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Bronchiectasis Check or
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Introduction

Aetiopathogenesis

Bronchiectasis is characterized by chronic, irreversible dilatation of the bronchi
with thickening of the airway walls linked to degradation of bronchial elastin and
supportive tissue structures. Patients experience chronic cough and recurrent respi-
ratory infections associated with pulmonary exacerbations, and increased inflam-
mation, that leads to airway damage, dyspnea and lung function decline [1, 2]. The
gold standard for its confirmatory diagnosis is high-resolution tomography (HRCT)
which can further delineate morphological subtypes. Bronchiectasis can be cylin-
drical, common and characterized by smooth tubular bronchi and mild disease; vari-
cose, non-uniform dilation; or cystic, associated with more severe disease and
complete loss of bronchial morphology [2, 3]. While the largest airways become
visibly dilated, patients exhibit airflow limitation due to impaired drainage of bron-
chial secretions and obstruction in the small and medium airways caused largely by
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infectious and inflammatory insults [2, 4, 5]. Mucus inspissation and impaired
mucociliary clearance, among other factors, support microbial colonization of the
lung, a central tenant of current aetiopathogenic models [4, 6]. Clinically, patients
present with cough and chronic sputum production, antecedent to confirmatory
HRCT diagnosis, while other associated symptoms include malaise, chest discom-
fort, haemoptysis and weight loss [1, 2, 7]. Post-infectious bronchiectasis represents
a key aetiology (after idiopathic disease) followed by immunodeficiency, ciliary
disorders and obstructive lung disease, although estimates of each vary internation-
ally [2, 8]. The vicious cycle hypothesis, first described by Cole, proposes that trig-
ger factors, underpinned by genetic susceptibility or defects in host defence, set in
motion a self-perpetuating cycle of infection, inflammation and impaired mucocili-
ary clearance leading to progressive bronchial wall dilatation and destruction [4].
Paediatric bronchiectasis exhibits a distinct presentation compared to adults with a
predominance of specific aetiologies and clinical manifestations including primary
and secondary immunodeficiency, ciliary dyskinesia, congenital malformations,
bronchiolitis obliterans and skeletal disease [8]. Airway insults from recurrent
childhood infection further predisposes to the development of bronchiectasis [9]. It
is noteworthy that the occurrence of bronchiectasis peaks at the extremes of age (i.e.
in children 75 years) as these life stages are accompanied by significant shifts in
both the microbiome and underlying immune status, which, in turn, may influence
disease trajectory while providing scope for intervention [5, 10, 11].

The Role of Infection

Infection is a hallmark of bronchiectasis as both a cause and consequence of dis-
ease. Culture-based studies have played a crucial role in our understanding of the
microbiology of the bronchiectatic airway, where Haemophilus influenzae,
Pseudomonas aeruginosa, Streptococcus pneumoniae, Moraxella catarrhalis and
Staphylococcus aureus are frequently identified [2, 8, 12, 13]. Mycobacterium
tuberculosis is also implicated as an important post-infective aetiology, particularly
in Asia [8, 14], while infection by non-tuberculous mycobacteria (NTM) is associ-
ated with a worsening of pre-existing bronchiectasis and increased risk of fungal
colonization by Aspergillus fumigatus [15-17]. Fungi are also important aetiologi-
cal agents with heightened sensitization and the development of allergic broncho-
pulmonary aspergillosis (ABPA) increasingly recognized as negative prognostic
indicators, while fungal genera including Candida, Penicillium, Cryptococcus,
Clavispora and Scedosporium have been highlighted in more recent culture-
independent studies of the bronchiectasis airway [8, 17-20]. The precise role of
viruses in bronchiectasis is not well-established, with few large-scale and prospec-
tive studies available; however, several established respiratory viruses including
coronavirus, rhinovirus and influenza have been commonly detected in bronchiec-
tasis patients [2, 8, 21, 22]. While increasing evidence also supports a role for the
human T-cell lymphotropic virus type 1 (HTLV-1) in acquired immunodeficiency
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linked to disease risk, conclusive mechanistic studies are lacking [8, 23]. Likewise,
oropharyngeal species — generally reported as ‘contaminant’ microbes — may play
insidious ‘pathobiont’ roles inciting deleterious immune responses directly or
through their influence on overtly pathogenic species through microbial interactions
[24, 25]. As such, the bronchiectasis microbiome may be best defined as a dynamic
inter-kingdom network with an underlying and dysregulated production of cyto-
kines, elastases and matrix metalloproteinases (MMPs) that, in turn, damage the
structural integrity of the lung, leading to visible distortion of the airway [26-28].
Inciting microbial insults elicit a largely neutrophilic cellular immune response with
increased macrophage recruitment, while a small but significant subset of patients
exhibit eosinophil-dominant disease linked predominantly to environmental trig-
gers [29]. The observed cytokine responses are heterogenous and reflect the nature
of the underlying infectious triggers within the bronchiectasis airway and are typi-
cally characterized by elevated levels of IL-1p, IL-8, leukotriene (LT)B,, CXCL2
and TNFa [29]. These inflammatory profiles sustain the release of intercellular
adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1)
from the endothelium, leading to further neutrophil and eosinophil recruitment to
the airways [29, 30]. The role of the neutrophil remains central to bronchiectasis
and has been elegantly dissected in several studies which collectively illustrate its
importance in the pathogenic process. The neutrophil, as a major airway inflamma-
tory cell, produces serine proteases such as neutrophil elastase, which itself is
described to represent a negative prognostic indicator in bronchiectasis which cor-
relates to reduced microbial diversity and the presence of P. aeruginosa. Specifically,
neutrophil elastase is highly expressed in bronchiectasis and associates with exacer-
bations, radiological extent of disease and lung function [26]. While active in bron-
chiectasis, the neutrophil itself is functionally compromised, leading to impaired
bacterial phagocytosis and killing despite a prolonged viability and delayed apopto-
sis [31, 32]. Alteration of the sputum proteome in bronchiectasis patients infected
by P. aeruginosa reveals the upregulation of pregnancy zone protein (PZP) associ-
ated release of neutrophil extracellular traps (NETSs) tying airway infection to NET
formation, disease severity and pathogenesis [33, 34]. Such detailed mechanistic
study of the neutrophil has paved the way for clinical application in bronchiectasis
evidenced by the success of a phase II clinical trial of the dipeptidyl peptidase 1
inhibitor (DPP-1) Brensocatib — an inhibitor of neutrophilic serine protease activa-
tion. This opens a new and urgently needed avenue towards clinical translation [35,
36]. The dysregulation of host neutrophilic function in bronchiectasis is also notable
for its association with shifts in microbiome composition, whereby neutrophil-
associated PZP levels predict a dysbiotic predominance of Proteobacteria including
Pseudomonas, Enterobacteriaceae, Stenotrophomonas and Moraxella further illus-
trating the close relationships between microbiome profile and disease pathogenesis
[33]. This particular association has been independently corroborated in subsequent
microbiome studies and correlated to neutrophil elastase levels, which in turn asso-
ciated with a decreased microbial diversity and increased P. aeruginosa abundance
[37]. The salient features of bronchiectasis pathogenesis as currently understood are
detailed in Fig. 7.1.
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Fig. 7.1 Overview of the pathogenesis in bronchiectasis and the role of the microbiome. (1)
Trigger factors include host genetics, defects in host defence and/or ciliary dysfunction which
predispose to microbial colonization. (2) Colonization or net ‘immigration’ of microbes leading to
the emergence of deleterious microbiome signatures defined by the presence of host response to
specific bacteria, fungi and viruses (grey box). Environmental exposures to air-, surface- and
device-associated microbes including pollution, and other geographically variable environmental
factors may also contribute (yellow box). (3) Deleterious and impaired host responses directed
towards the ‘elimination’ of microbes are triggered by pathogen-associated molecular patterns,
virulence factors and allergens culminating in a dysfunctional and airway damaging immune
response. A transition from acute to persistent infection is accompanied by a decreased diversity in
the microbiome, altered composition and network configuration. (4) Chronic infection and inflam-
mation cycles, leading to progressive airway damage and loss of structure with associated changes
in radiological morphology. (5) Loss of structure and increasing dilatation of the bronchi, coupled
to mucus plugging and impaired mucociliary clearance predisposing to an increased risk of subse-
quent infection and progressive clinical decline

The Case for Microbiome Research in Bronchiectasis

Building upon Cole’s initial hypothesis, a more complex and holistic picture has
emerged as sophisticated multi-omic technologies are increasingly applied in bron-
chiectasis and other chronic respiratory diseases providing both opportunities and
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challenges [38]. Fine-structure analysis of disease progression permits a greater
appreciation of pathogenic mechanisms, while improved patient stratification pro-
vides scope for personalized therapeutic approaches [36, 39]. Contemporary mod-
els such as the recently advanced ‘vicious vortex’ paradigm proposed by Flume
et al. seek to capture the dynamic interactions embodied by each pathophysiologic
step of the disease cycle as they promote persistent and progressive inflammation
and airway damage over time [6]. This represents a major academic and clinical
challenge in the setting of a highly heterogenous condition such as bronchiectasis,
where arrival at the endpoint of structural airway damage may be reached through
distinct endophenotypic routes [36, 39]. In this context, the microbiome represents
a potentially important window into disease progression and pathogenesis with
prognostic potential and scope for improved patient stratification in this heteroge-
nous clinical setting (Fig. 7.1) [36, 40, 41]. The failure of high-profile multi-centre
antibiotic clinical trials in bronchiectasis has further highlighted the need and poten-
tial for the integration of microbiome approaches into clinical trial design with the
aim of improved patient selection and stratification including appropriately chosen
clinical endpoints that address past inconsistencies resulting in a failure to replicate
results across geographically distinct patient populations [8, 36, 42]. Early work,
driven by culture-based assessment of resident microbial pathogens and later
advanced by characterization of associated immune responses, has laid the founda-
tion for our understanding of bronchiectasis and the potential therapeutic approaches
for its clinical management [12]. Intriguingly, however, the introduction of antibiot-
ics for bronchiectasis-associated microbiomes has not been met with the anticipated
decline of this ‘infective’ condition, contradicting a simplistic model of bacterial
overgrowth amenable to suppression by antibiotics. Therefore, early presumptions
regarding amenability to antimicrobials to provide resolution has likely contributed
to a neglect of this complex and poorly understood respiratory condition [2, 36]. A
further feature contributing to delays in understanding the airway microbiome is the
previous and incorrect assumption of lung sterility. As a consequence, the lung
microbiome has received less attention compared to other anatomical sites (such as
the gut) leading to significant gaps in understanding the lung microbiome — gaps
now actively being closed in the context of data illustrating the presence and key
functional role of the microbiome in the respiratory diseases including bronchiecta-
sis [38, 43]. The time for a more detailed exploration of the microbiome in bronchi-
ectasis has arrived and will likely provide a clearer understanding of disease
pathogenesis, mechanisms of infection and a potential for therapeutic advancements
in its management.

The Airway Microbiology in Bronchiectasis

Several studies have described airway colonization in bronchiectasis by distinct
microbial entities, largely based on culture. Although prevalence varies, H. influen-
zae and P. aeruginosa represent the most common bacterial species identified
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followed by S. pneumoniae, M. catarrhalis, S. aureus and others including K. pneu-
moniae, while S. maltophilia and Achromobacter xylosoxidans are less frequently
found [13, 44]. While extensively characterized, a significant bias exists towards
western populations in the microbiological surveillance of the bronchiectasis air-
way, and the growing awareness of geographic differences most notably in Asian
populations have been described warranting study [8, 45]. In comparison to western
populations, Asian patients exhibit higher P. aeruginosa colonization rates (relative
to H. influenzae), while K. pneumoniae is also more frequently isolated [45]. A
comparative analysis of European, US and Indian registry data also reveal similar
patterns with higher rates of P. aeruginosa and exacerbation risk associated with
prior M. tuberculosis infection in Indians [14]. Given such disparities, other geo-
graphic and population-associated differences in microbiology and microbiome
composition may exist contributing further to disease heterogeneity and therapeutic
challenges [2, 8, 36]. Importantly, no microbial pathogen has been identified in up
to 70% of bronchiectasis sputum cultures — even in the presence of clear and mea-
surable inflammatory responses — further highlighting our incomplete understand-
ing of pathogenesis and, perhaps importantly, the need for broader microbiome
analysis unrestricted by selective culture-based methodologies [29, 41, 46]. Genetic
analyses of the microbiome, aided by next-generation sequencing (NGS), are now
emerging in bronchiectasis, supporting the extensive culture-based literature
(Fig. 7.2). The derivation and interrogation of such data may ultimately allow for an
integration of direct microbiome sequencing into clinical diagnostics and the selec-
tion of therapies, potentially offering more personalized and effective treatment
approaches at the individual level in the future care of bronchiectasis.
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Fig. 7.2 Timeline of culture-based and culture-independent microbiome research in bronchiecta-
sis. A lollipop chart illustrates the growth of culture-based and culture-independent research on the
bronchiectasis microbiome over time (2000-2020). Studies are indicated by coloured lollipops
with stick height (y-axis, logarithmic) representing the number patients in each study. The type of
analysis performed in each study is indicated in the right-hand legend (grey, culture based; red,
bacteria 16S rRNA analysis; blue, fungal ITS analysis; purple, WGS metagenomic shotgun
analysis)
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The Bacteriome in Bronchiectasis

While the emergence of culture-independent lung microbiome analysis has its ori-
gins in cystic fibrosis (CF), it is only more recently that culture-independent
approaches have been applied to (non-CF) bronchiectasis (Fig. 7.2) [41, 47].
Pioneering pyrosequencing efforts initially documented a limited shift in commu-
nity composition during exacerbation and following antibiotic therapy with charac-
terization of P. aeruginosa, H. influenzae, Prevotella and Veillonella as part of a
complex community in a cross-sectional cohort of 40 patients [48]. Rogers et al.
subsequently applied 16S rRNA sequencing to a larger cohort (n = 86) from a clini-
cal trial of macrolide intervention (the BLESS study) highlighting this as a poten-
tially informative analytical measure in respiratory trials [49]. The BLESS
intervention (low-dose erythromycin — 400 mg twice daily) demonstrated success in
reducing exacerbations among longitudinally sampled patients compared to the
control arm with 16S rRNA analysis providing insight into microbiome composi-
tion as a correlate of the observed therapeutic response. This inclusion of microbi-
ome analysis revealed granular changes in microbiome composition and allowed
patient stratification according to the dominant organism, where a significantly
worse outcome is observed in those with Pseudomonas or Veillonella-dominant
profiles [40, 49]. The association of the commensal genus Veillonella with exacer-
bation further represents a novel perspective on this bacterial taxa and suggests a
potential insidious role for this anaerobe within the complex bronchiectasis micro-
bial community [40]. Microbiome profiles importantly were also predictive of the
observed host immune response, with H. influenzae inducing increases in MMP2
and MMPS8 compared to patients with Pseudomonas-dominant profiles, while both
organisms induced significantly elevated levels of serum CRP, sputum IL-1p and
IL-8. Taxonomic diversity exhibits negative correlation with clinical outcomes, and
lower IL-1p and IL-8 for instance suggest better outcomes with greater microbial
richness observed in the erythromycin treatment arm [28, 49]. In further corrobora-
tion of the observed microbial-host interactions in the BLESS cohort, loss-of-
function variants are identified in the human FUT2 fucosyltransferase gene
(responsible for coating mucosal surfaces with fucosylated glycans) and found to
influence the composition of the microbiome while decreasing the risk of pulmo-
nary exacerbations and P. aeruginosa colonization [24]. Overall, the targeted 16S
analyses of the BLESS cohort underscored the stability of the bronchiectasis micro-
biome but noted the supplantation of H. influenzae by the more pathogenic P. aeru-
ginosa strains. Such displacement, along with the observed increases in macrolide
resistance, confers potentially undesirable long-term consequences of this therapeu-
tic intervention, given the established negative association of P. aeruginosa with
bronchiectasis [44]. Therefore, while the effect of erythromycin therapy is largely
beneficial, this depends on the baseline microbiome composition and importantly
did not significantly alter exacerbation rates in Pseudomonas-dominant patients,
while its benefits in non-Pseudomonas-dominant patients came with a greater risk
of subsequent Pseudomonas colonization. Further analysis, based on whole-genome
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metagenomic shotgun sequencing, has also highlighted the increased burden of
macrolide resistance determinants in antibiotic-treated patients over time [50].
These observations clearly highlight the value of targeted and metagenomic
sequencing of the microbiome as a key secondary outcome measure in clinical trials
and administered therapeutics. A similar trend in antimicrobial resistance, through
metagenomics, was observed in macrolide-treated severe asthma, further under-
scoring this phenomena in chronic respiratory disease [51]. Additional ultra-deep
metagenomic analysis of respiratory specimens from non-diseased (healthy) sub-
jects reveals the presence of a core macrolide resistome, which importantly remains
consistent even across distinct respiratory disease states, including bronchiectasis
[52]. Resistance genes are correlated to commensal species representing potential
resistance reservoirs, detected in host sputum and on patient inhaler devices high-
lighting the potential of metagenomics for surveillance of resistance in the environ-
ment as well as within host respiratory microbiomes [52].

While baseline microbiomes appear predictive of clinical course and therapeutic
response, stability throughout exacerbation and treatment has emerged as a recur-
rent finding among microbiome studies in bronchiectasis [41, 49, 53]. Indeed, indi-
vidual microbiomes can persist for many years in longitudinally sampled patients
[54]. There is, however, a generally consistent correlation between diversity mea-
sures of the microbiome and clinical outcome that likely reflects the increased dom-
inance of particular pathogens, in agreement with the adapted island model of the
lung microbiome, where reduced diversity departs from the healthy microbiome
state [37, 43, 53, 55]. Notwithstanding this concept, the mere fact that bacterial
microbiomes remain largely stable seems to contradict simplistic models of targeted
antimicrobial elimination of pathogenic microbes as a basis for therapeutic efficacy.
Furthermore, how antimicrobial agents such as macrolides, which have no activity
against P. aeruginosa, offer the observed therapeutic benefit in bronchiectasis
remains poorly understood. This may involve more indirect influences upon other
microbial constituents and their associated community structure but extend to
include the drug’s anti-inflammatory and immunomodulatory effects [56].

Non-tuberculous Mycobacteria

The role of non-tuberculous mycobacteria (NTM) is important and warrants par-
ticular mention given its incidence as a cause and consequence in bronchiectasis
including its associated and significant challenges in detection by NGS methodolo-
gies [16, 57, 58]. Bronchiectasis and NTM infection are highly correlated to airway
distortion, which in itself is thought to predispose to NTM colonization and disease
progression in bronchiectasis [59]. Mycobacterium avium complex (MAC) is the
most prevalent NTM detected although geographic variation exists [8]. Analysis of
US registry data reveals a significant burden of MAC, followed by M. abscessus and
M. chelonae in bronchiectasis who develop symptoms in later life and who are pre-
dominantly female [16]. As such, the presence of NTM potentially represents a
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sub-phenotype of bronchiectasis and a possible means of stratification towards
microbiome-directed therapy. Importantly, however, recent work highlights the dif-
ficulty in a reliable detection of mycobacteria using targeted 16S rRNA sequence
analysis whereby Mycobacterium spp. are frequently absent from 16S rRNA gene
profiles in samples positive for mycobacterial cultures [57]. This discrepancy
between culture-based and culture-independent analysis suggests a lack of sensitiv-
ity in culture-independent methods for the detection of mycobacteria. This likely
reflects the relatively low copy number of 16S rRNA genes per genome that leads to
an underrepresentation of these bacteria by targeted 16S analysis. Notwithstanding
this technical limitation, Sulaiman et al. demonstrate the existence of distinct host
phenotypes in NTM-positive bronchiectasis patients, where impaired IFN-y and
GM-CSF production is coupled to significant association with upper airway taxa
and T-helper-17 cytokines [57]. These observations add credence to the concept of
NTM infection as a potential endophenotype and treatable trait in bronchiectasis
and is important given the association of NTM with susceptibility to fungal infec-
tion which leads to a complex microbiological picture in the airway and its associ-
ated treatment challenges [15, 39].

The Mycobiome in Bronchiectasis

Given the structural distortions of the airway observed in bronchiectasis, the risk of
fungal exposure and subsequent colonization is increased. This results in an
increased sensitization to fungal allergens and the occurrence of allergic broncho-
pulmonary aspergillosis (ABPA) [17]. As seen in other chronic respiratory disease
states, fungal sensitization and allergy are associated with negative outcomes in
bronchiectasis including poorer lung function and increased exacerbation [17, 60—
62]. The immunology of fungal sensitization and its associated host response is
extensively characterized in CF where Aspergillus fumigatus represents a key pre-
dominant airway fungal pathogen identified in association with Th2-driven response
and antecedent to the emergence of ABPA that is accompanied by significant clini-
cal symptoms and lung function decline [62]. While the host response to fungi in
bronchiectasis remains lesser studied, marked increases in sensitization to
Aspergillus antigens are noted as is the increased activity of the anti-fungal chitinase
enzyme chitotriosidase (CHIT-1), both of which exhibit geographic variation [19,
63, 64]. While important, the diagnosis of fungal infection remains challenging due
to the poor sensitivity and specificity associated with existing diagnostics and a lack
of standardization between centres. This leads to delays in therapy and therefore
adverse outcomes [62, 65]. The application of ITS amplicon sequencing has there-
fore been proposed and examined as an alternative detection method highlighting
the complex fungal profiles seen in CF that appear distinct from non-CF bronchiec-
tasis. In a head-to-head comparison, lower fungal diversity is observed in CF com-
pared to non-CF bronchiectasis [18]. As fungal colonization, sensitization and
ABPA all individually represent potentially ‘treatable traits’ in bronchiectasis, a
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detailed characterization of the airway mycobiome is worthy despite the inherent
technical challenges related to mycobiome analysis [39, 66, 67]. In the largest
investigation of the bronchiectasis mycobiome performed to date, the Cohort of
Asian and Matched European Bronchiectasis (CAMEB) compared mycobiome pro-
files generated by ITS amplicon sequencing in patients from Asian and European
bronchiectasis cohorts ‘matched’ for age, sex and disease severity [19]. This impor-
tant work provided the first broad insight into the airway mycobiome in bronchiec-
tasis and identified host responses related to fungal presence that associate negatively
with clinical outcomes. This study illustrated the higher abundance of potentially
pathogenic taxa including Aspergillus, Penicillium and Cryptococcus in bronchiec-
tasis (compared to healthy controls) and the presence of an unfavourable allergic
sensitization and immune response profile associated with Aspergillus. The study
design further allowed comparisons between the Asian (Singaporean and Malaysian)
and European (Scottish) patients, matched by age, sex and Bronchiectasis Severity
Index (BSI) score. This permitted a clear assessment of geographic differences in
the mycobiome while controlling for disease severity. Differences in mycobiome
profiles were identified including increased relative abundances of Simplicillium,
Trichosporon and Aspergillus in the Asians, while a higher abundance of
Wickerhamomyces, Clavispora and Cryptococcus distinguished Europeans.
Candida was frequently observed across both cohorts at comparable frequency,
while the Scottish cohort exhibited a higher prevalence of Saccharomyces,
Penicillium, Cryptococcus, Clavispora and Botrytis. Further analysis using a vali-
dated qPCR method that included quantification of the various Aspergillus species
present in the airway revealed a predominance of A. ferreus in the Scottish patient
group, while A. fumigatus conidial burden was greatest in Asians [19, 68]. While
these findings cannot be generalized beyond the local regions studied, they do illus-
trate the geographic variation observed in bronchiectasis and highlight both the
similarities and differences that can be uncovered when appropriately designed
populations are compared [8, 19]. Further stratification of the CAMEB study par-
ticipants by an immunological classification system that accounted for fungal pres-
ence and associated host biomarkers including Aspergillus-specific IgE and IgG and
sputum galactomannan identified high frequencies of fungal sensitization and
ABPA. These Aspergillus-associated disease states further revealed a clear associa-
tion with disease severity, exacerbation frequency and lung function decline, par-
ticularly in those with serological ABPA (sABPA) [19]. This important, novel and
clinically relevant observation was next further investigated using an extended panel
of fungal allergens revealing a remarkable and very high level of sensitization
among bronchiectasis patients [20]. Sensitization level and the occurrence of poly-
sensitization was linked to poorer lung function but not exacerbations; however,
assessment of the host airway immune response allowed a clustering of patients
according to “immunoallertypes”: one fungal driven and proinflammatory and a
second characterized by sensitization to house dust mite coupled to chemokine
dominance. Critically, the fungal patient cluster demonstrates greater disease sever-
ity and poorer lung function [20]. Current works characterizing the mycobiome and
the sensitization response in bronchiectasis have thus far revealed that combining
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immune profiling with patient clustering reveals novel disease endophenotypes that
potentially may be amenable to tailored and personalized bronchiectasis therapy.

The Virome in Bronchiectasis

The virome represents the most challenging and therefore least well-described
aspect of the human microbiome and has yet to be clearly defined in the lung [38].
In bronchiectasis, the role of viruses remains unclear; however, they have been
detected in the airway, and emerging evidence supports a potential role in disease
[21, 22, 69]. The virome may be considered from a number of perspectives in bron-
chiectasis: (1) the role of common respiratory viruses and their impact on health
status, (2) acquired immunodeficiency associated with viral infection and (3) bacte-
riophages and their influence on the bacterial hosts, including as potential facilita-
tors of horizontal gene transfer. The first two areas have been addressed in several
existing studies, while the third represents a novel area in bronchiectasis yet to be
meaningfully addressed by research. Considering what is known in other chronic
respiratory disease states, viruses are considered important triggers of exacerbation.
Gao et al. assessed the presence of viruses at exacerbation in a cohort of bronchiec-
tasis patients from Guangzhou, China, representing the first large-scale prospective
study determining the incidence and clinical impact of viral infection. Common
viruses documented included coronavirus, rhinovirus and influenza A and B viruses.
While systemic and lower airway symptoms were not significantly different between
virus-positive and virus-negative exacerbations, several systemic and airway inflam-
matory markers (serum IL-6 and TNF-o; sputum IL-1p and TNF-a) distinguished
virus-positive patients [22]. In subsequent work from Australia, a high frequency of
stable bronchiectasis patients interestingly had viruses detected in their airways,
particularly during winter (92%) compared to lower rates (33%) in the summer. The
main viruses detected included rhinovirus, influenza A and B and respiratory syncy-
tial virus with greatest incidence of co-infection in the winter months [21]. Both
studies clearly confirm the presence of common respiratory viruses in the stable and
exacerbation states in bronchiectasis albeit without a significant association to clini-
cal outcome. Building on their previous work, Chen et al. next identified a signifi-
cantly higher frequency of viruses at exacerbation compared to the stable state in
patients from the Guangzhou region further implicating viruses in bronchiectasis
exacerbations where rhinovirus and influenza A and B demonstrated the strongest
effects [69]. The second aspect of virology that warrants consideration in bronchi-
ectasis is the role of viruses as mediators of acquired immune deficiency, which in
turn may accelerate the disease ‘cycle’ through disrupting normal immune homeo-
stasis. Such viruses include the Human T-cell leukaemia virus, type 1 (HTLV-1)
which has been documented in association with bronchiectasis in several studies,
from western and indigenous Australian populations, the latter originally describing
the link [23]. More recent evidence also implicates the Epstein—Barr virus (EBV),
which is associated with a shortened time to next exacerbation and more rapid
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decline of lung function [70]. While this latter association is less well supported, the
concept of acquired immune deficiency should at least be considered and is consis-
tent with current disease paradigms (Fig. 7.1). More recent virome research, espe-
cially in bronchiectasis relates to the role of bacteriophages and their contribution to
microbiome architecture and stability. While WGS metagenomics has been per-
formed in bronchiectasis, no study to date has directly assessed the presence and
abundance of bacteriophages (Fig. 7.2) [50, 52]. Whether a distinct disease- or
patient-specific bacteriophage profile exists in bronchiectasis remains to be estab-
lished, and investigations should focus on characterizing the disease or specific
patient groups, defined by bacteriophage pattern that associate with clinical out-
comes. Emerging data from the gut in studies unrelated to bronchiectasis does sug-
gest an individual specificity of the virome (‘phageome’), with high inter-individual
differences [71]. It is probably too premature to suggest whether such variability
could be correlated with clinical outcomes in bronchiectasis, but as bacteriophages
possess the potential to dramatically reshape the microbiome and contribute to dys-
biosis, there is certainly scope for broad assessment from diagnostic and therapeutic
perspectives [72, 73]. Additionally, the relevance of bacteriophages in the context of
emerging antimicrobial resistance and as facilitators of horizontal gene transfer is
highly relevant in respiratory diseases including bronchiectasis and remains a key
area for future investigation [74].

Microbial Networks and the ‘Multi-Biome’

While the bacteriome, mycobiome and virome have to date been considered as sep-
arate and individual entities, integrating them into a holistic ‘multi-biome’ frame-
work appears to be the next logical step for bronchiectasis and other chronic
respiratory disease states. The concept and description of the host microbiome as an
integrated microbial network is emerging and has been advanced as a potential
model underpinning exacerbations in CF [25]. Networks and their associated micro-
bial interactions may better account for observed clinical differences compared to
taxonomic abundance alone and therefore represents a promising platform for
development of respiratory disease models of infection and exacerbation [75]. The
role of fungi and their own inter-kingdom communication with bacteria remain a
recognized part of a holistic ecosystem where active research is ongoing, and with
clear relevance to bronchiectasis, as both kingdoms independently have been shown
to be highly relevant in disease [8, 19, 41, 76]. Going beyond this, the role of viruses
should also be considered, as individual common respiratory viruses, those linked
to acquired immunodeficiency but also bacteriophages that can have a major influ-
ence on microbiome architecture and the mobilization of antimicrobial resistance
genes. While each individual microbiome is clearly relevant, they remain to be fully
investigated in the context of an integrated and holistic inter-kingdom microbial
consortia, a rich avenue for future microbiome research in bronchiectasis.
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Clinical Applications

The increasingly recognized heterogeneity of clinical endophenotypes in bronchi-
ectasis helps to account for the failure of most clinical trials in this disease [36].
Given the associations between the microbiome and disease outcomes, it seems
plausible to consider an integration of microbiome data into clinical trial design.
This may prove beneficial, allowing for adequate adjustment of confounding
microbiome-associated variables through appropriate patient stratification
(Table 7.1) [41]. In addition to targeting microbial endophenotypes, the microbiome
also offers potential as a secondary outcome measure and possible prognostic
marker in assessing treatment effects directed at it. Surveillance of potentially unde-
sirable changes in the microbial community such as the emergence of potentially
pathogenic taxa or antimicrobial resistance genes is also of value [50, 52]. Host
genetics is an additional key factor that, at least partially, predicts microbiome com-
position and should be integrated into patient stratification modalities where avail-
able [77]. Expanding the assessed microbial kingdoms in bronchiectasis through
multi-biome analysis has already uncovered new perspectives, for example, the

identification of fungal sensitization, a feature that may be to
Table 7.1 Clinical applications for microbiome research in bronchiectasis
Biome Study Method Clinical correlate Application
Bacteriome | Rogers Targeted 16S Exacerbation Tailoring clinical trials to
et al. [49] rRNA analysis frequency target most responsive
patient subgroups
Taylor et al. | Targeted host gene | Exacerbation Defining impact of host
[77] sequencing 16S frequency, lung genetics on microbiome
rRNA analysis function, time to in patient stratification
next exacerbation modalities
Taylor et al. | WGS Antimicrobial Tailoring clinical trials to
[50] metagenomics resistance limit emergence of
resistance
Mycobiome | Mac Aogdin | Targeted ITS Exacerbation Targeting fungal
et [19,20] |analysis frequency, lung sensitization/airway
function, severity immune response as a
(BSI) treatable trait
Tiew etal. | WGS Exacerbation Design of environmental
[80] metagenomics frequency (COPD) | interventions
Virome Chen et al. | Targeted gPCR Odds ratio for Capture of viral status at
[69] respiratory virus | exacerbation/time to | exacerbation as potential
panel next exacerbation risk indicator
Shkoporov | WGS Not assessed (gut) | Charting of the
etal. [93] metagenomics respiratory ‘phageome’
in bronchiectasis
Trans- Soretetal. | Targeted 16S FEV1 % predicted | Integrative microbiomics
kingdom [94] rRNA and ITS (cystic fibrosis) to improve stratification
analysis and modelling based on
co-occurrence networks
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endophenotype-targeting precision medicine approaches [64]. Furthermore, the
early application of metagenomics in bronchiectasis has already demonstrated a
clear potential in terms of charting the emergence of antimicrobial resistance and
the environmental exposome. The role of the bronchiectasis virome remains to be
established; however, emerging large-scale studies do suggest an involvement with
exacerbation risk. While an untargeted appraisal of the virome or ‘phageome’ asso-
ciated with the bronchiectasis microbiome remains to be examined, the clear indi-
vidualized and stable phage profiles recently determined in gut microbiomes provide
a clear framework for future lung investigations and in particular the examination of
bacteriophages in bronchiectasis. From a diagnostic perspective, in-depth analysis
of the microbiome (integrating trans-kingdom analysis with temporally and ana-
tomically distinct samplings) may provide the ultimate stratification system by
which specific bronchiectasis subtypes or overlap syndromes may be robustly
defined and in turn provide a more focused management and precision medicine
approach in this disease state (Table 7.1).

Future Directions

Against the backdrop of ageing global demographics and an increased awareness of
the disease, there is a growing appreciation of the clinical burden of bronchiectasis
[36]. This has led to renewed focus on the disease and increased research including
the increasing number of microbiome studies described in this chapter (Fig. 7.2).
Analysis of the microbiome has uncovered the complexity of the microbial consor-
tia in bronchiectasis and its potential for patient stratification according to profile
rather that the simple presence or absence of individual taxa [40]. A major chal-
lenge, however, in the translation of these findings will be the standardization of
methodologies across studies, including the integration of data from distinct micro-
biome profiles: i.e. profiles obtained using different platforms, i.e. bacterial vs fun-
gal vs viral, or profiles from distinct anatomical sites, i.e. gut vs lung in a given
patient [41, 78]. Integrative approaches for patient stratification based on multiple
‘omic’ datasets have shown early promise, and the further development and applica-
tion of these approaches to ‘multi-biome’ datasets may provide even deeper resolu-
tion of patient microbiome subtypes in bronchiectasis [79]. Larger studies with
greater numbers of patients (approaching those already achieved in culture-based
studies — Fig. 7.2) will be required, and the inclusion of longitudinal sampling and
comparing geographically distinct cohorts will help further in attaining the neces-
sary resolution required for clinical use. We must ensure to continue to improve the
methodologies used for microbiome analysis, making them more accessible, refined
and scalable. While targeted amplicon sequencing has now been applied in several
studies, metagenomic analyses of bronchiectasis remain limited, and meta-
transcriptomic analyses are yet to be described. The insights that may be derived
from a functional appraisal of the metagenome remains an important area for future
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work. Likewise, the virome and ‘phageome’ remain to be fully characterized in
bronchiectasis. Recent work from our group demonstrates the potential of metage-
nomics to allow sampling of the environment (patient inhaler devices and both
indoor and outdoor air) in addition to the airway microbiome for identifying impor-
tant exposures such as resistome-harbouring microbes and airborne fungi to which
exposed patients can demonstrate sensitization responses that associate with nega-
tive clinical outcomes [52, 80]. The air microbiome and that of the built environ-
ment are therefore emerging as important factors in respiratory health and are likely
to be relevant to bronchiectasis [80—82]. Air pollution is a well-established risk
associated with adverse outcomes in chronic respiratory disease including bronchi-
ectasis including exacerbations and hospital admission [83—86]. In this context, the
microbial composition of both indoor and outdoor air appear an important consid-
eration, yet air remains an under-sampled and under-studied planetary ecosystem
with potential relevance to respiratory disease [82, 83]. Metagenomics has yielded
our first insight into the dynamic nature of the air microbiome revealing its compo-
sition and diel fluctuation in microbial content [82]. Furthermore, microbes have the
propensity to persist in air, on surfaces and within water systems supplying the built
environment, and the indoor microbiome is undoubtedly influenced by factors
inherent to building design including the use of modern materials [81, 87]. It there-
fore seems logical that this could impact lung health as demonstrated in our recent
work focused on fungal sensitization in COPD [80]. As sensitization also represents
an important clinical correlate in bronchiectasis, comparable host-environment
interplay is likely involved and amenable to metagenomic study [64]. This early
work highlights great potential for environmental-related intervention studies in
chronic respiratory disease states including bronchiectasis where modifying envi-
ronmental factors could potentially provide a cost-effective and non-invasive alter-
native to pharmacological therapy. The application of such an approach to much
larger bronchiectasis patient populations is desirable, where host and environmental
metagenomes are characterized together, coupled to an assessment of the host
response to better evaluate bronchiectasis endophenotypes in relation to their sur-
rounding environment (Table 7.1).

While it is natural to focus on appraisal of the lung microbiome in chronic respi-
ratory diseases, microbiome composition at other anatomical sites is also an impor-
tant consideration. The oral microbiome — which forms a continuum with the upper
and lower respiratory tract along an ecological gradient — is of relevance, as its
composition may influence or predict immunological status in the lower airway or
even the presence of other respiratory conditions [56, 88]. The composition of the
gastrointestinal microbiome is also important both because of the potential for sub-
clinical micro-aspiration of gut microbes and their accompanying inflammatory
consequences. In addition, the interplay between the gut microbiome and immune
homeostasis may further influence the pathogenic response to microbial encounters
in the lung through the lung-gut axis [38, 89]. The role of gastrointestinal disorders
such as gastroesophageal reflux disease (GERD) and irritable bowel syndrome
(IBS), both reported as bronchiectasis comorbidities, may signal the presence of a
dysbiotic gut microbiome [90, 91]. The development of integrative methodologies
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for the sequential analysis of multiple biomes are now advancing, paving the way
for analysis of multiple microbiome samples from individual patients that will
likely provide even more granularity for patient stratification across patient cohorts
and even anatomical sites [75, 92]. The era of microbiome medicine is arriving and
learning from the lessons of the past; bronchiectasis must not be left behind.
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