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A clinical review of the potential role of microaspiration and a
dysregulated aerodigestive microbiome in lung disease
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Abstract: When initiated the human microbiome project did not include the lungs and airways in its
sampling sites, indicating an under appreciation of the role of the human lung microbiome in health
and disease. This paradigm has recently changed through the use of culture independent methods to
characterise the human lung microbiome. The original thinking, that the normal lung was essentially
sterile, had previously been challenged by findings of microaspiration in normal volunteers and in patients
with decreased levels of consciousness. The sterile lung was also questioned by findings of clinically occult
infection markers in lung allograft recipients. What is arguably a “rediscovery” of the importance of the
human lung microbiome may still underappreciate physiological and patho-physiological inter-relationships
between organ systems, studied in separate research disciplines. In particular, microaspiration may be
an important, direct mechanism through which the lung microbiome is modulated. As well as aspiration
related to gastro-oesophageal reflux and microaspiration the authors feel that the importance of dysphagia
in chronic lung disease, will be increasingly recognised in frailty related microbiome exchange between the
oropharynx into the lung. This review therefore discusses interconnections in the human microbiome, with
a focus on the potential for aerodigestive pathophysiology and microaspiration. Potential connections with
human lung disease are discussed and contextualised within a developing literature. This review therefore
highlights much needed new targets for translational intervention in lung pathophysiology and underlies the

importance of a mixed disciplinary team approach for the future.
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The Human Microbiome Project represents a huge
scientific effort to further the understanding of the
microbiome and its importance for human life on earth.
The initial phase of the project characterized microbial
communities in healthy people, with different sites of
the body studied (1). This therefore began an ambitious

description and understanding of the microbial systems in
the body and the role of a normal microbiome, associated
with health.

The nasal passages, oral cavity, skin, gastrointestinal (GI)
tract, and urogenital tract were studied in the initial phase of
the human microbiome project. When initiated, therefore,
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Figure 1 Microaspiration due to gastro-oesophageal reflux and/or dysphagia.

this massive, frontier scanning, scientific undertaking
omitted the lungs and airways from the organ systems
studied. This is despite the worldwide importance of lung
disease. Chronic obstructive pulmonary disease (COPD),
for example, is a disease where clinical exacerbations are
often caused by lung infection. With increasing rates,
COPD is predicted to become the third leading cause of
death by 2030 (2).

The omission of the lungs from the original human
microbiome project reflected the textbook understanding
that healthy lungs were normally sterile. A reason cited
for the historical neglect of the lung in the human
microbiome is that sampling the lower airways is considered
technically challenging. This is perhaps surprising, as
bronchoscopy per se has been a routine procedure for most
UK hospitals for the last 40 years. It is arguable that the
delayed systematic investigation of the lung microbiome
and potential missed insights into lung disease, are related
to science being carried out in separate disciplines, with
under-connected literature between increasingly specialised
research groupings. For example, the sterile lung dogma
was maintained despite historical data from careful, elegant
radiolabel studies aiming to understand the pathophysiology
of pneumonia. Such studies indicated that even in normal
people there was overnight oropharyngeal exchange into
the lung, consistent with the carriage of a microbiological
inoculum. Early molecular characterisation of microbial
biofilms in transplanted lungs, in patients without clinical
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infection, were also described prior to the recent and
welcome interest into the lung microbiome.

What is arguably a “rediscovery” of the importance of
the human lung microbiome may still underappreciate
physiological inter-relationships between organ systems
traditionally studied in separate disciplines of translational
research. It has been suggested that an important
mechanism by which the gut microbiome may affect other
organs including the lung is through cross-talk with the
gut microbiome. The ‘gut-lung axis’ postulates that gut
microbiome metabolites, endotoxins and mediators can
be carried into the bloodstream allowing interaction. This
therefore may connect the gut and lungs via the circulation,
indicating a mechanism by which changes in the diet and
gut microbiome may affect lung health (3).

As well as the gut-lung proposal, we have performed
work indicating that microaspiration of extra oesophageal
refluxate may be an important, direct mechanism through
which the lung microbiome is directly modulated. This
may be related to an immigration model to understand
microbiome ecology and homeostasis (4).

The purpose of this review article, therefore, is to discuss
interconnections in the human microbiome, with a focus on
aerodigestive pathophysiology and microaspiration (Figure I).
The potential importance of this in human lung disease is
discussed and contextualised within the increasing human
lung microbiome literature.

A seminal paper in flagging the importance of the human
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Figure 2 Number of citations per year which include the search
terms lung and microbiome between 2010-2020 (PubMed search

October 2020).

microbiome was published in 2010 by Hilty ez a/. (5). The
group, led by Professors Moffatt and Cookson, highlighted
that the sterile lung paradigm was predicated on data
from culture based methods, where healthy airways were
seldom studied. It is now better recognised that culture
based approaches, while still very important for clinical
pathology labs, only detect a minority of bacteria present
in complex samples. Microbiology labs if asked would
have always observed that different media give different
culture results (6), and that single negative cultures are
not necessarily a sign of true sterility. Interestingly some
of the major microbiological constituents in control
subjects, when culture independent molecular techniques
were used, were shown to be anaerobes such as Prevotella
spp. These organisms can only be grown with advanced
culture techniques. The Cookson group pointed out that
microbiomes exist even in very hostile environments and
that the warm, moist lung environment, would be expected
to support a microbiome, from first principles. Their
key, sentinel work described changes in the microbiome
associated with the asthma airway, priming an explosion
of interest in the human lung microbiome in health and
disease (Figure 2).

It is of interest that radioisotope studies published
by Huxley et al., 30 years prior to the paradigm shifting
work of Cookson and colleagues indicated mechanisms
which could contribute both to a normal lung microbiome
and dysregulation in lung disease (7). In this work small
amounts of '"'In chloride were placed into the noses of 20
normal subjects, 9 of whom were found to have detectable
radiolabel in the lung parenchyma the following day. The
authors concluded that sleep was a risk factor for aspiration
of upper airway secretions. In further support, 7 of 10
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patients with “depressed consciousness” aspirated. Further,
quantitative radiolabel measurements were made in 1997
which showed that around 50% of adult normal volunteers
had gastric tracer in the lung following sleep, with the
quantities of tracer aspirated ranging from 0.01 to 0.2 mL.
This order of magnitude was discussed as “likely to contain
bacterial organisms in physiologically significant quantities”,
an observation made around 13 years before the key work
of Cookson and colleagues, outlining a potential lung
microbiome (8).

Our group has had a long standing interest in non-
alloimmune airway injury in the field of human lung
transplantation, dating from the 1990s. This includes
the description of “sub clinical” infection. We proposed
“that subclinical, persistent infection in the airways is not
harmless, but is an added cofactor to airway cellular activation
and long-term damage” (9) and a driver of allograft injury
related to a finding of elevated levels of soluble CD14 in
bronchoalveolar lavage (BAL) fluid from lung allograft
recipients. These findings were in the absence of clinical
signs of infection including cultured organisms. CD14 is a
surface protein, shed following activation, which is found on
macrophages and activated neutrophils. It serves as the cellular
receptor for lipopolysaccharide, a major component of gram-
negative bacteria such as P. aeruginosa and B. cepacia (9).

Many bacteria coordinate gene expression and phenotype
in a cell density dependent manner using signal molecules.
This quorum sensing has been intensely investigated in P.
aeruginosa and B. cepacia lung infection. The formation of
antibiotic resistant biofilms is recognised to be controlled by
the secretion of chemical quorum signals from bacteria. Our
work in lung allograft recipients provided the first evidence
that quorum signals were present in the human lung that
we are aware of. This was in a series of clinically stable
human lung allograft recipients and again showed quorum
signals were present in patient BAL samples in the absence
of cultured organisms or clinical signs of infection (10).
This therefore indicated molecular level evidence of a lung
microbiome in lung allograft recipients. While limited
to the specialised setting of the lung allograft, our work
nevertheless was an early and prescient challenge to the
concept of the sterile lung and supportive of subsequent
descriptions of a lung microbiome (11).

As well as “sub clinical infection”, our group and others
have contributed work showing that gastro-oesophageal
reflux and aspiration occurs in lung transplant recipients,
representing a potential injury to the vulnerable allograft
airways through acid, pepsin and bile acid challenge (12-14).
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Lung transplant recipients are almost universally treated with
proton pump inhibitors (PPI), which reduces gastric acid
that is normally microbicidal. We have shown that above
pH 4, gastric juice is a source of a culturable microbiome
which includes organisms such as P. aeruginosa (15).
It is of interest that PPI usage has been associated as a
hazard for lung infections including community acquired
pneumonia. Recent reports have implicated the use of
PPI as a risk factor in the COVID-19 pandemic (16,17).
Bacterial numbers present in the upper GI tract, stomach,
and small intestine, have been quantified at around 10’ to
10* bacteria per mL (18).

The dysregulated lung microbiome present in lung
transplant recipients may therefore be directly contributed
to by gastroesophageal reflux and aspiration of gastric
content. Further evidence to potentially support this
hypothesis was provided by the identification of identical
strains of P. aeruginosa in the BAL fluid and gastric juice
of lung transplant recipients (19). While the swallowing
of expectorate into the stomach would be a possible
explanation for this finding, another explanation would
be aspiration of non-sterile content into the allograft, in
recipients consistently shown to have evidence of reflux and
aspiration.

Cystic fibrosis (CF) is the most common genetic
condition affecting Caucasians and GI problems are a key
problem in this multi system disease. Much morbidity and
early mortality in CF occurs because of lung disease, and
CF is an important indication for lung transplantation.
Historically however GI manifestations of CF were
responsible for infant death and the importance of the GI
system and potential links with lung disease are arguably
under-recognised. In a present day assessment of the most
important problems, assessed by the broad CF community
of patients healthcare professional and carers, GI
manifestations of disease were the second ranked of the top
ten priorities for UK CF research (20). This includes gastro-
oesophageal reflux disease (GORD), which occurs in around
50% of people with CF, who are predominantly treated
with PPI (21). We have carried out aerodigestive research
to address this priority identified by the CF community.
Our studies indicate that the gastric compartment can be a
reservoir of microorganisms relevant to CF lung infection
and disease progression, with environments that may
promote biofilm development. Overall, these findings may
be relevant for detection, surveillance and eradication of
organisms and suggests potential gut to lung transmission
through aspiration, warranting further study (22,23).
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Specifically, our work has confirmed a high burden of GI
symptoms in people with CF and has identified identical,
clonally related strains of Pa were in sputum and gastric
juice from the same people with CF (23). The swallowing
of expectorated sputa is a normal homeostatic mechanism
that could lead to the isolation of identical clonally related
microorganisms in the gut and lung environments. Previous
studies have also indicated the possibility of microflora
exchange between the stomach and the lungs, in children
with chronic cough, however (24). We have previously
shown markers of non-sterile aspiration in people with
CF before and after lung transplantation, indicating the
potential translocation of gastric micro-organisms to
the lung by microaspiration (13). Our studies have also
identified people with CF who had gastric samples with
culturable non tuberculosis mycobacteria (NTM) but who
had negative sputa, indicating that gastric isolates may be
independent from respiratory sources. It is well known
in the microbiological literature that NTM can survive
in a variety of environments and that gastric sampling
for mycobacteria can have a higher diagnostic yield for
organisms in clinical studies (23). We therefore propose
that cough and other symptoms of extraoesophageal reflux
mean that a gastric reservoir could be relevant to transfer
of organisms within and between people with CE. Cough
aerosols, fomite transmission and aspiration represent
potential mechanisms of transfer that could be investigated
in future research.

Lung disease in adults with CF is an important cause
of bronchiectasis, which is a diagnosis made by medical
imaging, demonstrating that the airways of the lungs are
abnormally dilated. Bronchiectasis unrelated to a diagnosis
of CF is increasingly common in the United Kingdom in an
aging population. It has been suggested that the prevalence of
bronchiectasis prevalence could be in excess of 300,000 (25).

Hiatal hernia is a recognised risk factor for reflux disease
and our group has described an increased prevalence
in bronchiectasis with around 35% of patients having
radiological evidence, that was related to disease severity (26).
The reported prevalence of GORD in bronchiectasis has a
wide range from 11-75%, which indicates the importance
of objective measurement of reflux for this and other
chronic lung diseases. Large studies have prospectively
indicated an association between GORD symptoms,
increased exacerbations and hospitalisations and reduced
quality of life (27,28). Increased bacterial colonisation and
a decrease in lung function also indicate a potential role for
reflux and microaspiration. It is of interest that small studies
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have shown the presence of pepsin in sputum (29) and
exhaled breath (30) in people with bronchiectasis indicating
potential microaspiration. The potential importance of
this and the need for better understanding of aerodigestive
pathophysiology in bronchiectasis is emphasised by the
finding of increased mortality associated with GORD in
both a single centre and multi-centre study of bronchiectasis
patients (31,32). Multi-disciplinary studies investigating
aerodigestive pathophysiology in bronchiectasis and other
chronic lung diseases are currently underway (33).

In addition to chronic airway suppurative
pathophysiology such as CF and bronchiectasis, reflux
and aspiration have consistently been implicated in the
pathophysiology of diseases traditionally recognised as
parenchymal. Idiopathic pulmonary fibrosis (IPF) is a rare
disease, but is increasing in prevalence. With a median
mortality of 50% 3 years after diagnosis this is a very
serious health problem. Therapeutic options, which include
lung transplantation are limited. In a mixed disciplinary
aerodigestive evaluation of people with IPF we showed a
high burden of symptoms and objective evidence of reflux
in 22 of 36 patients studied (61%). Appoximately 50% of
our patients had abnormal levels of reflux at ambulatory pH
impedance monitoring. Patients with reflux were found to
have elevated levels of pepsin in BAL, indicating that gastric
aspiration may occur and the potential utility of markers
of aspiration in aerodigestive studies (34). In another study
hiatal hernias were shown to be significantly more prevalent
in IPF (39%) than COPD (13.3%, P=0.00009) or asthma
(16.67%, P=0.0139) patients. In IPF, however, hiatal hernia
did not correlate with worse lung function (35).

Treatment for GORD is common in people with IPE,
despite limited trial data. This has ranged from medical
management through to consideration of anti-reflux surgery
in some centres. There has been a high profile, multi-
centre phase 2 trial evaluation of surgical fundoplication in
people with IPF, reflecting the interest regarding the role
of GORD in contributing to IPF lung disease (36). Our
aerodigestive studies in IPF would indicate the need for a
cautious approach to fundoplication in IPF. We showed high
levels of oesophageal dysfunction at manometry. This may
have been age related but links between dysmotility and IPF
have been demonstrated by others (37), as well as ourselves.
This is important because oesophageal dysmotility can
affect normal swallowing after fundoplication and detection
is regarded as mandatory in many centres. After formal
MDT review, our experience was that fundoplication was
only recommended for a minority of IPF patients a group
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of patients who usually are frail and elderly and who have
many comorbidities.

Apart from surgical intervention, treatment with PPIs is
very common in IPF despite a lack of published evidence
for this. In a very rare, pilot randomised controlled trial of
Omeprazole in IPE, a small excess of lower respiratory tract
infections were shown (38). A larger multi-centre trial of
PPI therapy in IPF is now underway in the UK, which will
provide further information on the role of PPI therapy in
this patient group (39).

As well as reflux and microaspiration a dysregulated
lung microbiome has recently been implicated in the
pathophysiology of IPF, and acute exacerbations of disease.
It is of interest that recent study has indicated a role for
the presence of lung firmicutes in the pathophysiology of
IPF and other interstitial lung diseases, and confirmed the
finding that a high bacterial load at diagnosis predicted the
subsequent progression of IPF (40).

We suggest that further aerodigestive research is
required to study for bacterial translocation during reflux
and aspiration in people with IPF. Aspiration of a range
of organisms could cause injury. As well as the general
dysregulated microbiome documented in the lungs of
people with IPF (36), investigation of specific candidate
organisms may be of interest. The highly prevalent gram-
ve organism H. pylori could cause direct injury to airway
epithelia for example. Investigating possible indirect injury
through aspiration of vacuolating cytotoxin (VacA) and the
cytotoxin-associated gene (CagA), associated with H. pylori,
may also produce insights into this and other lung disease (41).

As well as aspiration related to reflux the authors feel that
the importance of dysphagia in chronic lung disease, will
be increasingly recognised as a source of ageing and frailty
related microbiome exchange between the oropharynx and
the lung (Figure 1). This is inter-related with but different
from aspiration linked to reflux. This may offer much needed,
new approaches for multi-disciplinary treatment, such as
speech and language therapy. Our preliminary experience
indicates dysphagia related microaspiration may have a
role in non-CF Bronchiectasis (42). In IPF, we showed
in a pilot study of 10 unselected patients that three had
airway penetration on videofluoroscopy imaging and that
one patient aspirated liquid without a cough response (43).
Dysphagia is likely to be an important and arguably
neglected element of pathophysiology in other chronic
lung diseases including COPD. We therefore conclude that
an increased broad understanding of microaspiration, and
potential aetiologies, is an important area of research. This
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may be relevant to a broad range of lung pathophysiologies
and new pathways of treatment.
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