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ABSTRACT The lung harbours a diverse array of microbes whose dynamic composition is influenced by
both host and environmental factors. Thus far, most studies have described the microbial composition of
healthy or diseased lungs and provided an overview of the differences between topographical locations
within the respiratory tract. However, insight into the functional mechanisms underlying host−microbe
interactions and how they might drive lung health and disease are limited. This review provides an
overview of the current mechanistic understanding of the microbiome, crosstalk between tissue
compartments, and its involvement in respiratory diseases.
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Introduction
With each breath the lung is exposed to an array of environmental pollutants, particulates, and both
pathogenic and non-pathogenic microbes. Nevertheless, the airways have historically been regarded as a
“sterile environment”. Over the past few years multiple studies, using culture independent molecular
methods, have contributed to defining various lung microbial communities in healthy individuals.
Proteobacteria, Firmicutes and Bacteroidetes are the most prevalent phyla in the human respiratory tract, as
determined from bronchoalveolar lavage samples of healthy adults [1, 2]. Within these three phyla,
Pseudomonas and Haemophilus (Proteobacteria), Streptococcus and Veilonella (Firmicutes), and Prevotella
and Porphyromonas (Bacteriodetes) are present at a high frequency in the airways of healthy individuals at
the genus level, along with Fusobacterium (Fusobacteria) [1–4].
There are several challenges in assessing the lung microbiome. One of them is the low density of bacterial
communities, especially in healthy individuals (102–103 bacteria per mL) [5, 6]. In addition, there is a risk
of cross-contamination of lower respiratory tract samples due to carryover from the upper respiratory tract
during sampling. Microbial communities found in the lower respiratory tract of healthy adults closely
resemble the community structures found in the oropharynx compared to any other competing source
community, such as the nasopharynx or inhaled air [2, 4, 7, 8]. However, their relative abundance in
bronchoalveolar lavage (BAL) samples generally differs from that in oral samples [4, 5] suggestive of a
selection process.
The development of the airway microbiome in infants and the exact timing thereof remains unknown,
partially due to the difficulty of acquiring lower respiratory tract samples from a healthy cohort. It is
traditionally believed that the in utero environment is physiologically sterile. Although further studies are
required, there may be a low level of bacterial colonisation during gestation, since a bacterial presence has
been detected in cord blood samples from babies delivered via caesarean section [9], in meconium from
preterm babies [10] and in the placenta [11]. The establishment of the lung microbiome in early life could be
affected by several postnatal factors, after which time the established lung microbiome is subject to selective
pressures throughout life represented by environmental and life-style factors. In this review, we will
summarise the current understanding of lung microbiome development and function, its involvement in lung
health and disease, and thereby highlighting important research questions that require further investigation.

Development of the airway microbiome and implications for the immune system
The upper airway microbiome composition in healthy infants has been associated with an increased
abundance of Haemophilus, Streptococcus and Moraxella, and a decreased abundance of Alloiococcus and
Corynebacterium [12]. Most studies determining the development of the airway microbiome in the first
year of life have used nasopharyngeal samples. Although the nasopharynx is proposed to be a reservoir for
microbes associated with acute respiratory infections, its microbial composition mostly resembles the
upper airways [13], and thus cannot be used as a proxy for the lower airways. The infant upper respiratory
tract microbiome can be affected by several post-natal factors (table 1) including mode of delivery [14, 15],
breast feeding versus formula feeding [16] and the use of antibiotics [12]. Moreover, it is subject to direct
or indirect changes induced by environmental and lifestyle factors, such as diet [17, 18]. The use of
probiotics has been shown to affect the lung immune response following allergic airway inflammation [19–
21]; however, whether this affects the lung microbiome remains to be determined. Indeed, there remains a
need for investigations into the mechanisms of action of probiotics with a putative benefit for respiratory
disease. Investigations determining the lower respiratory tract microbiome in healthy infants shortly after
birth and during the first years of life are currently limited due to ethical and technical limitations of
obtaining samples. Data is, however, available from mouse studies. The mouse lung microbiome develops
within the first days of life, after which time the microbial load and diversity in the lung increases. The
lower airways of mice are predominantly colonised with Firmicutes and Proteobacteria in the first days
after birth, followed by an increase in the Bacteroidetes phylum prior to weaning (14–21 days old) and
through to adulthood [22]. Studies utilising germ-free mice (mice with a complete absence of any
microbiota), have shown that the microbiome is essential for development and education of host immune
responses, particularly within the context of allergy [23]. Specifically, the absence of a microbiome in
germ-free mice results in their exaggerated responsiveness to model allergens, which can be normalised if
germ-free mice are recolonised with the commensal gut microbiota from specific pathogen free mice. A
recent report by REMOT et al. [24] showed that airway exposure of neonatal mice to specific strains of
bacteria, originally isolated from the airways, could either protect or enhance susceptibility of the mice to
airway inflammation. These data lead to the enticing hypothesis that exposure to certain microbes early in
life could be key for determining the trajectory of an individual towards or away from disease.
Alveolar macrophages are central for pulmonary host defence, and granulocyte-macrophage colony
stimulating factor-driven differentiation of pulmonary fetal monocytes to alveolar macrophages [25], may,
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TABLE 1 Summary of factors affecting healthy lung microbiome composition in early and adult life
Influencing factor

Sample type

Age at sampling

Changes in airway microbial composition

Delivery mode (vaginal birth
versus caesarean section)

Nasopharyngeal swab [14]

Immediately
after birth

Tracheal aspirates [15]

Within 6 h after
birth

Feeding choices
(breastfeeding versus
formula feeding)

Nasopharyngeal swab [16]

6 weeks old

Post-natal antibiotic use

Nasopharyngeal swab [12]

2, 6 and
12 months old

Diet composition (fibre intake)

Murine lung tissue [17, 18] (no data on
human lung microbiome composition
available)

Adult

Vaginal birth: nasopharyngeal microbiome
resembles maternal vaginal microbiome
Caesarean section: nasopharyngeal
microbiome resembles maternal skin
microbiome
Vaginal birth: no alterations in lower airway
microbiome.
Caesarean section: no alterations in lower
airway microbiome.
Breastfeeding versus formula feeding:
Increased presence and abundance of
Dolosigranulum and Corynebacterium
Decreased abundance of Staphylococcus,
Prevotella and Veilonella
Antibiotic use:
Higher abundance of Haemophilus,
Streptococcus and Moraxella
Decreased abundance of Alloicoccus and
Corynebacterium
High fibre diet: altered Firmicutes to
Bacteroidetes ratio

Probiotics

Probiotics use: no data available on airway
microbiome composition

at least in part, be due to early colonisation in the airways. Indeed, maturation of alveolar macrophages,
and other pulmonary CD11c+ cells, has been shown to be initiated by airway exposure of newborn mice to
a mixture of microbial extracts [26]. Neonatal gut microbial exposure plays an important role in invariant
natural killer T (iNKT) cell accumulation in the lung. In early-life, but not adult life, re-colonisation of
germ-free mice with a conventional gut microbiota abrogated iNKT cell accumulation in the lung by
induction of CXCL16, consequently protecting mice against exaggerated allergic airway inflammation [27].
The frequency of CD11b+ conventional dendritic cells is increased in the mouse lung during the first
2 weeks of life, and microbial colonisation promotes induction of regulatory T (Treg) cells via transient
expression of programmed death ligand-1 (PD-L1) on these CD11b+ dendritic cells [22]. In addition,
blockade of PD-L1 during the first 2 weeks of life led to exaggerated allergic airway inflammation after
house dust mite extract exposure, which was maintained through to adulthood [22]. There has been an
indication that microbial exposure occurs in utero; however, whether this represents actual colonisation
and formation of a stable microbiome requires further investigation. However, there is evidence that
microbial products are found in amniotic fluid [28], and KRAMER et al. [29] reported that intra-amniotic
endotoxin exposure accelerated monocyte maturation and differentiation into macrophage-like cells in the
preterm fetal sheep lung.
Early life exposure to microbes and their products thus appears important in long-term lung health, and it
has been demonstrated that the murine “window of opportunity” lies within the first 2–3 weeks of life,
during which a decreased responsiveness towards allergens develops. Although there are considerable
technical and ethical limitations in sampling the lower respiratory tract of babies, the current molecular
insights gathered from animal studies should be confirmed in a clinical setting in order to advance
towards possible therapeutic or diagnostic strategies.

Gut−lung crosstalk
Analysis of the “normal” microbiome in healthy individuals has revealed profound differences in
microbiota composition between various body compartments, highlighting the tissue habitat as a key
determinant of colonisation. Over the past years the importance of microbiome crosstalk between these
different compartments of the human body in health and disease has been increasingly recognised.
Respiratory diseases have not only been associated with microbial dysbiosis in the lung, but also the gut
microbiome has been linked with lung health and disease (figure 1).
It has become increasingly evident that not only can intestinal disorders have pulmonary manifestations
[30], but also vice versa. Respiratory diseases, including asthma, chronic obstructive pulmonary disease
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FIGURE 1 Gut−lung crosstalk in respiratory diseases. Respiratory diseases (asthma, chronic obstructive
pulmonary disease, cystic fibrosis and viral infections) are accompanied by a component of intestinal disease
manifestation, which may be driven by systemic inflammation. Respiratory influenza infection can induce
intestinal injury, which is mediated by lymphocyte migration from the respiratory tract into the intestinal
mucosa [33]. Alterations in gut microbial composition (dysbiosis) induced by antibiotic use or alterations in
macronutrient intake (e.g. low fiber or high fat intake) can increase intestinal permeability and alter
metabolite production in the gut, which can consequently lead to an increased risk for respiratory diseases,
or exacerbation of pre-existing lung disease. Translocation of gut bacteria into the lung has been observed in
critical illness, such as sepsis, acute respiratory distress syndrome or post-stroke infection [41, 42]. This is
thought to be mediated by compromised barrier integrity.

(COPD), cystic fibrosis and viral respiratory infection are accompanied by a component of intestinal
disease manifestation [30–35]. On the other hand it has been demonstrated that low intestinal microbial
diversity during infancy is correlated with an asthmatic phenotype during childhood [36], suggesting a
role for the gut microbiome in the onset of asthma. One caveat to the common generalisation that gut
microbial diversity is positively linked with health is the observation that breastfed children have a lower
diversity gut microbiota to that of formula fed babies [37], while breast feeding is considered to lower the
risk of allergy [38, 39]. Thus, one could extrapolate that an intestinal microbiota with an
over-representation of beneficial microbes might be sufficient for health, and a highly diverse microbiota
could reflect a “dilution” of potentially detrimental pathobionts.
WANG et al. [33] demonstrated that intestinal injury following respiratory influenza infection was not
caused by influenza infection of the intestine directly, since no virus was detected in the small intestine
following intranasal infection, and intra-gastric administration of the virus directly into the intestine did
not lead to intestinal immune injury. In fact, the injury was shown to be mediated by lymphocytes
migrating from the respiratory tract into the intestinal mucosa during infection via the CCL25-CCR9
axis [33].
Profound differences in the intestinal microbiota of cystic fibrosis patients were detected; however, these
changes have not yet been linked to severity of the disease. Moreover, it is well known that dysfunction of
the CFTR gene itself contributes to poor digestive functions due to improper neutralisation of gastric bile,
which in turn changes the ecological environment in the gut [40]. Interestingly, a recent study
demonstrated that bacteria from the gastrointestinal tract can translocate to the lungs in patients with
sepsis and acute respiratory distress syndrome, which is likely mediated by compromised barrier integrity
[41]. Moreover, post-stroke infection in patients is most likely caused by dissemination of selective strains
of bacteria originating from the gut microbiota; indeed, a source of the bacteria in the lungs of post-stroke
mice has been shown to be the small intestine [42]. These studies suggest an important role for the gut
−lung axis in critical illness and highlight the need for intestinal barrier integrity.
Antibiotic use
Antibiotic induced alterations in the gut microbiota during early life have been shown to exacerbate
experimental allergic airway disease following allergen exposure in adult life [43–45]. In an ovalbumin
model of Th2 induced allergic airway inflammation, neonatal, but not adult, vancomycin treatment was
shown to exacerbate the allergic inflammatory response in the lung [43]. Vancomycin treatment did not
reduce the bacterial load in the gut, but resulted in a profound shift in gut microbial composition,
characterised by an almost complete depletion of Bacteroidetes which were replaced by an overgrowth of
Lactobacilli. Immunologically, this correlated with a decrease in intestinal Treg cells [43]. Interestingly,
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streptomycin was shown to exacerbate the Th1/Th17-driven inflammatory lung disease, hypersensitivity
pneumonitis, whereas vancomycin did not exacerbate this type of disease [44]. Although there were only
subtle shifts in gut microbial composition following streptomycin treatment, Bacteroidetes, the most
abundant phylum in the intestine of streptomycin-treated mice, demonstrated the strongest association
with hypersensitivity pneumonitis severity [44]. These studies demonstrate that changes in intestinal
microbial composition can have profound consequences in immunologically distinct disease models.
Interestingly, depletion of gut microbiota in mice by broad-spectrum antibiotic treatment (consisting of
ampicillin, neomycin, metronidazole and vancomycin) has been shown to impair pulmonary host defence
against Streptococcus pneumoniae infection, which was likely driven by gut microbiota-mediated alterations
in the metabolic status of alveolar macrophages [46].
Dietary composition
Dietary fibre intake has been shown to alter gut and lung microbial composition by shifting the Firmicutes
to Bacteroidetes ratio [17, 18]. Consumption of a high fibre diet, which increases short chain fatty acid
(SCFA) levels in the circulation and the gut, or direct administration of SCFAs, protects mice against the
development of asthma [17, 18]. This protection was mediated by changes in dendritic cell haematopoiesis
and function, arguing for a gut–bone marrow–lung axis [18]. In line with these results, intestinal helminth
infection has been reported to alter gut microbial composition, thereby increasing SCFA production,
which consequently led to attenuation of house dust mite-induced allergic airway inflammation [47].
Notably, an increased intake of dietary fat leads to the opposite alterations in the Firmicutes to
Bacteroidetes ratio [48] in the gut and SCFA levels [49] in the circulation. Whether these alterations affect
lung microbiome composition and the pulmonary immune response has yet to be fully delineated, but is
clearly an important avenue for further research since obesity is a risk factor for the development of both
atopic and non-atopic asthma [50].

Influence of the microbiome on development and progression of pulmonary disease
Colonisation of the lungs in early life is a highly dynamic process and can be influenced by external
factors, thereby increasing the susceptibility for developing early onset lung disease. Moreover, lung
microbial composition can be influenced by environmental exposures and lifestyle factors consequently
resulting in an enhanced susceptibility to develop pulmonary disease in adulthood. These factors can also
contribute to disease exacerbations and chronicity. Here we will discuss how the bacterial lung microbiome
can affect development and progression of both early onset and adult lung diseases (figure 2).
Asthma
The presence of microbes has been demonstrated to be a key player in asthma development, since studies
in germ-free mice show that a lack of microbial colonisation before allergen exposure increases allergic
airway inflammation and that re-colonisation is able to rescue this phenotype [23]. Early life microbial
exposure is important for tolerance induction to allergens later in life, and can be altered by postnatal use
of antibiotics [43]. STEIN et al. [51] recently reported that a microbial rich indoor environment, as seen in
the Amish population and characterised by high endotoxin levels, protects children against asthma
development. In addition, it was demonstrated that expression of genes involved in innate immune
responses to microbes were upregulated on peripheral blood leukocytes from these children. Moreover,
exposure of mice to dust extracts collected from the indoor environment in Amish homes attenuated
ovalbumin-induced airway hyperresponsiveness. This protective effect was shown to be dependent on
MyD88-Trif signalling [51]. Taken together, these data suggest that innate immune stimulation in children
may be crucial in protection against asthma development.
The first studies that characterised the airway microbiome in asthmatic patients reported an increased
abundance of Proteobacteria, whereas the Bacteroidetes phylum was under-represented compared to
healthy control [2, 52]. Inhaled corticosteroid treatment in asthmatic patients showed increased airway
bacterial diversity, which correlated with increased airway hyperresponsiveness [52] and airflow
obstruction [53]: another caveat to the concept that microbial diversity is always beneficial. Furthermore, it
has been suggested that Haemophilus parainfluenzae, which was suggested to be expanded in the airways
of a subset of patients with corticosteroid-resistant asthma, suppresses the alveolar macrophage response to
corticosteroids by increased TAK1/MAPK activation [6]. However, whether this proposed mechanism of
action can be extrapolated to other bacterial species involved in corticosteroid-resistance remains to be
elucidated.
Although several early life and environmental factors have been related to alterations in airway
colonisation and asthma development, our understanding of the relationship between airway microbial
composition and asthma severity remains under-investigated. Recent phenotypic classifications of asthma
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FIGURE 2 Host−microbiome interactions in respiratory diseases. Host–microbiome interactions play a fundamental role in the pathogenesis of a
variety of respiratory diseases. a) The presence of microbes is important in the development of asthma. A lack of microbial colonisation
(germ-free environment) is characterised by delayed differentiation and maturation from monocytes to alveolar macrophages in early life, and a
decreased presence of dendritic cells and alveolar macrophages (AM) in adulthood. Induction of allergic airway inflammation in germ-free mice
leads to exaggerated allergic inflammation, which is likely mediated by delayed maturation of pulmonary immune cells [23]. b) Microbial diversity
is decreased in the airway of stable chronic obstructive pulmonary disease (COPD) patients. An acute COPD exacerbation can lead to microbial
expansion of bacterial species (such as Haemophilus influenza, here depicted in orange) which were already present in low abundance in the lung
during steady state COPD [59]. c) The cystic fibrosis lung is characterised by impaired mucociliary clearance leading to mucus accumulation,
thereby creating an ideal environment for growth and expansion of certain types of bacteria. Aspiration is a common symptom in patients with
cystic fibrosis (and other chronic lung diseases) and can increase bile acid levels in the lung. Enhanced levels of bile acids can lead to biofilm
formation and consequently increase antibiotic tolerance, which can lead to further microbial expansion [74]. Furthermore, CFTR deficient
macrophages can effectively ingest Pseudomonas aeruginosa (here depicted in orange). However, these macrophages have limited capacity to kill
this microbe, which can consequently lead to bacterial outgrowth [64]. d) The microbial composition in the lung allograft originates from various
microbiome sources. The immunological profile of alveolar macrophages from lung transplant patients have been linked to specific microbial
signatures ( pro-inflammatory (in red), intermediate (in blue) and pro-remodelling (in green)). The pro-inflammatory profile was linked to dysbiosis
of Firmicutes and Proteobacteria, whereas a Bacteroidetes-driven dysbiosis was linked to the pro-remodelling activation profile. The intermediate
profile reflected a more balanced environment [72]. e) Bacterial load is increased in patients with idiopathic pulmonary fibrosis (IPF) with severe
disease and poor prognosis compared to stable disease. Microbial diversity is decreased during acute IPF exacerbation, whereas total bacterial
load and abundance of Proteobacteria (in green) is increased.

have contributed to improved treatment regimens for asthmatics [54]. However, whether these phenotypes
can be linked to a distinct microbial composition in the respiratory tract remains to be determined.
Chronic obstructive pulmonary disease
COPD is a lung disease characterised by a largely irreversible chronic obstruction of airflow that interferes
with normal breathing. The course of the disease is characterised by intermittent exacerbations [55].
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Moraxella, Haemophilus and Actinobacteria are over-represented in the lungs of COPD patients [1, 2].
Loss of microbial diversity has been observed mostly in COPD patients with severe impairment of lung
function and during exacerbations, which was particularly associated with dominance of Pseudomonas
spp. [1, 56, 57]. Of note, higher abundance of Moraxella was found in COPD patients with a more
neutrophilic exacerbation phenotype [56], suggesting an increased susceptibility to microbiome alterations
during acute exacerbations in a specific subset of patients. When looking at host−microbiome interactions,
CXCL8/IL-8 levels in sputum were shown to have a significant correlation with specific microbiota groups,
suggesting that this may be a biomarker to monitor lung microbial composition [56]. Recent mechanistic
insight from a mouse model of COPD supports the important role for the lung microbiota in COPD
through the induction of increased IL-17A-mediated inflammatory responses and autoantibody
production [58]. Of note, a study by MOLYNEAUX et al. [59] analysed the airway microbiome in induced
sputum from COPD patients, asymptomatic smokers and healthy controls before and after induced
rhinovirus exacerbation. A significant expansion of H. influenza was observed in COPD patients following
exacerbation. Interestingly, H. influenza was already present in low abundance at baseline in COPD
patients [59]. These data suggest that bacterial expansion following exacerbation occurred from an existing
bacterial community, rather than by acquisition of new bacterial species.
Cystic fibrosis
Cystic fibrosis is a multi-organ disease in which pulmonary manifestations of the disease are the leading
cause of morbidity and mortality [60, 61]. The lung environment in cystic fibrosis patients, characterised
by depletion of the airway surface liquid layer leading to ciliary dyskinesis and impaired mucociliary
clearance, is ideal for microbial colonisation [62]. A small core microbiome has been described in sputum
of both paediatric and adult cystic fibrosis patients. Lower lung function and microbial diversity was
observed in older patients, which coincided with a higher proportion of samples dominated by
Pseudomonas or Burkholderia and a decreased proportion of Streptococcus [63]. CFTR deficiency in
macrophages from cystic fibrosis patients was shown to affect the microbicidal function of these
phagocytes when exposed to P. aeruginosa, which could, in part, explain the increase in Pseudomonas
observed in cystic fibrosis [64]. Furthermore, an increase in S. aureus was observed at a very early age in
cystic fibrosis patients [65–68], and increased respiratory colonisation with S. aureus is associated with
poor respiratory outcome. Decreased co-colonisation with other potential pathogens, including
S. pneumoniae and H. influenzae, has been observed in the presence of S. aureus in both healthy infants
[69, 70] and infants with cystic fibrosis [68]. Interestingly, the abundance of Corynebacteraceae, a
potentially beneficial bacterium, was significantly lower in cystic fibrosis patients [67, 68]. It is suggested
that macrophage phenotypes shift during cystic fibrosis pathogenesis [71], however, whether changes in
lung microbiome composition could underlie this phenotypic switch, as observed following lung
transplantation [72], remains to be investigated.
Exacerbations caused by an acute response to infection underlie most of the lung damage and worsening
of disease seen in cystic fibrosis. Treatment with antibiotics before 6 months of age induces a significant
shift in microbial composition, thereby increasing gram-negative bacteria [68]. Aggressive antibiotic
therapy and chronic colonisation of the adult cystic fibrosis lung contributes to the emergence of
antibiotic-resistant organisms including multidrug-resistant P. aeruginosa and methicillin-resistant
S. aureus [73]. The observed decrease in the primarily highly abundant Corynebacterium and
Dolosigranulum following antibiotic treatment [67, 68] may have important therapeutic implications, since
these genera were also found to be associated with the stability of the respiratory microbiota and a
decreased risk for respiratory infections [16]. Interestingly, bile acid (which is increased in cystic fibrosis
patient lungs following aspiration) has been shown to enhance P. aeruginosa biofilm formation and is able
to increase antibiotic tolerance [74], suggesting that analysis of bile acid levels may be a potential indicator
of disease prognosis and development. Taken together, these findings point towards an interplay between
different bacteria in cystic fibrosis, and suggest that modulating the airway microbiota allowing beneficial
microbes to outcompete the pathogens could reduce inflammation and lead to improved respiratory
health.
Lung transplantation
Lung transplantation is an increasingly common option for patients with advanced stage lung disease, of
which the majority are suffering from COPD, idiopathic pulmonary fibrosis (IPF) or cystic fibrosis [75].
The transplanted lung offers particular ecological conditions for microbes; of particular note is the
long-term use of antibiotics and immunosuppressive therapy that may shape the lung microbiome in
transplant recipients. Existing pulmonary infections, such as B. cepacia infection, in cystic fibrosis
recipients have been shown to present as a risk factor for increased mortality following transplantation
[76, 77]. Although cystic fibrosis patients usually undergo a bilateral transplant, the upper airways and
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sinuses may still serve as a reservoir for bacteria and can repopulate the donor lung. Richness and diversity
is decreased in transplant patients [78], and this decrease in diversity may be tied to the emergence of a
predominant organism during periods of infection. A predominance of Firmicutes has been reported in
transplant patients who developed bronchiolitis obliterans syndrome (BOS), whereas mainly Proteobacteria
were found in the lungs of patients without BOS. Moreover, BOS has been associated with an increased
variability of the lung microbiome over time [79]. However, it remains to be elucidated whether particular
pre-transplant infections may be associated with poor post-transplantation outcomes.
A recent study offers the first mechanistic insight regarding host−microbiome interactions in the
transplanted lung by characterising the immunological profile of primarily alveolar macrophages from
BAL fluid of transplant patients and linking this to their respective microbial signature. Three sample
groups were delineated based on their cell activation profile: 1) pro-inflammatory, 2) intermediate and 3)
pro-remodelling [72]. Inflammation was found to peak at 3–4 months post-transplant followed by an
increase in the remodelling activation profile at later time points. The highest prevalence of a balanced
microbiota was found in the sample group with an “intermediate” cell activation profile, reflecting
homeostasis. Interestingly, dysbiosis linked to Firmicutes and Proteobacteria was primarily associated with
an inflammatory gene expression profile, and corresponded to low alveolar macrophage and high
neutrophil percentages in bronchoalveolar lavage (BAL) fluid. Comparatively, Bacteroidetes-driven
dysbiosis was more frequently associated with a pro-remodelling cell activation profile and high alveolar
macrophage and low neutrophil percentages [72]. This suggests that dynamic changes occurring in the
airways of patients undergoing lung transplant appear to be reflected in the cell activation profile and
microbiota composition. However, whether cell activation profiles at specific time-points
post-transplantation may be predictive of the development of BOS or even mortality remains to be
determined.
Idiopathic pulmonary fibrosis
IPF is a chronic, progressive and fatal lung disease. Although the cause of IPF remains controversial, active
infection in IPF has been associated with high morbidity and mortality [80]. Viruses may contribute to
initiation and progression of the disease [81, 82], and although IPF exacerbations are usually thought to be
of non-infectious aetiology, viral infections have the potential to take part in disease exacerbations [83].
Recently our limited understanding of the contribution of bacteria in the onset and progression of the
disease has progressed. MOLYNEAUX et al. [84] reported an increased bacterial load and decreased microbial
diversity in BAL samples from IPF patients. Interestingly, subjects with high bacterial load at time of IPF
diagnosis were at increased risk of mortality compared to subjects with a low bacterial burden. However,
no correlation was found between specific microbes and disease progression [84], whereas retrospective
analysis of the lung microbiome in BAL samples from the COMET-cohort suggested that presence of
specific Streptococcus operational taxonomic units (OTU) or Staphylococcus OTU was associated with
worse outcomes of IPF [85]. These data suggest that although there are clear differences in the IPF BAL
microbiome (increase in Haemophilus, Neisseria, Streptococcus and Veillonella species) compared to
healthy subjects, the bacterial load affects survival in these patients [84]. Acute exacerbations are linked
with significant mortality and morbidity in IPF patients, and an increase in BAL bacterial burden has been
associated with acute IPF exacerbation and disease state [86]. The abundance of Proteobacteria was
increased in patients with acute exacerbation of IPF and within this phylum Stenotrophomonas sp. and
Campylobacter sp. were more prominent.
Two recent studies have described host−microbe interactions in IPF patient cohorts by investigating the
association between peripheral blood mononuclear cell (PBMC) transcriptomics and lung microbial
communities at IPF diagnosis. MOLYNEAUX et al. [87] demonstrated that an altered or more abundant
microbiome in IPF patients was linked to over expression of genes involved in host defence responses,
which correlated with poor survival. Longitudinal analysis revealed parallel gene expression changes
between stable and progressive IPF patients; however, the magnitude of gene expression levels were found
to depend on the nature of the disease [87]. HUANG et al. [88] demonstrated that immune pathways in
PBMCs can be down regulated by microbes, exhibiting increased abundance and decreased community
diversity, that are associated with a poorer progression-free survival in those subjects. The outcomes of
these studies may pave the path for biomarker development for prognosis and survival prediction in IPF
patients. However, since correlations between alterations in gene expression and microbial communities in
the lung do not establish causality, it is crucial to perform additional interventional studies in the presence
and absence of antimicrobial therapy in which host−microbe interactions are assessed.

Outlook
Although there have been global efforts to assess the composition of the microbiome in both healthy and
diseased lungs, these studies have been mainly descriptive in nature. Therefore, a priority should be to
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further focus on developing a comprehensive understanding of the mechanisms underlying the observed
alterations in lung microbial composition and their contribution to the pathogenesis of respiratory disease.
Investigating host−microbe interactions will aid in developing this additional mechanistic insight.
Furthermore, viruses and fungal components of the microbiota have been described in the respiratory tract
[89, 90], and have been linked to disease states [91–93]. However, mechanistic studies determining the
functional impact of alterations in the virome and mycobiome on lung health and disease are scarce. It is
imperative to expand our understanding of the functional impact of viral and fungal constituents in the
onset and progression of lung disease. In addition, it will be important to focus on assessment of the
involvement of alterations in fungal and viral communities in reshaping of the bacterial microbiome and
consequent host responses.
The focus of future mechanistic microbiome studies should be directed towards understanding interactions
between the host and microbes, using not only metagenomics, but also metabolomics and
metatranscriptomics, which can be integrated using network based approaches. This will allow us to
expand our knowledge on which byproducts (metabolites) are formed (metabolomics) and which
microbial genes are differentially expressed (metatranscriptomics) during, for example, a disease
exacerbation. An important challenge of such an approach is to determine whether a signal is generated by
the host or by the microbiome itself. To delineate these specific effects, cellular studies may come into
play. Isolation of bacterial strains of interest from the respiratory tract and consequent co-culture with the
cells (or matrix) of interest, may be useful to pick apart cellular mechanisms involved in a specific host
−microbe interaction. However, caution is recommended when extrapolating results from cellular studies
to the clinical situation, since in vitro/ex vivo studies decrease the complexity of the environment such as
cell−cell and cell−matrix interactions.

BOX 1 Highlights
Investigations determining microbiome development of the lower respiratory tract in healthy newborns and
infants are crucial to further understand the time-frame at which early onset lung health or disease can be
determined.
Host–microbe interactions play a fundamental role in pulmonary immune maturation and development.
Mapping of airway microbial composition linked to discrete clinical phenotypes could enhance treatment
strategies.
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