic cohort, the analytic cohort had an
overrepresentation of solo rhinovirus infection (3% vs. 7%), which
might have led to selection bias. Third, it is possible that asthma
diagnosis is misclassified and that some children are going to develop
asthma at a later age. To address these potential limitations, the
cohort is currently being followed up to age 9 years. In addition, in the
current study, children who had asthma-related symptoms but did
not receive asthma medication might have been over-diagnosed with
asthma. Fourth, the sample size of the current analysis was relatively
small, partially because of the stratified analysis across the different
racial/ethnic subgroups. To accommodate the limited statistical
power, we performed the mtQTL analyses with the significance
threshold (P <1x107) proposed in a previous study (28). The
statistical power of the analyses calculated using the GAS Power
Calculator (74) was 0.72 in non-Hispanic white, 0.71 in non-Hispanic
black, and 0.71 in Hispanics. Fifth, the CAAPA dataset provided
summary statistics for an African-admixed population with asthma
(26). Therefore, the sample from the other racial/ethnic groups might
have affected the colocalization estimates of our non-Hispanic black
sample due to population stratification (75). Sixth, the lack of publicly
available asthma GWAS data in the Hispanic sample precluded us
from conducting colocalization analysis for our Hispanic sample.
Lastly, our inferences may not be generalizable to infants without
severe bronchiolitis (i.e., infants with mild-to-moderate
bronchiolitis). Nonetheless, our observations remain directly
relevant to the 110,000 infants hospitalized annually in the U.S
(1).—a large population with a substantial morbidity burden.

Conclusions

By integrating the genetics and nasopharyngeal airway
metabolomics data from a multicenter, prospective cohort study of
infants hospitalized for bronchiolitis, we identified genetically driven
metabolites (e.g., 1,2-dioleoyl-GPG, sphingomyelin) associated with
asthma development and genetic loci associated with both these
metabolites and asthma susceptibility genes (e.g., ADORAI,
MUCI6). These associations were also confirmed by colocalization
analyses with independent GWAS datasets for asthma. Identifying
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these metabolites and genetic loci should advance research into the
functional consequences of genetic risk factors for the development of
asthma. Furthermore, these findings will, in turn, accelerate the
understanding of the bronchiolitis-asthma link and the
development of prevention strategies for childhood asthma.
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