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Abstract
Until recently, relationships between evidence of colonization or infection by specific microbial
species and the development, persistence or exacerbation of pulmonary disease have informed our
opinions of airway microbiology. However, recent applications of culture-independent tools for
microbiome profiling have revealed a more diverse microbiota than previously recognized in the
airways of patients with chronic pulmonary disease. New evidence indicates that the composition
of airway microbiota differs in states of health and disease and with severity of symptoms and that
the microbiota, as a collective entity, may contribute to pathophysiologic processes associated
with chronic airway disease. Here, we review the evolution of airway microbiology studies of
chronic pulmonary disease, focusing on asthma, chronic obstructive pulmonary disease and cystic
fibrosis. Building on evidence derived from traditional microbiological approaches and more
recent culture-independent microbiome studies, we discuss the implications of recent findings on
potential microbial determinants of respiratory health or disease.
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An emerging body of evidence in the field of human microbial ecology is redefining our
perception of the human superorganism and the delicate balance that exists between the host
immune response and the microbial populations that inhabit multiple niches in the human
host. From seminal studies of the gastrointestinal microbiome and obesity [1–3] to more
recent findings linking airway microbiome composition to bronchial hyper-responsiveness
in asthmatics on inhaled corticosteroids [4], it is clear that chronic inflammatory diseases
represent a significantly more complex interaction between microbial communities and host
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inflammatory response than was previously appreciated. Here, we review the recent
literature in the field of airway microbiome research, focusing first on the initial
observations that spurred microbiota investigations in three major chronic airway diseases:
asthma, chronic obstructive pulmonary disease (COPD) and cystic fibrosis (CF). Given the
nascency of airway microbiome research, this article also includes recent literature on the
upper airway microbiota in states of health and disease. While the findings are discussed
independently by disease or anatomic distinction, as the field moves forward a unifying
theory on the role of the airway microbiome in modulating chronic airway disease seems
likely to emerge.

Specific microbial species & their association with chronic airway diseases
Given the large body of previous literature providing evidence of links between specific
microbial species and chronic airway disease based on traditional microbiologic approaches,
key findings in asthma, COPD and CF are discussed first.

Asthma
Acute respiratory infections are well-known triggers of asthma exacerbations, but evidence
of colonization or infection by specific microbial species have also been linked with the
development or presence of asthma. Amongst the bacterial species most studied in this
context are the atypical organisms, Chlamydophila (previously known as Chlamydia)
pneumoniae and Mycoplasma pneumoniae. Despite a relatively large body of epidemiologic
literature investigating links between these organisms and chronic asthma, the evidence
overall remains inconclusive (reviewed in [5]). Several studies have reported serologic
evidence of atypical bacterial infection associated with the onset of asthma [6–8]. Others
[9,10], including a larger study of 104 pediatric patients with newly diagnosed asthma and
120 matched healthy control patients [9], did not find differences in the serologic prevalence
of C. pneumoniae-specific antibodies, regardless of the different detection methods used.
However, among patients with severe asthma, IgG seropositivity to C. pneumoniae has been
interestingly associated with a greater estimated annual decline in lung function, particularly
in individuals with nonatopic adult-onset asthma [11].

A contributing factor to the controversy regarding an association between atypical bacteria
and asthma has been the difficulty in detecting and diagnosing infection by these organisms.
Laboratory culture-based identification, in general, represents a very insensitive diagnostic
tool, particularly since these organisms are fastidious and difficult to grow under
conventional conditions. Thus, serologic tests for antibodies directed against these species
have commonly been employed in studies to determine evidence of infection. However, this
approach is complicated by variability in available test methods and interpretation, as well
as the relatively high seroprevalence of antibodies against these organisms in the general
population [5]. More recently, several studies investigating links between atypical bacteria
and asthma have applied targeted PCR-based amplification methods aimed at detecting these
specific species using nucleic acids extracted from respiratory specimens [12–14]. Results
from these studies have further supported a link between the presence of atypical bacteria in
airway samples and chronic asthma, though detection of these species using DNA-based
approaches neither indicates the viability of the organism in the respiratory tract nor
distinguishes states of colonization versus infection. In a study of 95 patients with persistent
asthma and 58 healthy controls, evidence of C. pneumoniae infection in induced sputum by
positive PCR and/or immunoglobulin measurements, was more frequent in asthmatic
subjects, particularly in those with poorly controlled or nonatopic asthma [14]. Lower
airway specimens obtained from asthmatic and healthy subjects by bronchoscopy (bronchial
biopsies or bronchoalveolar lavage fluid) have also been analyzed using species-specific
PCR for M. pneumoniae or C. pneumoniae [13]. In this study, 31 out of 55 asthmatic
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patients (56%) were PCR-positive as compared with one out of 11 healthy controls (9%),
suggesting that lower airway colonization or infection by atypical bacteria is more prevalent
among adults with chronic stable asthma. However, whether these organisms represent the
causative agent or are biomarkers of a distinct airway microbiota has not yet been
established.

Evidence for a relationship between other bacterial species detected in the respiratory tract
and asthma development has been recently described. In a study of 321 neonates from whom
hypopharyngeal samples were obtained and cultured at 1 month of age, 21% of neonates had
evidence of colonization by Streptococcus pneumoniae, Haemophilus influenzae, Moraxella
catarrhalis or a combination of these organisms [15]. Colonization by one or more of these
organisms was significantly associated with persistent wheeze during the first 5 years of life,
and with the prevalence of asthma at age 5 years (33% in those with neonatal colonization
versus 10% without neonatal colonization). Blood eosinophil counts and total IgE at 4 years
of age were also significantly increased in children colonized neonatally with one or more of
these species. Infection by these same bacteria has also been associated with acute wheezy
episodes in children (H. influenzae, M. catarrhalis and S. pneumoniae; overall odds ratio
[OR]: 2.9) independent of a similar association observed with viral infections (OR: 2.8)
[16]. Although this does not confirm causality, these data collectively suggest that multiple
bacterial species may either be prognostic of asthma risk or actively contribute to pathogenic
processes associated with this disease. However, further RNA-based studies are necessary to
delineate their role in this disease.

Infection by viruses, an established cause of acute wheezing, bronchiolitis and asthma
exacerbation among infants and young children, has also been linked with subsequent
development of asthma [17–19]. In the Childhood Origins of Asthma Study, among 259
children followed up to 6 years of age, viral respiratory illness with wheezing between birth
and 3 years of age due to respiratory syncytial virus (RSV), rhinovirus (RV) or both, was
associated with increased risks for asthma at 6 years of age (RSV OR: 2.6; RV OR: 9.8; both
RSV and RV OR: 10) [17]. Similar observations were made in an Australian study of 198
children at high risk for atopy followed from birth to 5 years of age [19]. In this birth cohort,
the detection of RV in the setting of a wheezing-associated lower respiratory tract illness in
the first year of life was related to a diagnosis of asthma at age 5 years (OR: 2.9).

Positive associations have also been reported between RSV infection and the onset of
asthma in children [17,20]. Although the greatest risk for asthma at age 6 years in the
Childhood Origins of Asthma Study was observed with RV-related wheezing illness in the
first 3 years of life, a smaller but statistically significant increase in asthma risk was also
observed with RSV-related wheezing illnesses [17]. Longitudinal analyses of a smaller size
birth cohort in Sweden followed since infancy after initial hospitalization for RSV
bronchiolitis have also noted an increased risk for asthma and allergic sensitization when the
children were sequentially evaluated at 7.5 [21], 13 [22] and, most recently, 18 years of age
[20]. At each of these time points, asthma prevalence was significantly greater in the group
who experienced RSV infection in infancy compared with the control group (e.g., 39 vs 9%
at age 18). These findings suggest the potential for a prolonged effect of early RSV
bronchiolitis on the development or persistence of asthma into early adulthood.

Finally, two more recently discovered viral species associated with acute respiratory
illnesses, human metapneumovirus (hMPV) and bocavirus, have been considered in relation
to asthma (reviewed in [23]). More research is needed to further define their contribution to
asthma exacerbations, as well as to evaluate potential relationships between infection by
these viruses and risk of developing asthma. To date, only one study has attempted to
examine the latter research question in relation to hMPV [24]. The investigators found that
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hMPV-associated bronchiolitis in infancy conferred the greatest risk for a diagnosis of
asthma in preschool years (OR: 15.9). Interestingly in this same study, the observed risk for
asthma associated with hMPV infection was larger than that noted RSV-related bronchiolitis
[24].

Chronic obstructive pulmonary disease
The role of specific microbial species in the pathogenesis of COPD has also been much
studied over the past two decades. Despite some ongoing debate, the preponderance of
current evidence suggests that bacterial infection plays a causative role in the pathogenesis
of acute exacerbations [25–28], while the role of bacterial colonization or infection in the
initial development of COPD is less clear. Exacerbations have been associated in particular
with the acquisition of new strains of H. influenzae, M. catarrhalis, S. pneumoniae or
Pseudomonas aeruginosa [25,26,28], which result in greater airway inflammation compared
with exacerbations not associated with a new strain [29]. In an analysis of 177 exacerbations
over a 2-year period, new strain-associated exacerbations demonstrated higher levels of
IL-8, TNF-α and neutrophil elastase in sputum, as well as serum C-reactive protein,
compared with exacerbations not associated with a new strain [29]. Moreover, clinical
symptomology is related to the degree of airway inflammation, with sputum neutrophil
elastase and serum C-reactive protein showing the strongest correlation with clinical
symptom scores at exacerbation [29].

Bacteria are associated with approximately 50% of exacerbations, with the most frequently
isolated species being H. influenzae (20–30%). P. aeruginosa is increasingly recognized as
an important pathogen in COPD. It is identified more frequently in advanced COPD and
associated with approximately 5–10% of exacerbations [30]. P. aeruginosa infection in
COPD may demonstrate short-term colonization followed by rapid clearance, but in some
cases, longer-term persistence also may occur, which is characterized by both frequent
turnover of clones as well as intraclonal microevolution leading to increased mutation rates,
antibiotic resistance and greater biofilm production [25,31,32]. Additional bacteria that have
been isolated during acute exacerbations include Staphylococcus aureus, Haemophilus
haemolyticus, Haemophilus parainfluenzae and the bacterial family Enterobacteriaceae [30].
Although the pathogenic role of these organisms in COPD is unclear, Enterobacteriaceae
may be of particular interest as they comprise a large family of Gram-negative bacteria
traditionally associated with the GI tract and include many known pathogenic species. Given
the clinical significance of many of these organisms outside the respiratory tract, the
detection of Enterobacteriaceae in patients with advanced COPD [30] suggests their
potential to contribute to the pathogenesis of COPD or of acute exacerbations.

Viruses also are detected in 20–48% of acute COPD exacerbations [27,30,33], most
commonly rhinovirus and influenza. Increasingly, detection of RSV and hMPV in acute
exacerbations has also been reported [34,35]. In severe exacerbations requiring
hospitalization, coinfection by viruses and bacteria resulted in significantly longer hospital
stays (≥10 days) [27]. Greater decline in lung function and more severe clinical symptoms
are also observed among patients experiencing exacerbations in which viruses are involved
[27,36]. These clinical associations probably relate to the greater degree of airway
inflammation seen in exacerbations involving bacterial and viral coinfection [27,36]. This
suggests relevant interactions between viruses and bacteria in augmenting pathogenicity,
such as increased adhesion of H. influenzae or S. pneumoniae to respiratory epithelial cells
by viral-mediated upregulation of bacterial receptor expression [37], or conversely,
enhanced binding of rhinovirus due to increased receptor expression induced by H.
influenzae [38].
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In contrast to acute exacerbations, whether microbial colonization or infection contributes to
the development of COPD has not been established. However, early colonization of the
airways is evident in smokers at risk for COPD, as well as in patients with mild COPD,
based on the detection of bacteria such as S. pneumoniae, H. influenzae and M. catarrhalis in
protected bronchial brushings or bronchoalveolar lavage fluid [39]. In established COPD,
chronic colonization by bacteria can be detected in up to 50% of patients during stable
disease [30,39–42], and is accompanied by elevation in airway inflammatory markers [41–
43]. Chronic bacterial colonization is also associated with more frequent exacerbations and
greater airflow obstruction, which contribute to further progression of lung disease [42]. In
summary, current evidence indicates that the establishment or presence of chronic bacterial
colonization in patients with COPD is not an innocuous state and probably contributes to the
development or progression of COPD.

Although the role of specific bacterial species in COPD has been most studied, other
microbial species may potentially colonize the airways in COPD. In particular, associations
between Pneumocystis jiroveci colonization and COPD have been noted [44]. A eukaryotic
fungal pathogen, and a familiar cause of pneumonia in immuno-compromised hosts,
Pneumocystis has been observed to colonize the airways of patients with COPD more often
than those of healthy controls. Moreover, independent of smoking history, the prevalence of
colonization is positively correlated with the degree of airflow obstruction and therefore the
severity of COPD, as staged by the Global Health Initiative on Obstructive Lung Disease
[44]. These findings suggest that the airway ecosystem of patients with more severe airflow
obstruction represents a suitable environment for Pneumocystis colonization, which may
affect COPD progression. Finally, aside from exacerbations, little research has been
conducted on the potential role of viruses in chronic stable COPD. Adenovirus has been
suggested in one previous study [45] as a potential colonizer in patients with severe
emphysema based on an analysis of lung tissue resected from COPD patients. The numbers
of alveolar epithelial cells expressing adenovirus E1A protein were increased five- to 40-
fold in mild and severe emphysema, respectively, compared with controls [45]. The authors
concluded that this suggested the presence of latent adenoviral infection in these patients.

Cystic fibrosis
CF is, from a microbiological standpoint, arguably one of the most studied chronic airway
diseases. Due to mutations in the CF transmembrane regulator gene, CF affects multiple
organs, though the primary cause of mortality is chronic airway colonization and pulmonary
failure. P. aeruginosa is the primary recognized bacterial pathogen in CF airway disease.
Colonization and infection by P. aeruginosa is strongly associated with morbidity and
mortality in CF, and antimicrobial therapies integrated into the chronic management of CF
are largely targeted at P. aeruginosa (e.g., inhaled tobramycin). However, a number of other
bacterial and fungal pathogens have been associated with chronic inflammatory airway
disease in CF patients. Interestingly, many of these infectious agents, in particular bacterial,
exhibit age-dependent relative abundance. For example, relatively high numbers of H.
influenzae are detected in pediatric patients; however, the burden of this pathogen is reduced
and remains low as patients progress towards adulthood. On the contrary, P. aeruginosa
exhibits the opposite dynamics, being present in relatively low numbers in younger patients
but becoming highly prevalent as the patient’s age and disease progresses.

Given the extent of microbiological studies focused on CF, it is unsurprising that a relatively
large number of bacterial species are associated with pulmonary infection and chronic
colonization in this patient cohort. Table 1 details many of these species and their clinical
relevance to CF airway disease. In several cases, coinfection by a number of species has
been observed using culture-based approaches [46]. More recently, a number of unusual
pathogens have been described in the airways of CF patients including Ralstonia species
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[47], members of the Pandoraea genus [48,49], the Streptococcus milleri group [50,51] and
species within the Enterobacteriaceae [52]. While specific species, such as Pandoraea apista,
have been associated with transmissible severe airway disease [49], it should be noted that
several of these studies were performed using sputum samples, which opens up the
possibility of an oral origin for these species. Nonetheless, given the oral–airway continuum
and that bacterial clearance is particularly compromised in CF patients, it is wholly possible
that these species play a key role in CF pulmonary disease. In addition, since the frequency
of recovery of these species from CF pulmonary samples appears to have increased over
recent years, these organisms certainly merit further investigation.

As with asthma, viral infection also plays a role in acute CF pulmonary exacerbation. In a
study of 103 pediatric CF patients in Sao Paulo (49 female, 54 male), samples obtained from
participants included nasopharyngeal aspirates or nasal mucus specimens for viral analysis,
in addition to sputum or oropharyngeal samples for microbial culture. The study examined
samples (both exacerbation and clinically stable state) for influenza viruses A and B, human
parainfluenza viruses 1, 2 and 3, human coronavirus, hMPV, adenovirus, human bocavirus
and picornavirus using molecular-based quantitative-PCR assays. A significant relationship
between the presence of respiratory viruses and pulmonary exacerbation was found (OR:
1.195; p = 0.010). In addition, specific rhinovirus subtypes A2 or C were also significantly
associated with respiratory exacerbations (OR: 1.213; p ≥ 0.025) [53]. Other studies
corroborate these findings demonstrating a relationship between viral infection and
pulmonary exacerbation in CF patients [54,55]. More recently, a study has demonstrated a
mechanism by which viral infection may cause more severe exacerbation in CF patients.
Performed using primary CF airway mucocillary differentiated epithelial cell lines infected
with mucoid P. aeruginosa, Chattoraj and colleagues demonstrated release of planktonic P.
aeruginosa cells from the apical and basolateral surfaces of biofilms attached to the
epithelial cell cultures, upon superinfection with rhinovirus [56]. The presence of free-
swimming cells coincided with increases in chemokine production, suggesting that the
rhinovirus-driven release of immunogenic P. aeruginosa cells may increase inflammatory
responses during viral exacerbation. Clearly, these findings have implications for the mixed
species populations known to exist in CF airways, as will now be discussed.

Microbiota community composition in airway health & disease
Previous research has charted evidence of a role for specific organisms in the pathogenesis
of asthma, COPD or CF. This has been achieved primarily through the use of culture-based
approaches or targeted molecular approaches to identify specific microbial species. The
sensitivity of such methods for detecting other microbiota is inherently limited, resulting in
lost opportunities to investigate potential relationships between the broader microbial
community and airway disease. Nonetheless, these findings have provided the foundation
for applying broader culture-independent tools to interrogate the microbiome associated
with chronic inflammatory airway disease in a variety of patient populations.

The application of newer culture-independent tools that enable interrogation of the microbial
community without prior expectation of the organisms present, including fastidious or
nonculturable species, has dramatically impacted on our knowledge of human microbial
diversity in a variety of organ systems [57–60]. The most widely applied approach to study
bacterial communities has been analysis based on the 16S ribosomal RNA (rRNA) gene,
which is ubiquitous to all bacteria. This gene is comprised of conserved stretches of
sequence that can be used to design universal primers to amplify the gene from the majority
of known bacterial species. These regions are interspersed with variable sequence regions,
the sequences of which can be used to assign identity and phylogeny of the organisms in a
mixed community. While several molecular approaches for 16S rRNA-based analysis exist,
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high-throughput tools such as 16S rRNA microarray platforms or next-generation
sequencing applications have been more recently applied to provide profiles of microbial
community composition at high resolution. In particular, these two complementary
approaches have the capacity to provide the greatest resolution in profiling bacterial
communities [61–65]. In contrast to the study of bacterial communities, fewer inroads have
been made in molecular approaches for global analysis of viral or fungal microbiota,
although there have been some recent efforts to advance these areas [66–70].

From recent studies of the human microbiome, a wealth of information has emerged about
the diversity of microbiota in specific organ niches, with increasing efforts to gain insight
into functional aspects of the microbiome and to better understand the role of microbiota in
disease pathogenesis [71]. Most of this knowledge has come from the large body of
literature on the role of gut bacterial communities in health and disease [72]. By contrast,
our knowledge and understanding of the airway microbiome in health and disease is lagging,
particularly with respect to the lower respiratory tract. However, the rate of research efforts
focused on the airway microbiome has increased and recent studies of the upper and lower
airway microbiota in the context of airway health or disease are now discussed.

Upper airway microbiota in health & disease
Sampling of the upper respiratory tract can be performed with greater ease compared with
the lower respiratory tract. In particular, relationships between the oral microbiota and
periodontal disease have been examined in several studies by 16S rRNA analysis
approaches, results of which have demonstrated multiple types of subgingival/periodontal
microbiota to be important in periodontitis [73]. It is worth noting that the abundance of
information on the oral microbiota generated over the past several years has been catalogued
in the Human Oral Microbiome Database [58].

Recent efforts have been made to characterize the oral and nasopharyngeal microbiota in
healthy individuals, including bacteria and fungal communities [66,74,75]. Zaura et al.
sampled several intra-oral sites (given potential microbial community variation in different
oral niches) in three healthy subjects, including the buccal and palatal surfaces, tongue and
saliva [75]. Using 454-pyrose-quencing analysis of 16S rRNA amplicon libraries, they
observed that 66% of all the sequence reads, translating into 72% of higher taxa (i.e.,
classified at genus level or above), were shared across the three individuals, suggestive of a
‘core’ oral bacterial community in healthy individuals. The most predominant of these taxa
were Streptococcus, Corynebacterium, Neisseria, Rothia and Veillonella species; all genera
that have previously been identified in the oral cavity [58]. However, as the authors
acknowledge, the diversity and richness of the oral microbiota are probably underestimated
in this study because of the relatively limited sequence read depth performed for each
sample and their criteria for selection of sequences for analysis (minimum of five reads).
Typically, while this approach provides good information on the dominant phylotypes in a
given community, it frequently neglects the less abundant or rarer bacterial phylotypes,
which have recently been shown to contribute the greatest functional capacity to a given
community [76]. This underscores the need for high-resolution profiling approaches to fully
understand community structure and its relationship with clinical variables.

Nonbacterial microbiota in the respiratory tract have not been well characterized and is an
area of unmet research need. While there is evidence of the involvement of specific fungal
species in COPD [77,78] and CF [79–81], little is known of the airway fungal microbiota in
the pathogenesis of asthma, COPD or CF. Moreover, even less is understood regarding
potential interkingdom microbial interactions that may impact functional expression of the
collective microbiome and in turn, host responses and manifestations of airway disease. The
oral fungal microbiome was recently studied in 20 healthy individuals from whom oral rinse
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samples were analyzed using pan-fungal primers followed by pyrosequencing [66]. In total,
101 fungal species were identified and of these, in a given individual, only between nine and
23 were known culturable species. Candida spp. were the most frequently isolated, in 75%
of subjects, followed by the genera Cladosporium, Aureobasidium, Saccharomycetales,
Aspergillus, Fusarium and Cryptococcus. While four genera (Candida, Cladosporium,
Aureobasidium and Saccharomycetales) were detected in at least ten subjects (50% of
participants), the authors also suggest the existence of a ‘basal’ state oral mycobiome,
consisting of 15 genera present in at least 20% of study subjects. However, a large number
of diverse fungi were putatively identified in this study, with 53% of the identified genera
observed only once across samples. These findings provide an initial baseline for studying
fungal microbiota along the respiratory tract and demonstrate that within the oral cavity
which houses a diversity of bacterial species, a diverse fungal microbiota can coexist. Future
investigations of the fungal mycobiome in other respiratory niches such as the lower
airways, and potentially in relation to chronic inflammatory airway disease, would be of
great interest.

In healthy individuals the nasopharyngeal niche appears to harbor a more varied, yet
distinct, community of microbiota compared with the oropharynx [74,82,83]. The
predominant phyla represented in the nostril are the Firmicutes and Actinobacteria [74],
including the bacterial families Staphylococcaeae, Propionibacteriaceae, and
Corynebacteriaceae [82]. In the oropharynx, the predominant phyla are Firmicutes,
Proteobacteria and Bacteroidetes. Thus, the nostril and oropharynx exhibit distinct
microbiota distributions at the phylum level, with the former more similar to that found on
the skin and the latter more reminiscent of the distribution of gastrointestinal-associated
microbiota [74]. However, the specific region sampled in the nasopharynx (i.e., a more
‘outer’ area such as the nostril vs a more ‘inner’ part of the nasal tract) may influence the
distribution observed, as oropharyngeal-associated communities have also been noted in
samples obtained from a more posterior aspect of the nasal cavity [82].

The oral and nasopharyngeal microbiota in a ‘nonhealthy’ state was recently explored by
Charlson et al., examining the impact of cigarette smoke exposure on the microbial
community found in these two niches [84]. As the major risk factor for COPD, cigarette
smoke may promote microbial colonization and respiratory infection by a number of
mechanisms, including disruption of mucociliary clearance, enhanced binding of bacteria to
epithelial cells and impairment of host immune responses [84]. 16S rRNA pyrosequencing
analysis of samples from 29 asymptomatic current smokers and 33 healthy nonsmokers,
demonstrated that bacterial communities from smokers clustered separately from
nonsmokers [84]. Smokers exhibited greater variation in the types and relative abundance of
bacteria inhabiting their oropharynx or nasopharynx, indicative of a more heterogeneous or
potentially diverse bacterial community. The investigators identified specific microbiota that
appeared to distinguish a smoking-associated bacterial community from that of nonsmokers.
At the general level in oropharyngeal samples, the presence of Capnocytophaga,
Megasphaera, Veillonella, Haemophius and Neisseria spp. best characterized a smoking-
associated community. In the nasopharynx, smokers also demonstrated greater relative
abundance of several bacterial families, primarily belonging to the Firmicutes phylum,
including Aerococcaceae, Eubacteriaceae, Lachnospiraceae, Peptostreptococcaceae and
Erysipelotrichaceae. The main conclusion of this study is that smoke exposure alters normal
microbiota community structure, which may facilitate enhanced pathogen colonization of
the upper respiratory tract [84]. Normal commensal microbiota have been shown to
modulate host immune responses in respiratory mucosa in the setting of infections by
Mycoplasma pulmonis or influenza A virus [85,86].
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Lower airway microbiota & relationships to asthma, COPD & CF
Airway microbiome in asthma—Recent culture-independent studies indicate that a
resident microbiota community exists in the lower respiratory tract [4,83,87], in contrast to
the traditional view that the lower airways are a completely sterile environment in healthy
individuals. However, it remains to be proven definitively whether the detected presence of
lower airway microbiota in apparently healthy individuals represents true colonization of the
lower airways, the presence of transient inhaled species with regular turnover of the
microbial community, oropharyngeal contamination in the collection of lower airway
samples or even linked potentially to individuals incorrectly categorized as truly healthy.
Given the practical challenges in sampling the lower airways in human subjects,
distinguishing among the first three of these possibilities is difficult. While it is perhaps less
surprising that a rich microbial community is present in COPD airways by culture-
independent analyses, recent findings have also demonstrated that a diverse community of
microbiota in the bronchi is associated with chronic stable asthma [4,83]. Using a traditional
16S rRNA clone library and sequencing analysis, Hilty et al. analyzed respiratory samples
from 24 adults (11 with asthma, five with COPD and eight healthy controls) and 20 children
(13 with ‘difficult’ asthma, seven controls) [83]. Although the clone library approach for
16S rRNA-based community analysis provides significantly less microbial community
resolution compared with next-generation sequencing or PhyloChip (Affymetrix
Corporation®, Santa Clara, CA, USA) microarray methods [62], pathogenic members of the
Proteobacteria phylum, in particular Haemophilus spp., were more commonly found in
bronchial brushings from adult patients with airway disease (asthma or COPD) compared
with controls. This was similarly observed in analysis of bronchoalveolar lavage fluid from
pediatric asthma patients. By contrast, members of the Bacteroidetes phylum, especially
Prevotella spp., were more often identified in healthy adult controls. Notably, all asthmatic
patients in the study were prescribed corticosteroid therapies (inhaled or oral), which have
unknown effects on the microbiome. This study also investigated potential geographical
differences in the microbial community between the upper and lower respiratory tract by
comparing samples from the nasopharynx (NP), oropharynx and left upper lung lobe (LUL).
NP microbiota appeared to be distinct from that found in the oropharynx or LUL. Among
patients with airway disease (asthma or COPD), LUL microbial communities differed from
that found in the LUL or oropharynx of healthy controls, suggesting distinct differences in
community composition in diseased bronchi compared with healthy states. Interestingly,
smokers were observed to have lower 16S rRNA copy numbers. While 16S rRNA copy
number cannot be directly compared with measures of bacterial community diversity or
richness (i.e., the number of different phylotypes), since some bacteria can possess multiple
copies of the 16S rRNA gene, it is interesting to note that others have observed smokers to
exhibit greater variation in the types and relative abundance of bacteria inhabiting the nasal
or oropharynx, compared with nonsmokers [84]. Despite limitations of a small sample size,
limited analysis for potential differences in airway microbiota between asthmatic and COPD
subjects and the unknown potential impact of corticosteroid use on the findings, the study
suggests that characteristic bacterial microbiota may colonize the lower airways of patients
with stable asthma.

In a larger study of 75 asthmatic and nonasthmatic healthy adults, chronic stable asthma was
also found to be associated with differences in the composition and structure of the
bronchial microbiota community compared with healthy subjects [4]. Huang et al. examined
the microbial community sampled by triplicate protected specimen bronchial brushings,
using a high-density bacterial microarray (16S rRNA PhyloChip), as well as quantitative
PCR analysis [4]. The G2 PhyloChip platform is capable of detecting approximately 8500
bacterial taxa in parallel. Owing to the nature of this assay (hybridization based), low- and
high-abundance community members are detected with equal efficiency, permitting a high-
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resolution profile of the community to be generated. Asthmatic subjects exhibited greater
bacterial burden and significantly higher bacterial diversity in their bronchial microbiota
community. All asthmatics in this study had stable mild-to-moderate disease and were
taking standardized inhaled corticosteroid therapy. This study further investigated potential
relationships between characteristics of the microbial community and clinical features of
asthma. In independent analyses, both bacterial diversity and microbiota community
composition were strongly correlated with bronchial hyper-responsiveness. In particular,
greater bronchial hyper-responsiveness was highly correlated with the relative abundance of
approximately 100 specific bacterial phylotypes, including bacterial families within
Proteobacteria such as Oxalobacteraceae, Pseudomonadaceae, Sphingomonadaceae and
Comamonadaceae (Figure 1). Many representative species in these families possess either
pathogenic potential or chemical functions that conceivably could contribute to known
pathophysiologic processes in asthma. These findings thus may be of particular interest as
they suggest the possibility of functional interactions between specific components of the
airway microbiome and the host that may impact pathophysiologic features of asthma.

Airway microbiome in COPD—In COPD, bacterial colonization or infection of the
lower airways has long been noted by culture methods, but recent culture-independent
investigations by 16S rRNA analysis approaches have revealed much greater community
richness in COPD airways than previously appreciated [87,88]. In a PhyloChip-based study
of COPD patients hospitalized for respiratory failure owing to severe exacerbations, more
than 1200 bacterial taxa were identified in lower airway samples [88]. In addition to
bacterial families containing the typical pathogens associated with COPD exacerbations
(e.g., Pasteurelleaceae/H. influenzae, Pseudomonadaceae/P. aeruginosa, Streptococcaceae/S.
pneumoniae, Moraxellaceae/M. catarrhalis), a multitude of other families with potentially
pathogenic member species were identified. These included members of the
Enterobacteriaceae, Burkholderiaceae, Mycoplasmataceae, Alteromondaceae and many
others. COPD patient samples harbored an average of 411 bacterial taxa despite
concurrently receiving broad-spectrum antimicrobial therapies. In addition, a core
microbiota comprised of 75 taxa present in all subjects was identified, representing 27
distinct families (e.g., Pseudomonadaceae, Enterobacteriaceae, Campylobacteraceae,
Helicobacteraceae and others) and again including many potentially pathogenic species.

Although this highly select cohort of severely exacerbating COPD patients all harbored P.
aeruginosa, the patients clustered into two separate groups distinguished by significant
differences in community richness. Patients with a richer bacterial community had received
ventilatory support for a significantly shorter duration, and this microbiota community was
more commonly populated by members of Clostridiaceae, Lachnospiraceae, Bacillaceae and
Peptostreptococcaceae. Many of these represent normal commensal microbiota in the upper
respiratory tract that may help maintain community stability and functional homeostasis in
the microbiome, as has been observed in the gut [89]. These findings suggest that members
of the airway microbiota community, other than typical respiratory pathogens, may have
important roles in determining states of clinical instability or stability in COPD.

A comparison of the lower airway microbiota among patients with COPD, ‘healthy’
smokers without evidence of COPD and nonsmoking controls was performed by analysis of
bronchoalveolar lavage fluid collected from 14 subjects (four with COPD, seven smokers
with normal spirometry, and three healthy nonsmokers) [87]. Out of the four COPD
subjects, three had mild obstructive disease and one had severe disease by Global Health
Initiative on Obstructive Lung Disease stage criteria. Although the subject numbers were
small, nonsmoking controls demonstrated heterogeneity in their lower airway bacterial
communities similar to that observed in healthy nonsmokers and two of the COPD patients
with mild disease. By contrast, very limited bacterial community diversity was observed in
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the two other COPD patients, one of whom had severe disease. Across all subjects, the
predominant phyla found in the lungs were the Proteobacteria, Firmicutes and Bacteroidetes,
as also observed in other studies [4,83]. The authors suggest that the existence of a ‘core’
pulmonary microbiome in healthy subjects comprised of bacterial genera with the greatest
number of sequence reads in their study. These included Pseudomonas, Streptococcus,
Prevotella and Fusobacterium spp. Finally, microanatomical geographic differences in
microbiota composition may exist in the diseased lung. In analysis of COPD lung explants,
differences in bacterial community composition were noted, depending on which bronchus
was sampled within the same lung. Species highly associated with microanatomical
variation in community composition included Haemophilus, Stenotrophomonas or
Pseudomonas spp., suggesting that these organisms may represent keystone species that
drive ecosystem functioning and, as a result, define both community composition and host
responses in these discrete niches. Moreover the data suggest that, similar to the GI tract,
niche-specific microbiota also exist in the airway.

Airway microbiome in CF—Culture-independent efforts in the field of CF airway
microbiota have a relatively longer history. The accumulating body of literature and
anecdotal evidence from the clinical laboratory for the coexistence of multiple species in the
airways of CF patients prompted Rogers and colleagues, in 2003, to perform the first
culture-independent analysis of adult CF patient bronchoscopic and sputum samples [90].
They demonstrated that multiple distinct 16S rRNA PCR products were present in each
patient sample, indicating the presence of distinct bacterial phylotypes in this niche [90].
Moreover, subsequent sequencing efforts identified, in addition to P. aeruginosa and
Stenotrophomona smaltophilia, multiple other species typically associated with the oral or
gastrointestinal cavity, including Prevotellaoris, Fusobacterium gonidoformans and
Bacteroides fragilis, amongst others; species not previously associated with CF airways [90].
The investigators provided a seminal follow-up study, based on RNA rather than DNA, to
profile active members of the CF airway microbiota in adult patients [91]. Total RNA
extracted from 71 sputum samples was reverse transcribed and used as a template for 16S
rRNA PCR amplification. Amplicons generated by this approach represent viable
community members, actively transcribing their 16S rRNA gene. Profiling of the amplicons
identified 248 distinct bands, each originating from a viable bacterial member of the CF
airway, thus providing the first evidence for an active, diverse airway microbiota in a
chronic pulmonary disease. Across patient samples, bacterial community richness (number
of distinct phylotypes detected) was as high as 37 viable phylotypes in one patient,
substantially greater than the typical one or two pulmonary pathogens reported through
culture-based clinical laboratory testing to colonize CF airways. Follow-up cloning efforts
from three patients in the study and sequencing 53 of these clones identified the presence of
additional species not previously identified in CF airways including two Abiotrophia
species, Mycoplasma salivarium, Ralstoniataiwanensis, Rothiamucilaginosa,
Treponemavincentii and Veillonellaatypicai [92]. These seminal studies demonstrated that a
diversity of viable bacterial species not typically associated with the CF airways were
present in these patients that could putatively contribute to airway disease. This ground-
breaking work laid the foundation for a number of subsequent studies that have dramatically
expanded our understanding of the airway microbiota.

Subsequent culture-independent studies using progressively higher-resolution tools have
revealed an even more complex and diverse microbiota in the airways of CF patients [93–
95]. These studies have further expanded the diversity of organisms detected in the airways
of CF patients. However, it is necessary to determine relationships between the composition
of these assemblages and host health status as a means to identify key features of the
microbiome that contribute to patient health. In a cross-sectional study of respiratory
samples collected from 45 clinically stable CF patients (aged between 9 months and 72
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years), who had not received antibiotics for acute pulmonary exacerbation within 2 months
of sample collection, Cox and colleagues examined changes in airway microbiota
composition within this age-stratified, cross-sectional study [95]. They demonstrated a
significant negative correlation (−0.48; p < 0.0003) existed between patient age and
pulmonary function, confirming that, compared with the younger population, older CF
patients in the cohort exhibited poorer airway health. The authors also found that compared
with the younger patients, older individuals exhibited significant losses in bacterial
community richness (number of types of bacteria present), evenness (relative distribution of
community members) and diversity (index calculated based on richness and evenness
metrics). In addition, the communities present in the airways of older CF patients were
comprised of phylogenetically related organisms primarily belonging to the family
Pseudomonadaceae. This study demonstrated that, as in chronic inflammatory disease of the
GI tract, which is associated with loss of bacterial diversity and domination of the
community by a handful of species, the airway microbiota exhibits the same hallmarks in CF
patients with the most severe inflammatory status. Limitations of the study include its cross-
sectional nature and the specimen types examined: expectorated sputum and deep throat
swabs from adult and pediatric patients, respectively. Although such specimens are always
subject to contamination by oral microbiota, these are the standard types of samples
obtained clinically to infer airway microbiology in treating CF patients. Nonetheless, this
study provided the first evidence that airway microbiota composition is associated with
airway function status, suggesting that microbiota composition could provide a robust
diagnostic or prognostic marker for airway health.

The potentially important contributions and role of oropharyngeal-associated microbiota in
lower airways disease should not be overlooked. The finding in lower respiratory tract
specimens of organisms typically associated with the oropharynx always raises the question
of oral contamination. However, this may not necessarily be the case, since recent evidence
suggests that the presence of these species in the airways may not be wholly innocuous.
Given the complexity of airway microbiota that has been revealed in association with
chronic airway disease, particularly CF, interactions among microbial communities
undoubtedly occur and are likely to affect the functional or phenotypic expression of one or
more organisms, including the microbiota community as a collective whole. Two studies
have elegantly demonstrated the pathogenic contributions of oropharyngeal flora in the
presence of a primary pathogen, namely P. aeruginosa. Using a rat lung infection model,
Duan and colleagues showed that pulmonary damage was significantly enhanced when
animals were coinfected by P. aeruginosa and oropharyngeal flora isolated from CF patients,
compared with infection by P. aeruginosa alone [96]. This was mediated by auto-inducer-2
quorum sensing and led to upregulation of a number of P. aeruginosa virulence factors.
Similar findings were observed in a more recent study by the same investigative group in
which a polymicrobial infection Drosophila melanogaster model was used [97].
Oropharyngeal-derived strains that themselves were not pathogenic to the host significantly
worsened fly survival when coinfection with P. aeruginosa (PA01 strain) was performed.
Thus, the finding of oropharyngeal-associated bacterial microbiota in the lower airways
should not automatically be construed as innocuous bystanders in airway disease.

As we move into the age of high-throughput ‘omics’, new tools developed to provide
comprehensive profiles of the species present in a given community, as well as both the
functional capacity of, and expression profiles from, their collective pan-genome, will
provide unparalleled insights into the relationship between the human host and its microbial
inhabitants. Though niche-specificity exists in discrete niches, it is comforting that, already,
we can begin to observe consistent trends in data generated across mucosal surfaces in
distinct anatomical niches in the human host. For example, chronic inflammation in either
the GI tract or airway results in reduced microbiota diversity at both of these sites, though
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the composition of these depleted microbiota is distinct, niche specific and probably driven
by local selective pressures. Clearly, there is a great need for highly integrated translational
research efforts across large cohorts of patients. However, with the recent development of
molecular tools and platforms to provide the comprehensive microbial profiles necessary to
interrogate the complex communities that inhabit human mucosal surfaces, the field of
airway microbiota research is poised for expansion and studies that address key gaps in our
understanding of airway health.

Expert commentary
The dogma that only a handful of bacterial species were associated with chronic airway
disease has been supplanted by recent culture-independent studies that have revealed that the
airway microbiome of obstructive pulmonary disease patients represents a far more diverse
consortium of bacterial species than previously believed. It is important to note that previous
dogma was primarily based on data generated in an era predating the application of more
sensitive culture-independent tools for microbial community profiling. This is particularly
pertinent given that the majority of known bacterial species are currently unculturable under
conventional laboratory conditions. Emerging culture-independent data suggest that
respiratory microbiota differ in states of pulmonary disease and health, and with disease
severity. This strongly suggests that, as has been demonstrated for the gastrointestinal
microbiota, shifts in airway microbiome composition may drive specific immunophenotypes
associated with distinct chronic airway diseases. Thus this emerging field opens up the
possibility of microbiota manipulation as a novel therapeutic strategy for treatment or
management of chronic airway disease.

Five-year view
Initial investigations in CF airway microbiota suggest a relationship between airway
microbiome composition and severity of disease. Building upon recent studies in chronic
airway disease, future investigations of the airway microbiome in differing disease
phenotypes or across gradients of disease severity, particularly in asthmatic, COPD or CF
populations, will likely identify microbial drivers of these disease states, and potentially lead
to improved patient stratification and patient-tailored therapy. Although phylogenetic
profiling has provided us with a wealth of information on the diversity of species present in
the airway microbiota, functional studies to better establish links between microbiome
behavior and host immune responses will provide a better understanding of
pathophysiologic processes in chronic inflammatory diseases of the airways. The
development and application of tools for airway microbiome profiling at both the structural
and functional level has been rapid. Studies integrating these high-resolution tools
appropriately in well-designed clinical studies that include larger subject numbers,
encompass health and disease states and ascribe particular attention to airway sample source,
will confirm or disprove current evidence.
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Key issues

• Much of our knowledge of airway microbiology is based upon culture-based or
species-specific molecular detection

• Specific bacterial species have been associated with the risk for, and established,
asthma, though these organisms may biomarkers for a specific airway
microbiome composition.

• Bacterial species linked with chronic obstructive pulmonary disease include
Haemophilus influenzae, Moraxella catarrhalis and Streptococcus pneumoniae;
organisms that have also been associated with risk for childhood asthma
development.

• Many more organisms are associated with chronic pulmonary disease in cystic
fibrosis (CF) patients. These include emerging such as Ralstonia, Pandoraea and
Enterococcus species, as well as the Streptoccusmilleri group.

• Culture-independent studies of asthmatic bronchoscopic samples have
demonstrated relationships between airway microbiota composition and the
severity of bronchial hyper-responsiveness.

• Chronic obstructive pulmonary disease airway microbiota remain rich in
bacterial species (mean number of phylotypes: 411), despite administration of
broad-spectrum antimicrobials for acute exacerbation.

• CF airway microbiota have been examined by a number of culture-independent
approaches. As the resolution of the these airway samples has increased, so too
has the number of types of bacteria identified in this patient population.

• Pediatric CF patient airways, which exhibit good pulmonary function and mild
disease, possess a diverse community of contrast, older CF patients with more
severe disease exhibit communities with reduced richness (number of types of
skewed communities (highly dominated consortia) of low diversity.
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Figure 1. Phylogenetic tree based on representative 16S rRNA gene sequences of the
approximately 100 bacterial taxa highly correlated with more severe bronchial hyper-
responsiveness (p < 0.01; q < 0.015) in asthmatics on inhaled corticosteroids
Colors represent different bacterial families.
†Taxa with member species previously associated with clinical disease or possessing notable
functional features.
Unclassif.: Unclassified.
Reproduced with permission from [4].
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Table 1

Bacterial species most commonly associated with cystic fibrosis airway disease.

Species Clinical significance Ref.

Pseudomonas aeruginosa One of the most important CF infectious agents
Initial nonmucoid strains give rise to highly antibiotic-resistant mucoid strains
Forms biofilms that are refractory to mucocillary clearance, host responses and antimicrobials

[98]

Haemophilus influenzae Isolated most frequently from young patients
Does not chronically colonize the airways but can persist for extended periods of time –
associated antibiotic-resistant hypermutable strains

[99,100]

Staphylococcus aureus Frequently recovered from CF airways (52% of patients)
Chronic infection dynamics exhibit a peak in adolescence

[101]

Burkholderia cepacia complex Group of at least 17 Burkholderia species
Important opportunistic pathogens
Cause a progressive, invasive and fatal pulmonary disease known as cepacia syndrome

[102,103]

Stenotrophomonas maltophilia Frequently isolated from mid-to-late adolescent CF airways
Chronic infection is unusual (10%) of cases

[104]

Achromobacter xylosoxidans Emerging CF pathogen
Detected with increasing frequency from CF sputum samples
Can result in chronic infection with antimicrobial resistant isolates

[105]

Nontuberculous Mycobacterium Nontuberculous mycobacterium associated with coinfection with Stenotrophomonas or
Aspergillus species
Patients with chronic Mycobacterium abscessus infection exhibit greater rates of lung function
decline than those with no nontuberculous mycobacterium infection

[106]

Streptococcus pneumoniae Isolated most frequently from pediatric CF patients
Associated with pulmonary exacerbations

[106–108]

CF: Cystic fibrosis.
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