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Abstract: Asthma is a chronic inflammatory disease affecting the respiratory system. The 
global incidence of asthma is rising. Clinical and experimental models of asthma clearly 
indicate that the disease is multifactorial in nature with a wide array of factors contributing 
to progression and exacerbation, including interactions between immunological markers 
and the microbial community populating the respiratory tract. In particular, strict hygiene 
compliance during the early years of life and early exposure to antibiotics are linked to 
alterations in the biological environment within the airways and to changes in immunolo-
gical markers, leading to allergies, such as asthma. With the gap in current research 
knowledge on the various non-bacterial microbial communities in the asthmatic airways, 
this review summarizes current methods used to assess microbial diversity as well as 
evidence for the link between microbial alterations and asthma, including changes in the 
bacterial microbiome, often characterized by the outgrowth of certain bacterial phyla such 
as proteobacteria and Firmicutes, in addition to disrupted mycobiome, virome, and para-
sitome. The current review emphasizes the dynamic, context-dependent changes in the 
microbiome in asthma and the importance of broad-scope analyses, covering a wide range 
of taxa. In conclusion, the interaction between the resident microbiota and the immune 
system is essential and significant in modulating the inflammatory responses; however, 
further investigations are needed to improve our understanding of the risk factors that 
disrupt the diversity of the microbiome in the different body systems. 
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Introduction
Globally, it is estimated that more than 300 million people are affected by the 
different phenotypes of asthma.1 It is essential to investigate the factors that may 
lead to asthma exacerbation, particularly among high-risk individuals.2 Risk 
factors contributing to the occurrence and progression of asthma include envir-
onmental and genetic factors that contribute to alterations in the respiratory 
ecosystem.2

There is growing evidence that microbial communities populating the airways during 
the early years of life are vital for immune system development and for the regulation of 
inflammatory responses.3 The human microbiome refers to the overall microbial gen-
omes in the human body. Microbiota, a term often used interchangeably with micro-
biome, is frequently used to describe the microorganisms colonizing the inner and outer 
body surfaces.4 Dysbiosis, or an imbalance in the distribution of resident microbial taxa, 
has been linked to the development of various allergic and inflammatory conditions, 
including asthma.3 The term dysbiosis has been used increasingly in the last decade and 
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is the basis for many studies of the interactions between the 
human microbiome and various inflammatory conditions, 
with more than 2370 published articles in 2020 alone (265, 
Asthma related), compared to 34 published work in 2010. 
(NCBI.com, last accessed January 27, 2021).

Advances in molecular biology technology have led 
to a wide array of studies of allergic conditions using 
metagenomics, transcriptomics, proteomics, and, more 
recently, metabolomics approaches. In particular, meta-
bolomics target microbial metabolites generated at the 
site of the inflammatory reaction, thus providing 
a relatively “”functional” explanation of the disease 
condition5 (Figure 1).

In this review, evidence for the interaction between 
asthma progression and the resident microbiota of the air-
way is summarized. In particular, the current review pro-
vides a brief description of sampling and analysis types, 
followed by a comprehensive overview of key findings. 
Since the microbiome represents a consortium of diverse 
microbial taxa and is not restricted to bacteria, this review 
describes studies of the bacterial, fungal, and viral compo-
nents of the microbiome in relation to asthma. Finally, 
challenges and key areas for future research are highlighted.

Sampling Strategies for Asthmatic 
Microbiome Analyses
Culture-based approaches to assess the microbial burden 
in various body sites are limited by the difficult recovery 
of atypical bacteria and fastidious organisms with complex 
nutritional requirements.6 Molecular techniques provide 
a reliable alternative to culture-based approaches. Rapid 
technological advances have allowed for the generation of 
more meaningful and impactful data related to the diver-
sity of the microbiome at the DNA or RNA level.7

The vast majority of studies of bacterial diversity in 
different body compartments have used 16S rRNA pyro-
sequencing techniques. The 16S ribosomal RNA gene is 
a 1500-bp housekeeping gene that has historically been 
used for studies of bacterial phylogeny and taxonomy. 
This gene contains nine hypervariable regions (V1–V9) 
with high levels of sequence diversity among bacterial 
taxa, thus allowing species identification and 
differentiation.8 However, this approach is limited by the 
high similarity of 16S rRNA gene within phyla or genera 
and low precision; additionally, searches are restricted to 
the level of identification and therefore additional informa-
tion about the presence of certain virulence or antibiotic 

Figure 1 Description of multi-omics technology used to analyze microbial communities residing in the different biological samples.
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resistance genes is not readily obtained.9 Although whole- 
genome shotgun sequencing is challenging and requires 
complex analysis software, it is a precise alternative for 
species identification and other genomic analyses.9

Although asthma is localized in the respiratory tract, 
extrapulmonary samples have been used to assess micro-
bial diversity in patients, including stool samples, rectal 
swabs, gastric secretions samples, and, more recently, 
blood samples.10–12 Oral and upper respiratory tract sam-
ples, such as saliva, throat, nose, and nasopharyngeal 
swabs, are widely used. Lower respiratory tract samples, 
such as bronchoalveolar lavage (BAL), bronchial aspi-
rates, brushings, biopsies, and sputum (induced or sponta-
neous), are more representative of the respiratory 
microbiome,13 however, the invasive nature of the proce-
dures makes sample collection from children 
impractical.14 Moreover, microbial diversity varies consid-
erably among different respiratory compartments in the 
same individual.3

Development of the Respiratory 
Microbiome During Childhood
The in utero environment has long been considered 
a sterile environment. However, there is evidence for 
early bacterial colonization in the placenta, fetal mem-
branes, amniotic fluid, cord blood samples, and meconium 
of full-term healthy infants.15,16 Although there are reports 
of pathogenic alterations in the airway microbiota in lung 
diseases, such as chronic obstructive pulmonary disease 
(COPD) and cystic fibrosis, it is not clear how the airway 
microbiome develops in newborns.17

Developmentally immature lungs make premature 
infants susceptible to injuries that could lead to pulmonary 
alveolar and vascular dysfunction or even bronchopulmon-
ary dysplasia (BPD). The progression of BPD is largely 
associated with inflammatory reactions in the airways, as 
evidenced by elevated levels of inflammatory markers. 
Therefore, it is generally thought that early interactions 
involving the airway microbiome may prime the develop-
ment of the pulmonary immune system and that dysbiosis 
during development may set the stage for subsequent lung 
disease.18

Studies of the airway microbiota in infants have 
concluded that there is a distinct oral microbiome signa-
ture at birth in premature and full-term infants, and the 
microbial composition of the airway is different and less 
diverse in infants with BPD than in full-term and 

extremely low-level birth-weight infants.18 Interestingly, 
temporal changes in the airway microbiome have been 
detected in extremely low-level birth-weight infants, 
characterized by a significant increase in Proteobacteria 
and decreases in Firmicutes, Actinobacteria, Bacteroides, 
and Fusobacteria over time.18 Although it is generally 
believed that airway colonization in infants originates 
during delivery in the birth canal, some studies have 
found similar microbiome patterns among neonates 
born via the vagina and caesarean section, suggesting 
a transplacental route of colonization.19

Similarly, Mourani et al analyzed serially collected 
tracheal aspirates over a 21-day period from 10 preterm 
infants with different degrees of BPD who were under 
mechanical ventilation.20 Evidence for airway microbial 
colonization was more prominent after 72 hours and 
Staphylococcus, Ureaplasma parvum, and Ureaplasma 
urealyticum were dominant, with low abundances of 
Pseudomonas, Enterococcus, and Escherichia.20

It should be noted that the microbiome of the lower 
airway, though difficult to access, is more representative of 
lung pathologic conditions. Therefore, further analyses of the 
lower airway microbiome are needed to improve our under-
standing of the factors that lead to the progression of BPD.3

In a study of 25 intubated preterm infants, the subset of 
infants who developed BPD exhibited reduced diversity of 
the airway microbiome at birth, suggesting a potential link 
between microbial diversity and quantity and the progres-
sion of BPD; Acinetobacter was the dominant genus 
observed in preterm infants.21

Studies have also suggested that respiratory micro-
biome does not stabilize during infancy but over a longer 
time period.22,23 In one study, 827 nasal swabs from 47 
infants collected every 2 weeks revealed an increase in the 
microbial density mirrored by a reduced diversity within 
the first year of life; the observed differences among 
individuals in the microbiome suggest that there is 
a “”personalized” respiratory microbiota.22 This study 
also concluded that age and seasonality shape the indivi-
dual microbiome.

Nasopharyngeal microbiota profiles for 60 healthy chil-
dren at six weeks, six, 12, and 24 months of age analyzed 
by 16S rRNA pyrosequencing revealed eight distinct 
respiratory microbial profiles by the age of 6 weeks, with 
the early presence of certain genera, such as Moraxella 
and Corynebacterium/Dolosigranulum. Furthermore, less 
stable profiles were marked by the high abundance of 
Haemophilus or Streptococcus.23
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Studies of the development of fungal communities in 
early infancy and childhood are scarce, with few analyses 
of the intestinal mycobiome.24 Infant gastrointestinal tracts 
are mainly colonized by Saccharomyces and Malassezia.24 

However, the lack of longitudinal studies of changes in 
fungal communities in infants makes it difficult to identify 
certain genera as predictors of allergic conditions later in 
life.

Bacterial Microbiome
Bacterial Microbiome in the Airways
The relationship between alterations in the airway micro-
biome and respiratory allergic conditions has been ana-
lyzed using many sample types and sites within the 
airways, including upper respiratory tract samples (nose, 
nasopharynx, oropharynx throat, and saliva) and lower 
respiratory tract samples (sputum (expectorant or 
induced), bronchial aspirates, and bronchoalveolar 
lavage).25,26

The microbiome in the saliva is shed from various 
niches in the oral cavity and appears to be representative 
of the overall oral microbiome. Although the majority of 
studies targeting the salivary microbiome have focused 
on its relationship with dental diseases, a subset of studies 
have assessed the relationship between the salivary 
microbiome and allergic disorders, such as asthma.25,27 

In one study, saliva was collected longitudinally at three, 
six, 12, and 24 months and seven years from children 
with allergies and healthy counterparts. Allergies, parti-
cularly asthma, resulted in alterations in the microbial 
composition with reduced diversity at the age of seven 
years, suggesting the presence of an impaired immune 
response during infancy.25 Of note, increases in the rela-
tive abundance of certain species, such as Gemella hae-
molysans, in the saliva of children with allergies were 
mirrored by an increased abundance of Lactobacillus 
species in healthy individuals, suggesting that lactic acid 
bacteria contribute to the development of an equilibrium 
state in the oral mucosa and thus to a reduction in allergic 
attacks.25

Espuela-Ortiz et al examined the salivary microbial 
composition in 57 African–American children with and 
without asthma based on 16S RNA gene profiles and 
detected differences between cases and controls with 
respect to diversity and relative abundance, with signifi-
cantly higher frequencies of Streptococcus and Veillonella 
in the disease group than in the control group.27

Other studies have examined the microbial community 
in the throat of patients with asthma. Based on 327 throat 
swabs evaluated by pyrosequencing of the 16S rRNA 
gene, there was no difference in the oral microbiome 
between cases and controls.26 However, in an analysis of 
68 nasal swabs from the two groups, a significant differ-
ence in the microbial community was found between chil-
dren with asthma and healthy controls, with a lower 
diversity and a predominance of Moraxella.26 The throat 
microbiota has also been examined in a subset of children 
with cystic fibrosis and asthma in addition to healthy 
children aged six to 12 years. Despite the presence of 
a similar core microbiome in both groups, including 
Prevotella, Streptococcus, Neisseria, Veillonella, and 
Haemophilus, a higher abundance of certain opportunistic 
pathogens, particularly Pseudomonas, Staphylococcus, and 
Streptococcus, was noted in the asthmatic group, suggest-
ing that dysbiosis plays a major role in the progression of 
asthma in patients with cystic fibrosis.28 The defective 
mucociliary clearance mechanism enhances the over-
growth of certain microbial taxa and with the accumula-
tion of toxins and metabolites, an inflammatory reaction is 
triggered leading to signs and symptoms of asthma.

The nose is colonized by potentially pathogenic, oppor-
tunistic organisms that can spread to various locations in 
the respiratory tract and may be involved in the develop-
ment of allergic conditions, such as allergic rhinitis, 
chronic rhinosinusitis (CRS), acute respiratory tract infec-
tions, otitis media, and asthma.29,30 Previous studies of the 
nasal microbiota of patients with chronic rhinitis have 
reported significant reductions in Corynebacterium and 
Peptoniphilus.31,32 Furthermore, the diminished coloniza-
tion of certain clostridia may promote T helper type 2 
(TH2) inflammation and consequently upper respiratory 
tract inflammation.32

Interestingly, the nasal microbiota exhibits different 
alterations among the different phenotypes of asthma. 
When the nasal microbiota of 163 children with different 
asthma phenotypes were assessed, a common core genera 
was present in more than 90% of the tested children, includ-
ing Moraxella, Haemophilus, Staphylococci, and 
Streptococcus; however, Proteobacteria, Actinobacteria, 
Bacteroides, Corynebacterium, Dolosigranulum, and 
Prevotella varied considerably across asthma phenotypic 
clusters, suggesting that the respiratory microbiota is an 
effective biomarker that may aid in clinical classification.33 

Based on a metagenomics analysis of patients with asthma 
and healthy controls, the healthy group within the elderly 
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category (>65 years of age) showed a significant increase in 
Proteobacteria, whereas young, healthy individuals showed 
elevations in Propionibacterium and Corynebacteriales. 
Among the asthmatic groups, Staphylococcus, 
Propionibacterium, and Moraxella were more frequent in 
the young patients than in elderly patients, suggesting that 
age contributes to the relative abundances of resident taxa, 
even when the diagnosis of asthma is established.34

Based on 16S rRNA pyrosequencing, the relative abun-
dances of Streptococci and Burkholderia are higher in 
patients with asthma who have comorbid CRS than in 
those without CRS.35 Interestingly, patients with frequent 
emergency room visits due to asthma exacerbation tended 
to have a higher relative abundance of Proteobacteria than 
that of patients with asthma who visited the emergency 
room less frequently35 (Figure 2).

The severity of asthma seems to influence the micro-
bial community composition in the airway. When asth-
matic adults with asthma exacerbation (n = 20) were 
compared with 31 subjects with asthma with no exacerba-
tion, certain taxa were common to both groups (particu-
larly Bacteroides and Proteobacteria); however, for some 
taxa, including Prevotella buccalis, Dialister invisus, 
Gardnerella vaginalis, and Alkanindiges hongkongensis, 
abundance was correlated with the severity of asthma.36

The lung is constantly exposed to the microbiota 
either by inhalation or subclinical micro-aspiration 
from birth. Historically, lungs have been believed to be 
sterile environment, and this dogma has persisted in 
contemporary medicine for many years. In the last dec-
ade, our understanding of interactions between the lung 

and microbiota has progressed substantially. This shift 
in perspective stems from new knowledge that the moist 
and warm lung environment is constantly exposed to 
microbes by inhalation. In addition, the resident micro-
biota in the oropharynx is frequently exposed to the 
lung environment and subclinical aspiration is 
a common phenomenon; due to the outstanding ability 
of microbial species to adapt to new environments, 
a wide range of bacteria might colonize the lung 
tissues.37 This notion is supported by recent studies 
that have identified “constantly present” microbial spe-
cies using special collection techniques, such as 
bronchoscopy, to collect BAL.38 The microbiota of the 
right upper lobe more closely resembled that of the 
upper respiratory tract than did the microbiota from 
more distal sites, supporting the notion that microbial 
species frequent migrate to new, harsher, yet less- 
populated locations.39

Moreover, studies of children with asthma have revealed 
that the bronchial tree contains over 2000 bacterial genomes 
per cm2 of surface. Pathogenic proteobacteria (Haemophilus 
species, in particular) are more frequent among adults and 
children with asthma and Bacteroidetes, (Prevotella species) 
are more frequent in healthy, non-asthmatic subjects, sug-
gesting that the microbiota is significantly altered in disease 
conditions.40 A positive correlation between the severity of 
asthma and the dominance of Proteobacteria has also been 
identified, with a more diverse microbial environment in 
asthmatic airways.40,41 However, there are limited data 
regarding the role of the lung microbiota in the regulation 
of immunity and homeostasis.38

Figure 2 Bacterial phyla and genera that appear to outgrow in asthmatic airways.
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Intestinal (Gut) Microbiome
Among microbiome studies, the vast majority are focused 
on the gut microbiome, with trillions of microbial gen-
omes, compared with relatively few studies of the airway’s 
microbiome. More recently, the gut–lung axis has been 
used for broader analyses of allergic respiratory 
conditions.42

A growing body of evidence suggests that the devel-
opment of the gut microbiome during infancy is a “critical 
window” in which disturbances at the level of microbial 
abundance and diversity are a major predictor of asthma.17 

In 319 subjects enrolled in a longitudinal, multicenter 
study, the risk of asthma was linked to transient gut micro-
bial dysbiosis during the first 100 days of life. Notably, 
bacterial genera, such as Lachnospira, Veillonella, 
Faecalibacterium, and Rothia, were significantly 
decreased in children at risk of asthma.17 When germ- 
free mice were treated with strains of these genera to 
restore the microbial balance, airway-induced inflamma-
tion declined dramatically.17

Mycobiome
Although the majority of studies of microbial diversity in 
the airways have addressed only the bacterial composition, 
the fungal microbiome (mycobiome) component repre-
sents an essential element of the total microbial commu-
nities in the human body. To study the diversity of fungal 
communities, the internal transcribed spacer (ITS1, 2) 
regions is generally used in addition to 18S rRNA.25

Airway Mycobiome
Various fungi have been shown to exacerbate asthma by 
colonizing the airways for long periods and by producing 
toxins, enzymes, and a wide range of allergenic proteins.43 

Additionally, colonization by fungal species does not 
always reflect the presence of pathogenic conditions, as 
many fungal species coexist with bacterial taxa naturally 
in the oral cavity.44 Analyses of the salivary mycobiome in 
healthy individuals have demonstrated the presence of 
a “”basal mycobiome” in the oral cavity, including 
a mixture of fungal species predominated by Candida 
species, followed by Cladosporium, Aureobasidium, 
Saccharomycetales, Aspergillus, and Cryptococcus.44

In the nasal mycobiome of patients with allergic rhini-
tis, over 69 common genera have been detected; 
Aspergillus, Cryptococcus, and Alternaria are closely 
linked to respiratory symptoms. Additionally, the genus 

Malassezia is prominent in both case and control 
cohorts.45 Additionally, analyses of the nasal mucosa 
have revealed a cluster of three genera (Cladosporium, 
Penicillium, and Aspergillus) that are dominant in indivi-
duals with respiratory allergies, whereas the frequency of 
Alternaria alternata is low in patients with allergies.46

The inhalation of fungal spores can result in fungal 
deposition in the airways. In healthy lung tissues, these 
potentially allergenic spores are cleared as part of the 
natural lung defense mechanism.47 However, in a subset 
of patients with chronic respiratory dysfunction, such as 
patients with COPD or asthma, spores can germinate and 
persist for long periods, thereby increasing the fungal 
burden and contributing to chronic fungal infections, 
such as chronic pulmonary aspergillosis.47

Using induced sputum extracted from patients with 
asthma (n=30) and healthy controls (n=13)48, 136 fungal 
species were identified, 90 of which were more frequent in 
patients with asthma than in controls, including 
Psathyrella candolleana, Termitomyces clypeatus, Grifola 
sordulenta, and Malassezia pachydermatis, and 46 of 
which were predominant in healthy controls, including 
Eremothecium sinecaudum, Systenostrema alba, 
Cladosporium cladosporioides, and Vanderwaltozyma 
polyspora.48 Interestingly, Malassezia pachydermatis, 
a frequent cause of atopic dermatitis, was also common 
in the asthmatic fungal collection.48

In another study, ITS region 1 was examined in 
bronchoalveolar lavage extracted from a subset of patients 
with different respiratory manifestations, including severe 
and mild asthma, and from control healthy subjects. 
A mycobiome analysis revealed a higher fungal load 
among patients with asthma than in controls, with a high 
abundance of the Aspergillus fumigatus complex. 
Interestingly, corticosteroid therapy was identified as 
a major risk factor for an increased fungal burden in 
asthmatic airways.49

In the lower airway mycobiome based on sputum samples, 
untreated patients with asthma showed increases in Wallemia, 
Mortierella, and Fusarium and patients receiving inhaled 
corticosteroids showed higher frequencies of Fusarium and 
Mortierella than those in the healthy control group.50

Furthermore, hypersensitivity to certain fungal species, 
such as Aspergillus species, may result in allergic bronch-
opulmonary aspergillosis (ABPA) and has been reported in 
poorly controlled asthma.51,52

When the BAL mycobiome was examined, 
Rhodosporidium, Pneumocystis, Leucosporidium, and 
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Rhodotorula were more abundant in the asthmatic cohort 
(n = 15) than in healthy children (n = 11), and Davidiella, 
Cryptococcus, and Sterigmatomyces were more abundant 
in healthy children.53

Moreover, endotracheal brushes and BAL were col-
lected from 39 patients with asthma to assess the myco-
biome composition relative to that of 19 healthy subjects. 
Fungal diversity was lower in the asthmatic group, with 
predominant Trichoderma in EB samples and 
Cladosporium, Fusarium, Aspergillus, and Alternaria in 
BAL samples.54

Intestinal (Gut) Mycobiome
Compared with bacteria, relatively little is known about 
the role of fungi within the intestinal microbiota. A study 
of the enteric microbial burden in 124 healthy adults using 
Illumina-based metagenomic sequencing demonstrated 
that over 99% of the sequence reads originated from 
bacteria, and the fungal mycobiome occupied less than 
0.1% of the organisms populating the large intestinal 
tract.55

Another study has shown that prolonged antifungal 
therapy in mice reduces Candida species and increases 
Aspergillus, Wallemia, and Epicoccum, promoted the 
development of severe colitis, and exacerbated airway 
allergies, supporting the major role of fungal species in 
the stabilization of the gut and airway ecosystems.56

A major limitation of these previous studies is the reli-
ance on reference sequences available in GenBank. Fungal 
sequences are limited and are underrepresented compared 
with published bacterial genomes, suggesting that gut- 
colonizing fungal elements may be underdiagnosed.

Although certain fungal genera are commonly found as 
part of the healthy intestinal ecosystem, such as Candida, 
increased colonization by Candida itself has been linked to 
certain inflammatory conditions, such as inflammatory 
bowel disease.57

Virome
Viral communities represent an essential part of the 
respiratory ecosystem. However, studies of the resident 
viral communities in the airways are relatively scarce. 
Viruses within a microbiome are normally referred to as 
the virome, virobiome, or viral microbiome and they clas-
sically require different approaches for analysis. A shotgun 
metagenomics approach has been used to analyze virus- 
like particles.58 It is well-documented that the majority of 
asthma exacerbations are linked to viral infections.38,59,60 

Although the roles of viruses in the course of respiratory 
infections are well documented, particularly in the case of 
influenza viruses and respiratory syncytial virus (RSV), 
recent studies have addressed a potential link between 
some viral families, such as Herpesviridae and 
Anelloviridae, and chronic respiratory conditions, such as 
asthma. Studies of pediatric asthma have shown that infec-
tion with RSV is a risk factor for respiratory morbidities, 
including asthma, and could worsen the symptoms of 
asthma.61 Additionally, rhinoviruses (RVs) have been 
linked to asthma exacerbation by acting on mucin hyper-
secretion in asthmatic airways.62 In addition to viruses 
identified as major risk factors for asthma, other less 
frequent viruses have been found in children. For example, 
Human bocavirus (HBoV) was found in the nasopharyn-
geal aspirates of children <5 years old with recurrent 
wheezing63 and the Human metapneumovirus HmpV was 
identified as a risk factor for asthma.64

In an analysis of 134 nasopharyngeal swabs from hos-
pitalized children with acute respiratory infection by 
whole-genome shotgun sequencing, Rhinovirus C, 
Bocavirus 1 (BoV), RSV-B, and Parvovirus were rela-
tively more frequent in the asthmatic group than in healthy 
controls, and the frequencies of Rhinovirus A, Torque teno 
mini virus (TTMV), and RSV-B were elevated in pneu-
monia cases.65 Torque teno virus (TTV) and RSV-B were 
found in both groups.

Based on nasopharyngeal swabs of 16 children with 
asthma, 9 major respiratory virus clusters were detected: 
human adenovirus (3/16 samples), human RSV (5/16), 
human rhinovirus (5/16), influenza virus (2/16), parain-
fluenza virus (1/16), human BoV (1/16), and human enter-
ovirus (1/16).66 Similarly, when 211 nasopharyngeal 
samples collected from children with asthma exacerbation 
were tested, viruses were isolated in 20% of the cohort, 
particularly rhinovirus, RSV, and enterovirus.67

When the respiratory virome was examined in 214 
children with asthma at two time points, 33% of samples 
collected at the stage of “no respiratory symptoms” con-
tained viruses, of which 64% were identified as 
rhinoviruses.68 Interestingly, the presence of viruses in 
baseline samples was not predictive of future asthma 
exacerbation.

Viral dysbiosis in young children with asthma was also 
evident in nasopharyngeal aspirates evaluated by 
a metagenomics approach, manifested by a bacteriophage 
deficiency and increased eukaryotic viral communities dri-
ven by anelloviruses and picornaviruses.69 Since 
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bacteriophages actively regulate bacterial communities, 
changes in phage composition may reflect an altered bac-
terial composition. Such a link has been reported in studies 
of intestinal inflammatory conditions, such as inflamma-
tory bowel disease; however, to our knowledge, this link 
has not been tested in allergic respiratory conditions, such 
as asthma.70

Parasitome
Studies of the metagenomics of parasites or what is 
referred to as the “”parasitome” or parasite microbiome, 
are scarce, with limited data available for the gut micro-
biome only.71 Indeed, more studies of the parasitome of 
the extra-intestinal compartments are needed, particularly 
studies of the respiratory systems and the progression of 
asthma. Interestingly, intestinal infection with hookworm 
is linked to reduced susceptibility to allergic conditions, 
like asthma.72,73 This may be attributed to a symbiotic 
relationship between helminths and the resident gut micro-
biota, which improves immune homeostasis in the gut 
ecosystem. It may also be explained by specific immuno-
modulatory features of the hookworm, which may have 
influenced other parts of the body.74 Relationships 
between parasites and microbial taxa have been studied 
experimentally in a limited number of intestinal condi-
tions, such celiac disease.74 The generalizability of the 
role of the parasitic composition in the airways is yet to 
be explored. A call for a parasite microbiome project has 
been issued lately to shed more light on the parasitic 
composition of the human microbiome and its role in 
biological processes and diseases.75

An assessment of the presence of protozoa in the 
sputum of adults with asthma and healthy adults (n = 96) 
revealed a positive relationship between flagellated proto-
zoa and asthma.76

Challenges in Microbiome Research
Despite promising work in microbiome research and sub-
stantial advances in our understanding of the association 
between microbial dysbiosis and the development of aller-
gic conditions, such as asthma, additional studies are 
needed. In particular, it is necessary to explore the airway 
microbiome in relation to the pathophysiology, control, 
and exacerbation of asthma and to determine whether 
probiotics have beneficial effects.

Microbiome properties may vary among individuals with 
different risk factors, such as smoking, with the potential to 
alter the microbial flora.77 There is evidence that the oral 

microbiome, but not the lung microbiome, differs signifi-
cantly between smokers and non-smokers.77 Additionally, 
the most common genera in both the oral and lung micro-
biomes were Streptococcus, Prevotella, and Veillonella; 
however, Haemophilus and Enterobacteriaceae were more 
abundant in the lung microbiome.77

One major limitation of studies of the asthma–micro-
biome relationship is that the general focus on a single 
time point in cross-sectional studies. This is contrary to the 
nature of the human microbiome, which is dynamic and 
changes in response to many factors contributing to its 
diversity, including environmental and biological factors. 
A randomized, longitudinal analysis of the nasal micro-
biome involving 214 children with asthma found 
a significant difference in the airway microbiome between 
younger (5–7 years old) and older children (8–11 years).68 

A switch from a Corynebacterium + Dolosigranulum fin-
gerprint towards abundant Moraxella was also noted 
between the two time points in children with ‘no respira-
tory symptoms” to “”early signs of exacerbated asthma,” 
reflecting the instability of the microbiome and its close 
association with disease manifestation. Another major lim-
itation is that the link between the microbial signature and 
the pathophysiological mechanism underlying asthma may 
be confounded by the asthma endotype and the inflamma-
tory process.

Another limitation of studies of the asthma microbiome 
is the focus on a single target or site. Since the majority of 
chronic inflammatory disorders are multifactorial in nature 
with multiple organs involvement, the microbiome finger-
print across the affected systems may be altered, in addi-
tion to the intestinal microbiome, which is frequently used 
as a biomarker for respiratory allergies. Therefore, ana-
lyses of multiple sample types or organs, including the gut, 
would yield more clinically meaningful data. A previous 
study has assessed microbial diversity and quantity at 
multiple sites, including the mouth, nose, lung, and sto-
mach in healthy individuals.11 Interestingly, sequencing of 
16S rRNA amplicon libraries demonstrated that the oral 
cavity and gastric fluid had the highest microbial burdens 
with comparable diversity (similar), suggesting a constant 
trafficking channel along the oral–gastric axis. The lowest 
microbial burden was noted in the nasal cavities and lung, 
although microbial similarity was reported between the 
oral and lung microbiota and not the nose flora. It should 
be noted that the gastric fluid may have been contaminated 
by the oral flora and that inter-subject variation is likely, as 
risk factors vary significantly among healthy individuals.11
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Although studies of the asthmatic microbiome have 
adopted certain inclusion and exclusion criteria, other con-
founding factors may interfere with the results, such as 
therapeutic interventions (including corticosteroids and/or 
antibiotics) and the presence of undisclosed food intoler-
ances, as all of these factors either directly contribute to 
the composition of the respiratory microbiome or indir-
ectly influence the composition via alterations in the intest-
inal microbiota.78

Sampling error and complexity of microbiome analysis 
techniques also represent a challenge.79 Majority of micro-
biota profiling technology (Figure 1) are complex and 
require sophisticated computational programs. In addition, 
analysis of metagenomics data focuses mostly on genes 
with known biological functions which limits the discov-
ery of novel, potentially significant sequences.79

Conclusions and Future 
Perspectives
Asthma is the most prevalent pediatric chronic disease and 
affects more than 300 million people worldwide. In the 
last few years, microbiome studies, particularly studies of 
the gut microbiome, have pioneered research aimed at 
identifying the root cause of asthmatic airways and hyper-
responsiveness. These studies have revealed a distinct 
microbial community that naturally populates the gut and 
the respiratory system and plays a major role in modulat-
ing the homeostasis of the airways. Disturbances in the 
microbial ecosystem are directly linked to the develop-
ment of asthma and further to asthma exacerbation 
(Figure 2).

The scope of microbiome studies, irrespective of 
approach (pyrosequencing or shotgun metagenomics) 
has largely been limited to the relative abundance of 
bacterial taxa, with far less focus on other microorgan-
isms. To move beyond microbial level analyses and gain 
a more comprehensive overview of the determinants of 
asthma, other advanced techniques, best known as 
“”omics” techniques are needed. More studies are 
needed to assess the microbiota at the transcriptome 
level and to determine which genes are actively 
expressed within the airways. Proteomics and metabolo-
mics could provide a better understanding of the func-
tional aspects of microbial dysbiosis based on 
metabolites released by the resident microbiota and 
their associations with hypersensitivity. For example, 
metabolomics analyses of the intestinal microbiota in 

asthma have shown that reductions in certain bacterial 
taxa are coupled with decreased levels of fecal acetate 
and the disruption of enterohepatic metabolites.17 To the 
best of our knowledge, such an experimental approach 
has not been applied to pulmonary samples in patients 
with asthma.

Despite the focus on bacterial communities, the con-
tributions of other microorganisms, such as fungi, viruses, 
and archaea, cannot be ruled out. Therefore, more studies 
are needed to understand the non-bacterial microbiome 
inhabitants. This review provides an updated perspective 
of the airway microbiome during childhood and summar-
ize our understanding of microbial changes during devel-
opment, providing a basis for the establishment of 
predictive biomarkers for a predisposition to allergies. In 
the era of COVID-19, analyses of respiratory microbial 
communities are of a great importance and can provide 
a valuable tool for improving our understanding of local 
interactions between airway compartments, populating 
microorganisms, and the immune status. These studies 
may lead to the development of microbe-based diagnostics 
and therapies, potentially in the form of probiotics, to 
prevent the development of asthma and related allergic 
diseases.
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