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Abstract

Background: The impact of breastfeeding on certain childhood respiratory illnesses remains 

controversial.

Objective: To examine the effect of exclusive breastfeeding on the early-life upper respiratory 

tract (URT) and gut microbiome, the URT immune response in infancy, and the risk of common 

pediatric respiratory diseases.

Methods: We analyzed data from a birth cohort of healthy infants with prospective ascertainment 

of breastfeeding patterns and common pediatric pulmonary and atopic outcomes. In a subset of 
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infants, we also characterized the URT and gut microbiome using 16S ribosomal RNA sequencing 

and measured 9 URT cytokines using magnetic bead-based assays.

Results: Of the 1,949 infants enrolled, 1,495 (76.71%) had 4-year data. In adjusted analyses, 

exclusive breastfeeding 1) had an inverse dose-response on the α-diversity of the early-life 

URT and gut microbiome, 2) was positively associated with the URT levels of IFN-α, IFN-γ, 

and IL-17A in infancy, and 3) had a protective dose-response on the development of a lower 

respiratory tract infection (LRTI) in infancy, 4-year current asthma, and 4-year ever allergic 

rhinitis (AR) (OR [95% CI] for each 4 weeks of exclusive breastfeeding = 0.95 [0.91–0.99], 0.95 

[0.90–0.99], and 0.95 [0.92–0.99], respectively). In exploratory analyses, we also found that the 

protective association of exclusive breastfeeding on 4-year current asthma was mediated through 

its impact in the gut microbiome (p=0.03).

Conclusions: Our results support a protective causal role of exclusive breastfeeding on the risk 

of developing an LRTI in infancy and asthma and AR in childhood. They also shed light on 

potential mechanisms of these associations, including the effect of exclusive breastfeeding on the 

gut microbiome.

Capsule Summary:

Our results support a protective causal role of exclusive breastfeeding on the risk of developing 

a lower respiratory tract infection in infancy and asthma and allergic rhinitis in childhood. They 

also shed light on potential mechanisms of these associations, including the effect of exclusive 

breastfeeding on the gut microbiome.
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Introduction:

Breastfeeding has numerous advantages for the infant, the mother, and society; including 

improving nutritional, neurocognitive, and socioeconomic outcomes.1, 2 Whereas most 

studies have also shown a protective effect of breastfeeding on lower respiratory tract 

infections (LRTIs) in early life,3 those examining the association of breastfeeding on 

the onset of other common childhood pulmonary and atopic outcomes (such as food 

sensitization, asthma, or allergic rhinitis [AR]) have yielded conflicting results, including 

reports of detrimental effects.4–8 In addition, the interpretation of available data has been 

difficult, as many of the prior studies in this field have not taken into account the duration or 

exclusivity of breastfeeding, have not examined the presence of dose-response associations, 

have had a cross-sectional or retrospective design, have not addressed the possibility of 

reverse causation, or have not controlled for key confounders of these associations.7–10 

Furthermore, our understanding on whether breastfeeding is associated with other important 

determinants of pediatric respiratory health (such as the developing microbiome or immune 

response) is still limited.

Rosas-Salazar et al. Page 2

J Allergy Clin Immunol. Author manuscript; available in PMC 2023 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To address the above limitations, we examined the effect of exclusive breastfeeding on 

1) the upper respiratory tract (URT) microbiome, gut microbiome, and URT immune 

response in infancy, and 2) the development of common childhood respiratory and atopic 

outcomes (including an LRTI in infancy, one-year food sensitization, and childhood 

asthma and AR) in a large (n=1,949), population-based, birth cohort of healthy infants 

with careful characterization of breastfeeding patterns, close longitudinal follow-up, and 

detailed assessment of multiple confounders of these associations. Using a causal mediation 

framework for multidimensional data, we further explored whether the effect of exclusive 

breastfeeding on clinical outcomes is mediated by the early-life URT microbiome, gut 

microbiome, or URT immune response (eFigure 1).

Methods:

Full details are available in the eMethods section of the Online Supplement.

Overview of the Study Population and Design

This was a sub-study of the Infant Susceptibility to Pulmonary Infections and Asthma 
Following Respiratory Syncytial Virus Exposure study (INSPIRE) (n=1,949).11 Eligible 

infants were healthy, term, and enrolled near birth (eTable 1). For those infants enrolled 

during the 2nd year of the study (n=1,088), the enrollment visit included the collection of 

nasal filters and stool samples.11–13 To capture all acute respiratory infections during each 

infant’s first winter viral season, we conducted intensive passive and active surveillance 

during November to March of their first year, which included in-person respiratory illness 

visits and viral testing for those meeting pre-specified criteria (see the eMethods section 

of the Online Supplement). Yearly follow-up for the development of common pediatric 

respiratory diseases is ongoing. The Institutional Review Board of Vanderbilt University 

approved this study and parents provided written informed consent. The detailed methods 

for INSPIRE have been previously reported.11

Definition of Exposures and Outcomes

Our main exposures were parental report of type of feeding at enrollment (exclusive breast 

milk, combined, or exclusive formula) and the duration of exclusive breastfeeding (in 

weeks).14 To make our results comparable to those of prior studies in this field, we also 

created different categorical variables taking into account the infant’s age and breastfeeding 

pattern. These included: 1) ever any breastfeeding (yes vs. no), 2) current any breastfeeding 

at enrollment (yes vs. no), 3) current any breastfeeding at age one year (yes vs. no), and 4) 

type of milk at age one year (only breast milk, some breast milk, or no breast milk).

Our initial outcomes included several metrics of the URT and gut microbiome, as well 

as the levels of 9 a priori selected URT cytokines, which were all assessed in the nasal 

filters or stool samples collected at enrollment from a subset of infants. The URT cytokines 

were selected based on their known anti-viral, pro-inflammatory, or pro-allergic functions. 

These included: IFN-α, IFN-γ, IL-4, IL-5, IL-13, IL-17A, IL-33, TNF-α, and TSLP. 

Our clinical outcomes included the development of an LRTI in infancy, one-year food 
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sensitization, 4-year current asthma, and 4-year ever AR, which were ascertained using 

common epidemiological definitions (see the eMethods section of the Online Supplement).

Characterization of the Early-life Microbiome and Upper Respiratory Tract Immune 
Responses

The methods used to characterize the URT and gut microbiome and to measure URT 

cytokines in infants enrolled in INSPIRE have been previously described.12, 13, 15–18 In 

brief, we amplified the V4 region of the 16S ribosomal RNA (rRNA) gene, sequenced 

the libraries on an Illumina MiSeq platform, and grouped sequences using an amplicon 

sequence variant-based pipeline.19–21 To measure the levels of the 9 a priori selected 

cytokines in the nasal filters, we used multiplex magnetic bead-based assays and ultimately 

processed the data using the method described by Won et al,22 which uses median 

fluorescence intensities (MFIs) of individual beads instead of the usual standard curve-

based data-processing method to increase the sensitivity and accuracy of high-throughput 

immunoassays.17, 22–24

Statistical Analyses

The framework for our statistical analyses is shown in eFigure 1. These were all performed 

using SAS and R.25

For the statistical analyses of the URT and gut microbiome, we first rarefied the processed 

datasets to the lowest library size of all samples (n=1,019 for nasal filters and n=1,179 for 

stool samples) and calculated common α-diversity (observed taxa, exponentiated Shannon, 

and inverse Simpson indices) and β-diversity (Bray-Curtis dissimilarity) metrics at the 

amplicon sequence variant level. To compare α-diversity metrics between groups, we used 

Kruskal-Wallis tests and linear regression. To evaluate the differences in β-diversity between 

groups, we used non-metric-multidimensional scaling and permutational multivariate 

analysis of variance.26 Next, using a non-rarefied processed dataset, we used the DESeq2 

method to compare the abundance of genera between groups.27, 28 The p-values were 

corrected for multiple comparisons using the Benjamini-Hochberg method (q-values).29

The URT cytokines and clinical outcomes were first compared between groups using Mann–

Whitney U, Pearson chi-squared, or Kruskal-Wallis tests, as appropriate. We then used linear 

or logistic regression, as applicable, to obtain estimates of the associations. For the statistical 

analyses of the type of feeding at enrollment with the clinical outcomes, we also conducted 

sensitivity analyses using propensity score (PS) matching with a 1:1 nearest neighbor 

algorithm and no replacement within a pre-specified caliper distance (0.2) to address the 

possibility of residual confounding by balancing covariates between the exclusive breast 

milk and exclusive formula groups. To assess whether the matching had been successful, we 

calculated standardized mean differences between groups. Last, we assessed the association 

of exclusive breastfeeding with each of the clinical outcomes in the PS-matched dataset 

using logistic regression.30, 31

Based on our results and to investigate the pathways through which exclusive breastfeeding 

exerts an effect on pediatric respiratory health, we also conducted exploratory analyses by 

building causal mediation models that included exclusive breastfeeding as the exposure, 
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either the early-life URT or gut microbiome β-diversity as the mediator, and each of the 

clinical outcomes as the outcome. We then tested the global hypothesis that the overall 

structure of these microbial communities mediate the association between the exposure 

and the outcome using multivariate omnibus distance mediation analyses.32 Likewise, we 

built similar models including the levels of URT cytokines in infancy as separate and joint 

mediators (eFigure 1).

For all statistical analyses, we created unadjusted and adjusted models including covariates 

selected based on available literature.4, 8–10 For the association of the duration of exclusive 

breastfeeding with the clinical outcomes, we also tested the presence of interactions with 

selected covariates in the models and built supplementary models by including additional 

covariates. The URT cytokines were all generalized-log-transformed prior to statistical 

analyses.17 Statistical significance was defined as a p- or q-value ≤0.05.

Results:

Participants Characteristics and Follow-up

The median (interquartile range [IQR]) age at enrollment was 55 (16–78) days and the 

majority of infants were males, White non-Hispanic, and born by vaginal delivery. There 

were multiple differences in baseline characteristics of infants by the type of feeding at 

enrollment (Table 1).

Of the 1,949 infants enrolled, 1,495 (76.71%) had 4-year data available. Children without 

4-year data had a higher birth weight and were more likely to have been exposed to tobacco 

smoke and to have private insurance at enrollment than those with 4-year data (eTable 2).

Exclusive Breastfeeding and the Early-life Upper Respiratory Tract and Gut Microbiome

Four hundred fifty-nine infants had nasal filters available for the characterization of the 

URT microbiome and 445 (96.95%) of these were included in the statistical analyses after 

quality control. Six hundred and forty-seven infants had stool samples available for the 

characterization of the gut microbiome and 637 (98.45%) of these were included in the 

statistical analyses after quality control. The median (IQR) high-quality sequence count 

per nasal filter and stool sample was 13,506 (8,026–20,065) and 8,685 (6,565–11,611), 

respectively. There were minimal differences between infants included and not included in 

the statistical analyses of the URT and gut microbiome (eTables 3–4).

There was a dose-response effect of the type of feeding at enrollment on the α-diversity 

(richness ± evenness) of both the URT and gut microbiome, with infants who were 

exclusively breastfed at enrollment having the lowest values for all α-diversity metrics 

examined in both unadjusted and adjusted analyses (Figure 1 and eTables 6–7). The β-

diversity (overall structure) of the URT and gut microbiome also differed by type of feeding 

at enrollment in both unadjusted and adjusted analyses (p<0.01 for all comparisons) (eFigure 

2). Likewise, there were multiple differences in the abundance of URT and gut genera by the 

type of feeding at enrollment in both unadjusted and adjusted analyses, with 5 URT genera 

(including Granulicatella, Gemella, Acinetobacter, Streptococcus, Corynebacterium 1) and 

3 gut genera (including Escherichia-Shigella, Bifidobacterium, and Clostridium innoccuum 
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group) being differentially abundant in adjusted analyses (eTables 8–9), several of which 

appeared to have a dose-response association (Figure 2). Including other covariates in these 

adjusted models (e.g., tobacco smoke exposure in utero or prior to enrollment, daycare 

attendance, or type of insurance) did not change our results (data not shown).

Exclusive Breastfeeding and the Upper Respiratory Tract Immune Response in Infancy

Four hundred and forty-two infants had nasal filters available for the measurement of URT 

cytokines and all of these were included in the statistical analyses of at least one cytokine 

after quality control. There were minimal differences between infants included and not 

included in the statistical analyses of the URT immune response (eTable 5).

In unadjusted analyses, the type of breastfeeding was associated with the levels of antiviral 

and pro-inflammatory cytokines (IFN-α, IFN-γ, TNF-α, and IL-17A), but not with levels of 

pro-allergic cytokines (IL-4, IL-5, IL-13, IL-33, or TSLP) (eTable 10). With the exception 

of TNF-α, these associations remained significant in adjusted analyses, with exclusive 

breastfeeding at enrollment being associated with higher URT levels of IFN-α, IFN-γ, and 

IL-17A (Figure 3 and eTable 11).

Exclusive Breastfeeding and Common Childhood Respiratory Illnesses

The median (IQR) duration of exclusive breastfeeding in the 1,949 infants enrolled was 

6 (0–20) weeks. The number (%) of children with an LRTI in infancy, one-year food 

sensitization, 4-year current asthma, and 4-year ever AR were 440 (22.58%), 209 (10.72%), 

286 (14.67%), and 516 (26.48%), respectively.

There was a dose-response effect of the type of feeding at enrollment on an LRTI in infancy 

and 4-year current asthma in both unadjusted and adjusted analyses, with infants who were 

exclusively breastfed at enrollment having the lowest odds of developing these clinical 

outcomes (eFigures 3–4 and Figure 4). There was no association of the type of feeding at 

enrollment with one-year food sensitization or 4-year ever AR in unadjusted or adjusted 

analyses (eFigures 5–7 and Figure 4).

The duration of exclusive breastfeeding had a protective dose-response effect of on an LRTI 

in infancy, 4-year current asthma, and 4-year ever AR in both unadjusted and adjusted 

analyses (eFigure 8, Figure 4, and eTables 12–14). In adjusted models, each 4 weeks of 

exclusive breastfeeding decreased the odds of an LRTI in infancy, 4-year current asthma, and 

4-year ever AR by ~5% (OR=0.95, 95% CI=0.91–0.99, p=0.03; OR=0.95, 95% CI=0.90–

0.99, p=0.03; and OR=0.95, 95% CI=0.92–0.99, p=0.02; respectively). We obtained similar 

estimates in adjusted models that included additional covariates (eTables 12–14). There 

were no significant interactions between the duration of exclusive breastfeeding and infant’s 

sex, race or ethnicity, or maternal asthma in any of these models (p≥0.2 for all interaction 

terms) (eTable 15). The duration of exclusive breastfeeding was associated with one-year 

food sensitization in unadjusted analyses (eFigure 8), but this association did not remain 

significant in adjusted models (eTable 16).
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Overall, we found similar results when examining the effects of different categorical 

variables that took into account the infant’s age and breastfeeding pattern on the clinical 

outcomes in both unadjusted and adjusted analyses (eFigures 3–7).

Through PS matching, we were able to balance all the baseline characteristics between 

infants who were exclusively breastfed and those who were exclusively formula fed at 

enrollment (eTables 17–19). Using the PS-matched datasets, exclusively breastfed infants 

also had similar lower odds of an LRTI in infancy, 4-year current asthma, and 4-year 

ever AR in both unadjusted and adjusted analyses, although the association of exclusive 

breastfeeding and 4-year ever AR was only borderline significant (eTable 20).

The type of feeding at enrollment remained associated with the development of an LRTI in 

infancy after including the respiratory virus as a covariate in adjusted models performed in 

the subset of infants with at least one in-person respiratory illness visit (n=1,047) (eTable 

21). The interaction between the type of feeding at enrollment and the viral etiology was not 

significant in this model (p= 0.8 for the interaction term).

In exploratory analyses, there was a significant mediating effect of the β-diversity of the 

gut microbiome, but not of that of the URT microbiome, on the association of exclusive 

breastfeeding on 4-year current asthma (eTable 22). There were no mediating effects of 

the β-diversity of the early-life URT or gut microbiome β-diversity on the associations 

of exclusive breastfeeding with other clinical outcomes (p>0.05 for all mediation effects). 

There were also no mediating effects of the URT cytokines in infancy on the association of 

exclusive breastfeeding with any of the clinical outcomes (p>0.05 for all mediation effects).

Discussion:

Using a combination of prospective data from a population-based birth cohort, multiple 

statistical approaches to account for the possibility of confounding or bias, and next-

generation sequencing, we found that exclusive breastfeeding 1) has an inverse dose-

response on the α-diversity of on 2 different microbial communities in infancy (the URT 

and gut microbiome), 2) is associated with antiviral and pro-inflammatory URT immune 

responses in infancy, and 3) has a protective dose-response on the risk of developing 

an LRTI in infancy and asthma and AR in childhood. Furthermore, by using novel 

bioinformatics and causal mediation modeling of multidimensional data, our results also 

suggest that the gut microbiome is an important mediator of the effect of exclusive 

breastfeeding on childhood asthma. Our findings of a protective dose-response effect of 

exclusive breastfeeding on the risk of our multiple outcomes suggest a causal effect and 

support adding important benefits of breastfeeding on childhood respiratory health to the 

list of its multiple non-respiratory benefits when educating families.1, 2 Our study was not 

designed to identify specific thresholds of different types of breastfeeding patterns that could 

exert a protective effect on common childhood respiratory illnesses. However, our results 

suggest that whereas longer durations of exclusive breastfeeding likely offer the highest 

protection, even non-exclusive breastfeeding during the first few months could offer some 

benefit.
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Few other studies have found a similar dose-response effect of exclusive breastfeeding on 

the gut microbiome (also demonstrating a lower gut microbiome α-diversity in exclusively 

breastfed infants), but —to our knowledge— this has not been shown for the URT 

microbiome.33

Biesbroek et al found exclusively breastfed infants to have a lower nasal α-diversity and 

a different β-diversity than exclusively formula-fed infants, which is comparable to what 

we found.34 Yet, their results for the comparisons of α-diversity and abundance of URT 

taxa between these 2 groups differed from ours. For example, the authors found exclusive 

breastfeeding to be associated with lower nasal abundance of Gemella and a higher nasal 

abundance of Corynebacterium, while we found the opposite. The study by Biesbroek et 
al was smaller, had a retrospective design, did not include infants receiving both breast 

milk and formula, utilized a different 16S rRNA region and bioinformatic pipeline, and 

used a less stringent false discovery rate, which may explain the discrepant results. These 

factors could also explain the dissimilarities between our results and those from other studies 

examining the effect of exclusive breastfeeding on the gut microbiome, several of which 

have found the abundances of Bacteroides, Eubacterium, Veillonella, and Megasphaera to 

be lower in exclusively breastfed infants,33 whereas we did not find the abundance of these 

genus to differ by exclusive breastfeeding. However, our results are consistent with multiple 

other studies that have found Bifidobacterium to be a predominant taxon of both human 

breast milk and the early-life gut microbiome, an important determinant of homeostasis and 

immunity in the infant gut, and a protective factor for the development of atopic diseases 

(including childhood asthma).35–37

The literature demonstrating that exclusive breastfeeding protects against the incidence or 

prevalence of early-life LRTIs is extensive, although most prior studies have been conducted 

in low-to-medium-income countries and it has been suggested that many of these studies 

(particularly those in high-income countries) may have overestimated their results.2, 3 This 

is in part due to the fact that many of the prior studies in this field have not addressed 

the possibility of reverse causation, as an LRTI in infancy may lead to the modification or 

interruption of a mother’s breastfeeding patterns. However, we still found strong protective 

effects of exclusive breastfeeding on an LRTI in infancy when only including type of 

feeding data captured at enrollment, when a minority of infants had developed an LRTI 

(n=80 [4.10%]). Excluding those infants from statistical analyses did not change our results, 

which also makes reverse causation unlikely (data not shown).

To date, studies examining whether particular breastfeeding patterns are associated with the 

onset of food sensitization, asthma, or AR in childhood have yielded conflicting results, with 

some of these even showing a detrimental effect of breastfeeding on these outcomes.38–43 

The results from published meta-analyses have also been difficult to interpret,7, 8 as many 

of the prior studies have lacked a detailed ascertainment of the duration or exclusivity 

of breastfeeding, have been at risk of recall bias due to their non-prospective study 

design, have only used categorical breastfeeding variables, have inadequately adjusted for 

confounders, or have used outcome definitions that did not include objective data.4–10 

Our study addresses all of these limitations. Limiting the effect of confounders has been 

especially problematic in this field, as breastfeeding is more common in mothers of certain 
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backgrounds.2, 10 To address this, we 1) created primary and secondary models adjusting 

for multiple confounders of the association identified based on available literature,4, 8–10 and 

2) conducted sensitivity analyses using PS matching to balance covariates between groups. 

Our results remained similar across the different statistical analyses, which suggests that 

confounding by measured covariates is unlikely.

The pathways through which exclusive breastfeeding exerts a beneficial effect on pediatric 

respiratory health are likely multifaceted. Our results provide novel insights into these 

pathways by showing that the protective association of exclusive breastfeeding on childhood 

asthma is mediated, at least in part, by its impact in the gut microbiome. In spite of the 

strong effects of exclusive breastfeeding on the URT microbiome and URT cytokines, as 

well as on an LRTI in infancy and childhood AR, we did not find any significant effects 

in other causal mediation models. This could be explained by a lack of power, the fact that 

we only assessed these at a single point in time, or because the association of exclusive 

breastfeeding with these other clinical outcomes is mediated by pathways not examined in 

our study (such as epigenetic modification).1, 2 The development of statistical techniques 

for mediation analyses using microbiome data is an ongoing area of research and, due to 

the inherent limitations of the method we used, we were unable to identify the precise gut 

taxa that could be acting as mediators, so our mediation analyses should be considered 

exploratory.

Our study has numerous strengths, but we should acknowledge additional limitations. First, 

we had limited data on the specific types of formula being used and lacked data on the 

type of solid food initially introduced; therefore, we could not consider these in statistical 

analyses.44 Second, the proportion of children with missing data for some of the study 

outcomes (e.g., food sensitization) was relatively large, so we may have been underpowered 

to test some associations. In addition, there were certain differences between those included 

and not included in statistical analysis, which could suggest some degree of selection bias, 

and we did not have a replication cohort. Third, we only had data on preschool asthma 

(more commonly driven by respiratory viruses) and lacked data on school-aged asthma 

(more commonly atopic). Our results support the idea of breastfeeding being protective 

against both virus- and allergen-drive childhood asthma phenotypes, although likely more 

for the former, as we found it to have a protective effect against preschool AR (a risk 

factor for atopic asthma), but to only be associated with anti-viral and anti-inflammatory 

cytokines and not with pro-allergic cytokines. Because the burden of preschool asthma 

is substantial, our results are still highly relevant even if exclusive breastfeeding only 

protects against childhood asthma in the first few years of life. Fourth, while the results 

of some studies suggest a modification of the effect of breastfeeding on certain common 

pediatric respiratory diseases based on maternal asthma, we did not find this to be present, 

although we may have been underpowered to test interactions in our statistical analyses. 

Fifth, because standard curve-based data processing methods often lead to undetectable 

levels of analytes and a large proportion of missing data when measuring URT cytokines in 

infancy, we opted to use MFIs instead of concentrations. This is an approach that has been 

used and validated in several other studies.22–24 However, MFIs may only provide a relative 

quantification of the analyte and could be impacted by plate-to-plate variability.22 Last, 

despite controlling for multiple comparisons, type-1 error can impact differential abundance 
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analyses of microbiome data. We also didn’t have serial samples for the analyses of the 

early-life microbiome or the immune response, so we were unable to evaluate whether the 

effect of exclusive breastfeeding on these other outcomes persists beyond infancy. Other 

studies have shown that the effect of breastfeeding on the gut microbiome persists after 6 

months of age,33 but if this is true for the URT microbiome or immune response is not 

known.34 The first few months of life are a critical period of immune development and lung 

development, so it is plausible that even subtle alterations during this short period could have 

an important effect on the later origins of common pulmonary diseases.

In summary, our results support a protective causal role of exclusive breastfeeding on the 

risk of developing an LRTI in infancy and childhood asthma and AR, with dose-response 

effects not only on the risk of these common pediatric respiratory diseases, but also on 

both the early-life URT and gut microbiome. In addition, we found exclusive breastfeeding 

to be associated with antiviral and pro-inflammatory URT immune responses in infancy. 

Furthermore, our results suggest that the gut microbiome is an important mediator of the 

effect of exclusive breastfeeding on childhood asthma. For its respiratory and multiple non-

respiratory benefits for the infant, the mother, and society, exclusive breastfeeding should 

continue to be strongly recommended to all families.1, 2

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Declaration of All Sources of Funding:

This work was supported by funds from the National Institute of Allergy and Infectious Diseases (under award 
numbers U19AI095227, K24AI77930, HHSN272200900007C, R21AI142321, U19AI110819, R21AI154016, 
and R21AI149262); the National Heart, Lung, and Blood Institute (under award numbers K23HL148638, 
K01HL149989, T32HL087738, and R01HL146401); the Office of the Director of the National Institutes of 
Health (under award number UG3OD023282); the National Institute of General Medical Sciences (under award 
number R01GM140464); the Parker B. Francis Fellowship Program; the Vanderbilt Institute for Clinical and 
Translational Research (grant support from the National Center for Advancing Translational Sciences under award 
number UL1TR000445); the Department of Pediatrics at Vanderbilt University Medical Center (grant support from 
the Eunice Kennedy Shriver National Institute of Child Health and Human Development under award number 
K12HD087023); the Vanderbilt Building Interdisciplinary Research Careers in Women’s Health K12 program 
(grant support from the Eunice Kennedy Shriver National Institute of Child Health and Human Development under 
award number K12HD04348318); and the Vanderbilt Technologies for Advanced Genomics Core (grant support 
from the National Institutes of Health under award numbers UL1RR024975, P30CA68485, P30EY08126, and 
G20RR030956).

Declaration of Conflict of Interests:

LJA has done paid consultancies on respiratory syncytial virus (RSV) vaccines for Bavarian Nordic, Novavax, 
Daiichi-Sankyo, ClearPath Development Company, and Pfizer. He receives funding from Pfizer through Emory 
University for laboratory surveillance studies of RSV infection in adults. He is a co-inventor on several Centers for 
Disease Control and Prevention patents on the RSV G protein and its CX3C chemokine motif relative to immune 
therapy and vaccine development. He is also co-inventor on a patent filing for the use of RSV platform virus-like 
particles with the F and G proteins for vaccines. TVH has served on RSV-related scientific advisory boards for 
Pfizer and Sanofi. The other authors do not have a commercial or other associations that might pose a conflict of 
interest.

Abbreviations:

AR Allergic rhinitis

Rosas-Salazar et al. Page 10

J Allergy Clin Immunol. Author manuscript; available in PMC 2023 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



INSPIRE Infant Susceptibility to Pulmonary Infections and Asthma Following 

Respiratory Syncytial Virus Exposure study

IQR Interquartile range

MFI Median fluorescence intensity

LRTI Lower respiratory tract infection

PS Propensity score

rRNA Ribosomal RNA
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Key Messages:

• Our results support a protective causal role of exclusive breastfeeding on the 

risk of developing a lower respiratory tract infection in infancy and asthma 

and allergic rhinitis in childhood.

• In addition, they shed light on potential mechanisms of these associations, 

including the effect of exclusive breastfeeding on the gut microbiome.

• For its respiratory and multiple non-respiratory benefits for both the infant 

and the mother, exclusive breastfeeding should continue to be strongly 

recommended to all families.
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Figure 1: 
The association of type of feeding with the α-diversity of the upper respiratory tract 

(URT) (1A) and gut (1B) microbiome in infancy. The box-and-whisker plots show the 

mean (diamond), median (middle bar), 1st quartile (lower bar), 3rd quartile (upper bar), 

minimum observation above the lowest fence (lower whisker), maximum observation below 

the upper fence (upper whisker), and outliers (circles) of common α-diversity indices by 

type of feeding (all assessed at enrollment near birth [median age (interquartile range) = 55 

(16–78) days in all infants enrolled]). The p-values for the comparison between groups using 

Kruskal-Wallis tests are also shown.
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Figure 2: 
The association of type of feeding with the abundance of genera of the upper respiratory 

tract (URT) (2A) and gut (2B) microbiome in infancy. The bar graphs show the mean 

relative abundance of each genus by type of feeding (all assessed at enrollment near birth 

[median age (interquartile range) = 55 (16–78) days in all infants enrolled]). Only genera 

with a q-value ≤0.05 in DESeq2 models including the infant’s age at enrollment, mode of 

delivery, and exposure to antibiotics in utero or prior to enrollment as covariates are shown.
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Figure 3: 
The association of type of feeding with the median fluorescence intensity (MFI) of upper 

respiratory tract cytokines (URT) in infancy. The plot estimates were obtained from linear 

regression models including the infant’s age at enrollment, sex, and maternal asthma 

as covariates. The β coefficient (squares), corresponding 95% CI (adjacent lines), and 

p-value for each type of feeding are shown for each model. Exclusive formula was used 

as the reference category in all models and the URT cytokine MFIs were generalized 

log transformed prior to analyses (all assessed at enrollment near birth [median age 

(interquartile range) = 55 (16–78) days in all infants enrolled]). Only URT cytokines with a 

q-value ≤0.05 in unadjusted analyses are shown.
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Figure 4: 
The association of type of feeding (4A-C) and of the duration of exclusive breastfeeding 

(4D-F) with a lower respiratory tract infection (LRTI) in infancy, 4-year current asthma, 

and 4-year ever allergic rhinitis (AR). 4A-C: The plot estimates were obtained from logistic 

regression models including the infant’s sex, race and ethnicity, mode of delivery, daycare 

attendance at enrollment, maternal asthma, exposure to tobacco smoke in utero or prior 

to enrollment, and (for the outcome of 4-year current asthma) exposure to antibiotics in 
utero or prior to enrollment as covariates. Type of feeding was assessed at enrollment 

near birth [median age (interquartile range) = 55 (16–78) days in all infants enrolled). 

The OR (squares), corresponding 95% CI (adjacent lines), and p-value are shown for each 

model. 4D-F: The solid blue lines represent the predicted probability values of developing 

the clinical outcome by the duration of exclusive breastfeeding. The shaded gray bands 

indicate the corresponding lower and upper 95% CIs. The plot estimates were obtained from 

unadjusted logistic regression models.
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