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ABSTRACT

Individual studies have suggested that upper airway dysbiosis may be associated with
asthma or its severity. We aimed to systematically review studies that evaluated upper airway
bacterial microbiota in relation to asthma, compared to nonasthmatic controls. Searches
used MEDLINE, Embase, and Web of Science Core Collection. Eligible studies included
association between asthma and upper airway dysbiosis; assessment of composition and
diversity of upper airway microbiota using 16S rRNA or metagenomic sequencing; upper
airway samples from nose, nasopharynx, oropharynx or hypopharynx. Study quality was
assessed and rated using the Newcastle-Ottawa scale. A total of 249 publications were
identified; 17 in the final analysis (13 childhood asthma and 4 adult asthma). Microbiome
richness was measured in 6 studies, species diversity in 12, and bacterial composition in

17. The quality of evidence was good and fair. The alpha-diversity was found to be higher in
younger children with wheezing and asthma, while it was lower when asthmatic children
had rhinitis or mite sensitization. In children, Proteobacteria and Firmicutes were higher in
asthmatics compared to controls (7 studies), and Moraxella, Streptococcus, and Haemophilus were
predominant in the bacterial community. In pooled analysis, nasal Streptococcus colonization
was associated with the presence of wheezing at age 5 (p = 0.04). In adult patients with
asthma, the abundance of Proteobacteria was elevated in the upper respiratory tract (3
studies). Nasal colonization of Corynebacterium was lower in asthmatics (2 studies). This study
demonstrates the potential relationships between asthma and specific bacterial colonization
in the upper airway in adult and children with asthma.

Keywords: Asthma; Dysbiosis; Microbiota; Upper airway; Wheezing

INTRODUCTION

Research in recent decades has shown the role of human microbiome in health and disease
pathogenesis. The respiratory tract is colonized by distinct microbial species directly
after birth [1], and functional or compositional perturbations of the microbiome have

1/15

ssaadyuljwix §=§ Aq pejeseuen


http://crossmark.crossref.org/dialog/?doi=10.5415/apallergy.2022.12.e32&domain=pdf&date_stamp=2022-07-29
https://orcid.org/0000-0001-7620-1077
https://orcid.org/0000-0003-4408-507X
https://orcid.org/0000-0002-4630-9922
https://orcid.org/0000-0002-8025-7134
https://orcid.org/0000-0002-2572-5302
https://orcid.org/0000-0001-9998-0464
https://orcid.org/0000-0003-3157-0447
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0001-7620-1077
https://orcid.org/0000-0001-7620-1077
https://orcid.org/0000-0003-4408-507X
https://orcid.org/0000-0003-4408-507X
https://orcid.org/0000-0002-4630-9922
https://orcid.org/0000-0002-4630-9922
https://orcid.org/0000-0002-8025-7134
https://orcid.org/0000-0002-8025-7134

Upper airway microbiota and asthma

Asia Pacific a I Iergy

Sae-Hoon Kim
https://orcid.org/0000-0002-2572-5302
John W Holloway
https://orcid.org/0000-0001-9998-0464
Yoon-Seok Chang
https://orcid.org/0000-0003-3157-0447

Conflict of Interest
The authors have no financial conflicts of
interest.

Author Contributions

Conceptualization: Purevsuren Losol, Sae-
Hoon Kim, Yoon-Seok Chang. Formal analysis:
Purevsuren Losol, Sae-Hoon Kim, Hee-Sun
Park, Woo-Jung Song, Yoon-Seok Chang.
Investigation: Purevsuren Losol, Hee-Sun Park,
Yu-Kyoung Hwang. Methodology: Purevsuren
Losol, Hee-Sun Park, Yu-Kyoung Hwang, Woo-
Jung Song. Project administration: Purevsuren
Losol, Yoon-Seok Chang. Writing - original
draft: Purevsuren Losol, Yu-Kyoung Hwang.
Writing - review & editing: Purevsuren Losol,
Hee-Sun Park, Woo-Jung Song, Yu-Kyoung
Hwang, Sae-Hoon Kim, John W Holloway,
Yoon-Seok Chang.

https://apallergy.org

consequences to chronic respiratory conditions, including asthma [2]. Although the
mechanism of the association between asthma and microbiome has not been fully explored,
relationships between airway microbial dysbiosis and disease progression, exacerbations and
response to treatment have been observed [3-5].

Bacterial burden in the upper airway is greater than in the lower respiratory tract, and the
local airway inflammatory milieu influences the lower airway health through postnasal drip
or aspiration, and leads translocation of pathogens downwards [6, 7]. Individual studies have
reported the major microbiome communities in asthmatics’ upper and lower airways that
showed similarities in major colonizers including enriched Proteobacteria and Firmicutes,
and reduced Actinobacteria and Bacteroidetes [4, 8, 9]. Depending on the bacterial species,
the immunomodulation patterns differ; Proteobacteria is associated with T helper (Th)17-
related gene expression and IL-17-driven inflammation may invoke noneosinophilic/nontype
2 asthma that is less responsive to corticosteroids [10], whereas certain Actinobacteria (i.e.,
Tropheryma whipplei) is abundant in poorly controlled eosinophilic asthma [11]. In children
with asthma, nasal microbiota dominated by Corynebacterium and Dolosigranulum may reduce
loss of asthma control, compared to clusters dominated with Moraxella, Staphylococcus, and
Streptococcus [3]. While the relative abundances of nasal Proteobacteria is higher in young
adult asthma, the genus Moraxella is less prevalent in elderly asthma [8]. Although these
findings highlight the close interactions between asthma and airway microbial communities,
the precise relationship between upper airway microbiome and asthma is still not conclusive.

This systematic review aimed to summarize studies that have evaluated the association
between upper airway microbiota and asthma in children and adults. Childhood asthma was
subdivided into 2 groups (birth to less than 3 years and 3 to 18 years) as studies have shown
that airway microbial composition before age 3 is highly variable, and then appears to be
more stable and to persist into adulthood [12, 13].

A review of the literature with the following objectives was conducted:

(1) To systematically identify and review the current evidence for associations between
asthma and upper respiratory tract (URT) microbiome through assessing the changes
in microbial diversity, richness and composition in asthmatics comparing to healthy
controls.

(2) To identify URT microbiome characteristics that are commonly associated with asthma.

(3) To provide contemporary understanding of the URT microbiota and its potential impact
on increased risk of having asthma.

Search strategy

We performed a systematic literature review following the PRISMA (Preferred Reporting
Items from Systematic Reviews and Meta-Analyses) guidelines [14]. A review protocol was
registered to PROSPERO, a database of systematic review protocols (registration number:
CRD42021247965).

An electronic search of 3 databases, MEDLINE, Embase, and Web of Science Core Collection,
was performed on 4 June 2021. Searches in Google Scholar and cited reference searches

were also done. The search was without date and language limitations. Details on the search
strategy are provided in Supplementary Table 1.
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Eligibility criteria

Articles meeting the following criteria were included: studies of any changes in the upper
airway microbiome associated with wheezing or asthmaj; assessment of composition and
diversity of the upper airway microbiome using advanced molecular techniques including
next-generation sequencing platforms including pyrosequencing, HiSeq, MiSeq, whole
metagenome sequencing; studies with asthma and control groups and adequate statistical
analyses. Studies used upper airway samples, including anterior nares, nasal cavity, sinuses,
nasopharynx, oropharynx, or hypopharyngeal swabs/aspirates [15]. When results were
derived from the same study population, we considered the sample collection period for
microbiome analysis, and included if the collection period differed. The use of the same
population in different studies was determined by verifying the name and affiliation of
authors and source of study participants.

Articles were excluded if microbiome composition was measured in sputum or lower airway
samples; participants with respiratory diseases other than asthma; if the study tested the
effect of medicine or environmental exposures on asthma microbiome; absence of healthy
control group; and if sample size were less than 5 participants. Conference papers, letters,
editorials, case reports, animal research, or review articles were not considered.

Titles, abstracts and full-text of articles were screened independently by 2 reviewers (PL and
HSP) for eligibility. Discrepancies were resolved through discussion among the reviewers.
Identified studies underwent for data extraction and qualitative synthesis.

Data extraction

The following information was collected from each included study: author, country,
publication year, number of participants, asthma definition, asthma/wheezing rate,
comorbidity, sampling period and site, sequence variation, detection instrument,
confounding factors, and study outcomes.

Risk of bias assessment

The quality of observational studies was assessed using a modified Newcastle-Ottawa scale
[16]. This method is used to assess the quality and biases of nonrandomized studies in
systematic review and meta-analysis by evaluating 9 items grouped in domains: selection

of participants (max 4 scores), comparability of groups (max 2), and ascertainment of the
outcome (max 3). A study with a lower score indicates a higher risk of bias. The assessment
was performed by 2 independent authors and the disagreements were resolved via discussion.

STUDY OUTCOME

Study selection

A literature search identified 249 articles, and 7 additional studies were identified from
Google Scholar and cited reference search. Seventeen studies met the eligibility criteria and
remained for qualitative synthesis (Fig. 1).

Studies characteristics

The characteristics and results of the observational studies are summarized in Table 1 for
childhood asthma and Table 2 for adult asthma. All included studies had a cross-sectional
observational design and were published between 2012 and 2021.
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Records identified through
database searchs:
Total (n = 249)

- Web of Science (n = 62)
- Embase (n =144)

- MEDLINE (n = 43)

Additional records manually
identified through
Google Scholar and
cross-referenced articles
(n=7)

Unique records after duplicates
removed (n =1871)
Records excluded after 2 authors
independently assessed titles
and abstracts (n = 93)
Full text articles assessed

i elEaliy (D= 62) Full text articles excluded,

with reasons:
Not relevant topic (n = 35)
Outcome not relevant (n = 3)
Population not relevant (n =1)

Studies included in qualitative Insufficiently powered (n = 2)
synthesis (n =17) No control group (n = 9)
- Child wheeze/asthma (n =13) Different respiratory disease (n =16)
- Adult asthma (n = 4) Different sampling site (n = 5)

Fig. 1. PRISMA (Preferred Reporting Items from Systematic Reviews and Meta-Analyses) figure demonstrating
literature excluded and examined in systematic review.

In childhood asthma, 7 studies collected samples at more than 3 time points in first 24
months, and assessed asthma outcome once between ages 10 months to 7 years, and 1
study followed up and assessed asthma outcome at ages 6, 8, 11, 13, and 18 (Table 1). Upper
airway samples were collected from nose/nasopharynx in 9 studies, oropharynx in 2 studies,
and throat or hypopharynx in 2 studies. Frequently accounted confounding variables were
gender (46%), family history of respiratory disease/atopy (38%), presence of siblings (23%),
age (15%), antibiotic use (15%), whereas ethnicity, presence of fever, mode of delivery,
breastfeeding pattern, lower respiratory infection, child’s eczema, season, passive smoking,
and household income were accounted for once. A total of 11 studies used hypervariable
regions of 16S rRNA gene sequencing for the evaluation of taxonomic composition, one study
used whole metagenome RNA sequencing and one used both methods.

In adult asthma, rhinitis was reported in 55% and 70.5% of subjects as a comorbidity
(Table 2). Samples were collected at one-time point from the nose/nasopharynx in 3 studies
and from the oropharynx in one study. Taxonomic composition was identified using 16S
rRNA gene sequencing in all studies and one study performed both 16S rRNA and whole
metagenome sequencing.

Quality of the included studies
The quality of the 17 studies included was rated according to the modified Newcastle-Ottawa
scale (Supplementary Table 2). The mean score was 7.2 (range, 5-9 points).

Microbiome diversity and richness

The changes in microbiome diversity and richness in asthmatic children are summarized in
Table 1 and Table 3. The main diversity outcome measure was alpha-diversity (61%). Alpha-
diversity was reported to be higher in younger children (1-24 months old) with wheezing
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and asthma [17, 18], which was inconsistent with other reports when asthmatic children

had rhinitis or mite sensitization [19, 20]. Increased bacterial richness (high diversity)

was observed to be first elevated at one month of age in subjects who developed asthma

by 6 years, though this was not observed at 3 months of age [18]. In contrast, the richness
estimated by the Chao 1 score was observed to be reduced in a separate study of mite
sensitized asthmatics at ages 3-5 years [20]. The changes in alpha-diversity and richness did
not differ significantly between groups in 6 studies.

Beta-diversity, variation of communities between samples, was reported in 3 studies using
different metric measures. The intergroup microbiota composition according to UniFrac
distances were greater in asthma and remission groups than that in control group at ages 7-8
[21]. In an individual study, the Bray-Curtis dissimilarity index was higher during the first
month of age in asthmatic children [18]; however, this was not confirmed in another study
when assessed at ages 2, 13, and 24 months [22].

In adult asthma, 2 studies reported inconsistent changes in alpha-diversity, but none of them
reached statistical significance [23, 24].

Taxonomic composition
The major phyla changes reported in studies of asthma were Actinobacteria, Bacteroidetes,
Firmicutes, and Proteobacteria as summarized in Table 3.

Upper airway microbiota at first 2 years in asthmatic children

A total of 8 studies investigated the taxonomic changes in the upper airway microbiota during
the first 2 years of life. Proteobacteria was the most abundant phylum in the community

and its association with asthma was examined in 5 studies. The prevalent abundance of
families Oxalobacteraceae, Neisseriaceae, and decreased abundance of Pasteurellaceae

were associated with wheezing before age 2 [19, 25]. At the genus level, Haemophilus [22, 25,
26], Moraxella [26], and Neisseria [17] were enriched in children with wheezing. In contrast,

a profile of persistent sparsity of Moraxella from age 2-13 months increased the risk of
developing asthma at age 7 in comparison to a persistent Moraxella dominance profile as a
reference group [22].

Six studies identified significant changes of Firmicutes phylum in association with
wheezing or asthma. Children who had wheezing and asthma had a greater abundance of
Aerococcaceae [19], Staphylococcus [25], Streptococcus [27, 28], Veillonella [18], and decreased
abundance of Lachnospiraceae [25], Staphylococcaceae [19], Gemella, Veilonella, Leptotrichia
[25], Granulicatella [17], and Dolosigranulum [27]. In a pooled analysis, nasopharyngeal
colonization of Streptococcus at first 7 weeks was associated with wheezing at age 5 (p = 0.04)
(Supplementary Fig. 1).

The association between the phylum Bacteroidetes and asthma was reported in 2 studies.
Prevalent Flavobacteriaceae family, and less frequent order Bacteroidales and genera
Porphyromonas were associated with wheezing in infants [25]. Two studies reported an
increased abundance of Prevotella at ages 1 and 10.2 months [18, 25], and one study reported a
decreased abundance of this genus at age 18 months [17].

Two studies identified significant changes in the phylum Actinobacteria. The abundance
of oropharyngeal Actinomyces, Atopobium, and Corynebacterium were reported to increase in
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children with wheezing [25], whereas nasal Corynebacteriaceae was decreased in the first 18
months of life [19].

Upper airway microbiota at ages 3-18 years in asthmatic children

The association between asthma and microbial community structure at ages 3-18 was
assessed in 5 studies. The abundance of phylum Proteobacteria including genera Moraxella
[29], Psychrobacter [30], and species E. coli [30], and M. catarrhalis [30] were dominant in
school-age children with asthma.

The relative abundance of Firmicutes phylum was identified in 2 studies. At genera level,
a higher abundance of Selenomonas and Staphylococcus [20, 21], and lower abundance of
Butyrivibrio and Parvimonas were reported in asthma group [20].

Phylum Bacteroidetes (Prevotella genus) was decreased in children with asthma [31].

Upper airway microbiota in adult asthma

Four studies investigated the association between upper airway microbiota and asthma in
adults (Table 2). The abundance of Proteobacteria including genus Pseudomonas and species
Alkanindiges hongkongensis was reported to be enriched [8, 23, 24], but the genera Neisseria and
Moraxella were decreased in 2 independent studies [8, 24]. Among phylum Firmicutes, the
genus Lactobacillus and species Dialister invisus were frequent in the asthmatics airway [23,
24], whereas the genera Streprococcus and Veillonella were lower when compared to healthy
controls [24]. The phylum Bacteroidetes and its species Prevotella buccalis were reported to
be significantly elevated in the nasal microbiome community [23]. However, the genera
Prevotella was significantly lower when assessed in the oropharynx in an individual study [24].
Among Actinobacteria phylum, the abundance of species Gardnerella vaginalis was associated
with asthma exacerbation [23], and the abundance of order Corynebacteriales and genera
Corynebacterium were lower in nasal bacterial community of asthmatics [8, 32].

DISCUSSION AND FUTURE DIRECTIONS

Key findings

In this systematic review, we synthesized the evidence of the association between asthma
and bacterial microbiome changes in URT. The diversity and richness of the microbiota
were less consistent in childhood asthma. In the first 2 years, the alpha-diversity was

higher in childhood asthma [17, 18]; however, asthmatics with early-onset rhinitis and mite
sensitization showed an inverse association [19, 20]. URT microbial composition was highly
variable at this age and Proteobacteria (Moraxella, Haemophilus, Neisseria) and Firmicutes
(Staphylococcus, Streptococcus) were the most prevalent phyla in the URT in children with
asthma. The most abundant URT microbiota in adult asthmatics was Proteobacteria. Less
consistent changes were observed in phyla Bacteroidetes and Actinobacteria in both age
groups. In a pooled analysis of 2 studies, nasopharyngeal colonization of Streptococcus at first
7 weeks was associated with the risk of having wheeze at age 5, and this requires further
validation in a larger cohort of patients. A reduction of presumed commensal bacteria,
Corynebacterium, was reported in the nasal cavity in adult patients [8, 32].
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Comparison to existing literatures

We observed inconsistent observations with respect to alpha-diversity which may differ
depending on asthma inflammatory phenotypes. Previous findings have shown variation in
microbial diversity and richness in the lower airway among eosinophilic asthma and healthy
controls [33], and neutrophilic and non-neutrophilic asthma [34]. This finding needs to be
validated in studies with larger sample sizes and in pooled analysis with consistent asthma
definition or asthma endotypes.

Enriched pathogenic microbiota were also found in the URT in childhood asthma. In
particular, nasopharyngeal Streptococcus colonization at early ages increased risk of having
asthma at age 5. When authors evaluated this change with respect to persistent asthma,

only a Staphylococcus-dominant microbiome in the first 6 months increased the risk of
recurrent wheezing by age 3 and asthma that persisted throughout childhood [27]. Other
illness-associated taxa including Streptococcus- and Moraxella-dominant groups did not show
any associations with persistent asthma phenotype in children. In addition, asymptomatic
colonization of Streptococcus, Haemophilus and Moraxella in the URT increased risk of chronic
wheeze at age 5 in early-sensitized children [26]. Infants who were atopic by age 2 and
developed chronic wheeze at age 5 also had early Streptococcus colonization [28]. Thus, early
Streptococcus colonization in the URT may predict wheeze or asthma risk in preschool children
with atopic condition. These findings were not replicated when wheeze was defined in the
first 18 months [19], and at 7 years [22], and when microbiota was assessed in oropharyngeal
samples using different sequencing region and platform (V4 region of the 16S rRNA and
Ilumina MiSeq [27, 28] vs. V3-V5 region and Roche 454 pyrosequencing [17]). These
pathogens (Moraxella, Streptococcus, and Haemophilus) localized in the lower airway have been
associated with neutrophilic airway inflammation in young children with persistent wheezing
and in adults with severe asthma [35, 306].

In adult upper airway, nasal colonization of microbiota varied according to asthma activity
[23, 37]. However, the observations in adult asthma were not replicated in other studies
except enriched Proteobacteria phylum. Some genera, including Prevotella were inconsistent
among studies, and this could be due to different localization and disease severity [38]. While
anaerobic bacteria Prevotella is identified in the healthy oropharynx and lungs, children with
asthma presented a greater abundance of Prevotella in the oropharynx and hypopharynx, and
adult asthmatics presented higher in the nasal cavity [18, 23, 25]. Inverse association were
also observed in nasal and oropharyngeal samples obtained from children with asthma [17,
31]. In asthma, mucus hypersecretion is common and is associated with rhinosinusitis,
polyps and exacerbation. Excessive mucus secretion may provide anaerobic niches in the
airways leading to increased bacterial colonization in these patients [39, 40]. Asthma
patients with rhinitis had an increased relative abundance of Prevotella spp. in their nasal
microbiota [23].

There was also evidence that reduction of nasal Corynebacterium was associated with asthma in
adult patients [8, 32]. In children, oropharyngeal Corynebacterium was higher in asthma group
[19], whereas nasal Corynebacteriaceae was lower in disease group [25]. This genus has
previously been recognized as having beneficial effect in children with asthma exacerbation
along with genus Dolosigranulum [3].
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Confounding factors

While feeding type, siblings, antibiotic use, respiratory viral infection, animal exposure,
day care attendance, season and antibiotic have shown to influence the airway microbiome
in children [28, 41, 42], disease process, smoking, and season potentially affected

the composition of airway microbiome in adults [8, 23, 43, 44]. In current review, the
confounding factors considered among studies were diverse, and were accounted for only
in studies of childhood asthma. Among them, gender, family history of respiratory disease
or atopy, presence of siblings, age, and antibiotic use were the most commonly accounted
factors in analyses. The presence of heterogeneity and inadequate accounting for potential
confounding factors in studies may dilute the statistical estimates of effect sizes of the
microbiome [45], and may have affected the results of the studies. To tackle these challenges
and increase the complexity of the model, application of a robust variable selection method
would be a better approach in future studies.

Methodologies

To define a complete taxonomic composition of the microbiome inhabiting the upper
airways, a vast majority of studies used 16S rRNA gene sequencing targeting different
hypervariable subregions of this gene. This method limits the taxonomic classification

of bacteria up to a genus-level composition, whereas metagenomic sequencing identifies
genomes of microbiota providing species and strain-level identification and offers more
advantages, especially for designing microbiome-based therapeutic interventions. Recent
evaluation of 16S rRNA gene sequencing analysis revealed unmatched taxonomic accuracy
in some subregions of 16S gene [46]. For example, V4 and V3-V5, which were the most
commonly targeted regions in current systematic review, showed lower performance to
recreate the number of sequences, and at classifying sequences belonging to the phylum
Actinobacteria. Similarly, when 16S rRNA amplicon sequencing data generated using 3
different platforms (Illumina MiSeq, Ion Torrent PGM, Roche 454) and 7 bioinformatics
pipelines were compared, the average relative abundance of specific taxa varied depending
on platform, library preparation method, and bioinformatics analysis [47]. Therefore,
application of standardized protocols on study designs, consistent sample processing, full-
length 16S sequencing, and appropriate computational analysis will be essential to enable
accurate resolution for classification of individual organisms and their potential effects on
disease development.

CONCLUSION

Microbiota colonizing the URT potentially contribute to the development of asthma. The
microbial community in the first 2 years of life is more diverse, and may increase, or act as

a biomarker for, subsequent risk of asthma development in childhood. Nasopharyngeal
colonization of Streptococcus in the first 7 weeks may predict wheezing in preschool children.
The most abundant phylum in the URT of asthmatics were Proteobacteria in all age

groups. The relative abundance of phyla Firmicutes, Bacteroidetes, and Actinobacteria

were inconsistent among studies and remains to be evaluated in further studies. Cohesive
validation and standardization of protocols for microbiome studies are essential to reduce
the inconsistency between studies, and provide more accurate information on the association
of microbiome dysbiosis with asthma development and progression.
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