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Abstract

Asthma is a common disease in childhood, and might predispose for chronic

obstructive respiratory morbidity in adolescence and adulthood. Various early-life

risk factors might influence the risk of wheezing, asthma, and lower lung function in

childhood. Cohort studies demonstrated that lower respiratory tract infections in the

first years of life are associated with an increased risk of wheezing and asthma, while

the association with lung function is less clear. Additionally, the gut and airway

microbiome might influence the risk of wheezing and asthma. The interaction

between respiratory tract infections and themicrobiome complicates studies of their

associations with wheezing, asthma, and lung function. Furthermore, the causality

behind these observations is still unclear, and several other factors such as genetic

susceptibility and the immune systemmight be of importance. This review is focused

on the association of early-life respiratory tract infections and the microbiome with

wheezing, asthma, and lung function, it is possible influencing factors and

perspectives for future studies.
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1 | INTRODUCTION

Asthma is a common disease in childhood and has a worldwide

prevalence of 5-10%.1 In preschool children, the prevalence of asthma

related symptoms, such as wheezing and shortness of breath, is even

higher.1 Results of birth cohort studies of the last decades suggest that

part of the origins of childhood asthma occur in early life.2–10 Lower

lung function or asthma in childhood might predispose to chronic

obstructive respiratory diseases, including COPD, in adolescence and

adult life.11,12 Therefore, identifying risk factors in early life is
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important to understand the development of lower lung function and

asthma and allow prevention of disease. Recent studies suggest that

early-life respiratory tract infections could lead to airway obstruction

and hyperreactivity,13 and subsequently increased risk of persistent

lower lung function and asthma. Also, exposure to microorganisms

seems associated with either an increased risk or lower risk of atopic

diseases, depending on the type of bacteria, the composition of the

microbiome, or both.

In this review, we describe the current knowledge from cohort

studies on the role of early-life respiratory tract infections and the

microbiome in the development of asthma.

2 | RESPIRATORY TRACT INFECTIONS

Respiratory tract infections occur most frequently in early childhood,

which is also the age with the most rapid development of the immune

and respiratory system.14–16 The prevalence varies per type of

respiratory tract infection. In developed countries, the incidence of

pneumonia in children until the age of 5 years is 0.05 episodes per child

year.17 Symptoms of an upper respiratory tract infection, such as sore

throat and rhinorrhea, in children until the age of 5 years are more

common, with a reported prevalence of 5.06 episodes per child year in

the United States.18

The diagnosis of early-life respiratory tract infections in studies

that examine the relation of respiratory tract infections with wheezing,

asthma, or lung function varies largely, and is mainly divided into

respiratory tract infections diagnosed in the laboratory or physician-

diagnosed. For laboratory proven respiratory tract infections, nasal

samples are taken either during symptoms of an acute respiratory tract

infection,19–27 or at scheduled time points.19,24,28 These are mainly

analyzed for either human rhinovirus (HRV) or respiratory syncytial

virus (RSV), the most common viral pathogens, and more rarely for

other viruses, such as adenovirus, coronavirus, or influenza virus. The

difference in timing of sampling could potentially lead to biased results,

since the prevalence of a virus during an acute respiratory infection is

most likely not comparable to the prevalence of a virus during an

asymptomatic period. Studies that used physician-diagnosed respira-

tory tract infections in early-life as outcomes used either question-

naires or standardized registries. Some prospective cohort studies

used questionnaires in which parents were asked whether their child

has had a specific infection in a specific period of time.29–31

Alternatively, studies use ICD-codes or hospital (admission) registries

to identify children with respiratory tract infections.32–37 Such

differences in definitions could lead to differences in effect sizes,

which is also illustrated by a cohort study that compared RSV

infections in children that visited the outpatient clinic, the emergency

department orwhowere hospitalized34 in relation to asthma diagnosis.

Children with RSV infections in these three different clinical groups

had a 1.86-, 2.41-, and 2.82-fold increased risk for asthma,

respectively, compared with children without a hospital visit for RSV

infections. This is in line with another retrospective cohort study that

showed that children with RSV infections who were at the outpatient

clinic or prolonged hospitalized had a 1.38 versus 2.5921 increased

odds for recurrent wheeze at the age of 5 years, respectively,

compared with those without an RSV infection. The use of

questionnaires or registries has the advantage of easily accessible

data at relatively low cost, but could possibly lead to misclassification.

Viral sampling is more reliable in terms of accurate diagnosis, but

whether sampling during symptoms of an acute respiratory tract

infection is comparable to sampling at scheduled times is unclear.

Additionally, costs will be higher and logistics are more complex. Thus,

in large observational population-based cohort studies, questionnaires

or registries are cost-effective methods to assess respiratory tract

infections, while smaller studies using viral sampling provide informa-

tion on specific agents.

In preschool children, asthma is difficult to diagnose and mainly

based on the occurrence of wheezing. Previous population-based or

high risk cohorts showed that HRV, RSV, or bronchiolitis in the first 1-3

years of life are associated with an up to 13-fold increased risk of

preschool wheezing.20–23,28,30,38 One cohort study showed that

hospitalization for RSV was associated with an increased risk of

recurrent wheezing at the age of 18 years.39 Cohort studies or case-

control studies that focused on childhood asthma at age 4-13 years

showed that HRV, RSV, or bronchiolitis in the first year, the first 2 or

the first 3 years of life were associatedwith an increased risk of asthma

with odds ratios ranging from 1.39 to 13.55.19,29,32–37,40 Some studies

examined a group of, and not individual, respiratory tract infections

only. A case-control study showed that hospitalization for any

respiratory tract infection in the first year of life was associated

with a 1.5-fold increased risk of asthma at the age of 5 years,35 while a

high-risk cohort study demonstrated that wheezy and febrile lower

respiratory tract infections in the first year of life were associated with

an increased risk of asthma at the age of 5 of 10 years. However, these

latter associations seemed only present when the child had allergic

sensitization before the age of 2 years.41,42 It has also been suggested

that the number of respiratory tract infections, rather than a specific

infection, is associated with an increased risk of asthma.43 Thus, it

might be that individual and type of respiratory infections are less

important for the development of preschool wheezing or childhood

asthma than groups and number of respiratory tract infections.

Only a few studies have examined the effect of early-life

respiratory tract infections on lung function. Population-based

cohorts, but also a high-risk cohort and a case-control study showed

that respiratory tract infections in the first or the first three years of life

were associated with a lower lung function, specifically Forced

Expiratory Volume in 1 s (FEV1), Forced Expiratory Flow after exhaling

50% of the Forced Vital Capacity (FEF50), FEV1/FVC, Midexpiratory

Flow (FEF2575), or Peek Expiratory Flow (PEF) mostly at age 6-8

years,24–26 although one prospective cohort study assessed lung

function multiple times between the ages of 11-26 years.44 The

decrease in lung function varied between −62.8 and −80mL for

absolute values, and −2.5% to −20% for percentage predicted values.

However, two population-based cohorts found no associations of

lower respiratory tract infections before the age of 2 years or

pneumonia or whooping cough in the first 7 years of life with lung
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function at the age of 10 years,31 or decline in FEV1 between the age of

35 and 45,45 respectively. It could be argued that respiratory tract

infections in later childhoodmight not have the same adverse effect as

in earlier childhood, explaining why no association was found in the

latter study. Further studies on the role of early respiratory tract

infections with later life wheezing, asthma, and lung function are

warranted.

The vast majority of the studies focused on respiratory tract

infections in the first 1-3 years of life. It is speculated that respiratory

tract infections in early life most probably have the greatest adverse

effect, since both the immune system and the respiratory system are

still under development in this stage of life.15,16 Early-life respiratory

tract infections could lead to a disturbance in the development of both

systems leading to persistent adaptations, and risk of respiratory

morbidity in later life.

It remains unclear whether lower respiratory tract infections

influence the risk of lower lung function, asthma and wheezing, or vice

versa. Some evidence on causality is provided by two randomized

controlled trials (RCT) comparing palivizumab with placebo in preterm

infants. Both demonstrated that compared with the placebo,

palivizumab decreased the risk of later wheezing, either in the first

year of life46 or at the age of 2-5 years.47 However, some studies that

measured early-life lung function suggest the opposite direction of

causality. One prospective cohort study showed that increased

bronchial responsiveness in infancy was associated with increased

risk of severe bronchiolitis48 and another showed that children with a

lower respiratory system compliance, and higher resistance at the age

of 2 months, were at greater risk for hospitalization for an RSV

infection and wheeze after the infection.49 However, the latter study

group demonstrated that the association of HRV in the first year of life

withwheezing at the age of 4 years remained significant after adjusting

for lung functionmeasurements at the age of 2months.28 Additionally,

another cohort study demonstrated that lower respiratory tract

infections in the first year of life were associated with an increased

respiratory rate at 1 year of age, and that recurrent lower respiratory

tract infections were associated with a lower tidal volume and

increased lung clearance index, irrespective of lung function measured

at the age of 6 weeks.50 To examine the direction of causality, further

longitudinal studies with detailed information on respiratory tract

infections and lung function measures early and later in life are

urgently needed to providemore insight in the causal direction of these

associations.

3 | THE HUMAN MICROBIOME

The microbiome could be defined as the community of micro-

organisms living in or on the human body.51 Two locations of the

microbiome are of great interest in relation to wheezing, asthma, and

lung function, namely the airway and gut microbiome. Analyses of

bacterial communities are mostly performed by 16S rRNA gene

sequencing, identifying different bacteria. Challenges in measuring

the airway microbiome lie in the relative low density of bacterial

communities when compared to the gut microbiome. Additionally, the

lower airway microbiome is difficult to sample and carries the risk of

contamination of the upper respiratory tract microbiome.52 When

studying the microbiome, it is possible to focus on microbiome

diversity or composition, or on specific bacteria. For microbiome

diversity, the richness and evenness of species is estimated, for

example by using the Shannon index or the Simpson's diversity

index.53 Here, richness reflects the number of different species, while

evenness reflects how even these different species are distributed.

Another approach is to model bacterial community compositions, to

form distinguishable groups.54 If specific bacteria are used as the

exposure, it is possible to focus on bacterial groups or specific bacteria.

Some of these bacteria might have a beneficial effect on wheezing,

asthma, and lung function, such as Bifidobacterium spp, while others

might have a negative effect, such as Clostridium difficile. The use of

different methods for the determination of the microbiome makes it

difficult to compare studies. Also, the question remains whether the

focus should be on specific bacteria, or rather on the total composition

of the microbiome. Characterizing specific bacteria is used more

commonly, and is less complicated in terms of both analysis and

interpretation but is likely to be an over simplification of the health

effects of the entire microbial composition.

3.1 | Airway microbiome

The composition of the airwaymicrobiome changes in the first years of

life. Nasopharyngeal samples in healthy subjects around the age of

2 months are mostly dominated by Staphylococcus and

Corynebacterium, but this frequency decreases with increasing age.

In contrast, Alloicoccus and Moraxella colonization is low at the age of

2 months, but is increased at the age of 12 months.55 Interestingly,

when an acute respiratory illness had occurred in between the two

sample periods, a transition to Moraxella or a stable colonization with

Moraxella was most commonly present. Other than respiratory illness,

exposure to pets, daycare attendance, siblings, and antibiotic use in the

4 weeks prior to sampling were associated with nasopharyngeal

colonization, showing mostly higher rates of Haemophilus and

Moraxella colonization. Additionally, a prospective cohort study

collected samples of the hypopharyngeal microbiome at the age of

1 week, 1 month, and 3 months, and showed that the microbiome at

the age of 1 week represented over 60% of the microbiome at

3 months.56 Thus, although various factors can influence the airway

microbiome, it is also likely that themicrobiome formation in later life is

determined by early colonization.

Various airway microbiota have been linked to later life asthma

and wheezing. A prospective high-risk cohort study showed that

Streptococcus colonization at the age of 2 months was associated with

an increased risk of chronic wheeze at the age of 5 years,55 while

another prospective cohort study showed that in neonates, S.

pneumoniae, M. catharallis, and H. influenza were associated with an

increased risk of wheezing at the age of 5 years.57 Additionally, some

cross-sectional studies have compared the lung microbiome obtained

by bronchoalveolar lavage or broncho-epithelial brush of asthmatics
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and healthy controls. Those studies showed that the bronchi of both

children and adults with asthma contained more Haemophilus spp,58

and that that the bacterial concentration and diversity were higher in

adults with suboptimally controlled asthma,59 compared with children

or adults without asthma. To date, it is not clear whether differences in

the microbiome of the airways and lungs precede asthma, or whether

the disease itself is the cause of these changes.

3.2 | Gut microbiome

The composition of the gut microbiome changes during the first years

of life, mostly as an effect of the changing diet in the same period.60

The introduction of supplementary feeding, the introduction of solids

and the start of weaning61 are important time periods in which the

microbial composition changes. These time periods should be taken

into accountwhen deciding atwhich age to sample feces formeasuring

the gut microbiome, or when interpreting results of different studies.

Previously published human studies have linked the gut microbiome

with the development of atopic diseases such as asthma. A prospective

cohort studyshowedthatC.difficilecolonizationat theageof1monthwas

associated with an increased risk of recurrent wheeze until the age of

2 years, but also with eczema and atopic sensitization at the same age.62

However, only the presence of C. difficile, not the concentration in the

feces was associated with these outcomes. Other bacteria, such as

bifobacteria, B. fragilis species, E. coli, and lactobacilli were not associated

with recurrent wheeze. A birth cohort study characterized the bacterial

composition at the age of 1 month and 6 months within three distinct

groups.54 The group with a lower abundance of bacteria such as

Bifidobacteria and Lactobacillus, but a higher abundance of fungi such as

Candida had the highest risk of asthma, predominantly multisensitized

atopyat theageof2years, andasthmaat theageof4years.Nodifference

was observed between the three groups in the risk of atopy at the age of

2 years, defined as an IgE level above 0.35 IUmL−1. A comparison of stool

samples at the age of 4 years between non-wheeze, non-sensitized

controls, and wheezy-sensitized cases showed no difference in the

microbiome composition.63 Both a prospective cohort and a substudy of

an RCT showed that the gut microbiome until the age of 1 month is also

associated with asthma development at the age of 6 or 7 years.64,65 The

microbiome at the age of 12 months however was not associated with

asthma. In summary, previous studies support the hypothesis that mostly

themicrobiome in early life is important for the development ofwheezing

and asthma at a later age.64

4 | RELATION BETWEEN RESPIRATORY
TRACT INFECTIONS AND THE AIRWAY
MICROBIOME

It is likely that respiratory tract infections and the airway microbiome

influence each other. Respiratory tract infections could have an effect

on the microbiome both during, and after the infection.66 Additionally,

it is possible that the microbiome colonization of the airway could

increase the risk of a subsequent respiratory tract infection.67

Hypopharyngeal colonization with S. pneumoniae, H. influenza, or

M. catharralis in the first 3 years of life is associated with an increased

risk of pneumonia and bronchitis at the age of 4 years, providing

evidence for the latter. It has also been shown that early Streptococcus

colonization is associated with an increased risk of a lower respiratory

tract infection at an earlier age, while Moraxella colonization is

associated with an upper respiratory tract infection at an earlier age.55

These findings suggest that respiratory tract infections might not only

influence the airway microbiome, but also vice versa. This further

complicates the relationship of either with wheezing, asthma, and lung

function, and the understanding of this association.

5 | INFLUENCING FACTORS

Several factors could be of influence in the associations of respiratory

tract infections or the microbiome with wheezing, asthma, and lung

function. The difference between the influencing factors is of

importance in thematter of possible prevention or treatment strategies.

5.1 | Environmental factors

Modeofdeliveryhasbeen suggested as apossible intermediate factor in

the relationship between the microbiome and risk of asthma.68–73

Children born through a caesarian section are likely to have a lower gut

microbiome diversity, especially in the first 3 months of life. Mode of

delivery might also influence the airway microbiome, although the

association of mode of delivery with the airway microbiome has been

studied less. Antibiotic use could be related to both the associations of

respiratory tract infections with wheezing, asthma, and lung function,

and to the associations of the microbiome with these outcomes.

Respiratory tract infections could lead to increased antibiotic use, which

thereby has as an intermediate effect on wheezing, asthma, and lung

function.74,75 The use of antibiotics could also have an effect on the

compositionof thegutmicrobiome, and therefore act as a confounder in

the associations of the microbiome with asthma or wheezing.76–78

Confounding by indication or reverse causation can complicate studies

on the effectof themicrobiome. For example, it hasbeen suggested that

the use of antibiotics is a results of confounding by indication, meaning

that only respiratory tract infections themselves have an effect on

wheezing, asthma, and lung function, and that a observed adverseeffect

of antibiotic use on these outcomes is solely because of the direct

relationbetween theuseofantibiotics and respiratory tract infections.75

5.2 | Intrinsic factors

An explaining factor for the associations of respiratory tract infections with

wheezing, asthma and lung function is genetic susceptibility. The 17q21

locus, the strongest known susceptibility locus for asthma, was demon-

strated tobeassociatedwithHRVwheezing inearly life aswell, butnotwith

RSV wheezing illness.79 Similarly, CDHR3 gene variation increases risk of

childhood asthma with severe exacerbations,80 with an increased

susceptibility to rhinovirus C infections as a possible underlying

1366 | VAN MEEL ET AL.



mechanism.81Geneticdifferences in immuneresponse to infectionsarealso

of interest. Some single nucleotide polymorphisms (SNPs) have been

identified to be associated with respiratory tract infections and asthma or

airway hyperreactivity, including picornavirus with atopic asthma and

airway hyperreactivity, and RSVwith atopic asthma and airway hyperreac-

tivity.82 A cohort study of children with RSV demonstrated that genes

coding for the Interleukin (IL) pathway, specifically IL4whichmightpromote

allergic inflammation and asthma, are associated with both RSV infection

andwheezing, suggesting a potential role for genetic differences in immune

responses to infections.83 The immune system could also be an explaining

factor in theassociationsof themicrobiomewithasthmaandwheezing.The

gut-associated lymphoid tissue is an important factor in the immunesystem,

and plays a role in the development of the gastro-intestinal immune

system.84Additionally, thebirthcohort study thatdemonstrated thatoneof

three distinct groups of bacterial composition of the gut microbiome was

associated with a higher risk of asthma and atopy, also showed that this

same group was associated with CD4+ cell dysfunction. Specifically,

CD4+IL4+ cells are upregulated, as is the concentration of IL-4 released,

which could contribute to airway inflammation.54 This could possibly mean

that the risk of asthma and wheezing due to differences in the gut

microbiome might be mediated by differences in the immune system. The

immune system could be a true underlying causal factor in these

associations, meaning that the immune system could influence both the

riskof respiratory tract infectionsor alter themicrobiome, and influence the

risk of wheezing, asthma, and lung function separately. Alternatively, the

immune systemmight beamediating factor in theassociationof respiratory

tract infections or the microbiome with wheezing, asthma, and lung

function. Further studies on the role of the immune system are needed to

disentangle these associations.

The associations between respiratory tract infections and wheez-

ing, asthma, and lung functionmight bemodifiedbysome factors suchas

the atopic status characterized by sensitization or parental asthma or

atopy. In a prospective cohort study, associations of wheezy or febrile

lower respiratory tract infections was only found if children were

sensitized by the age of 2 years, defined as a positive skin prick test for

either food or inhalant allergens.41,42 Some differences in the effect

estimates for bronchiolitis with asthma were also found when children

with and without atopic parents were compared, although for both

groups the effect estimateswere significant (odds ratios 3.11 vs 1.66).40

The role of genetics, the immune system and atopy in the

associations of the microbiome or respiratory tract infections with

wheezing, asthma, and lung function should be explored further.

6 | FUTURE RESEARCH

The role of respiratory tract infections and the microbiome has been of

increasing interest in the past decade, but population-based cohort

studies on its associations with wheezing, asthma, and lung function are

scarce. Population-based prospective cohort studies with frequent

measures of respiratory tract infections and the microbiome in early life

are needed to better understand the causal pathway between respiratory

tract infections and the microbiome, and the development of chronic

obstructive respiratory diseases in later life. Although the associations of

respiratory tract infections with wheezing, asthma, and lung function has

been studied more commonly, the question still remains whether

observed associations are causal, or whether children with a lower lung

function at birth or at risk of asthma aremore likely to develop respiratory

tract infections before asthma occurs. Additional to frequent early-life

measures of respiratory tract infections and the microbiome, population-

based prospective cohort studies with lung function measurements in

infancy could provide more insight. Large studies or meta-analyses might

beof interest to takeheterogeneity or small effect estimates into account.

Studies shouldalso focuson the relationshipbetweenthemicrobiomeand

respiratory tract infections, and their combined associations with chronic

obstructive respiratory diseases. Additional to bacteria and viruses

influencing each other, it is also possible that there is an interaction

betweenbacteria and fungi in theairway. Studieson this subject, aswell as

the role of fungi alone, are scarce and should be addressed in future

studies. Also, contamination of lower respiratory tract sampling with

bacteria from the upper respiratory tract remains a problem. However, it

hasalsobeensuggested that inhealthypersons, thebacterial communities

in theupper and lower respiratory tract resemble eachother. RCT'swithin

this research area are scarce, but could provide more insight in the causal

FIGURE 1 Pathways leading from respiratory tract infections and the microbiome in early life, to chronic obstructive respiratory diseases
across the life course, and influencing factors. Chronic obstructive pulmonary disease (COPD)
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pathway. Identifying true causal factors, as opposed to confounding and

intermediating factors, is the first step toward development of preventive

strategies or specific treatment options.

7 | CONCLUSION

Results of cohort studies of the last decades show that mostly lower

respiratory tract infections in the first years of life are associatedwith an

increased risk of wheezing and asthma and lower lung function in later

life. The presence of specific bacteria in the airway and gut in the first

years of life, or the composition of the gut microbiome seem associated

with an increased risk of wheezing and asthma only. The airway

microbiome and respiratory tract infections could influence each other,

which complicates their relation as well as the understanding of their

associations with later life chronic obstructive respiratory diseases

(Figure 1). More detailed population-based, prospective cohort studies

taking influencing factors into account, as well as RCT's, are needed to

further study the causal effect of respiratory tract infections and the

microbiome inearly lifeon later lifewheezing, asthma, and lung function.

Specifically, longitudinal analysis of both the gut and airwaymicrobiome

to identify critical periods, early lung function measurements to

establish causality in the association of respiratory tract infections

with wheezing, asthma, and lung function, and the relation between the

microbiome, respiratory tract infections, and the immune system are

needed. This could ultimately allow targeted treatment and prevention

strategies aiming at reducing respiratory morbidity at the long term.
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