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Epigenomic and proteomic analyses provide
insights into early-life immune regulation
and asthma development in infants
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Infants with severe bronchiolitis (i.e., bronchiolitis requiring hospitalization)
face increased risks of respiratory diseases in childhood. We conduct

epigenome-wide association studies in a multi-ethnic cohort of these infants.
We identify 61 differentially methylated regions in infant blood (<1 year of age)
associated with recurrent wheezing by age 3 (170 cases, 318 non-cases) and/or
asthma by age 6 (112 cases, 394 non-cases). These differentially methylated
regions are enriched in the enhancers of peripheral blood neutrophils. Several
differentially methylated regions exhibit interaction with rhinovirus infection
and/or specific blood cell types. In the same blood samples, circulating levels
of 104 proteins correlate with the differentially methylated regions, and many
proteins show phenotypic association with asthma. Through Mendelian ran-
domization, we find causal evidence supporting a protective role of higher
plasma ST2 (also known as ILIRL1) protein against asthma. DNA methylation is
also associated with ST2 protein level in infant blood. Taken together, our
findings suggest the contribution of DNA methylation to asthma development
through regulating early-life systemic immune responses.

Bronchiolitis is an acute lower respiratory infection caused by
respiratory viruses' and the leading cause of hospitalization in infants
(age <1 year) in the United States® Infants hospitalized for bronchio-
litis (i.e., severe bronchiolitis), especially those with rhinovirus infec-
tion, have a substantially higher risk of developing recurrent wheezing
and asthma in childhood**. However, the underlying biological
mechanisms contributing to this elevated risk remains unclear.

DNA methylation (DNAm), a form of epigenetic modification,
reflects the influence of genetics, environmental exposures, and gene-
by-environment interactions’. DNAm has important regulatory func-
tions in gene expression and contributes to the development of health
outcomes’. Recent epigenome-wide association studies (EWAS) have
linked DNAm level in children’s blood to bronchiolitis severity®,
recurrent wheezing’, and childhood asthma®’. However, the associa-
tion between infant DNAm and childhood respiratory outcomes

has not been investigated among infants with severe bronchiolitis.
Such an investigation will provide important insights into the under-
lying mechanism of asthma development in this large, high-risk
subpopulation.

Early-life immune regulation plays crucial roles in the develop-
ment of childhood-onset asthma'’. Proteins associated with immune
functions, including cytokines and chemokines, contribute to the
initiation and exacerbation of asthma'"2. In addition, large population-
based proteomics studies have reported association between levels of
DNAm and plasma proteins™'*. Therefore, integrating epigenome-
wide DNA methylation data with immune-related proteomics data
measured in infant blood offers promising avenues for exploring the
impacts of early-life immune responses on the development of asthma.

To this end, we performed an epigenome-wide scan in a cohort of
infants with severe bronchiolitis to examine the prospective
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association between DNAm in infant blood and development of
recurrent wheezing by age 3 years and childhood asthma by age 6
years. Employing the state-of-the-art EPIC array, we examined the
associations across almost 800,000 CpG sites throughout the gen-
ome, thereby nearly doubling the coverage of genome compared to
previous studies®’. Additionally, we utilized real-time polymerase
chain reaction to determine rhinovirus infection status and accounted
for its interaction effect in our EWAS discovery. Last, we integrated the
EWAS results with data on 347 immune-related proteins measured in
the same infant blood samples and identified proteins correlated with
the DNAm differences. To prioritize potential intervention targets, we
further evaluated the phenotypic associations and causal relationships
of these proteins with asthma-related traits.

Results

Among 625 infants who were enrolled in a prospective 17-center
cohort study—the 35th Multicenter Airway Research Collaboration
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Fig. 1| Study design and analysis workflow. This study investigates the associa-
tions between epigenome-wide DNA methylation (794,125 high-quality CpG sites),
measured using the Illumina Infinium MethylationEPIC array, in blood samples
from infants with severe bronchiolitis, and the subsequent risk of recurrent
wheezing (before 3 years of age, n =448, 170 cases) and asthma (at 6 years of age,
n=506, 112 cases) during childhood. The analytical data were collected from par-
ticipants of the 35th Multicenter Airway Research Collaboration (MARC-35) study.
Thirty-one differentially methylated regions (DMRs) were associated with recurrent
wheezing, and thirty-three DMRs were associated with asthma, taking into account
potential interactions with rhinovirus infection during infancy. In silico blood cell-
type deconvolution and chromatin state enrichment analyses were conducted to
identify specific blood cell types likely driving the associations at these DMRs. The
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(MARC-35) cohort—and had high-quality blood DNAm data measured
at hospitalization before age 1 year, recurrent wheezing status before
age 3 years was available for 488 infants, and asthma status by age 6
years was available for 506 infants (Fig. 1; Supplementary Fig. 1). These
participants were included in the EWAS to identify differentially
methylated regions (DMRs) associated with recurrent wheezing and
asthma, respectively. Supplementary Data 1 shows the characteristics
of these participants. Among participants with recurrent wheezing
data, 170 (34.8%) developed recurrent wheezing by age 3 years; these
infants were more likely to develop asthma by age 6 years compared to
infants without recurrent wheezing (44.2% vs. 10.8%, p=2.2x107). A
total of 112 (22.1%) participants developed asthma by age 6 years in our
study sample. We observed notable differences in several baseline
variables between recurrent wheezing/asthma cases and non-cases.
These variables include age at hospitalization, race/ethnicity, number
of previous breathing problems, history of eczema, rhinovirus infec-
tion, and maternal asthma.

Association between DMRs and
protein level in infant blood
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chromatin state annotation was obtained from the Roadmap Epigenomics Con-
sortium. We then explored the relationship between these DMRs and the levels of
347 proteins measured in the same bronchiolitis infant blood samples using the
Olink multiplex platform. For proteins associated with the DMRs, we constructed a
protein-protein interaction (PPI) network leveraging data from the STRING data-
base, performed two-sample mendelian randomization analysis using protein
quantitative trait loci (pQTLs, UK Biobank and deCODE) and GWAS summary sta-
tistics from published studies, and conducted pathway enrichment analysis using
data from the Gene Ontology database. These analyses aim to provide additional
biological insights into the early development of childhood respiratory diseases in
infants with severe bronchiolitis underlying the DNA methylation differences.
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Epigenome-wide analysis identified novel DMRs associated with
recurrent wheezing

We first examined the associations between DNAm and recurrent
wheezing at 794,125 CpG sites that passed the quality control (Sup-
plementary Fig. 2). No substantial genomic inflation was observed as
indicated by the quantile-quantile plots (e.g., Agenomic controt =1.03 for
linear regression, Supplementary Fig. 3). We identified 31 DMRs asso-
ciated with recurrent wheezing after accounting for multiple testing
(Sidak p < 0.01; Table 1, Supplementary Data 2, Supplementary Data 3).
Of these, 21 DMRs were identified through the analysis based on linear
regression, and additional 10 DMRs were identified through the ana-
lysis based on LRT-2df that leveraged potential interaction with rhi-
novirus infection to increase power. Ten DMRs exhibited different
association patterns between participants who were rhinovirus-
infected and those who were not (i.e., the nominal p-value < 0.05 for
the recurrent wheezingxrhinovirus infection interaction at more than
half of the CpG sites within a DMR).

The most significant recurrent wheezing DMR (chr18:13611190-
13611807, Siddk p=1.08x107° Table 1) was annotated to the
LDLRADA4. Across all 11 CpG sites in this region, we observed a lower
DNAm level among the recurrent wheezing cases compared with the
non-cases, and the effect sizes were more pronounced among parti-
cipants who had rhinovirus infection during infancy (i.e., 7 out of 11
CpG site in the DMR had nominal p-value <0.05 for the interac-
tion term).

Epigenome-wide analysis identified novel DMRs associated with
childhood asthma

We then examined the associations between DNAm at 794,125 CpG sites
and childhood asthma. No substantial genomic inflation was observed
as indicated by the quantile-quantile plots (e.g., Agenomic control =1.05 for
linear regression, Supplementary Fig. 4). We identified 33 DMRs asso-
ciated with asthma after accounting for multiple testing (Sidak p < 0.01;
Table 2, Supplementary Data 4, Supplementary Data 5). Of these, 20
DMRs were identified through the analysis based on linear regression,
and an additional 13 DMRs were identified through the analysis based
on LRT-2df. Seven DMRs exhibited different association patterns
between participants who were rhinovirus-infected and those who were
not (i.e., the nominal p-value < 0.05 for the asthmaxrhinovirus infection
interaction at more than half of the CpG sites within a DMR).

The most significant asthma DMR (chr17:6899085-6899758, Sidak
p=131x10"3; Table 2) overlapped the promoter region of ALOX12. We
observed a higher DNAm level among the asthma cases compared to
the non-cases across all 12 CpG sites in this region. This asthma DMR
overlapped with a recurrent wheezing DMR near ALOXI2
(chr17:6898821-6899577, Sidak p = 3.15 x 10°%; Table 1). In addition, two
other asthma DMRs were also associated with recurrent wheezing,
with consistent direction of effects: chr6:28129313-28129656
(ZKSCANSPI; higher DNAm in cases) and chr6:42927940-42928200
(GNMT; lower DNAm in cases).

Cell-type specific associations at the infant blood DMRs

The proportions of seven blood cell types (B cells, NK cells, CD4 T cells,
CD8 T cells, monocytes, neutrophils, and eosinophils) were inferred
based on the epigenome-wide DNAm data. Utilizing the CellDMC
method", which tests the interactions between the cell type fractions
in each sample and the outcome of interest, we identified blood cell
types that may drive the observed associations between the DMRs and
the childhood respiratory outcomes.

Supplementary Fig. 5 illustrates the cell-type specific associations
of DNAm with recurrent wheezing at selected DMRs (DMRs displaying
nominal statistical significance, i.e., p<0.05, for cell-type specific
associations are shown). At the most statistically significant DMR for
recurrent wheezing (chr18:13611190-13611807; LDLRAD4), the associa-
tion appeared to be driven by effects in eosinophils, monocytes, and

neutrophils. Other recurrent wheezing DMRs, such as chr2:54086854-
54087343 (GPR75, ASB3; B cells), chr8:22132926-22133076 (PIWIL2; B
cells), chrll:124622096-124622444 (VSIG2; neutrophils, eosinophils),
and chr17:46681111-46681401 (HOXB6; CD4 T cells, CD8 T cells, eosi-
nophils), also appeared to be influenced by cell-type-specific DNAm
effects.

Supplementary Fig. 6 illustrates the cell-type specific associations
of DNAm with asthma at selected DMRs with nominal statistical sig-
nificance (p <0.05) for cell-type specific associations. Asthma DMRs
with evidence for cell-type specific DNAm effects include
chr6:28058724-28058973 (ZSCANI2PI; CD4 T cells), chr7:95025855-
95026248 (PON3; NK cells), chrl6:66400320-66400599 (CDHS;
monocytes, neutrophils, eosinophils), and chr16:67233432-67233983
(ELMO3; CD4 T cells).

DMRs for childhood respiratory outcomes were enriched in
neutrophil-specific chromatin states

We conducted enrichment analysis to examine whether the 61 DMRs
for recurrent wheezing and/or asthma were enriched with specific
chromatin states in human peripheral blood cells from the Roadmap
Epigenomics Project’®. Our analysis (Fig. 2, Supplementary Data 6)
revealed statistically significant enrichment of these DMRs in the Genic
Enhancer (6 EnhG, p=190x107) and Repressed Polycomb
(13_ReprPC, p=7.65 x107°) regions in primary neutrophils (Accession:
E30), highlighting the potential roles of epigenetic regulation in neu-
trophils during early asthma development.

DMRs for childhood respiratory outcomes correlated with cir-
culating levels of immune proteins in infant blood
We examined the correlations between DNAm level at the DMRs and
347 immune-related proteins in infant blood, controlling for age, sex,
race/ethnicity, and other key covariates. A total of 38 DMRs showed
correlation with at least one protein level in infant blood (FDR < 0.05;
Supplementary Data 1). Among them, the 4 DMRs correlated with the
greatest number of proteins, namely, chr17:2169272-2169852 (SMG6,
51 proteins), chr22:44568725-44568913 (PARVG, 42 proteins),
chr16:66400320-66400599 (CDHS, 41 proteins), and chr11:2920052-
2920414 (SLC22A18AS, 37 proteins), shared correlation with the same
set of 30 proteins (Supplementary Fig. 7a). These 30 proteins were also
correlated with a large number of other DMRs. Some examples of
these proteins are CEACAMS (20 DMRs), MMP-9 (19 DMRs), TNFB (17
DMRs), AZU1 (17 DMRs), OSM (17 DMRs), HGF (17 DMRs), TGF-alpha (15
DMRs), and CLEC4D (15 DMRs) (Supplementary Fig. 7b).

To visually represent the DMR-protein correlations in infant
blood, we created Fig. 3 to highlight the 18 proteins with the most
statistically significant correlations with DMRs (FDR < 0.0005).

Phenotypic associations between DMR-correlated proteins

and asthma

A total of 104 protein markers were statistically significantly
(FDR < 0.05) correlated with the DMRs for childhood respiratory
outcomes. Among these DMR-correlated proteins, levels of LIF-R
and CHI3L1 in infant blood were prospectively associated with
childhood asthma in a small subset of MARC-35 participants with
available data (50 asthma cases, 59 non-cases) after correcting for
multiple testing (FDR < 0.05; Fig. 4). Supplementary Data 8 pro-
vides detailed results for the phenotypic associations between
protein levels and the respiratory outcomes. Using this data, we
also found 6 and 24 proteins associated with later recurrent
wheezing and asthma outcomes, respectively, with nominal sig-
nificance (p < 0.05). Of them, IFN-y was nominally associated with
both recurrent wheezing (p=0.006) and asthma (p=0.032). We
further leveraged recent findings from the UK Biobank (UKB)Y
where associations between plasma proteomics and prevalent
asthma were assessed in a larger population (N=46,595; mean
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Blood cells from peripheral blood

Fig. 2 | Enrichment of DMRs in 15 chromatin states in peripheral blood cells
from the NIH Roadmap Epigenomics projects. The 15 chromatin states were
consolidated from the NIH Roadmap Epigenomics project based on five histone
modification marks (H3K4me3, H3K4mel, H3K36me3, H3K9me3, H3K27me3) in
human cells. Chromatin states are 1_TssA (Active TSS), 2_TssAFInk (Flanking Active
TSS), 3_TxFInk (Transcr. at gene 5’ and 3’), 4_Tx (Strong transcription), 5 TxXWk
(Weak transcription), 6_EnhG (Genic enhancers), 7_Enh (Enhancers), 8_ZNF/Rpts

(ZNF gene & repeats), 9_Het (Heterochromatin), 10_TssBiv (Bivalent/Poised TSS),
11_BivFInk (Flanking Bivalent TSS/Enh), 12_EnhBiv (Bivalent Enhancer), 13 ReprPC
(Repressed PolyComb), 14_ReprPCWk (Weak Repressed PolyComb), 15_Quies
(Quiescent/Low). The enrichment p-value was obtained based on two-sided bino-
mial test in 1000 permuted samples. To address multiple testing, we employed a
Bonferroni-corrected significant threshold of p=2.22 x10™ (the horizontal
dashed line).

age: 57 years). Among all DMR-correlated proteins we identified,
63.5% (n=66) also showed were associated with prevalent asthma
in UKB (FDR < 0.05; Fig. 4, Supplementary Data 8).

Protein-protein interactions and pathway enrichments of the
DMR-correlated proteins

We derived protein-protein interaction (PPI) network from the STRING
database’® based on previous experimental evidence and co-
expression data (Supplementary Fig. 8). This network suggested that

many DMR-correlated proteins may interact with each other. For
instance, CEACAMS, AZU1, PRTN3, and MPO were significantly asso-
ciated with DNAm at the DMRs (FDR < 0.0005). These proteins were
also interconnected with each other through co-expression evidence,
suggesting shared biological functions. Similarly, MMP-9, OSM, and
HGF were interconnected with each other and also demonstrated
evidence for interacting with other cytokines (e.g., IL-6, IL1I2RB]I, IL18,
TNF) and chemokines (e.g., CCL3, MCP-1/CCL2) through the PPI net-
work. Additionally, we identified several pairs of known ligand-
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Fig. 3 | Association between DNAm at DMRs and circulating levels of proteins
(FDR < 0.0005) among infants hospitalized for bronchiolitis (n = 112). Rectan-
gular nodes are DMRs, with the color shade corresponding to number of proteins
the DMRs associated with. Oval nodes are proteins, with the color shade corre-
sponding to number of DMRs the protein associated with. Edges represent asso-
ciations between DMRs and proteins with a Benjamini-Hochberg FDR below 0.0005

chr17:9862752-9863081
(GAS7)

chr11:2920052-2920414
(SLC22A18AS)

27

PRTN3

chr22:44568725-44568913
(PARVG)

SH2D1A

| chr16:66400320-66400599
(CDHS)

[1 Asthma DMR

¢hr1:94057512-94057789
(BCAR3-AS1)

[1 Recurrent
wheezing DMR

[] DMR associated with
asthma and recurrent
wheezing

chr16:67233432-67233983
(ELMO3)

after adjusting for covariates. The thickness of the edges corresponds to the sta-
tistical significance of the association (obtained from linear regression, two-sided
test) calculated as average -logl0(P) of the DNAm-protein correlation across all CpG
sites within a DMR. Red edges show positive association. Blue edges show negative
association.

receptor interactions among the DMR-correlated proteins, including
IL-18 and IL-18BP, IL-33 and ST2, IL-12B and IL12RB1, TNF and TNF-R2/
TNFRSF1B, and TRAIL/TNFSF10 and TNFSFR10C.

The Gene Ontology (GO) pathway analyses for the 104 DMR-
correlated proteins revealed multiple significantly enriched bio-
logical and molecular pathways (FDR<O0.05; Supplementary
Data 9). Among the most significantly enriched pathways, several
were related to the migration, differentiation, and proliferation of
leukocytes or T cells. Other top enriched pathways included
positive regulation of cell-cell adhesion (FDR=7.36 x107), cel-
lular response to interferon-gamma (FDR=2.55x107"), cellular
response to interleukin-1 (FDR=9.73 x10™"), regulation of tumor
necrosis factor production (FDR=8.22x107°), and positive reg-
ulation of NIK/NF-kB signaling (FDR =1.95 x107%).

Mendelian randomization for the DMR-correlated proteins and
asthma-related outcomes

Utilizing protein quantitative trait loci (pQTLs) mapped in a recent
study in the Icelandic deCODE population®, we conducted a two-
sample mendelian randomization (MR) analysis to examine the causal
relationship between the DMR-correlated proteins and asthma and
lung function (FEVI/FVC) (Fig. 4, Supplementary Data 1,0). Notably,
we found evidence supporting putative causal effects (FDR < 0.05)
of plasma ST2 level on both asthma and FEVI/FVC through all
MR methods we applied. Our results revealed that a higher plasma
ST2 level may decrease the risk of asthma and increase lung function.
These results remained robust in the sensitivity analyses when
pQTLs derived from a recent UKB study” were used as the genetic
instruments (Supplementary Fig. 9, Supplementary Data 1,0), as well as
when an alternative asthma genome-wide association study (GWAS)

summary statistics were used in the MR analyses (Supplementary
Data 11).

We further investigated whether ST2 may have causal effects on
other asthma-related outcomes through MR. We found evidence
supporting causal relationships between plasma ST2 level and allergic
conditions, including allergic rhinitis and atopic dermatitis (Supple-
mentary Data 11).

Additionally, our MR analyses suggested potential causal effects
of plasma AGRP and CHI3L1 levels on FEVI/FVC when the deCODE
pQTLs were used as genetic instruments; however, we did not find
same results in the analysis using the UKB pQTLs (Supplementary
Data 10).

Associations of DNAm with ST2 protein in infant blood
Given the consistent MR evidence suggesting potential causal effects
of plasma ST2 protein level on asthma and related outcomes, we fur-
ther evaluated the association of DNAm at the S72 (also known as
ILIRLI) locus with ST2 protein level in infant blood (n=112, Supple-
mentary Data 12). Among 19 CpG sites at this locus included on the
EPIC array, DNAm at 6 CpG sites were significantly associated ST2
protein level after adjusting for key covariates (FDR < 0.05). When
further adjusting for estimated blood cell types, the positive associa-
tion between DNAm at c¢g17738684 (at distal promoter of S72) and the
ST2 protein remained statistically significant (FDR =3.06 x 107). Here
we note that DNAm at this CpG site was not associated with childhood
asthma or recurrent wheezing outcomes in our study sample (Sup-
plementary Data 12).

Additionally, at 8 DMRs associated with recurrent wheezing and/
or asthma, we observed correlations between DNAm and the ST2
protein level in infant blood (FDR<0.05, Supplementary Data 7).
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Fig. 4 | Putative causal relationships and phenotypic associations between were obtained using linear regression. The analyses to identify phenotypic asso-
DMR-correlated proteins and asthma-related outcomes. Evidence for the ciation in the MARC-35 cohort were conducted in a small subset of participants with
putative causal relationship was obtained using two-sample mendelian randomi- available data (recurrent wheezing: 57 cases, 50 non-cases; asthma: 50 cases, 59
zation (MR Egger, weighted median, inverse variance weighted (IVW), weighted non-cases).

mode) with pQTLs from deCODE as genetic instruments. Phenotypic associations
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These DMRs are  chrl:94057512-94057789  (BCAR3-ASI),
chrl1:2920052-2920414 (SLC22A18AS), chrll:124622096-124622444
(VSIG2), chr16:66400320-66400599 (CDHS), chrl7:2169522-2169852
(SMG6), chr17:6899085-6899758 (ALOX12), chr18:13611190-13611807
(LDLRAD4), and chr22:44568725-44568913 (PARVG).

Discussion

In a multi-ethnic cohort of infants with severe bronchiolitis, we con-
ducted EWAS and identified 61 differentially methylated regions
(DMRs) where DNAm levels in infant blood were associated with
recurrent wheezing by age 3 years and/or asthma by age 6 years. These
DMRs were enriched in the genic enhancer of neutrophils in peripheral
blood, and many of them demonstrated cell-type-specific associations
in deconvolution analysis. Furthermore, we identified 104 proteins
correlated with the DMRs in the same infant blood samples; among
these proteins, many also had phenotypic associations with respira-
tory outcomes. Leveraging pQTLs resources from two recent large
proteomics GWASs, we conducted mendelian randomization for the
DMR-correlated proteins. We reported putative causal effects of
plasma ST2 level on asthma, FEVI/FVC, and allergic conditions that
often comorbid with asthma. Lastly, we investigated the potential
epigenetic regulation at the S72locus and found significant association
between ST2 promoter DNAm and ST2 protein level in infant blood.

In this study, we focused on childhood recurrent wheezing and
asthma - two respiratory outcomes with substantially higher risk in
infants with severe bronchiolitis compared to the general pediatric
population®. While these two conditions are different, they share
similar symptoms and potentially overlapping pathobiology since
early-age recurrent wheezing often elevates the risk of later chronic
asthma®. Consistent with prior research in broader pediatric
populations”, we identified a DMR spanning the promoter region of
ALOX12 that exhibited differential methylation by both recurrent
wheezing and childhood asthma in infants with severe bronchiolitis.
Additionally, we identified two novel DMRs associated with both
recurrent wheezing and asthma, annotated to ZKSCANSPI and GNMT,
respectively. These three DMRs may offer valuable insights into the
shared etiological factors contributing to recurrent wheezing and
asthma in children. Of note, the DMR at ZKSCANSPI also harbors a
genetic variant associated with asthma in prior work®.

The most statistically significant recurrent wheezing DMR was
chr18:13611190-13611807 (LDLRAD4; Sidak p=1.08x107°), where a
lower DNAm was associated with an elevated risk, and the effect size
was larger among those with rhinovirus infection (Supplementary
Data 3; Supplementary Fig. 11). A previous study has linked the gene
expression of LDLRAD4, a known negative regulator of TGF- signaling,
to asthma severity”. In fact, existing evidence has suggested that
various molecular mechanisms, such as mircoRNA** and IFN-y
signaling”, regulate the TGF-B response during asthma development.
In the current study, we also observed correlation between IFN-y and
later respiratory outcomes, as well as between IFN-y and LDLRAD4
DNAm in infant blood. It is possible that TGF-f3 response is the shared
biological pathway underlying these observed associations, linking the
molecular features to subsequent recurrent wheezing outcome.
Future investigations are warranted to elucidate the complex reg-
ulatory functions across DNAm, IFN-y, and TGF-f signaling during
infancy that may contribute to later wheezing symptoms, especially
among high-risk individuals with rhinovirus bronchiolitis.

We leveraged potential interaction effect of rhinovirus infection
in the EWAS and uncovered additional DMRs, including
chr8:22132926-22133076 (PIWIL2) and chr12:130822256-130822605
(PIWILI). Specifically, the association of hypomethylation at PIWIL2
with recurrent wheezing was observed exclusively among those with
rhinovirus infection (Supplementary Data 3; Supplementary Fig. 10);
this association was likely driven by B cell-specific effects (Supple-
mentary Fig. 5). In contrast, the association between PIWIL1 DNAm and

recurrent wheezing seems to have opposite direction of effects
between rhinovirus infection status (Supplementary Data 3). Piwi-
interacting RNA (piRNA) is a class of small non-coding RNAs expressed
in human germline and somatic cells®®. These piRNAs interact with
PIWI proteins to form piRNA/PIWI complex, exerting regulatory
functions in gene silencing through transcriptional and post-
transcriptional mechanisms?. Recent studies have linked piRNA to
various respiratory diseases®. An experimental study found that
PIWIL2 downregulates TGF-B signal transduction and reduces lung
fibrosis”; another study reported change in piRNA expression in air-
way epithelial cells after respiratory virus infection®. In concordance
with the existing literature, our results further suggest that DNAm of
piRNAs may play a role in host response to rhinovirus infection during
infancy, contributing to the development of recurrent wheezing in
childhood.

Protein serve as the fundamental unit that executes various bio-
logical functions for health and disease development. In this study, we
leveraged the correlation between DNAm and circulating protein
levels to enhance the interpretation of our EWAS results. A recurrent
wheezing DMR (chr17:2169272-2169852) at the promoter region of
SMG6 correlated with 51 proteins in infant blood (Supplementary
Fig. 7; Supplementary Data 7). Additionally, an asthma DMR at CDHS5
(chr16:66400320-66400599) also displayed correlations with a large
number of proteins in infant blood (Supplementary Fig. 7; Supple-
mentary Data 7). We note here that the number of unique protein
correlations for each DMR did not correlate with the number of CpG
sites within the DMR (Pearson’s correlation r=0.09). SMG6 is an
endonuclease in the nonsense-mediated mRNA decay (NMD) pathway,
which can degrade erroneous transcripts and perform post-
transcriptional regulation?””. Cadherin 5 (CDH5) is a calcium-
dependent endothelial adhesion molecule with essential functions in
initiating Th2 inflammation and mediating airway remodeling®. Evi-
dence has linked CDHS to endothelial cell autophagy which keeps
neutrophil trafficking under control’. Notably, among 37 proteins
shared correlations with both the DMR at CDH5 and the DMR at SMG6,
many have known functions in neutrophil migration and degranula-
tion. These include Carcinoembryonic Antigen-Related Cell Adhesion
Molecule 8 (CEACAMS), Azurocidin (AZU1), Myeloperoxidase (MPO),
Myeloblastin (PRTN3), S100 Calcium-binding Protein A12 (S100A12/
EN-RAGE), and C-C Motif Chemokine Ligand 23 (CCL23)****. Con-
sistently, the DMRs we discovered were significantly enriched in the
enhancer region of neutrophils in peripheral blood (Fig. 2, Supple-
mentary Data 6). Altogether, these findings highlighted that neutrophil
activity during infancy may contribute to asthma etiology and this
process may be regulated by epigenetic mechanisms.

Leveraging the pQTLs resources from two largest plasma pro-
teomics GWAS to date (deCODE: N=35,559; UKB: N=46,595)""", we
performed MR analyses to explore the potential causal links between
the DMR-correlated proteins and asthma-related outcomes. Our
investigation, employing various MR methods, consistently indicated
that elevated level of circulating ST2 (also called soluble ST2 or
interleukin-1 receptor-like 1a, ILIRL1-a) likely reduces the risks of
asthma and allergic diseases and improves lung function. We note that
in the main MR analyses where pQTLs from the deCODE study were
used as instruments, there were no overlapping participants between
the outcomes GWASs and the pQTLs GWAS. In the sensitivity analysis
where pQTLs from the UKB study were used as instruments, less than
10% of the study population in the outcome GWAS were included in the
pQTLs GWAS. However, given this small proportion, the bias in the
two-sample MR results due to overlapping UKB participants should be
minimal (<1%)*. ST2 is a member of the interleukin-1 superfamily and
plays crucial roles in immune responses®. Its soluble isoform binds to
extracellular interleukin-33 (IL-33), lowering the concentration of IL-33
available for interacting with the corresponding transmembrane
receptor (ST2L, also called ILIRL1-b), thereby attenuating the pro-
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inflammatory cascade”. Previous research based on a smaller pQTLs
GWAS discovery (N =21,758) reported MR evidence for the protective
effects of plasma ST2 against asthma and allergic rhinitis®*®. Our results
provided compelling evidence to corroborate these findings. We
emphasize that the MR findings should be interpreted with caution, as
this statistical method relies on several assumptions. Downstream
validation experiments are necessary to confirm the putative causal
relationships suggested by the MR analyses.

Previous genetic studies have identified single nucleotide poly-
morphisms (SNPs) at the /LIRLI(ST2) locus associated with childhood
wheezing phenotypes®, as well as correlations between these SNPs
and /LIRLI mRNA and protein expression in the airway epithelium of
asthma patients*’. The present analyses further revealed novel asso-
ciations between DNAm at multiple DMRs in relation to childhood
respiratory outcomes and circulating ST2 level in infants with severe
bronchiolitis. In addition, we identified a CpG site (cgl7738684) in the
distant promoter of ST2, where DNAm was associated with ST2 protein
level in infant blood, independent of key covariates and blood cell type
composition. This contrasts with a previous study reporting no such
association in children’s blood". This discrepancy may be explained by
differences in population characteristics. Specifically, in our study, all
participants were infants experiencing acute bronchiolitis at the time
of blood draw, whereas in the prior study, the blood samples were
collected from children aged 4-5 years without acute infection*. In
fact, we previously reported that DNAm changes related to infant
bronchiolitis severity were enriched in interleukin-1 mediated signaling
pathway®. Continued research is imperative to elucidate the mechan-
ism and timing through which epigenetics influences the cellular
responses related to ST2 and interleukin-1 signaling, and the sub-
sequent effects on asthma development. While genetic data analysis is
beyond the scope of the current study, future investigation into whe-
ther the differential methylation at ST2 reflects genetic susceptibility
to childhood asthma would offer valuable insights into the underlying
biological mechanisms. With ongoing clinical trials investigating the
efficacy of drugs targeting the ST2-IL33 pathway in treating adult
respiratory diseases”, these insights are valuable for identifying and
prioritizing high-risk children for preventive and therapeutic inter-
ventions in forthcoming studies.

In this study, we adopted a regional-based approach to detect
differential methylation, recognizing that methylation levels are gen-
erally highly spatially correlated along the DNA sequence as a result of
the processivity of DNA methyltransferases and other enzymes mod-
ifying the epigenome*2. Comparing to analysis detecting differential
methylation at individual CpG sites, the regional analysis provided
advantages such as reducing the burden of multiple testing by
removing spatial redundancy and enhancing the robustness and
functional relevance of the results*’. In addition, we applied the
SmartSVA method” to address cell type heterogeneity and batch
effects. This method has been shown to adequately account for cell
type heterogeneity in EWAS, reducing false positive while preserving
statistical power*’, We conducted additional sensitivity analysis by
adjusting for the estimated cell type proportions as covariates and
found that the majority of the DMRs remained statistically significant
(Supplementary Data 13). This suggests that the SmartSVA approach
used in our primary analysis effectively accounted for potential con-
founding by cell type composition. Future studies should aim to col-
lect direct measurements of blood cell metrics in infants alongside
DNAm profiling to better capture cell type heterogeneity across sam-
ples, as the DNAm-based blood cell composition estimates are only
approximations of the true values. Last, we used a relatively stringent
significance threshold (Sidak p-value < 0.01) for calling DMRs to con-
trol type I error. Indeed, among the DMRs identified in our study, many
are proximal to genes previously associated with asthma etiology,
reinforcing the biological relevance of our findings. We performed an
ad hoc permutation analysis by randomly shuffling the case/non-case

labels for the outcomes. While the number of positive findings in the
permuted datasets (6-8 DMRs) was significantly lower than that in our
main analysis (20-24 DMRs from linear regression or LRT), it is still not
negligible. This suggests that our current statistical models may not
yet be optimally calibrated. Therefore, it is important to emphasize
that our findings warrant replication in future studies.

This study has potential limitations. First, despite controlling key
covariates and cell type heterogeneity in the EWAS, confounding due
to unmeasured variables was possible given the observational design.
However, since DNAm was measured many years before the respira-
tory outcomes, our results were less likely to be confounded by
exposures after infancy. Second, while several DMRs in our study
showed interaction with rhinovirus infection, we were unable to
determine if DNAm contributed to infants’ susceptibility in response to
rhinovirus exposure, or if DNAm and rhinovirus infection had syner-
gistic effects on asthma risk through independent biological pathways.
Third, we were unable to establish temporal relationships between
DNAm and protein levels. It is possible that the observed DMR-protein
correlations reflect some underlying disease processes that lead to
changes in both DNAm and protein levels. This may also explain why
only a few DMR-associated proteins had support from MR evidence for
their effects on asthma-related outcomes. Since the DMRs associated
with proteins were not in the genetic regions coding for the proteins, it
is also possible that the DNAm reflects a downstream effect of changes
in protein levels. Future studies should collect appropriate data to
elucidate these relationships. Last, all our study participants were
infants with severe bronchiolitis, which was not representative of the
general pediatric population. Moreover, data to distinguish different
phenotypes/endotypes of recurrent wheezing and asthma cases was
unavailable. Future investigations should evaluate the generalizability
of our results to other populations and specific disease subtypes.

In summary, in a multi-ethnic cohort of infants with severe
bronchiolitis, we discovered multiple novel genomic regions where
DNAm in infant blood was prospectively associated with recurrent
wheezing and/or asthma in childhood. By integrating epigenome-wide
methylation, proteomics, and existing multi-omics resources, our
analyses highlighted biological pathways (e.g., TGF-f3 signaling) and
effector cell types (e.g., neutrophils) that likely play critical roles dur-
ing the early stages of asthma development. Furthermore, we provided
consistent evidence to support potential causal effects of plasma ST2
level on asthma and related traits and reported DNAm changes in
infant blood relevant to this emerging therapeutic target. Overall, our
findings advance current understanding of asthma etiology and may
pave the way for the development of early interventions to prevent
asthma.

Methods
Study design, setting, and participants
The institutional review board at each participating hospital approved
the study, with written informed consent obtained from the parent or
guardian. Details of the participating hospitals can be found in Sup-
plementary Data 14.

The study design and analysis workflow are summarized in Fig. 1.
We conducted analysis using data from the 35th Multicenter Airway
Research Collaboration (MARC-35) study*’. Detailed information
regarding the study design, setting, and participants can be found in
the Supplementary Information. Briefly, MARC-35 is a multicenter
prospective cohort study enrolling infants (age <1 year) hospitalized
for bronchiolitis (severe bronchiolitis) during three consecutive
bronchiolitis seasons, spanning from 2011 to 2014, across 17 medical
centers located in 14 U.S. states (Supplementary Data 14). The diag-
nosis of bronchiolitis was made by attending physicians and defined as
an acute respiratory illness characterized by a combination of rhinitis,
cough, tachypnea, wheezing, crackles, or retraction, according to the
American Academy of Pediatrics bronchiolitis guidelines®. Infants with
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preexisting heart or lung disease, immunodeficiency, immunosup-
pression, or a gestational age of <32 weeks were excluded. All enrolled
participants received treatment at the discretion of their attending
physicians.

A total of 921 infants were enrolled in the longitudinal MARC-35
cohort. For the current analysis, we limited our study population to
participants who had data on DNAm in infant blood and at least one of
the following outcomes: recurrent wheezing by age 3 years (n=488,
170 cases, 318 non-cases) or asthma by age 6 years (n =506, 112 cases,
394 non-cases) (Supplementary Fig. 1).

Data and sample collection

Participant’s demographic data, including sex assigned at birth, age,
and parent-reported race and ethnicity, as well as clinical data,
including family, environmental, and medical history, and details
of the acute illness, were collected via structured interview and med-
ical chart reviews using standardized protocol*. Following the
initial hospitalization at enrollment, trained study personnel initiated
telephone interviews with parents/legal guardians at six-month inter-
vals, complemented by medical record evaluations conducted
by physicians. All collected data were reviewed at the Emergency
Medicine Network (EMNet) Coordinating Center at Massachusetts
General Hospital (Boston, MA, USA)*. Whole blood samples and
nasopharyngeal airway samples were collected within 24 h of hospi-
talization by trained study personnel at each site following standar-
dized protocols established in previous studies*®. Details regarding the
data and sample collection can be found in the Supplementary
Information.

DNA methylation profiling and quality control

Epigenome-wide DNAm was profiled in the blood samples using the
Illumina Infinium MethylationEPIC BeadChip (Illumina, San Diego, CA).
To ensure the quality of the DNAm data, we applied multiple sample-
level and probe-level quality control (QC) filters (Supplementary Fig. 1,
Supplementary Fig. 2) following the established data preprocessing
pipeline in the R/Bioconductor package minfi*’. Details of DNA
extraction and methylation QC are described in the Supplementary
Information and our recent study®. Following the QC steps, we applied
the single-sample normal-exponential using out-of-band probes
(ssNoob) procedure to correct background and dye bias*’. The current
analysis was restricted to probes on chromosomes 1-22 and X.

Proteomics data measurement and quality control

Levels of circulating proteins were profiled in infant blood samples
using the Olink multiplex platform (Olink Bioscience, Uppsala, Swe-
den). We added internal and external control samples and conducted
data QC using the OlinkAnalyze R package*®. The expression value of
each protein was normalized to a unit on the log, scale (Normalized
Protein eXperssion, NPX value), which is proportional to the protein
concentration. Details of proteomics profiling and QC are described in
the Supplementary Information and our previous study*’. The current
analysis included 345 unique proteins measured on four Olink panels:
Immune Response, Inflammation, Cardiovascular II, Cardiovascular IIl.
These proteins are relevant to inflammation or immune functions and
are considered most relevant to asthma development.

Outcomes

The clinical outcomes of interest are (i) recurrent wheezing by age 3
years and (ii) asthma by age 6 years. Specifically, recurrent wheezing
was defined as having at least 2 corticosteroid-requiring exacerbations
in 6 months or having at least 4 wheezing episodes in 1 year that last at
least 1 day and affect sleep, according to the 2007 National Institutes of
Health (NIH) asthma guidelines®. Asthma was defined based on a
commonly used epidemiologic definition®: physician diagnosis of
asthma by age 6 years with asthma medication use (e.g., inhaled

corticosteroids) or asthma-related symptoms (e.g., wheezing, noctur-
nal cough) in the preceding year.

Identification of Rhinovirus infection

The frozen nasopharyngeal samples were first shipped to Baylor Col-
lege of Medicine (Houston, TX, USA) for identification of rhinovirus
viruses. Complementary DNA was generated using a rhinovirus-
specific primer, and then a two-step real-time polymerase chain reac-
tion (PCR) was performed. The details of the primer and probe have
been described elsewhere>.

Statistical analysis
Identifying differentially methylated regions (DMRs). The analytical
workflow is summarized in Fig. 1. We followed a two-step approach to
identify DMRs for recurrent wheezing and asthma outcomes, respec-
tively. For each outcome, we first examined the associations between
the outcome and individual CpG sites using linear regression model
and an additional likelihood ratio test with 2 degree-of-freedom (LRT-
2df) that leveraged interaction effect by rhinovirus infection to
increase power. In the linear regression model, we regressed the
DNAm M-value (a logit-transformation of the %¥DNAm level) on the
outcome (recurrent wheezing or asthma), adjusting for covariates and
surrogate variables. We applied the empirical Bayes approach® to
linear regression to obtain robust estimates of standard error and p-
value. The LRT-2df model assessed the overall association of DNAm
with the outcome (Hg: outcome main effect and outcomexrhinovirus
infection interaction are both zero). In both the linear regression and
the LRT-2df models, we adjusted the following covariates: participants’
sex, age at hospitalization, race/ethnicity, insurance type, maternal
age, maternal asthma, and maternal smoking during pregnancy.
Additionally, surrogate variables were estimated using the R package
“SmartSVA”* and were adjusted in both models. SmartSVA conducts
robust reference-free adjustment of cell mixture and correction for
technical batches in EWAS and can control the type I error well while
preserving power®, In the second step, we applied the comb-p
method®* to combine spatially correlated p-values and identify geno-
mic regions showing consistent evidence for association with the
respiratory outcome across multiple CpG sites (details see Supple-
mentary Information). We provided the p-values at individual CpG
sites from the linear regression and the LRT-2df models to the comb-p
algorithm, respectively. DMRs were determined as those with a Sidak
p<0.01 (corrected for multiple testing) and at least 5 CpG sites. For
DMRs identified by the LRT-2df model, we obtained the nominal p-
value for the outcome x rhinovirus interaction at each CpG site.
Annotations for the DMRs were retrieved from the EPIC manifest
file and UCSC genome browser (GRCh37/hgl9). Evidence for chro-
matin accessibility was obtained by identifying the overlap between
the DMRs and an ATAC-seq peak reference data measured in human
peripheral blood mononuclear cells (PBMCs) from a healthy donor®.

Cell-type specific effect through deconvolution. To examine if the
associations at the DMRs were driven by specific cell types, we applied
the CellDMC algorithm®, which uses a deconvolution approach to
detect cell type specific differential methylation. We first inferred the
proportions of seven blood cell types (B cells, NK cells, CD4 T cells,
CD8 T cells, monocytes, neutrophils, eosinophils) using the DNAm
data and an established reference-based algorithm®, and then esti-
mated the DNAm differences by the outcome status that were specific
to each blood cell type. These analyses were conducted using the R
package “EpiDISH” for 474 CpG sites within the DMRs.

Cell-type specific enrichment in chromatin states. We further
investigated the enrichment of the DMRs in specific chromatin states
across 15 human peripheral blood cell populations using eFORGE 2.0%%,
For each cell type, we tested the enrichment in 15 chromatin states
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inferred from histone modification marks and consolidated by the
Roadmap Epigenomics Consortium’®. In this analysis, we applied a 1-kb
proximity filter to the CpG sites within the DMRs and adjusted for the
background CpG sites included on the EPIC array (details see Supple-
mentary Information). To address multiple testing, we employed a
Bonferroni-corrected significance threshold (p=2.22 x107™*).

Linking circulating proteins levels to the DNAm in infant blood. In a
subset of our study participants with available proteomics data
(n=112), we used linear regression models to examine the association
between DNAm and levels of circulating proteins, controlling the same
covariates as above. This analysis was run for each CpG-protein pair
from the 474 CpG sites (within DMRs) and 347 proteins. False dis-
covery rate (FDR) was calculated using the Benjamini-Hochberg pro-
cedure. Proteins correlated with any CpG site with an FDR < 0.05 were
considered as DMR-correlated protein and included in downstream
analyses.

For these proteins, we used adjusted linear regression to investi-
gate whether the protein levels in infant blood were associated with
subsequent recurrent wheezing (n=107) and asthma (n=109) out-
comes within the MARC-35 cohort. In addition, we compared our
findings to a recent publication” from UKB to explore the relationship
between these proteins and prevalent asthma in a larger population.

In addition, we focused on 19 CpG sites at the ST72 locus
(chr2:102926502-10296819) on the EPIC array and evaluated the
association of DNAm with ST2 protein level in infant blood (details see
Supplementary Information).

Protein-proteins interaction (PPI) network and pathway enrichment
analysis. We leveraged the publicly available database STRING'® to
construct a PPI network for the DMR-correlated proteins based on the
following types of existing evidence: (1) PPl from curated databases, (2)
experimentally determined PPI, (3) Protein co-expression, and (4)
Protein homology.

Furthermore, we performed Gene Ontology (GO) pathway
enrichment analysis for DMR-correlated proteins using R/Bio-
conductor package “STRINGdb™®, We calculated Benjamini-Hochberg
FDR within each category. Given the Olink protein panel was designed
for immune-related functions, we calculated permutation p-values for
the enriched pathways to mitigate the impact of proteins selection on
the pathway enrichment results. Details of the permutation test are
described in Supplementary Information. We restricted pathways with
30-300 background proteins to eliminate pathways with either too
specific or too broad functional annotations.

Mendelian randomization (MR) for DMR-correlated proteins. We
conducted two-sample MR analysis to investigate the potential causal
relationship of all DMR-correlated proteins on asthma®® and FEV1/
FVC®® using GWAS summary statistics. Leveraging recent large-scale
GWAS for plasma proteomics from deCODE (SomaScan platform)™
and UKB (Olink platform)”, we obtained a list of genome-wide sig-
nificant cis- and trans-pQTLs as candidates for the genetic instruments.
After clumping and selection of instruments (details see Supplemen-
tary Information), we applied four MR methods (MR-Egger, inverse
variance weighted, weighed median, weighted mode) to proteins with
at least 3 pQTLs using R package “TwoSampleMR”. Benjamini-
Hochberg FDR was calculated to correct for multiple testing. Addi-
tionally, we conducted two-sample MR analysis to further examine the
potential causal relationship of ST2 protein level on other allergy-
related traits (allergic rhinitis, atopic dermatitis, serum IgE level)®* .
All statistical tests included in the current study are two-sided.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw data generated in this study have been deposited to the NIH/
NIAID ImmPort database under Accession ID SDY2306 The raw data is
available under restricted access to ensure compliance with the
informed consent forms of the MARC-35 study and the genomic data
sharing plan. Requests for access can be made by directly contacting the
corresponding author. The expected timeframe for response and the
duration of access is subject to the data sharing policy of the NIH/NIAID
ImmPort database. The EWAS summary statistics are available at http://
lianglab.rc.fas.harvard.edu/AsthmaWheezingEWAS/. All other data are
publicly available through the original studies’ website. The EPIC array
manifest file is available at https://support.illumina.com/downloads/
infinium-methylationepic-vl-O-product-files.html. Annotation informa-
tion from UCSC genome browser is available at https://genome.ucsc.
edu/. The ATAC-seq peak reference data in human PBMCs can be
downloaded from https://www.10xgenomics.com/datasets/pbmc-from-
a-healthy-donor-no-cell-sorting-10-k-1-standard-2-0-0. The chromatin
states data from the NIH Roadmap Epigenomics Project is available at
https://egg2.wustl.edu/roadmap/web_portal/index.html. The STRING
protein-protein-interaction data is available at https://string-db.org/.
The deCODE pQTLs GWAS summary statistics is available at https://
www.decode.com/summarydata/. The UKB pQTLs GWAS summary
statistics is available at https://metabolomips.org/ukbbpgwas/. The
GWAS summary statistics for asthma, FEVI/FVC, and other outcomes
can be downloaded from https://gwas.mrcieu.ac.uk/ (accession num-
bers: GCST90014325, GCST007431, GCST90018795, GCST005038,
GCST90038664, GCST90027161, GCST90027161).

Code availability

The DNA methylation data pre-processing was conducted using the R/
Bioconductor package minfi v144.0 (https://bioconductor.org/
packages/release/bioc/html/minfi.html). The epigenome-wide linear
regression models were implemented using the R package meffil v1.3.6
(https://github.com/perishky/meffil). The epigenome-wide likelihood
ratio tests were conducted using the R package Imtest v0.9.40 (https://
cran.r-project.org/web/packages/Imtest/index.html). The cell type and
batch control in EWAS was conducted by the R package SmartSVA
v0.1.3 (https://cran.r-project.org/web/packages/SmartSVA/index.html).
The region-based analyses were performed using comb-p v0.50.6
(https://github.com/brentp/combined-pvalues). The blood cell type
deconvolution analysis was performed using the R/Bioconductor
package EpiDISH v2.14.1 (https://github.com/sjczheng/EpiDISH/tree/
master). The DMR chromate states enrichment analysis was per-
formed using eFORGE v2.0 (https://eforge.altiusinstitute.org/). The
proteomics data pre-processing was conducted using R package Olin-
kAnalyze v3.3.1 (https://github.com/Olink-Proteomics/OlinkRPackage).
The protein GO pathway enrichment analysis was performed using R/
Bioconductor package STRINGdb v2.10.1 (https://www.bioconductor.
org/packages/release/bioc/html/STRINGdb.html). The two-sample
mendelian randomization was conducted using R package TwoSam-
pleMR v0.5.10 (https://mrcieu.github.io/TwoSampleMR/).
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