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Abstract

Background: Early-life severe respiratory syncytial virus (RSV) infection has been associated
with the onset of childhood wheezing illnesses. However, it is unknown whether being uninfected
with RSV in infancy is associated with the development of childhood asthma.

Methods: In a large, population-based, birth cohort of healthy, term infants (n=1,946), we
ascertained RSV infection status (uninfected vs. infected) in the first year of life using a
combination of passive and active surveillance with viral identification through molecular and
serological techniques. Children were then followed prospectively for the primary outcome of
5-year current asthma. Statistical models were adjusted for child’s sex, race and ethnicity, ever
breastfeeding, daycare attendance, exposure to secondhand smoking /7 utero or in early infancy,
and maternal asthma.

Findings: Of 1,946 eligible children enrolled, 1,741 (~89%) had available data to assess their
RSV infection status in the first year of life. The proportion of children with RSV infection in
infancy was 944/1,741 (54%, 95% confidence interval [Cl]=52-57%). The proportion of 5-year
current asthma was lower among RSV-uninfected infants (91/587 [15.50%]) than among RSV-
infected infants (139/670 [20.75%]). Being uninfected with RSV in infancy was associated with
~25% lower risk of 5-year current asthma (adjusted RR=0.74, 95% CI1=0.58-0.94, p=0.01). The
estimated proportion of 5-year current asthma that could be attributed to preventing RSV infection
in infancy was ~15% (95% CI1=2.19-26.84).

Interpretation: Among healthy, term infants, not being infected with RSV in the first year of life
was associated with a substantially reduced risk of developing childhood asthma. These findings
suggest a causal, age-dependent association between RSV infection in infancy and pediatric
wheezing phenotypes. However, to definitively establish causality, the effect of interventions that
prevent, delay, or decrease the severity of the initial RSV infection on childhood asthma will need
to be studied.

Keywords
Asthma; bronchiolitis; children; epidemiology; infants; respiratory syncytial virus; wheeze

Introduction

Respiratory syncytial virus (RSV) is a ubiquitous, seasonal respiratory viral pathogen and a
major cause of morbidity and mortality in infants worldwide.! Sixty years of observational
studies have consistently demonstrated an association between early-life RSV bronchiolitis
and childhood asthma.2-> However, in addition to only impacting a minority of all RSV-
infected infants, RSV bronchiolitis is not a true exposure, as it just represents a severe
clinical manifestation of RSV infection.® Furthermore, we have shown that the relationship
between RSV bronchiolitis in infancy and childhood asthma is likely confounded by the
shared genetic susceptibility for early-life severe RSV infection and pediatric wheezing
phenotypes.* Therefore, findings from previous studies focused on early-life severe RSV
infection as the exposure cannot support a causal effect of RSV infection in infancy on the
onset of childhood asthma.

Lancet. Author manuscript; available in PMC 2024 May 20.
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Understanding whether the prevention of RSV infection in infancy, a critical period

of lung and immune development, can reduce the risk of childhood asthma is crucial

to designing successful primary preventive strategies, preventing long-term childhood
respiratory morbidity, and delineating health care policy measures. Since randomized
controlled trials of RSV infection in the first year of life are obviously unethical, and
current agents for RSV immunoprophylaxis decrease RSV severity but likely do not prevent
RSV infection,’2 we 1) conducted a population-based birth cohort designed to study

RSV infection in infancy as an exposure, rather than only studying early-life severe RSV
infection, 2) used a combination of passive and active surveillance with viral identification
through molecular and serological techniques to ascertain RSV infection in infancy as a
natural event, thereby overcoming the confounding effects of host genetics, and 3) examined
the effect of being uninfected with RSV in infancy on the development of childhood asthma
(Figure 1).

Full details are available in the Supplementary Methods in the Supplementary Appendix.

Overview of the Study Population and Design

The Infant Susceptibility to Pulmonary Infections and Asthma Following RSV Exposure
study (INSPIRE) is a large, population-based, birth cohort of healthy, term children
specifically designed to test the main hypothesis that being uninfected with RSV in infancy
decreases the risk of childhood asthma. We determined RSV infection status (i.e., uninfected
vs. infected) in the first year of life among participating children. Eligible children were
enrolled near birth and recruited from 11 participating pediatric practices across middle
Tennessee. They were overall healthy, term, normal birthweight, and born between June and
December of 2012 and 2013. Thus, by study design, children were <6 months of age at the
beginning of their first RSV season (November to March in our region10-11). The catchment
zone encompassed urban, suburban, and rural areas. The full eligibility criteria are shown in
Table S1. Annual follow-up for the ascertainment of childhood asthma and recurrent wheeze
was conducted. The Institutional Review Board of Vanderbilt University approved this study
and one parent of each child provided informed consent for their participation. The detailed
methods for INSPIRE have been previously reported.12

Determination of RSV Infection and Infection Severity in Infancy

For the ascertainment of RSV infection in infancy, we first conducted intensive passive

and active surveillance during each child’s first RSV season by 1) performing bi-weekly
phone, email, and/or in person follow-up, 2) frequently educating and reminding parents

to call us at the onset of any acute respiratory symptoms, and 3) approaching all children
who were seen at one of the participating pediatric practices for an unscheduled visit. If

a child met pre-specified criteria for an acute respiratory infection, we then conducted an
in-person respiratory illness visit at which time we administered a parental questionnaire,
performed a physical exam, collected a nasal wash, and —in those who required a health
care encounter— completed a structured medical chart review. The nasal wash was used
for the molecular detection of RSV by reverse transcription-quantitative PCR (RT-gPCR).13
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In addition, we collected blood samples from all participating children at age 1 year and
measured RSV serum antibody titers by an enzyme-linked immunosorbent assay using
published protocols.1415 Children were then classified as uninfected vs. infected with RSV
in the first year of life using a hierarchical categorization with mutually exclusive group
membership (Figure 2). To assess the severity of RSV infection among infants with an
in-person respiratory illness visit, we used the Respiratory Severity Score (RSS), an ordinal
scale that ranges from 0 to 12 with higher values indicating more severe disease.16

Definitions of Outcomes

Our primary outcome was 5-year current asthma, which was defined as parental report of

1) physician-diagnosed asthma or use of asthma medications at any time point prior to age
5 years, and 2) any of the following during the 12 months prior to the 5-year visit: asthma
symptoms, asthma-related systemic steroid use, or acute health care utilization for asthma.

Our secondary outcomes were 1) recurrent wheeze, which was ascertained annually between
ages 1-4 years and defined as parental report of =2 episodes of wheeze since the prior
birthday, and 2) 5-year current asthma inflammatory subtype (atopic vs. non-atopic), which
was ascertained using the aforementioned definition of 5-year current asthma and two
different definitions of atopy: a) evidence of aeroallergen sensitization by skin prick testing
or blood specific IgE testing at age 3 years, or b) parental report of ever physician diagnosis
of allergic rhinitis or atopic dermatitis at age 5 years.

Power Calculations

Power calculations were performed at the study design phase with a required initial sample
size of 1,900 children and attrition proportion of ~25% at ages 4-6 years for a final

sample size of 1500 children. We estimated that 60% of children would be infected with
RSV in their first year of life giving 600 RSV-uninfected and 900 RSV-infected infants,
respectively (2:3 unexposed to exposed ratio).1” The expected prevalence of childhood
asthma in RSV-uninfected infants was 11%.18 Given these incidence ratios of exposure and
outcome estimates, we calculated a minimum detectable risk ratio (RR) of childhood asthma
in RSV-infected vs. RSV-uninfected infants of either 1.50 or 0.62 with 80% power and a
type | error of 0.05.

Statistical Analyses

Descriptive statistics are presented as median (interquartile range [IQR]) for continuous
variables and frequencies (%) for categorical variables. For initial group comparisons,

we used Mann-Whitney U or chi-squared tests as appropriate. For our main analyses,
modified Poisson regression, generalized estimating equations (GEE) with a Poisson random
component and log link for repeated measures (using an independent working correlation),
or multinomial logistic regression were used to estimate unadjusted and adjusted RRs or
odds ratios (ORs) and corresponding 95% confidence intervals (Cls). We a priori selected
covariates to be included in the adjusted models based on published literature and by
creating a causal directed acyclic graph (Figure S1). These included the child’s sex, race
and ethnicity, ever breastfeeding, daycare attendance in infancy, exposure to secondhand
smoking /n utero or in early infancy, and maternal asthma.1® Supplementary models were
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created by replacing these with other covariates (for example, daycare attendance in infancy
with the presence of another child aged <6 years at home during infancy). The GEE models
also included an interaction term between RSV infection in infancy and child’s age as a
time-varying covariate.

In exploratory analyses of our primary outcome, we used separate models to test for
multiplicative interactions and examine effect modifications of RSV infection in infancy

on 5-year current asthma by child’s sex, race and ethnicity, daycare attendance in infancy,
the presence of another child aged <6 years at home during infancy, and maternal asthma by
including cross-product terms in the adjusted models.

Statistical significance was defined as p<0.05. Statistical analyses were performed using R
version 4.0.1.20

Role of the Funding Source

Results

The study sponsors had no role in the study design; in the collection, analysis, and
interpretation of data; in the writing of the report; and in the decision to submit the paper for
publication. The authors were not paid to write this article by a pharmaceutical company or
other agency.

Participant Characteristics and Follow-up

There were 1,946 eligible children enrolled in INSPIRE and their baseline characteristics
are shown in Table 1. Of these, 1,220 (~63%) had one or more in-person respiratory illness
visits and 1,709 (~88%) had a blood sample collected at age 1 year. There were 2,093 in-
person respiratory illness visits completed and the median number of in-person respiratory
illness visits per child was 1 (IQR=1-2). The 1-, 2-, 3-, 4-, and 5-year follow-up rates were
1,760/1,946 (~90%), 1,712/1,946 (~88%), 1,480/1,946 (~76%), 1,536/1,946 (~79%), and
1,371/1,946 (~71%), respectively. In comparison to children who did not complete their
5-year visit, those who completed it had a higher birth weight and were more likely to have
private insurance, to have been breastfed in infancy, to have ever attended daycare in infancy,
and less likely to have been exposed to secondhand smoking /7 utero or in early infancy
(Table S2).

Epidemiology of RSV Infection in Infancy

Three hundred and sixty-one (~30%) of the 1,220 children with an in-person respiratory
illness visit had at least one nasal wash positive for RSV by RT-gPCR. The rate of positive
nasal washes for RSV by RT-qPCR tests peaked in January during the 2012-2013 RSV
season and in December during the 2013-2014 RSV season (Figure S2). Among children
with an in-person respiratory illness visit, the median age at the time of the first RSV
infection was 20.29 weeks (IQR=11.57-26.14) and the median RSS was 3 (IQR=2-4).

Eight hundred ninety-seven (~52%) of the 1,709 children who had a blood sample collected
at age 1 year had a positive RSV serology. In total, 1,741 (~89%) of the 1,946 eligible
children enrolled had available data to assess their RSV infection status in the first year of
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life. The proportion of children with RSV infection in infancy was 944/1,741 (54%, 95%
CI=52-57%) (Figure 2). Of the 944 children with RSV infection in infancy, 47 (~5%) had
a nasal wash positive by RT-gPCR only, 583 (~62%) had a positive RSV serology at age

1 year only, and 314 (~33%) had both (Figure S3). In comparison to RSV-infected infants,
RSV-uninfected infants were more likely to be White non-Hispanic, enrolled at a younger
age, and born vaginally; to have not attended daycare; and to have not lived with another
child aged <6 years (Table 1).

Primary Outcome

The number (%) of children with 5-year current asthma among those with available follow-
up data was 238 (~18%). The proportion of 5-year current asthma was lower among RSV-
uninfected infants (91/587 [15.50%]) than among RSV-infected infants (139/670 [20.75%])
(Figure 2 and Figure 3). Being uninfected with RSV in infancy was associated with ~25%
lower risk of 5-year current asthma (adjusted RR=0.74, 95% CI=0.58-0.94, p=0.01) (Table 2
and Figure S4). The estimated proportion of 5-year current asthma that could be attributed to
preventing RSV infection in infancy was ~15% (95% C1=2.19-26.84) (preventable fraction
of 5-year current asthma for missing RSV infection in infancy = 0.15).

We found a nearly identical effect size in sensitivity analyses restricted to children

who had RSV RT-gPCR testing when comparing those with a positive nasal wash for

RSV by RT-qPCR to those with a negative nasal wash for RSV by RT-gPCR (adjusted
RR=0.76, 05%CI1=0.58-1.00, p=0.05) (Table S3). Similarly, we found the same direction of
associations in sensitivity analyses examining the effect of RSV infection in infancy on the
individual components of our definition of 5-year current asthma (Table S4).

In children with an in-person respiratory illness visit, there was a positive association of the
severity of the RSV infection in infancy as measured by the RSS with the risk of 5-year
current asthma (adjusted OR=1.24, 95% CI=1.05-1.45, p=0.009) (Table S5 and Figure S5).

There was no evidence of a modification of the effect of RSV infection in infancy on
5-year current asthma by the child’s sex, race and ethnicity, daycare attendance in infancy,
or maternal asthma in exploratory analyses (Table S6). In supplementary adjusted analyses
of the primary outcome, we obtained similar results in models including other covariates,
such as the presence of another child aged <6 years at home during infancy (Table S7).
Likewise, in exploratory analyses, the association of RSV infection in infancy on 5-year
current asthma was not modified by this covariate (Table S8).

Secondary Outcomes

The number (%) of children with recurrent wheeze among those with available follow-up
data was 256 (~15%) at age 1 year, 258 (~15%) at 2 years, 195 (~13%) at 3 years, and

177 (~12%) at 4 years. Of the 238 children with 5-year current asthma, 102 (~53%) had
atopic asthma and 92 (~47%) had non-atopic asthma as defined by evidence of aeroallergen
sensitization at age 3 years.

The proportion of recurrent wheeze was lower among RSV-uninfected infants at each of
the measured time points between ages 1-4 years (Figure 3). In repeated outcome analyses,
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the effect of RSV infection in infancy on recurrent wheeze throughout the preschool years
varied over time (p for interaction term=0.03) (Figure 4). In models stratified by child’s
age, RSV-uninfected infants had a lower risk of recurrent wheeze annually, although this
was only significant for 1- and 2-year recurrent wheeze (1-year recurrent wheeze: adjusted
RR=0.54, 95% CI1=0.42-0.70, p<0.001; 2-year recurrent wheeze: adjusted RR=0.78, 95%
Cl1=0.61-0.99, p=0.04, 3-year recurrent wheeze: 0.81, 95% CI=0.61-1.06, p=0.12; and
4-year recurrent wheeze: 0.85, 95% C1=0.63-1.13, p=0.26) (Table 2).

In comparison to RSV-infected infants, RSV-uninfected infants had a lower proportion of
5-year current non-atopic asthma, but not of 5-year current atopic asthma, as defined by
evidence of aeroallergen sensitization at age 3 years (Figure 3). Using this definition of
atopy, being uninfected with RSV in infancy was associated with ~45% lower odds of
5-year current nonatopic asthma (adjusted OR=0.55, 95% C1=0.35-0.86, £=0.01). There
was no evidence of an effect of RSV infection in infancy on 5-year current atopic asthma
(adjusted OR=0.89, 95% CI1=0.58-1.36, p=0.6) (Table 2). We obtained similar results when
ascertaining atopy by parental report of ever physician diagnosis of allergic rhinitis or atopic
dermatitis at age 5 years (Table 2).

In supplementary adjusted analyses of the secondary outcomes, we obtained similar results
in models including other covariates, such as the presence of another child aged <6 years at
home during infancy (Table S7).

Discussion

In this large, population-based birth cohort of healthy, term infants, we demonstrate that
RSV-uninfected infants have a substantially reduced risk of developing childhood asthma
compared to RSV-infected infants. To our knowledge, this is the first study specifically
designed to test the hypothesis that being uninfected with RSV in infancy decreases the
risk of childhood asthma, as prior studies have focused exclusively on early-life severe
RSV infection (usually defined as the presence vs. absence of RSV bronchiolitis requiring
hospitalization) as the exposure.*21:22 However, because —as previously noted— the latter
is a clinical phenotype and not a true exposure, and the relationship between the severity
of RSV disease in infancy and childhood wheezing illnesses is confounded by shared risks
for both conditions (such as host genetics), early-life severe RSV infection cannot be used
to support a causal association with asthma.#23 In contrast, we have previously shown that
there is no evidence that host genetics influences the risk of RSV infection in childhood.24
This is consistent with findings from prior studies showing that nearly all children are
infected with RSV by age 2-3 years of life.1725-27 Our unique study design and careful
phenotyping of the study population allowed us to use observational data to examine the
potential causal role of RSV infection in infancy in the development of childhood asthma
by, in the absence of a randomized experiment, mitigating the confounding effect of shared
genetic susceptibility on the severity of the RSV infection and the risk of childhood asthma.
This adds to our prior study demonstrating that birth in relationship to RSV circulation is
associated with the risk of childhood asthma, an association that is difficult to explain by
non-causal mechanisms.10
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Further, we found a severity-dependent effect of RSV infection in infancy across the

entire spectrum of disease severity on the risk of childhood asthma, which supports a
dose-response association, in which the risk was lower among those with the mildest

RSV infections. While comparative clinical trials of RSV prevention products (such as
monoclonal antibodies and vaccines) conceptually provide the highest level of evidence of
causality, it is important to note that randomization to these agents is not necessarily an
instrumental variable for RSV infection, unless there is evidence that they actually prevent
RSV infection, as if they don’t, then an equal number of children in both arms of the
clinical trial would still be expected to be infected with RSV.# Two randomized clinical
trials of RSV monoclonal antibodies have conducted long-term follow-up of childhood
wheeze. One of these trials found that healthy preterm infants randomized to palivizumab
had reduced wheezing days in their first year of life, any wheeze at ages 1 to 3 years, and
recent wheeze at age 6 years compared to those randomized to placebo.28:29 |n contrast,

a clinical trial of motavizumab in Native American healthy infants demonstrated no effect
on the rates of medically attended recurrent wheeze at ages 1 to 3 years, although the
prevalence of recurrent wheeze in that study was substantially lower than reported in most
other populations.3® A causal role of RSV infection in infancy on childhood asthma is also
suggested by numerous /n vitro and animal studies from our group and others that provide
evidence for potential mechanisms through which early-life RSV infection may contribute
to chronic airway diseases.31-38 The effect of RSV infection in infancy on respiratory
health several years after the initial RSV infection suggests long-term reprogramming of the
early-life immune response and airway epithelium. This is in line with our prior findings

of persistent effects of RSV infection in infancy on T cell memory responses and airway
epithelial development.35:36 Furthermore, as all children are infected with RSV by age 2—

3 years,17:25-27 our results demonstrate an age-dependent effect of RSV infection on the
onset of pediatric wheezing phenotypes. Biologic mechanisms are additionally supported by
results from previous animal studies.3%40 Taken together with our present findings, these
results support testing interventions that prevent, delay, or decrease the severity of the initial
RSV infection to reduce the prevalence of childhood asthma at the population level.

The estimated proportion of 5-year current asthma that could be attributed to preventing
RSV infection in infancy (i.e., the preventable fraction) was ~15%. Our findings
fundamentally change how we have thought about the preventive potential of the
relationship of early-life RSV infection and childhood asthma, which until now has been
mainly based on preventing RSV bronchiolitis requiring hospitalization, a severe clinical
manifestation of RSV infection that occurs in <3% of all RSV-infected infants.6 In contrast,
we show that, although preventing early-life severe RSV infection could be beneficial, the
majority of RSV infections during infancy are mild and thus it might be important to include
strategies to prevent or delay the initial RSV infection during infancy to attain the maximum
preventive potential for childhood asthma. Limited data suggests that currently available
agents for RSV immunoprophylaxis do not prevent infection with RSV, rather decreasing
RSV viral load and the severity of the RSV infection.” However, newer prefusion RSV
F-specific antibodies could be even more effective in preventing RSV infection and their
impact on not only severe RSV infection, but long-term childhood respiratory morbidity
should be studied. While other approaches might not have been considered in the past,
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the dramatic global reduction in the incidence of RSV infections resulting from public
health measures to limit the transmission of severe acute respiratory syndrome coronavirus-2
during the early phase of the coronavirus disease 2019 pandemic (such as face masks,
frequent hand washing, and physical distancing) demonstrates that potentially simple, non-
pharmaceutical interventions during the age-dependent period when RSV infection has the
greatest impact on childhood asthma could also be studied to determine if deferring the
initial RSV infection would decrease childhood asthma risk.41

We note that the strength of the association of RSV infection in infancy with recurrent
wheeze decreased over time. This has also been shown in other studies and could be
explained by a decrease in incidence over time after the initial exposure is removed, a
decreasing power to detect associations at later time points due to participant attrition, or
an age-dependent effect of RSV infection in infancy on pediatric wheezing phenotypes that
occurs early in life.#2 Because RSV is ubiquitous and, in diverse populations that have
been studied, a large percentage of children are infected with RSV in infancy,17.27:43-47

the proportion of recurrent wheeze that could be prevented by missing RSV infection in
infancy is high, and even small reductions in the incidence of RSV infection in the first
year of life could have a large public health impact worldwide.19 This remains true even if
RSV infection in infancy is not associated with pediatric wheezing phenotypes beyond early
childhood, as the burden of childhood wheezing illnesses throughout the preschool years is
considerable.*8

Our findings suggest that RSV infection in infancy is more likely associated with a non-
atopic childhood asthma phenotype, although our sample sizes for these secondary analyses
were smaller and, thus, these results should be interpreted with caution. Likewise, although
our results were consistent when using two different definitions of atopy, there is also no
standard non-invasive method to assess underlying atopic inflammation in childhood asthma.
We have shown that RSV infection in infancy is associated with subsequent dampened

type 1 (antiviral) memory T cell responses but does not appear to impact later type 2
(pro-allergic) immune responses, suggesting that early-life RSV infection may have a
greater impact on the development of non-atopic pediatric wheezing phenotypes, such as
viral-triggered wheeze.3® The results of other studies in children also suggest that early-life
RSV infection predisposes to childhood asthma through atopy-independent pathways,*°
although further research is needed to identify the precise mechanisms underlying these
associations.

The epidemiology of RSV is continuously changing and updated estimates of the burden

of disease are needed to prioritize research findings, inform public health policy, and
adequately design and power experimental studies of early-life RSV immunoprophylaxis
programs.5%:51 Because the majority of early-life RSV infections are mild, do not require
medical evaluation, and often do not necessitate specific diagnostic testing,>2 there is a
paucity of data on the epidemiology of this disease at the community level. The proportion
of children with RSV infection in infancy in our study was ~54%. The few previous studies
in the United States (all published before 1986) have shown estimates ranging between
~14-68%,17:43-45 while more recent studies in other countries have shown estimates ranging
between ~32-56%.27:46:47 The variance between these estimates and ours may be explained
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by differences in the study populations and designs, regions’ climate, or year-to-year
variation in the circulating RSV strains. Unlike all prior studies, we also used both active
and passive surveillance with both molecular and serologic testing, whereas the majority of
other studies only used serology and culture.

Our study has limitations. First, we cannot completely exclude misclassification of children
categorized as uninfected with RSV in infancy. However, such misclassification would

be expected to bias results towards the null. Furthermore, the epidemiological curve for
RSV infections in our study (as assessed by RT-qPCR in nasal washes) coincided with the
concurrent national trends,! and the proportion of children with RSV infection in infancy
is nearly identical to those reported in community-based serological surveys of children in
Kenya and the United Kingdom.2526 |_jkewise, although the number of children who only
had evidence of RSV infection in infancy by RSV serology in our study was relatively high
(~62%), this is consistent with recent reports suggesting that the rates of asymptomatic or
pauci-symptomatic early-life RSV infections are higher than previously recognized.2553 We
have formerly shown that, although there is no universally accepted method for serologic
assessment of RSV, the method we used performs well when compared to other laboratory
assays.1® There is currently no standard definition of childhood asthma and there could also
have been misclassification of the outcome. However, to prevent this, we required several
criteria to ascertain childhood asthma for increased specificity.>* As with any observational
study, the relationship between being infected with RSV in infancy and childhood asthma
could have been confounded by unmeasured factors. Namely, being uninfected with RSV

in infancy could be a marker of a lower risk of early-life infection with other respiratory
viruses. However, we found no evidence of an effect of daycare attendance or young
children in the household during infancy (markers of multiple other or more frequent early-
life acute respiratory infections) on childhood asthma (data not shown), and the interactions
between RSV infection and these covariates on childhood asthma were not significant,
which makes confounding or effect modification by other respiratory viruses unlikely. Our
statistical analyses also considered other parental, socioeconomic, and environmental factors
that might be associated with a healthier lifestyle and potentially decreased exposure to other
risk factors for childhood asthma. Due to the study’s eligibility criteria and participants’
sociodemographic characteristics, our results may not be generalizable to other populations.
However, our study population is representative of the population from which the children
were recruited. Last, among other assumptions, the estimation of the preventable fraction
assumes a causal effect, which can never be definitively demonstrated with an observational
study, and could have been impacted by some of the limitations inherent to this type of study
design (such as residual confounding).>®

In summary, our results demonstrate that children who are not infected with RSV in the first
year of life have a substantially reduced risk of developing childhood asthma, an association
that is age- and severity-dependent. Furthermore, our findings suggest that interventions
that prevent, delay, or decrease the severity of the initial RSV infection could be studied

as a strategy to reduce the prevalence of childhood asthma at the population level. It is
important to recognize that while our findings suggest a causal association, because of the
observational design, our study can never definitively establish causality. Instead, our results
highlight the need for long-term follow-up of common respiratory outcomes among children
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participating in ongoing and future clinical trials of agents for RSV immunoprophylaxis.
Given the sample sizes we have previously calculated,>156 this would likely require many
of the clinical trials to conduct this follow-up, ideally with standardized data collection
and pooling of results, to inform the potential of RSV prevention products on long-term
childhood respiratory morbidity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in Context
Evidence before this study

Respiratory syncytial virus (RSV) is a major cause of morbidity and mortality in
young children worldwide. In addition to its well-established short-term effects, there
is conflicting evidence suggesting that RSV infection in infancy (that is, in the

first year of life) can have long-term effects on respiratory health and lead to the
development of childhood asthma. However, prior studies in this field have exclusively
focused on the association of early-life severe RSV infection (usually defined as the
presence vs. absence of RSV bronchiolitis requiring hospitalization) with pediatric
wheezing phenotypes. By mainly using a control group of children not hospitalized
due to RSV bronchiolitis (a group that combines children with RSV bronchiolitis not
requiring hospitalization, children with RSV upper respiratory infections, and children
with no RSV infection), these studies have all been limited by misclassification of
their comparator group. Furthermore, because the association of early-life severe RSV
infection with the onset of childhood asthma is likely confounded by shared genetic
susceptibility, these studies cannot support a causal association.

Added value of this study

To overcome most of the limitations of prior studies in this field, we 1) conducted a
population-based birth cohort designed to study RSV infection in infancy as an exposure,
rather than only studying early-life severe RSV infection, which is a clinical phenotype
and not a true exposure, 2) used a combination of passive and active surveillance

with viral identification through molecular and serological techniques to ascertain RSV
infection in infancy as a natural event, thereby overcoming the confounding effects of
host genetics, and 3) examined the effect of being uninfected with RSV in infancy on
the development of childhood asthma. The proportion of children with RSV infection in
infancy was ~54%. Being uninfected with RSV in infancy was associated with ~25%
lower risk of 5-year current asthma. The estimated proportion of 5-year current asthma
that could be attributed to preventing RSV infection in infancy was ~15%

Implications of all available evidence

Our results suggest a causal, age- and severity-dependent association between RSV
infection in infancy and pediatric wheezing phenotypes. These findings are further
supported by 1) our prior studies showing that birth in relationship to RSV circulation
is associated with the risk of childhood asthma, an association that is difficult to
explain by non-causal mechanisms, and 2) numerous /7 vitro and animal studies that
provide evidence for potential mechanisms through which early-life RSV infection may
contribute to chronic airway diseases. Our results also support the consideration of
studies that prevent, delay, or decrease the severity of the initial RSV infection as
strategies to reduce the prevalence of childhood asthma at the population level. While
we present multi-level evidence of a robust relationship between RSV infection in
infancy and childhood asthma, because this is an observational study, the results cannot
definitively establish causality. Our findings highlight the need for long-term follow-up
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of common respiratory outcomes among children participating in ongoing and future
clinical trials of RSV prevention products.
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A
Host genetics
Severe RSV infection in (@)
infancy (e.g., RSV .
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B
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Figure 1:
Graphical representation showing the confounding effect of host genetics on the potential

causal relationship between RSV infection in infancy and childhood asthma. (1A) Prior
studies in this field have focused exclusively on severe RSV infection (usually defined as
the presence vs. absence of RSV bronchiolitis requiring hospitalization) in infancy with
childhood asthma (&) and have thus lacked a true control group of children without RSV
infection in infancy. Furthermore, because both the severity of an RSV infection and the
onset of childhood asthma may share a common genetic origin, or an RSV bronchiolitis
requiring hospitalization in infancy may simply represent the first acute asthma exacerbation
in an otherwise genetically predisposed child, these studies were highly susceptible to
confounding by host genetics (band ¢). (1B) In the current study, we examined the effect
of being uninfected with RSV in infancy on the development of childhood asthma (4) and
thus included a true control group of children not infected with RSV in the first year of
life. In addition, because RSV is ubiquitous and nearly everyone is infected with it by
age 2-3 years, being uninfected vs. infected with RSV in infancy is a natural event and
less likely to be associated with host genetics (¢). Hence, our study design is likely to
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mitigate confounding by shared genetic susceptibility. Definition of abbreviations: RSV =
Respiratory syncytial virus.
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Figure 2:
Flow diagram of the hierarchical algorithm used for the classification of RSV infection in

infancy. The number (%) of eligible children enrolled in the study with RSV infection in
infancy and 5-year current asthma are also shown. Definition of abbreviations: INSPIRE
= Infant Susceptibility to Pulmonary Infections and Asthma Following RSV Exposure
Study, RSV = Respiratory syncytial virus, RT-qPCR = Reverse transcription-quantitative
polymerase chain reaction.
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Figure 3:

The association of being uninfected with RSV in infancy with the primary and secondary
outcomes. The bar plots show the % of children with 5-year current asthma (3A), recurrent
wheeze (3B) at each of the measured timepoints, and 5-year current asthma inflammatory
subtype ascertained using evidence of aeroallergen sensitization by skin prick testing or
blood specific IgE testing at age 3 years (3C) in children infected and uninfected with
RSV in infancy. The p-values shown for the comparison between groups were calculated
using chi-squared tests. The number of children with each outcome and the total number
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of children for each group are shown inside the bars. Definition of abbreviations: RSV =
Respiratory syncytial virus,

Lancet. Author manuscript; available in PMC 2024 May 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rosas-Salazar et al. Page 23

Predicted probability of

recurrent wheeze (95%Cl)

0.25 —
0.20 —
RSV infection
in infancy
= No
0.15 — Yes
0.10 —
| | | | |
1 2 3 4 5
Age in years
Figure 4:

Predicted probability of recurrent wheeze over the first 4 years of life by RSV infection

in infancy. The solid lines represent the predicted probability for each group. The adjacent
shaded bands represent the corresponding lower and upper 95% Cls. The estimates were
obtained from a generalized estimating equation regression model with a Poisson random
component and log link for repeated measures (using an independent working correlation)
and correcting covariance matrices using the Huber-White robust sandwich method. The
model included the child’s sex, race and ethnicity, ever breastfeeding, daycare attendance in
infancy, exposure to secondhand smoking in utero or in early infancy, and maternal asthma
as covariates. Definition of abbreviations: Cl = Confidence interval, RSV = Respiratory
syncytial virus.

Lancet. Author manuscript; available in PMC 2024 May 20.



Page 24

Rosas-Salazar et al.

190 (%6T) 281 (%0¢) 09T (%67) 62€ BLILISE [RUIBIRIN
760 (%02) €6T (%02) 29T (%ee) sey Aoueyur ALres ut Jo osapn uy Buijows pueypuodss o) ainsodx3

100°0> (%56) €25 (%v) ese (%715) €86 Aouejur Bunnp swioy Je s1eak 9> palie pj1yd JaLIoU. JO 9IUBSAI
100°0> (%8€) vve (%62) vee (%ve) 065 AKoueyur ur sduepuale aIeakeq
100 (%82) 0gL (%28) €59 (%T8) 8¢5'T Buipsagisealq Jang
200 (%ve) Gze (%672) €€2 (%1€) 119 uonoss uessessd Aq yuig
820 (6vL'e-Ter'e) eev'e  (L12'6-02T'e) Sov'e  (OvL'€-0ZT'E) SOv'E (swesB) Brem yuig
2To (ov-6¢€) 6€ (ov-6€) 6€ (ov-6€) 6€ (sx193m) abe [euoneIsan

(%€T) 61T (%€T) 90T (%€T) £5¢ Jlaquiads@

(%T1T1) 90T (%vT) v1T (%eT) 152 18GWBAON

(%TT) 90T (%ST) €21 (%¥T) 692 1300100

(%€T) 02T (%ST) 02T (%€T) 192 laquiaydag

(%97) €51 (%81) TvT (%.7) 62€ 1snBny

(%6T) 6.T (%€T) €0T (%91) €T€ Ain

(%.1) 19T (%TT1) 06 (%v1) 022 aung
100°0> yluow yuig

(%25) 95 (%29) LSV (%95) 880'T ¥102-€102

(%ev) 8ov (%ev) ove (%) 858 €102-210¢
180 uoseas ASH

(%6) 18 (%8) 59 (%6) 99T Yo

(%01)16 (%8) 59 (%6) 02T o1uedsIH

(%19) 085 (%69) 1SS (%99) L92'T 91UedSIH-UOU BHYM

(%02) 26T (%ST) 91T (%8T1) £ve o1uBdsIH-UoU Yoe|g
¥00°0 ANo1uyls pue aoey
€20 (%9v) 9ev (%6v) T6€ (%s8v) 926 Xas a[ewad
5000 (98-21) 09 (5L-ST) 1§ (8,-9T) 5§ (sAep) Juswyjoius 1e aby

gonfen-d (r¥6=U) soA (262=U) oN
(9v6'T=U) IV ans1I8I0RIRYD BUIaseg

*Qﬁ.._”ucv Adueyul ur uondBUI ASH

Author Manuscript

‘TalqeL

Author Manuscript

Author Manuscript

4, Kouryur U1 snyeIs UoNIBJUI ASYH Ag Apmis ay3 Ul paj|olua usip|Iyd 3|qiB1fe JO SNISLIBIORIRYD BuIjaseq

Author Manuscript

Lancet. Author manuscript; available in PMC 2024 May 20.



Page 25

Rosas-Salazar et al.

"UMOUS aJe 158] paJenbs-1yd 1o N Asunypn-uuely e Buisn sdnoib ayy usamiaq uostiedwod ay) 4oy sanfend ayl

s

sdno.B 0M1 8U) JO U OIUI PAIYISSE|D aq O) BIEp 3|e|Ien ey (%88) Ti2'T 'ADMS au) Ul pa|oJus uaIpIyd 3|qiBIla 9v6°T 8yl 4O

't

“2Jep 919|dwod YIM UsIp|Iyo oy parejnofed EmﬁN

'sa|qelieA [eari06a1ed 10} (95) Jagquinu Jo sajgelieA snonunuod Joy (sbues ajisenbisiul) ueipaw se pajussaid ereq
*

'SNUIA [enAouAs Alojelidsay = ASY . SUONBINGIQQE JO LUORILULST

(%1) 1T (%T1) 1T (%2) ve umouNuN 10 JayI0
(%¥¥) TTY (%8¥) 8¢ (%S¥) 298 ajenlld
(%GS) Tes (%09) zo¥ (%vS) SS0'T aJe’s 1o [esspad

€70 aourInsul Jo adAL
gonen-d (ry6=u) SoA (262=u) oN
(9v6'T=U) IV JnsIIa)0RIRBYD duljased
*Qﬁqucv Aouejul ul UoRdBUI ASH
Author Manuscript Author Manuscript Author Manuscript

Author Manuscript

Lancet. Author manuscript; available in PMC 2024 May 20.



Page 26

Rosas-Salazar et al.

's1eak g abe je sijewlsp aidole Jo sniuiyl o169 pasoubelp-ueloisAyd JaAs Jo 1odal eluased Aq paureladse sem Adore ‘adAigns Alorewuwie]jul BLUYISe JUsLInd 1eak-G JO Z U

uap

104 's1eak g abe 1e Bunsal 361 o14199ds poojq 10 Bunsal ¥oud umys Ag uoirezinisuas uabiajeolae Jo aduapiAs Buisn paurensose sem Adoje ‘adAigns Alojewuwesul BLIYISe JUa1INd JeaA-G JO T UonIulap 104

5

‘Sajelienod

Se eLISe [eulayew pue ‘Aouryul Aj1es ul 10 04811 Ly BUBOWS PUBYPUO0ISS 0} 81nsodxa ‘Aouesul ul sduepuane aieakep ‘Buipasyiseald Jans ‘A0IUYIS pue aJel ‘Xas s, plIyd Papnjoul sjapow paisnipe ay L

t

“gjep 918|dWod YIM UBIPJIYD Ul PBIONPUO0D 819M SasA[eue [eansiels ay L

/
‘Aouegul Ul ASYH Yyim

pa10ajuI UBIP|IYD papn|oul dnoib sdualagel 8yl ‘s|apOW | 40 "s|apow uoissaiBal onsIBo| [eILIOUINW W4 SOIYe SPPO a1e pajussaid sarewnss ay ‘adAigns Aloyewweyul eLIyISe JUsLInd JeaA-G Jo sWooino
3} 104 "S[apowW UOIssaBal UOSSIOd PRIHIPOW WO PaUIeIqO SOIe] HsH e pajuasaid sa1ewiise ay} ‘siulod awil painsesw ay} JO Yyoes 18 9ZesyM 1Ua1INdal pue BLILISE 1UaLIND Jeak-G JO SaW02INo ay} o4
¥

"SNUIA [enkouks Alojeidsay = ASY ‘[eAISIUI 90UBPIUOD = | “SUONBINGIGQE JO UOIULIT

€€0 (02'1-85°0) £8°0 (%S€'TT) vEC' T/OVT ve0 (02'1-65°0) ¥8'0 (%v2'TT) ¥SC'T/TYT oldoyy
€000 (82'0-0£°0) 870 (%959) ¥€2'T/I8 9000 (0z'1-650) ¥8°0 (%98'9) ¥52'1/98 a1doje-uoN
30UBI340Y (%60°28) vET'T/ETO'T 30URI3JY (%06'18) ¥SC'T/L20'T 3UON
§2 uomuyaq - adAigns Alojewiwreljul BWYISe 1UBLIND JeaA-G
650 (9€'1-85'0) 68°0 (%¥6°L) L6TT/56 €L0 (T¥'1-19°0) €6°0 (%ET'8) LT2'T/66 oldoyy
100 (98'0-5€'0) 550 (%bv'L) L6TT/68 100 (£8'0-G€'0) G50 (%8v'2) LT2'T/T6 o1doje-uoN
30UIBYRY (%€9'78) L6T'T/ETO'T 30URI3JY (%6E'78) LT2'T/L20'T 3UON
§T uoniuyeq - adA1gns Alojewiwejul BWYISE JUBIIND JBBA-G
920 (€T'1-€9°0) 580 (%0€°TT) vEF'T/29T 8T°0 (60'1-19°0) 28°0 (%T¥'TT) GG¥'T/99T Jeak-ino
2To (90'1-19'0) 18'0 (%T8'€T)E6E T/S8T 170 (50'1-29°0) 18°0 (%6Y'€T) 9TV'T/T6T Teak-aa1yL
¥0'0 (66'0-19'0) 82°0 (%09'¥T) €09'T/¥EZ  600°0 (z6'0-L60) €L°0 (%L6'7T) 0£9'T/¥VC JTeak-om|
100°0> (0£'0-2t'0) ¥5°0 (%.TvT) L89°'T/6€C  TO00> (59°0-07'0) 150 (%99'%T) G0.'T/0SZ 1eak-au0
9Z33YM 1Ua1INday
SaW09IN0 AJepuodss
100 (#6'0-85°0) ¥2°0 (%T1°81) LEC'TIVCE 200 (560-65'0) G20 (960€'8T) LGZ'T/0EZ  BwWUyise JURIIND Jedk-oAl4
9wi0d1No Alewlld
anend (19 9656) arewns3 (9%) sasAjeue |eanIsIeIS Ul papn|oul anend (19 9656) arewns3 (9%) sasAjeue |ea1ISIILIS Ul PapN|oul UaLp[Iyd

UBIPIIYD O LU [€10} / BUWOIINO YUM UBIPILD JO oN

4O ,U [€10] / BLUIOJINO YMUM UBIP|IYD JO ,N

+ sasAfeue paisnipy

sasAfeue paisnipeun

awoINQO

Author Manuscript

4, 'S8W02IN0 Asepuodas pue Arewnid sy yum Aduejul Ul ASY UM pajasjulun Buiag Jo UONBId0SSe ay |

Author Manuscript

‘¢ slqeL

Author Manuscript

Author Manuscript

available in PMC 2024 May 20.

Lancet. Author manuscript



	Abstract
	Introduction
	Methods
	Overview of the Study Population and Design
	Determination of RSV Infection and Infection Severity in Infancy
	Definitions of Outcomes
	Power Calculations
	Statistical Analyses
	Role of the Funding Source

	Results
	Participant Characteristics and Follow-up
	Epidemiology of RSV Infection in Infancy
	Primary Outcome
	Secondary Outcomes

	Discussion
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Table 1.
	Table 2.

