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ORIGINAL RESEARCH

CEACAM3 decreases asthma exacerbations and
modulates respiratory syncytial virus latent infection

in children

Ching-Hui Tsai,"* Ann Chen Wu,? Bor-Luen Chiang,* Yao-Hsu Yang,* Shih-Pin Hung,’

Ming-Wei Su,’ Ya-Jen Chang," Yungling L Lee

ABSTRACT

Background Respiratory syncytial virus (RSV) is
associated with childhood asthma. Nevertheless, not
all children exposed to RSV develop asthma symptoms,
possibly because genes modulate the effects of RSV on
asthma exacerbations.

Objective The purpose of this study was to identify
genes that modulate the effect of RSV latent infection on
asthma exacerbations.

Methods We performed a meta-analysis to investigate
differentially expressed genes (DEGs) of RSV infection
from Gene Expression Omnibus datasets. Expression
quantitative trait loci (eQTL) methods were applied to
select single nucleotide polymorphisms (SNPs) that were
associated with DEGs. Gene-based analysis was used
to identify SNPs that were significantly associated with
asthma exacerbations in the Taiwanese Consortium of
Childhood Asthma Study (TCCAS), and validation was
attempted in an independent cohort, the Childhood
Asthma Management Program (CAMP). Gene—RSV
interaction analyses were performed to investigate the
association between the interaction of SNPs and RSV
latent infection on asthma exacerbations.

Results A total of 352 significant DEGs were found
by meta-analysis of RSV-related genes. We used 38123
SNPs related to DEGs to investigate the genetic main
effects on asthma exacerbations. We found that eight
RSV-related genes (GADD45A, GYPB, MS4A3, NFE2,
RNASE3, EPB41L3, CEACAM6 and CEACAM3) were
significantly associated with asthma exacerbations

in TCCAS and also validated in CAMP. In TCCAS,
rs7251960 (CEACAMS3) significantly modulated the
effect of RSV latent infection on asthma exacerbations
(false-discovery rate <0.05). The rs7251960 variant was
associated with CEACAM3 mRNA expression in lung
tissue (p for trend=1 2x1077). CEACAM3 mRNA was
reduced in nasal mucosa from subjects with asthma
exacerbations in two independent datasets.
Conclusions rs7251960 is an eQTL for CEACAM3,
and CEACAM3 mRNA expression is reduced in subjects
experiencing asthma exacerbations. CEACAM3 may

be a modulator of RSV latent infection on asthma
exacerbations.

INTRODUCTION

Asthma is the most common chronic disease among
children,’ and respiratory tract infections can
trigger asthma symptoms.” ®> Respiratory syncytial
virus (RSV) has been recognised as a major cause
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What is the key question?

» Do genetic variants modulate the effects of
respiratory syncytial virus (RSV) latent infection
on asthma exacerbations in children?

What is the bottom line?

» We found that rs7251960 (CEACAM3) modifies
the effects of RSV latent infection on asthma
exacerbations. We also identified eight RSV-
related genes (GADD45A, GYPB, MS4A3, NFE2,
RNASE3, EPB41L3, CEACAM6 and CEACAM3)
that are significantly associated with asthma
exacerbations.

Why read on?

» To our knowledge, this is the first study
to examine the interaction of gene—RSV
latent infection on asthma exacerbations
on a transcriptome-wide scale. Linking gene
expression profiles to a gene—RSV interaction
model may provide biological insight on
the pathogenesis and treatment of asthma
exacerbations.

of respiratory tract infections*® and is associated
with asthma exacerbations and failure to respond
to asthma medications.”™'” Nocturnal wheezing and
speech-limiting severe wheezing are indicators of
asthma exacerbations, which require short-acting
beta-agonists (eg, albuterol), oral corticosteroid
bursts, emergency department visits or hospital-
isations.'' '* Although severe RSV infection during
early life is associated with wheezing and asthma in
later childhood, ™" little is known about the effects
of the risk of asthma exacerbations when infected
by RSV. Host genetics may explain why some chil-
dren experience severe asthma exacerbations in the
setting of RSV infection, while others do not.
Studies have examined changes in gene expres-
sion with respect to the pathophysiology of RSV
infection,’®?! and Brand et al'’ reported that
OLFM#4 expression is significantly increased during
the acute phase of RSV infection compared with the
recovery phase. Other studies demonstrated that
interferon-related genes are overexpressed in chil-
dren infected with RSV'® 8; however, these studies
focused on healthy populations and not individuals
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with asthma. Furthermore, some genes associated with RSV
infection, including IL-10, TGFB1 and ADAM33, are linked to
an increased risk of asthma." Nevertheless, the aforementioned
studies used candidate gene approaches. Although researchers
can gain insight from investigating the interaction of candi-
date genes and exposure to RSV, novel genetic variants might
be missed. Most genome-wide gene—environment interaction
studies are underpowered to detect significant genetic variants
and lack information on the mechanisms involved.?? Therefore,
assessing genome-wide gene expression profiles in response to
viruses of interest to select potential gene targets may help eluci-
date gene-environment interactions. To the best of our knowl-
edge, no studies have used a two-step integrative approach on a
transcriptome-wide scale to examine the role of gene—RSV inter-
actions on asthma exacerbations.

The objective of this study was to identify SNPs that modu-
late the effect of RSV infection on asthma exacerbations on a
transcriptome-wide scale. We also aimed to investigate the
associations between SNPs, genes and asthma exacerbations
in multiple populations. Linking gene expression profiles to a
gene—RSV interaction model may provide biological insight on
the nature of asthma exacerbations.

MATERIALS AND METHODS

Target genes and SNPs selection

Meta-analysis of RSV-related genes

Five gene expression studies that included RSV-related genes were
identified through Gene Expression Omnibus (GEO; https://
www.ncbi.nlm.nih.gov/geo/) using the search terms ‘RSV’ and
‘blood” (online supplementary). The RankProd method* ** from
OMics Compendia Commons (OMiCC, https://omicc.niaid.nih.
gov/) was used to identify differentially expressed genes (DEGs)
by integrating multiple array platforms to detect genes that were
consistently ranked highly in multiple studies. Briefly, we created
comparison group pairs (CGPs) where each CGP comprises
two conditions of gene-expression profiles (eg, RSV infection
vs healthy controls) in each study. After CGPs were defined,
the quantile normalisation and Limma® procedures were used
to calculate expression differences between RSV infected and
healthy controls in each study. Meta-analysis was performed
using the RankProd* ** method to convert fold-change value
into ranks within a CGP. Then, a rank product was calculated
for each gene across the CGPs. Lastly, p value and false-discovery
rate (FDR) were calculated based on permuted expression value.
DEGs were considered significant if they had a FDR less than
0.05 to account for multiple testing. Additionally, we visualised
gene expression values across studies by using hierarchical clus-
tering with heatmap.2 function of gplots.*® Normalised gene
expression values were calculated with the Combat module from
sva package? to adjust for studies with varying gene expression
values.

Expression quantitative trait loci (eQTL) analysis and SNP
identification

We used whole blood datasets from Genotype-Tissue Expres-
sion (GTEx, Vép release) to find genetic variants related to
gene expression. The detailed procedure for the eQTL anal-
ysis is found on the GTEx website (https://www.gtexportal.org/
home/). Cis-regulating SNPs were defined as the SNPs within a
region bounded by 10°bp distance from both ends of the tran-
scrition start site of each gene. Significant SNP-gene pairs (cis-
eQTLs, FDR<0.05) from GTEx were included. SNPs located
in the gene range +5 kb were also included in the present study

because we considered SNPs within transcription start sites,
promoter regions, exons and introns to potentially regulate gene
expression.?®

Discovery population

The discovery population was the Taiwanese Consortium of
Childhood Asthma Study (TCCAS), a consortium-based study
for childhood asthma, comprising of several paediatric study
populations in Taiwan. We recruited children with asthma from
outpatient paediatric clinics. Inclusion criteria included asthma
diagnosed by an asthma specialist and onset of asthma at age
less than 10 years. To minimise the heterogeneity of the study
population, exclusion criteria included cancer; major immuno-
logical diseases, such as systemic lupus erythematosus, Henoch-
Schonlein purpura; rare hereditary diseases, such as type I
diabetes or Marfan syndrome; or severe infection.

DNA preparation and genotyping

DNA was extracted from peripheral blood using the QIAamp
DNA mini kit (QIAGEN Inc, Catalog No. 51104). Whole-
genome genotyping was performed using the Affymetrix Axiom
Genome-Wide CHB 1 Array Plate. Genotype imputation was
performed using IMPUTE2,%’ and individuals from phase 3 of
the 1000 Genomes Project were used as reference. We excluded
the imputed SNPs with R? values <0.3. Markers were excluded
if minor allele frequencies were less than 0.01, or call rates were
less than 95%. We removed one individual from each pair with
an identity by descent (IBD) >0.1875, which is halfway between
the expected IBD for third-degree and second-degree relatives.*
The total genotyping rate in the remaining individuals was 0.99.

RSV latent infection measurement

We used a commercial ELISA kit to assess the units of IgM anti-
bodies (Arigo, ARG80601) to RSV following the manufacturer’s
protocol. In order to eliminate interference from hyperimmune
levels of IgG, sera were pretreated with anti-IgG. Samples
containing more than 12 units of IgM were considered positive,
as suggested by the manufacturer’s instructions.’’ In addition
to RSV infection, we measured RSV-specific IgE to distinguish
subjects with and without sensitisation to RSV (online supple-
mentary). An optical density reading of two SDs above the
average control values was defined as positive sensitisation to
RSV’ Samples from 46 non-asthmatic controls were measured
to calculate the cut-off point, and the mean was 0.22 and SD
was 0.18.

Definition of asthma outcomes

We collected information on asthma outcomes by interview
from children and their parents or guardians at the time of
recruitment in TCCAS. An asthma exacerbation was defined as
answering ‘yes’ to one of the following questions: ‘Do you (Does
this child) ever have any nocturnal wheezing and cough during
the past 2 weeks?” or ‘Do you (Does this child) ever have any
speech-limiting severe wheezing and shortness of breath during
the past 2 weeks?’** Pulmonary function tests were performed
by fully trained technicians using a spirometer (Chestgraph
HI-101, CHEST M.I., INC). Each subject performed three satis-
factory exhalation manoeuvres in which the two highest values
for the FVC values and the two highest FEV, values were consis-
tent within 150 mL, extrapolation volume was less than 150 mL
or 5% of FVC and forced expiratory time exceeded 6s. These
criteria were based on American Thoracic Society and European
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Genome-wide transcriptome of RSV infection
352 differentially expressed genes
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Figure 1  Flow chart showing study design and results. CAMP,
Childhood Asthma Management Program; CEACAM3, carcinoembryonic
antigen-related cell adhesion molecules 3; DEGs, differentially expressed
genes; eQTL, expression quantitative trait loci; GEO, Gene Expression
Omnibus; GTEx, Genotype-Tissue Expression; RSV, respiratory syncytial
virus; TCCAS, Taiwanese Consortium of Childhood Asthma Study.

Respiratory Society recommendations, updated in 2005 and
modified for children.**

Validation population

The Childhood Asthma Management Program (CAMP) was a
clinical trial that followed 1014 children ages 5-12 years with
mild-to-moderate asthma for 4years.®® Participants provided
DNA for genetic analysis, and informed consent was obtained.
Clinical biomarkers were measured at baseline; spirometry,
bronchial hyper-responsiveness and asthma exacerbations were
recorded both at baseline and at each follow-up visit. In this
study, we included 833 subjects who had whole-genome geno-
typing data and asthma exacerbation outcomes. Genome-wide
SNP genotyping was performed using the HumanHap550v3
Genotyping BeadChip (Illumina). Imputation was performed
on the basis of 1000 Genomes Project as previously described.*®
The children or their parents or guardians completed diary cards
that recorded asthma outcomes each day.** Diary cards were
included in the analysis if the subject completed at least 24 days
of entries for a 28-day period. In CAMP, asthma exacerbations
were defined as answering ‘yes’ to one of the following questions
between study recruitment and the 2-month follow-up visit:
‘wheezing-induced nocturnal awakenings at least once a month’
and ‘limitation of activity due to asthma at least once a month’.

Statistical analyses

We used logistic regression with both dominant and additive
genetic models to investigate the effects of the SNPs on asthma
exacerbations. Models were adjusted for age, sex, asthma medi-
cation use, body mass index (BMI) and the first two principal
components in TCCAS. Asthma medications studied included
inhaled corticosteroid with or without a long-acting B2-ago-
nist used within 2weeks of the time of recruitment. We used
gene-based analysis to identify SNPs that were significantly asso-
ciated with asthma exacerbations, and empirical p values were

calculated with 1000 permutations using the set-test method
in PLINK.?” Statistics from a set of SNPs (single association p
value <0.05) within or close to a gene were aggregated. Only
SNPs having r* <0.5 with each other were retained for each
gene to account for the linkage disequilibrium (LD) among
SNPs. Validation was performed in CAMP if the SNP asso-
ciation in TCCAS showed a permutation p value of less than
0.0S. Fisher combined p values were calculated using the sum
of logs method from two cohorts with the same direction of
effects. To account for multiple comparisons, FDR adjustments
were fitted to estimate the effects of SNPs on asthma exacerba-
tions. Likelihood ratio tests were used to detect the interaction
between SNPs and RSV latent infection on asthma exacerbations
in TCCAS, and FDR adjustments were also used for multiple
comparisons. The interaction model was specified as follows:
asthma exacerbation=SNP (dominant or additive model)+RSV
latent infection (no/yes)+SNP*RSV latent infection+covariates.
Covariates included age, sex, asthma medication use, BMI, RSV
sensitisation and the first two principal components. Analyses
were completed with the software packages PLINK 1.9 (https://
www.cog-genomics.org/plink/1.9)** and RStudio.”

eQTL, mRNA analyses and ENCODE analysis of target SNPs
We investigated the target SNPs for association with mRNA
levels in lung tissue by using the results of the eQTL analysis
from the GTEx database and the TCCAS cohort. To determine
the expression of CEACAM3 in nasal epithelial samples from
subjects with asthma, we used two gene expression datasets from
the GEO resource. The GSE19190"° dataset includes Affyme-
trix Human Gene 1.0 ST Array data for six uncontrolled and
seven controlled asthma subjects. We also used the GSE46171*!
dataset, which includes Agilent Whole Human Genome 4 x44K,
for 10 asthmatics with exacerbations and 24 asthmatics without
exacerbations. To provide insight on the functional regulation of
SNPs and mechanism of disease, we investigated significant SNPs
using the HaploReg* and the deep-learning functional predic-
tion resource DeepSEA™ (online supplementary).

RESULTS

The results are summarised in figure 1. From GEO, we found five
RSV genome-wide gene expression datasets with seven gene lists
(table 1). Meta-analysis identified 352 DEGs after FDR correc-
tion (FDR<0.05), of which 323 were upregulated and 29 were
downregulated with a fold change >1.5 (online supplementary
figure S1). A full list of the 352 DEGs, sorted by mean log2 fold
change are shown in online supplementary table S1 and S2. The
heatmap of the 352 DEGs across studies is shown in figure 2.

We extracted eQTLs from whole blood in the GTEx dataset,
and 8090 cis-eQTLs were associated with 352 RSV-related
genes. In order to increase the discovery of SNPs related to RSV,
SNPs within a region of 5kb of the gene were also included. We
investigated the genetic effects of a total of 38 123 RSV-related
SNPs on asthma exacerbations. Finally, we studied the validated
SNPs in the gene-RSV interaction analysis. The summary of
RSV-related genes and selection of SNPs is shown in figure 1.

A total of 456 subjects with asthma were analysed in TCCAS.
The mean age in TCCAS was 10.5%+3.4 years, and 68% were
male (table 2). The mean age of CAMP was 9.0+2.1 years,
and 61% were male. The subjects had a wide range of asthma
severity, from mild to severe, according to the GINA classifica-
tion. While all of the subjects in the TCCAS population were
Han Chinese, subjects in CAMP were of multiple races. The
rate of positive RSV-specific IgM was 7.5% (34/456) in TCCAS.
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Table 1 Genome-wide gene expression studies from human peripheral blood related to RSV infection
Condition 2 (sample size)

Reference GEO number Platform Condition 1 (sample size) Reference group

Brand et a/'’ GSE69606 GPL570 RSV infection acute phase: severe cases (n=6) RSV infection recovery phase: severe
cases (n=8)

RSV infection acute phase: moderate cases (n=9) RSV infection recovery phase:

moderate cases (n=9)

Mejias et al'® GSE38900 GPL10558 RSV infection acute phase (n=28) Healthy controls (n=8)

GPL6884 RSV infection acute phase (n=107) Healthy controls (n=31)

Herberg et al® GSE42026 GPL6947 RSV infection acute phase (n=22) Healthy controls (n=33)

loannidis et al*® GSE34205 GPL570 RSV infection acute phase (n=51) Healthy controls (n=11)

Zaas et al”! GSE17156 GPL571 RSV infection acute phase (n=20) RSV infection recovery phase (n=20)

GEO, Gene Expression Omnibus; RSV, respiratory syncytial virus.

In subjects with RSV latent infection, 44% experienced asthma
exacerbations and in subjects without RSV latent infection, 35%
experienced asthma exacerbations. RSV latent infection was not
associated with SNPs in TCCAS (data not shown).

Using gene-based analysis, we identified 39 significant SNPs
using an additive model and 27 significant SNPs using a domi-
nant model (online supplementary table S$3). table 3 shows the
results of the association of SNPs with asthma exacerbations in
TCCAS and validation in CAMP. Using an additive genetic model,
a total of 39 SNPs (14 genes) were significantly associated with
an increased risk of asthma exacerbations using the gene-based
analysis in TCCAS (permutation p<0.05). We evaluated the
39 SNPs with the outcome of asthma exacerbations in CAMP
for validation. We found that seven SNPs in seven RSV-related
genes (GADD45A, GYPB, MS4A3, NFE2, EPB41L3, CEACAM6
and CEACAM3) validated in CAMP (FDR <0.05) (table 3). To
further assess the genetic associations, we also used a logistic
regression model with a single SNP method in TCCAS (online
supplementary table $4). We found 894 SNPs were significantly
associated with asthma exacerbations in TCCAS and 146 SNPs in
21 genes validated in CAMP. All of the seven RSV-related genes
(GADD45A, GYPB, MS4A3, NFE2, EPB41L.3, CEACAMG6 and
CEACAMS3) in our gene-based analysis validated using the single
SNP method. Using a dominant model with the gene-based anal-
ysis, six genes (MS4A3, NFE2, RNASE3, EPB41L3, CEACAM6
and CEACAM3) were associated with asthma exacerbations
(table 3). SNPs in the same six genes were significantly associated
with asthma exacerbations using the single SNP method (online
supplementary table S5).

In TCCAS, rs7251960 (CEACAM3) modulated the effects
of RSV latent infection on asthma exacerbations (p value for
interaction=0.03, figure 3). More than 63% of subjects with
asthma and RSV latent infection who had at least one copy of
CEACAMS3 157251960 (T allele) experienced asthma exacerba-
tions. In contrast, of subjects with asthma and RSV latent infec-
tion who did not have a copy of the rs7251960 T allele, only
8.3% of subjects experienced asthma exacerbations. In adjusted
models, subjects with RSV latent infection and rs7251960 CT/TT
genotype had a fivefold increased odds of experiencing asthma
exacerbations (OR, 5.45; 95% CI 2.04 to 14.59), compared with
subjects without RSV latent infection or the rs7251960 T allele.
In an additive model, among subjects with RSV latent infection,
rs7251960 CT genotype was associated with a 6.9-fold increased
odds of asthma exacerbations (OR 6.93; 95% CI 2.19 to 21.97).

CEACAM3 SNPs did not significantly modulate RSV latent
infection status on the outcome of pulmonary function. However,
with a dominant model, the trends of interactive effects for SNP-
RSV infection were similar to the interactive effects on asthma
exacerbations. Among subjects with RSV latent infection, the
T allele in CEACAM3 (rs7251960) appeared to have potential
risk effects on pulmonary function. Subjects with one copy of
the CEACAM3 (rs7251960 T allele) with RSV infection had a
median PEF of 3.0L/min, while subjects without CEACAM3
rs7251960 T allele and RSV infection had a higher lung capacity
(median PEF of 3.4L/min) (online supplementary table S6).
Similar effects were observed for CEACAM3-RSV interaction on
FEV,. Subjects with the rs7251960 T allele and RSV infection
had a median FEV1 of 1.4L, whereas those with RSV infection
but without the rs7251960 T allele had a median FEV, of 1.8 L.

In our eQTL analyses, we found rs7251960 was an eQTL
for CEACAM3 in lung tissue (figure 4A) and whole blood
(figure 4B,C). The rs7251960 risk allele (T) was associated
with decreased levels of CEACAM3 mRNA in lung tissue (p for
trend=1.2x10"7) and in whole blood (p for trend=1.8x107°
in GTEx; p for trend=3.1x107? in TCCAS). We also examined
an association between CEACAM3 gene expression and asthma
exacerbations in nasal mucosa samples. CEACAM3 mRNA levels
were reduced in subjects with uncontrolled asthma compared
with subjects with controlled asthma (figure 4D) and were
reduced in subjects with asthma exacerbations compared with
those without asthma exacerbations (figure 4E).

In the HaploReg analysis, we identified several potential
functional changes of rs7251960 in CEACAM3, which altered
CEBPB, COMP1, Gsc, Otx2, Pou2f2 and YY1 (online supple-
mentary table S7). Additionally, the risk allele (T) of rs7251960
on CEACAM3 was predicted to result in a log. fold change of
more than 0.6 in function at YY1 and Pou2f2 binding sites in
various cell types in the DeepSEA analysis (online supplementary
table S8).

DISCUSSION

Our study has three key findings. First, we found that rs7251960
in CEACAM3 appears to modify the effects of RSV latent infec-
tion on asthma exacerbations. We also identified SNPs in eight
RSV-related genes, GADD45A, GYPB, MS4A3, NFE2, RNASE3,
EPB41L3, CEACAM6 and CEACAM3, which were signifi-
cantly associated with asthma exacerbations. Furthermore, we
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Figure 2 Differences in gene expression between RSV infection acute phase and recovery phase/healthy controls. A total of 352 differentially
expressed genes with FDR <0.05and a >1.5 fold change was arranged using hierarchical clustering with heatmap.2 function of gplots®® in R. Each
row represents a normalised gene expression value, and each column represents a subject. Colours represent normalised gene expression value in
each subject, with blue indicating high expression and yellow indicating low expression. Normalised gene expression values were calculated with the
Combat module from sva package?’ in R to adjusted for different studies with varying gene expression values. Each gene list is divided by a vertical
black line. GSE69606_s: severe cases; GSE69606_m: moderate cases. FDR, false-discovery rate; RSV, respiratory syncytial virus.

Table 2 Clinical characteristics of children in TCCAS and CAMP

TCCAS CAMP
Variables (n=456) (n=833)
Age (years) 10.5+3.4 9.0+2.1
Male (N, %) 312,684 506, 60.7
BMI (kg/mz) 18.4+3.6 18.2+3.4
Asthma exacerbations (N, %) 161,35.3 400, 48.0
Neutrophils (x10°/L) 3202 (2617 to 3970) 3149 (2291 to 4187)
Eosinophils (x10°/L) 371 (194 to 582) 400 (200 to 650)

Mean+SD; median (Q1, Q3).

BMI, body mass index; CAMP, Childhood Asthma Management Program; TCCAS,

Taiwanese Consortium of Childhood Asthma Study.

demonstrated the utility of a novel two-step integrative approach
to identify potential genes and biological pathways that may
interact with RSV latent infection in asthmatic children.

Our study demonstrates that a CEACAM3 SNP interacts with
RSV latent infection on asthma exacerbations in children. We
also found that rs7251960 was an eQTL for CEACAM3, and
CEACAM3 mRNA was reduced in nasal mucosa in subjects with
uncontrolled asthma and asthma exacerbations (figure 4D, E).
CEACAM3 (carcinoembryonic antigen-related cell adhesion
molecules 3) is a member of the carcinoembryonic antigen (CEA)
gene family and has been shown to be a granulocyte-specific
CEACAM protein involved in host defence by promoting
pathogen recognition and phagocytosis.** When a respiratory
tract is infected by RSV, massive granulocytes such as neutrophils
are deployed to infection sites to destroy pathogens by phagocy-
tosis. CEACAMS3 is a granulocyte-specific protein, and pathogens
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rs7251960 RSV Cases Controls OR L95 U95 pforinteraction

CC - 34 111 4 1 0.03

CT/TT - 109 161 —o—i 226 115 3.60
CC + 1 11 > 026 003 215

CT/TT + 14 8 - A > 545 204 14.59
CC - 34 111 ¢ 1
CT - 84 124 —e— 227 140 3.69 0.05
TT - 25 37 —e—— 222 1.15 426
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CT + 11 5 ’ ® > 693 219 2197
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o 2 4 810
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Figure 3 Joint effects of CEACAM3 SNP genotypes and RSV infection on asthma exacerbations in TCCAS cohort. Cases: subjects with asthma

exacerbations; controls: subjects without asthma exacerbations. Models adjusted by age, sex, asthma medication use, body mass index, principal
components 1 and 2. L95, lower 95% Cl of OR; RSV, respiratory syncytial virus; TCCAS, Taiwanese Consortium of Childhood Asthma Study; U95, upper

95% Cl of OR.

that bind to CEACAMS3 on the surface of the neutrophil activate
the efficient internalisation of viruses and bacteria.* Asthma
severity has been found to correlate with increased CEACAM6
protein levels in bronchial biopsies compared with healthy
controls.** CEACAMS3, expressed together with CEACAMS6
and CEACAM1, has been recognised to internalise CEACAM-
binding pathogens in the absence of opsonising antibodies or
complement factors.** ¥* Because CEACAM3 may determine
the efficiency of pathogen recognition and phagocytosis as well
as shift the balance towards the beneficial role of neutrophil
granulocytes, it could be a potential biomarker for identifying
the effect of RSV latent infection on asthma exacerbations and
severity. In an analysis using ENCODE, we found that rs7251960
in CEACAM3 may be affected by alterations in YY1 and Pou2f2
transcription activity in various cell types (online supplementary
table S7 and $8).*” *® We summarised the effects of CEACAM3
and associated regulatory genes of RSV and asthma in online
supplementary figure S2.

Several genes, GADD45A, GYPB, MS4A3, NFE2, RNASE3
and EPB41L3, were significantly associated with asthma exac-
erbations in TCCAS and were validated in CAMP. GADD45A
(growth arrest and DNA damage inducible alpha) encodes
Gadd45a, which has been reported to modulate innate immune
functions of granulocytes and macrophages.*” GYPB (glyco-
phorin B) encodes glycophorin protein, which is a sialoglyco-
protein of the human erythrocyte membrane.’® Glycophorin
has been shown to be associated with decreased pulmonary
function.*! Eosinophil cationic protein (ECP) is encoded by the
RNASE3 (ribonuclease A family member 3) gene and is an objec-
tive measurement for asthma severity.’® Serum ECP levels in
asthmatic children increase significantly during asthma exacer-
bations. One NFE2 (nuclear factor, erythroid 2)-related protein,
Nrf2 (nuclear erythroid 2-related factor 2), is the key regu-
lator of the response to oxidation. Rangasamy et al*® demon-
strated that Nrf2-deficient mice have heightened susceptibility
to asthma and airway hyper-responsiveness. RSV infection in
children leads to the rapid generation of reactive oxygen species
associated with lung damage.’* Additionally, RSV could impair

the Nrf2/ARE pathway to impair a host’s defence against RSV,
MS4A3 (membrane spanning 4-domains A3; HTM4) maps to the
chromosomal locus 11q13.1, which is close to the FceRI antigen
receptor B chain gene.’® A polymorphism of MS4A3 is strongly
associated with asthma.’” An association between EPB41L3
(erythrocyte membrane protein band 4.1 like 3) and RSV has
not been reported, but EPB41L3 was found to be associated
with in utero tobacco smoke exposure and childhood asthma.*®
Although more functional studies are needed to investigate the
details of pathogenesis, we found multiple genes that may be
potential markers of asthma exacerbations.

We used the CAMP population to validate our genetic main
effects on asthma exacerbations; however, only rs7251960
(CEACAM3) showed a significant association in CAMP
(p<0.05, table 3). Differences in race/ethnicity and definition of
asthma exacerbations between TCCAS and CAMP may explain
our results. Moreover, RSV status is not known for subjects in
CAMP. However, the LD plots of CEACAM3 from Han Chinese
in Beijing, Southern Han Chinese and Ad Mixed American are
similar (online supplementary figure S3). Additionally, we used a
two-step integrative method combing gene expression levels and
SNPs. We identified that rs7251960 is an eQTL for CEACAM3
(figure 4A-C) and is predicted to bind with several transcrip-
tion factors to regulate CEACAM3 (online supplementary table
S7 and S8). Although the sample size of nasal mucosa speci-
mens was small in GSE19190 and GSE46171, we identified a
reduced level of CEACAM3 mRNA expression in nasal mucosa
on subjects with asthma exacerbations (figure 4D,E). Although
further studies would be needed to identify additional SNP by
RSV interactions in airway epithelial cells, CEACAM3 potentially
modulates RSV infection status to induce asthma exacerbations.

To our knowledge, this is the first study to examine gene-
by-RSV infection interactions on asthma exacerbations with a
two-step integrative approach on a transcriptome-wide scale.
The separation of the GEO datasets from the gene-environment
study obviates the problem of statistical dependence. Our combi-
nation of several genome-wide gene expression profiles from
human peripheral blood increased the statistical power, yielding
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Figure 4 157251960 is an eQTL for CEACAM3 in lung tissue and whole blood, and CEACAM3 mRNA expression is reduced in the nasal mucosa of
subjects with asthma exacerbations. CEACAM3 mRNA expression is stratified by rs7251960 genotypes. (A) Lung tissue samples (n=383) are collected
from GTEx. Whole blood samples are collected from (B) GTEx (n=369) and (C) TCCAS (n=99). The boxes show the median and IQR, and the whiskers
show the maximum and minimum for each genotype. Timmed mean of M-values normalised expression values were normalised across samples
using an inverse normal transformation in GTEx. In TCCAS, raw gene expression levels were applied by variance stabilising transformation and robust
spline normalisation. mRNA expression of CEACAM3 in (D) the GSE19190 dataset and (E) the GSE46171 dataset. Nasal epithelial samples are from
uncontrolled asthma (n=6) and controlled asthma (n=7) in the GSE19190 dataset and from subjects with asthma exacerbations (n=10) and patients
without asthma exacerbations (n=24) in the GSE46171 dataset. *P<0.05. eQTL, expression quantitative trait loci; GTEx, Genotype-Tissue Expression;

TCCAS, Taiwanese Consortium of Childhood Asthma Study.

novel and robust biological insights. Although we mixed healthy
controls and subjects in the recovery phase as the reference
group, our findings were similar when we excluded subjects in
the recovery phase from the control group. While the peripheral
blood response may reflect a leakage of immune cells originally
activated by RSV in the respiratory tract, the response could
also represent a circulating subset of immune cells involved in
disease pathogenesis. One study observed that distributions of
immune cells and related genes were similar in whole blood and
lung.”® The immune dysregulation induced by RSV was also
shown to persist beyond the acute disease.'® Therefore, an anal-
ysis of peripheral whole blood would provide an easy way to
understand genomic pathogenesis by RSV latent infection. In the
second step of investigating the genetic main effects on asthma
exacerbations, we applied a gene-based association approach
and validated in an independent cohort to reduce the proba-
bility of false positive findings. A gene-based test statistic was
obtained with permutations while accounting for LD structure.®”
The gene-based test offers biological inference from aggregating
the information of variations in protein-coding and adjacent
regulatory regions. Although we did not investigate how these

SNPs influence gene or protein levels, SNPs located in the intron
regions of these genes might affect the function of downstream
protein products.

Despite the strengths of our study, several limitations deserve
mention. First, the levels of RSV-specific IgM in serum might
not constitute a good biomarker for identifying children with
or without RSV infection; PCR analysis of nasopharyngeal
specimens may be superior. However, a specific IgM response
to RSV in children has been reported to develop soon after
infection.”® Secondary infection was accompanied by acceler-
ated antibody responses in IgM and IgG. Compared with IgG,
RSV IgM antibody titres were not persistently high and would
decline after an episode of infection. Therefore, in our study,
RSV IgM was accepted as an immune response by RSV latent
infection.®® The prevalence of exacerbations is high in both
populations as the definition of asthma exacerbations was based
on subject-reported episodes of nocturnal wheezing or speech-
limiting severe wheezing. Nevertheless, studies have shown
that nocturnal asthma is associated with future asthma-related
events, such as emergency department visits, hospitalisations,
oral steroid bursts and missed days of school." > ! Moreover,
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we found that asthma exacerbations in TCCAS were significantly
associated with albuterol use in the past 4 weeks, hospitalisations
in the past 2 weeks, emergency department visits in the past 2
weeks and uncontrolled asthma (data not shown).

In conclusion, using our two-step integrative approach,
we found that CEACAM3 modulates RSV latent infection to
induce asthma exacerbations in children. Additional functional
studies are necessary to investigate the roles of other genes in
determining genetic susceptibility. Identification of gene—-RSV
interactions on asthma exacerbations may lead to new and
comprehensive insights into the pathogenesis and treatment of
asthma exacerbations.

Twitter Ann Chen Wu @Asthma3Ways
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