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Abstract

Rationale: Emerging data support the existence of a microbial
“gut-lung” axis that remains unexplored in bronchiectasis.

Methods: Prospective and concurrent sampling of gut (stool)
and lung (sputum) was performed in a cohort of n= 57
individuals with bronchiectasis and subjected to bacteriome
(16S rRNA) and mycobiome (18S Internal Transcribed Spacer)
sequencing (total, 228 microbiomes). Shotgun metagenomics
was performed in a subset (n= 15; 30 microbiomes). Data from
gut and lung compartments were integrated by weighted
similarity network fusion, clustered, and subjected to
co-occurrence analysis to evaluate gut-lung networks. Murine
experiments were undertaken to validate specific Pseudomonas-
driven gut-lung interactions.

Results: Microbial communities in stable bronchiectasis
demonstrate a significant gut-lung interaction. Multibiome
integration followed by unsupervised clustering reveals two
patient clusters, differing by gut-lung interactions and with
contrasting clinical phenotypes. A high gut-lung interaction

cluster, characterized by lung Pseudomonas, gut Bacteroides, and
gut Saccharomyces, is associated with increased exacerbations
and greater radiological and overall bronchiectasis severity,
whereas the low gut-lung interaction cluster demonstrates an
overrepresentation of lung commensals, including Prevotella,
Fusobacterium, and Porphyromonas with gut Candida. The
lung Pseudomonas-gut Bacteroides relationship, observed in the
high gut-lung interaction bronchiectasis cluster, was validated
in a murine model of lung Pseudomonas aeruginosa infection.
This interaction was abrogated after antibiotic (imipenem)
pretreatment in mice confirming the relevance and therapeutic
potential of targeting the gut microbiome to influence the
gut-lung axis. Metagenomics in a subset of individuals with
bronchiectasis corroborated our findings from targeted
analyses.

Conclusions: A dysregulated gut-lung axis, driven by lung
Pseudomonas, associates with poorer clinical outcomes in
bronchiectasis.
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The humanmicrobiome has a key role
in maintaining health, andmicrobial
dysbiosis correlates with the development
and progression of disease, including chronic
respiratory disease states such as asthma,
chronic obstructive pulmonary disease
(COPD), cystic fibrosis, and bronchiectasis
(1–7). Critical functions of the human
microbiome include the processing of
nutrients, production of metabolites,

protection against invading pathogens, and
maintaining immune homeostasis; hence, an
understanding of the microbiome-host
interaction is key to appreciating its role in
health and disease and as a therapeutic
target.

Although gut microbiomes are widely
studied in a number of clinical settings,
emerging work on the lung microbiome in
chronic respiratory disease is gaining
momentum, including recent descriptions
of a holistic multibiome integrative analysis
of bacteria, viruses, and fungi in the
bronchiectasis airway that associates with
clinical correlates, including exacerbations
(7–9). Altered gut microbiomes influence
distal organ systems, including the brain,
kidney, liver, heart, and lung, through direct
and indirect interaction of microbes and
their associated metabolites (10–14). Several
lines of evidence now support the existence
of a gut-lung axis with potential roles in
chronic respiratory disease that remain
incompletely characterized in bronchiectasis
(8, 15–19). Such an axis involves microbe-
microbe and host-microbe interactions
that confer local and distal effects at two
concurrent physiologically distinct organ
sites. One such example is the observed
higher occurrence of bronchiectasis,
sometimes with frequent exacerbations, in
individuals with inflammatory bowel disease
(IBD) (20, 21). Pathogenesis of IBD is shown
to link with interactions between intestinal
immunity and dysbiosis of the underlying gut
microbiome; however, links with the lung
microbiome remain to be established (22).

Emerging microbial models assessing
interkingdommicrobial interaction in
bronchiectasis have provided important
insight into microbiome-related changes
occurring during exacerbations, including
the significant alterations in microbial
interaction rather than identity that occurs
in bronchiectasis (7, 9, 23). An appropriate
extension of such integrative approaches,

previously applied to lung microbiomes in
isolation, is to evaluate this across organ
systems such as that provided by the gut-
lung axis. Here, using a prospectively
recruited cohort of adults with bronchiectasis
and using concurrently sampled specimens
from the gut and lung, respectively, subjected
to integrated multibiome analysis, we
investigated whether the gut-lung axis in
bronchiectasis provides an enhanced
understanding of disease, including better
patient stratification. Some of the results of
these studies have been previously reported
in the form of an abstract (24, 25).

Methods

Study Population
Fifty-seven patients (>18 years old,
Caucasian Europeans of Italian origin) with
non–cystic fibrosis bronchiectasis were
prospectively recruited during periods of
clinical stability at the Fondazione IRCCS
Ca’Granda Ospedale Maggiore Policlinico
(Milan, Italy). All patients had radiological
bronchiectasis confirmed by high-resolution
computed tomographic scanning of the
thorax in accordance with British Thoracic
Society guidelines and were identified during
outpatient visits at periods of clinical stability
and daily sputum production (26). Clinical
stability was defined as the absence of new
symptoms or change in bronchiectasis
therapy with no exacerbations and/or
antibiotic use in the preceding 4-week
period. Exclusion criteria included other
concurrent respiratory diagnoses (asthma or
COPD) established by international criteria,
including spirometry (27, 28); or any
documented gastrointestinal pathology
(with endoscopic confirmation), including
IBD, gastrointestinal cancer, and/or active
gastrointestinal infection. Individuals
receiving chemotherapy and those with acute
and/or recent infection requiring short-term

At a Glance Commentary

Scientific Knowledge on the
Subject: The microbial gut-lung
axis, although increasingly
recognized in respiratory disease,
remains poorly characterized, and its
role in bronchiectasis is unknown.

What This Study Adds to the
Field: The microbial gut-lung axis in
bronchiectasis is described using an
integrative multibiome approach that
reveals two patient clusters
distinguished by their gut-lung
interactions. The clusters reveal
contrasting clinical phenotypes: a
high gut-lung interaction cluster—
characterized by lung Pseudomonas,
gut Bacteroides, and gut
Saccharomyces—is associated with
increased exacerbations and greater
radiological and overall
bronchiectasis severity, whereas a
low gut-lung interaction cluster
demonstrates an overrepresentation
of lung commensals and gut
Candida. Experimental murine work
reveals an important role for lung
Pseudomonas in driving a
dysregulated gut-lung axis that
associates with poorer outcomes in
clinical bronchiectasis.

Author Contributions: J.K.N. and S.A.: performance and design of experiments, data analysis and interpretation, statistical analysis, and writing
the manuscript. M.M.A.: metagenomic whole genome shotgun and targeted amplicon sequencing analytics, writing the manuscript, statistical
analysis, and interpretation. T.K.J. and N.A’.B.M.A.: curation of clinical data, sample preparation, DNA extraction, amplification, and
sequencing. F.X.I.: metagenomic whole genome shotgun and targeted amplicon sequencing analytics. H.S.C., Y.S.Y., M.I.G.V., Z.S.L., and
J.X.T.L.: performance of animal experiments. F.A., A.G., and F.B.: intellectual contributions, patient recruitment, and procurement of clinical data
and specimens. S.H.W., J.J.Y.S., and N.S.T.: oversight of animal experiments and intellectual contributions. K.T.-A.: oversight of mathematical
methodology and statistics. S.H.C.: conception and design of overall study and experiments, data analysis and interpretation, statistical
analysis, writing the manuscript, and procurement of funding.

Correspondence and requests for reprints should be addressed to Sanjay H. Chotirmall, M.D., Ph.D., Lee Kong Chian School of Medicine,
Nanyang Technological University, 11 Mandalay Road, Singapore 308232, Singapore. E-mail: schotirmall@ntu.edu.sg.

This article has a related editorial.

This article has an online supplement, which is accessible from this issue’s table of contents at www.atsjournals.org.

ORIGINAL ARTICLE

Narayana, Aliberti, Mac Aog�ain, et al.: Dysregulation of the Microbial Gut-Lung Axis in Bronchiectasis 909

mailto:schotirmall@ntu.edu.sg
https://doi.org/10.1164/rccm.202211-2179ED
http://www.atsjournals.org


antibiotic therapy (oral or intravenous) in
the 4 weeks preceding outpatient attendance
were excluded. Because of the requirement
for prolonged antimicrobial therapy, which
could affect both lung and gut microbiota,
patients with mycobacterial infection were
also excluded. (For further details on ethical
approval and clinical, radiological, and
functional evaluation of all participants, see
the online supplement.)

Murine Experiments
Mouse experiments were approved by the
institutional review board of Nanyang
Technological University, Singapore, in
accordance with the guidelines of the
Institutional Animal Care and Use
Committee (approval numbers: NTU-
IACUC: A18089, A21073, and A19032).
Male wild-type C57BL/6J mice (aged 8 to
10 wk) were housed in a 12-hour:12-hour
light:dark cycle and given ad libitum access
to chow diet and water. Mice were exposed
to either Pseudomonas aeruginosa (PAO1)
intratracheal infection or an equivalent
volume of sterile saline (0.9%) under
antibiotic-exposed or antibiotic-naive
conditions. Imipenem was chosen as a gut
microbiome disruptive agent because of its
low systemic bioavailability when given
orally, allowing the disruption of gut
microbiomes with relatively little effect on
lung Pseudomonas. Fecal pellets were
obtained on day 0 (before imipenem
treatment), day 2 (after imipenem
treatment), and day 5 (3 days post–PAO1
inoculation; dpi, as described later) and snap
frozen in liquid nitrogen before DNA
extraction andmicrobiome analysis.

DNA Extraction and Microbiome
Profiling of Lung and Gut
DNAwas extracted using the Quant-IT
dsDNAAssay Kit (for patient sputum and
stool; Thermo Fisher Scientific) and the
DNeasy PowerSoil Pro Kit (for mouse stool;
QIAGEN). Extracted DNAwas quantified
by Qubit (Invitrogen) and Nanodrop
(Invitrogen). Bacterial and fungal taxonomic
profiling was performed by 16S and 18S
Internal Transcribed Spacer amplicon
sequencing on aMiSeq platform (Illumina),
whereas whole genome shotgun (WGS)
metagenomic analysis was applied to sputum
(lung) and stool (gut) sample sequencing on
a HiSeq 2500 platform (Illumina) according
to standard library preparation and DNA
sequencing protocols (7), in a subset of
bronchiectasis patients (n=15). Details of

sequencing and bioinformatic analysis
strategies are described in the online
supplement. All target amplicon andWGS
metagenomic sequencing data have been
deposited in the National Center for
Biotechnology Information Sequence
Read Archive under accession numbers
PRJNA740243 (targeted amplicon - human),
PRJNA824950 (targeted amplicon - mouse),
and PRJNA740243 (WGS).

Statistical Analysis
We assessed distributional differences
between groups (clusters, murine-
experimental arms, and inhaled
corticosteroids and/or macrolide treatment
groups) using the paired or unpaired
Wilcoxon test (nonparametric) as
appropriate for continuous variables
(including microbial diversity and
continuous clinical variables: number of
exacerbations in the previous year, FACED
(F: forced expiratory volume in 1 second
[FEV1]; A: age; C: chronic colonization by
Pseudomonas aeruginosa, E: radiological
extension [number of pulmonary lobes
affected], and D: dyspnea) score, and Reiff
score) and the chi-square test for categorical
data (including gender and smoking status).
For comparison of three or more groups of
continuous variables, we used the Kruskal-
Wallis test with Dunn’s post hoc testing and
Benjamini-Hochberg correction to account
for multiple comparisons (three comparisons
- continuous clinical variables; and six
comparisons - microbial diversity). As a
preprocessing step, microbial datasets from
targeted sequencing were filtered to include
only microbes present in at least 5% of, or
three, patients (whichever is highest) and at
least at 1% abundance level. Microbial
datasets frommetagenomic sequencing were
filtered to include only microbes confirmed
using BLAST confirmatory analysis, as
previously described (7). Microbial diversity
from samples were assessed with the
Shannon diversity index and visualized as
box plots using R (version 3.6.3). Microbial
composition was normalized using relative
abundance and visualized by stacked bar
plots, and principal coordinates analysis
was performed using Bray-Curtis
dissimilarity. We assessed differences in
microbial composition using PERMANOVA
(permutational multivariate analysis of
variance) on patient dissimilarity matrices
derived using Bray-Curtis dissimilarity
indexes. Differential abundance analysis of
microbes was performed using the LefSe

(linear discriminant analysis effect size)
webtool with default parameters (29). All
statistical analysis was performed using
custom scripts written in R and Python, and
P values,0.05 were considered statistically
significant (https://github.com/Jayanth-
kumar5566/Lung-Gut_Study).

Full details on specimen collection
(sputum and stool), the integrative, cluster,
and co-occurrence analysis are detailed in
the online supplement. Negative controls
(including blanks) are illustrated in Figure
E1, and all raw data from this study can
be accessed at the National Center for
Biotechnology Information Sequence
Read Archive with the accession numbers
PRJNA740243 (human) and PRJNA824950
(mouse).

Results

To characterize the gut-lung axis in stable
bronchiectasis, we assessed concurrently
sampled sputum (representing lung) and stool
(representing gut) bacterial and fungal
microbiomes from individuals with stable
bronchiectasis (n=57) by targeted amplicon
sequencing approaches as described (Figure 1).
The cohort was predominantly female
(78.9%), with a median age of 63 years
(interquartile range [IQR]: 54–72) (Table 1).
Most patients (69%) had idiopathic
bronchiectasis. Following this, the most
frequently identified etiologies were
immunodeficiency (13%), primary ciliary
dyskinesia (9%), and postinfection (7%).
Streptococcus and Fusobacterium were the
most frequently identified lung bacteria,
whereas Bacteriodeswas most frequently
identified in the gut microbiome (Figure 1A).
Candidawas themost prevalent fungal taxon
identified in both lung and gut mycobiome
profiles (Figure 1E). A significantly decreased
bacterial (but not fungal) a-diversity
(P,0.001) in the lung was identified between
paired gut-lung specimens (Figures 1B
and 1F), whereas b-diversity assessment
confirmed significant ecological divergence
between anatomical sites (Figures 1C and 1G).
After appropriate filtering, direct comparisons
revealed greater fungal, as opposed to
bacterial, overlap (Figures 1D and 1H).

Having determined composition,
diversity, and overlap between gut and lung
microbiomes, we next assessed for potential
gut-lung interaction by co-occurrence
analysis to reveal microbial association
networks (interactomes) that contain several
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significantly correlated interaxis interactions
(Figures 2A and 2B). To further probe these
interactions, we definedmicrobes (as nodes)
on the basis of alternate network metrics, as
previously described (7). Briefly, microbes
were classified as busy (i.e., node degree:
microbes with a higher number of direct
interactions with other microbes), critical
(i.e., stress centrality: microbes that are key
to maintaining the network’s integrity), and
influential (i.e., betweenness centrality:
microbes that influence other microbes
within the network, including indirectly) (7).
Using this approach, lung Streptococcus
and Prevotella and gut Bacteroides and
Lactobacilluswere most busy, critical, and
influential, demonstrating individual
importance within the gut-lung network
(Figure 2B). Although these organisms
were found to be the busiest, most critical,
and influential microbes in the overall
gut-lung network (Figure 2B), these

measures, on the basis of the overall
(direct and indirect) interaction network
metrics, go beyond simple direct overlap
between the gut and lung compartments
(Figures 1D and 1H).

Having identified potential gut-lung
interactions in stable bronchiectasis, we next
evaluated whether clinically relevant patient
groups (differentiated by gut-lung
interaction) exist. To achieve this, we first
integrated bacteriome andmycobiome
profiles from the gut and lung, respectively
(i.e., four microbiome datasets per patient;
total, 228 microbiomes) using weighted
similarity network fusion (7, 9). Weightage
of each microbiome dataset for the
integration was assigned on the basis of
its respective taxonomic richness, reflective
of its information content and established
by previously methodology (i.e., lung
bacteriome 19 genera: 32.2%; lung
mycobiome nine genera: 15.2%; gut

bacteriome 27 genera: 45.8%; and gut
mycobiome four genera: 6.8%) (7, 9).
Spectral clustering of the integrated network
resolved two patient groups, with an average
silhouette score of 0.73 and a cluster
robustness of 78.2% (based on 100 bootstrap
iterations), indicating strong cluster
consistency and high robustness (Figure 2A).
The two patient clusters each demonstrate
significantly distinct gut-lung axes in terms
of their interactomes, exemplified by
interaction metrics for lung Fusobacteria,
lung Candida, and gut Bacteroides
(Figures 2C and 2D). Cluster 1, however,
demonstrated an overall increased gut-lung
interaction, suggesting that microbial
interactions (rather than abundance)
distinguish relevant patient strata in
bronchiectasis. Cluster 1 exhibited a clinically
worse profile, characterized by increased
exacerbations (P=0.046) and greater
radiological and overall bronchiectasis
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Figure 1. Overview of the lung and gut microbiome in stable bronchiectasis. (A–H) Stacked bar plots represent the (A) bacteriome and (E)
mycobiome composition of the lung and gut, respectively. The y-axis represents the relative abundance (%) of microbial taxa (at the genus
level) derived using targeted amplicon 16S (bacteria) and Internal Transcribed Spacer (fungal) sequencing approaches applied to sputum
(lung) and stool (gut). Paired box plots illustrate (B) bacterial and (F) fungal a-diversity differences between the lung (orange) and gut (black)
computed using the Shannon diversity index. Bold lines represent the median diversity, individual dots represent each respective sample, and dotted
lines represent the pairing of lung and gut samples (in individual patients). Principal coordinate analysis plots (based on Bray-Curtis dissimilarity)
illustrate differences in (C) bacteriome and (G) mycobiome between lung (orange) and gut (black) specimens. Venn diagrams illustrating the overall
number of (D) bacterial and (H) fungal genera identified in lung and gut compartments, respectively, with intersections demonstrating overlapping
taxa between compartments. ***P, 0.001. ns=nonsignificant; PC 1=principal coordinates 1; PC 2=principal coordinates 2.
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severity (indicated as Reiff, P=0.0063; and
FACED scores, P=0.038, respectively)
(Figures 3A–3C). It is important to note
that, when only lung microbiomes
(bacteriomes andmycobiomes) were
integrated and clustered, the derived clinical
associations were not apparent, indicating
the importance of considering the gut
microbiome (Figure E2). It is interesting
that multibiome integration using only gut
microbiomes (bacteriomes and
mycobiomes) reveal three patient clusters,
each with distinct (but significantly less
apparent) clinical correlates, further
confirming the important association
between the gut and lung compartments
(Figure E3).

No significant influence of inhaled
corticosteroid and/or chronic macrolide use
or frequent exacerbator status was found in
relation to the assessed microbiomes
(Figures E4 and E5). Of note, lung bacterial
b-diversity is altered in individuals receiving

inhaled corticosteroid and/or macrolides
(Figure E4), and fungal b-diversity differs in
frequent exacerbators (Figure E5).

Microbiome composition and diversity
differed between clusters (Figure E6). Key
microbes within the gut-lung axis
discriminated individuals in cluster 1 (high
gut-lung interaction) from cluster 2 (low gut-
lung interaction), including a significantly
increased lung Pseudomonas, gut Bacteroides,
and gut Saccharomyces in the high gut-lung
interaction cluster (cluster 1) (Figure 3D).
Detecting increased Pseudomonas in the
bronchiectasis lung in relation to poor
clinical outcome remains consistent with the
established literature (20, 30–32); however,
our concurrent gut microbiome analyses
potentially uncover a role for gut Bacteroides
and Saccharomyces in this relationship.
In contrast, the low gut-lung interaction
cluster (cluster 2) exhibits increased lung
commensals and/or pathobionts, including
Prevotella, Fusobacterium, and

Porphyromonas in concert with gut Candida
(Figure 3D). Taken together, integrative
analyses assessing the gut-lung axis in
bronchiectasis identify a clinically worse
patient subgroup, with distinct gut and lung
microbiome communities and demonstrable
network characteristics associating with
clinically relevant bronchiectasis phenotypes,
which remains undetected if either lung or
gut microbiomes are assessed in isolation,
emphasizing the relevance of the gut-lung
axis.

Having identified a demonstrable
association between the gut-lung axis and
clinical features of bronchiectasis, including
the role of lung Pseudomonas in determining
a deleterious bronchiectasis phenotype (i.e., it
represents a key lung determinant in the high
gut-lung interaction cluster characterized by
poor clinical outcome), we sought to assess
this phenomenon in an appropriate
experimental system. Given our clinical
observations, we hypothesized that the

Table 1. Demographic Table Summarizing the Stable Bronchiectasis Cohort (Overall and by Cluster)

Demographic
All

(N=57)
Cluster 1
(n=31)

Cluster 2
(n=26)

P value
(between
Clusters)

Sex, n (%) ns
Female 45 (78.9) 25 (80.6) 20 (76.9) —
Male 12 (21.1) 6 (19.4) 6 (23.1) —

Age, median (IQR) 63.00 (54.00–72.00) 65.00 (55.00–75.00) 62.50 (54.30–69.80) ns
Disease severity (as FACED score) 2.00 (2.00–4.00) 3.00 (2.00–4.00) 2.00 (1.0–3.00) 0.0376
Radiological severity (as Reiff score) 4.00 (3.00–8.00) 6.00 (4.00–8.00) 4.00 (2.25–5.00) 0.0063
BMI 21.00 (19.00–24.80) 20.20 (19.00–24.20) 21.6 (19.30–25.80) ns
Number of exacerbations (in the year

preceding study recruitment), median (IQR)
2.00 (1.00–4.00) 3.00 (2.00–5.00) 2.00 (1.00–2.75) 0.0460

Smoking status, n (%) ns
Ex-smoker 23 (40.4) 11 (35.5) 12 (46.2) —
Never smoker 34 (59.6) 20 (64.5) 14 (53.8) —

Lung function (as FEV1% predicted),
median (IQR)

71.00 (62.00–90.00) 71.00 (59.50–88.50) 76.50 (67.30–90.80) ns

mMRC dyspnoea score, n (%) ns
0 24 (42.1) 12 (38.7) 12 (46.2) —
1 23 (40.4) 11 (35.5) 12 (46.2) —
2 3 (5.3) 1 (3.2) 2 (7.7) —
3 6 (10.5) 6 (19.4) 0 (0) —
4 1 (1.8) 1 (3.2) 0 (0) —

Chronic macrolide use, n (%) ns
No 49 (86.0) 28 (90.4) 21 (80.8) —
Yes 8 (14.0) 3 (9.7) 5 (19.2) —

Inhaled corticosteroid use, n (%) ns
No 35 (61.4) 22 (71.0) 13 (50.0) —
Yes 22 (38.6) 9 (29.0) 13 (50.0) —

Total number of courses of oral antibiotics in
the 3-yr period preceding study recruitment,
median (IQR)

4.00 (2.00–6.00) 4.00 (2.25–9.00) 4.00 (2.00–6.00) ns

Definition of abbreviations: BMI=body mass index; FACED=FEV1, age, chronic colonization, extension, and dyspnea; IQR= interquartile range;
mMRC=modified Medical Research Council dyspnea scale; ns=nonsignificant.
Demographic table illustrating the study cohort with stable bronchiectasis (n=57) and P values for significant differences observed between
clusters. Demographic data are presented as median value (and IQR) and/or patient n (and %), as appropriate. Significant P values (,0.05) are
indicated in bold.
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Figure 2. The gut-lung interactome allows patient stratification in stable bronchiectasis. (A–D) In (A): an overview of the analytical approach to
evaluating the gut-lung axis in bronchiectasis. The computational workflow implemented in this study includes the application of co-occurrence
analysis using the generalized boosted linear model (GBLM) to bacteriome and mycobiome profiles derived from lung and gut compartments,
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presence of P. aeruginosa in the airway exerts
an influence on the gut microbiome. To test
this, we isolated the effect of Pseudomonas
airway infection on the gut microbiome by
using a mouse model of P. aeruginosa
(PAO1) infection. This allowed the
assessment of changes in the composition
and network configuration of the gut
microbiome directly linked to the airway
challenge of an established bronchiectasis
pathogen. As no representative animal model
of bronchiectasis exists, we used 8- to 10-
week-old male wild-type C57BL/6J mice
infected intratracheally (lung) with
Pseudomonas aeruginosa (PAO1). To better
recapitulate the clinical situation, including
antibiotic exposure, we performed the
experiment in the presence and absence of
antibiotic (imipenem) treatment (Figure 4A).
Fecal pellets were collected in each
experimental arm (on day 5) and gut
bacteriomes and mycobiomes were evaluated
with minimal evidence of procedural and/or
sequencing contamination (Figures E1G and
E1H). Imipenem is a broad-spectrum
b-lactam antibiotic with activity against a
range of aerobic and anaerobic Gram-
positive and Gram-negative bacteria,
including Pseudomonas (33). Nonetheless,
we selected this agent as it demonstrates low
systemic bioavailability when given orally.
Hence, our experimental design (i.e., oral
administration) allows an effect on the gut
microbiome with relatively little effect on
lung Pseudomonas. The effects of imipenem
on the murine gut microbiomes are
illustrated in Figure E7. Bacteriome and
mycobiome profiles across the four
experimental arms were determined (Figures
4B and 4C), and although no differences in
bacterial (P=0.13) or fungal (P=0.17)
a-diversity were observed, significant effects
on bacterial (P=0.03) and fungal (P=0.009)
b-diversity were detected (Figure E8).
P. aeruginosa (PAO1) airway infection
exhibited a direct effect on murine gut
microbiome architecture, supporting a lung-
gut interaction. To evaluate the impact of
Pseudomonas (lung) infection on the gut

microbiome, we split organisms into those
unaffected and (independently) affected by
antibiotic (imipenem) treatment (Figures 4D,
4E, and E7). This allows for a clearer
appreciation of any additive effect of
P. aeruginosa (lung) infection on organisms
in the latter group. It is interesting that
discriminant taxonomic analysis failed to
identify major change to any specific gut
microbe associated with P. aeruginosa (lung)
infection. In contrast, assessment of the gut
interactome revealed distinct alterations in
microbial interactions after P. aeruginosa
infection, based on network metrics that
were impervious to the effects of imipenem
(Figure 4D). These include Ruminococcus,
Intestinomonas, and Eisenbergiella
(Figure 4D). Critically, Blautia, Alistipes, and
Bacteroides demonstrate enhanced network
metrics after P. aeruginosa (lung) infection
that were abrogated in the presence of
antibiotic (imipenem) treatment (Figure 4E).
Taken together, this suggests that several
gut-lung interactions may be mediated by
the presence of P. aeruginosa in the lung and
are potentially altered after antibiotic
intervention targeting the gut microbiome
(Figures 4D and 4E). These results thus
highlight several gut microbial interactions
directly influenced by airway infection
(lung-gut) while demonstrating the
abrogation of others through antimicrobial
alteration of the gut (gut-lung), consistent
with the operation of such effects across a
bidirectional gut-lung axis.

Although direct comparisons between
results from the mouse infection model and
bronchiectasis cohorts are challenging and
have inherent limitations, there are
important correlates observed providing
evidence of potential gut-lung
interrelationships in vivo. When murine
Pseudomonas lung infection is considered
(independent of antibiotic exposure),
alterations to Roseburia, Ruminococcus, and
Parabacteriodes are observed in mouse gut
bacteriomes (Figure 4D) in line with that
seen in our bronchiectasis high gut-lung
interaction cluster 1 (Figure 2C). Even more

strikingly, in the mouse gut, Bacteroides, a
key determinant of the high gut-lung
interaction cluster 1 group, demonstrates
behavioral change within the mouse network
after Pseudomonas lung infection (i.e., it
becomes a more busy, influential, and
critical microbe), which is then attenuated
after antibiotic (imipenem) treatment,
independent of the effect of antibiotics alone
(Figures 2C, 3D, 4E, and E7). Similar
observations can be extended to other
microbes from our human bronchiectasis
cohorts; for instance, Blautia and Alistipes
(Figures 2C, 2D, and 4E). Interestingly, both
these genera are (conversely) prominent in
the gut of the low gut-lung interaction cluster
2 bronchiectasis group, comparable with the
potential benefits attained after antibiotic
(imipenem) intervention in the mouse
(Figures 2D and 4E). Taken together, our
murine infection model reveals, in a
controlled setting, the key role that lung
Pseudomonas has in potentially influencing
the gut microbiome and, importantly
outlines key microbial interrelationships
(e.g., with gut Bacteroides) that occur
between the two compartments.

Having determined the importance and
clinical relevance of the gut-lung axis in
bronchiectasis, we next sought to better
understand species-level and functional
variability between our patient clusters using
a metagenomics approach in a subset of
individuals (i.e., n=7 from cluster 1 and
n=8 from cluster 2, respectively). This
confirmed prior patterns observed in our
targeted analysis and identified lung
P. aeruginosa andMoraxella catarrhalis as
predominant organisms in cluster 1 (high
gut-lung interaction) and increased
Haemophilus influenzae and Streptococcus
pneumoniae in cluster 2 (low gut-lung
interaction). Discriminant analysis
further identified the oral commensal
P. melaninogenica as significantly reduced
in cluster 1 (Figure 5A). Gut metagenomic
profiling by discriminant analysis (linear
discriminant analysis effect size) reveals a
marked reduction of Collinisella aerofaciens

Figure 2. (Continued ). clusters performed. Cluster-specific interactome networks were generated using the GBLM, and network plots illustrating
interactions (as edges) between microbes (indicated as individual nodes) are illustrated for (B) the overall study cohort, (C) cluster 1, and (D)
cluster 2, respectively. Only significantly correlated interactions (i.e., P, 0.001) are illustrated. Gut-lung interactions are represented by pink
lines (edges). Microbes within gut-lung networks are classified as busy (i.e., node degree: microbes with a higher number of direct interactions
with other microbes), critical (i.e., stress centrality: microbes that are key to maintaining the network’s integrity), and/or influential (i.e.,
betweenness centrality: microbes that influence other microbes within the network, including indirectly), and those with the highest calculated
network metrics are highlighted by size, width, and node coloration, respectively, in the presented network plots (7). ITS= internal transcribed
spacer; LEfSe=Linear discriminant analysis Effect Size; wSNF=weighted similarity network fusion.
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in cluster 1, with an increased abundance
of several Bacteroides and Bifidobacterium
species (Figure 5A). Further generalized
boosted linear model–derived network
analyses identified multiple potential gut-
lung interactions involving four major
bronchiectasis pathogens: P. aeruginosa,
S. pneumoniae,H. influenzae, andM.
catarrhalis in addition to other interactions
across the gut-lung axis (Figure 5B).
Assessing gut interaction networks (by
cluster group) reveals that the high gut-lung
interaction group (cluster 1) is characterized
by increased network connectivity of several
Bacteroides and Bifidobacterium species
relative to cluster 2 (low gut-lung interaction
group), supporting prior observations from
our targeted human andmurine studies
(Figures 5C and 5D). Both clusters exhibit
altered network configurations of
Streptococci, where S. parasanguinus exerts
a greater influence compared with S.
thermophilus or S. salivarius in cluster 1 but
demonstrates a contrasting pattern in cluster
2 (Figures 5C and 5D). This adds to growing
literature associating upper airway
commensals with favorable clinical outcomes
in respiratory disease (34, 35). Metagenomics
also provides additional evidence of the lung
Pseudomonas-gut Bacteroides relationship, as
observed in our targeted human and murine
datasets. Microbial pathway analysis
demonstrated that cluster 2 (low gut-lung
interaction) is distinguished by an increased
abundance of pathways related to bacterial

cell wall synthesis, where peptidoglycan
maturation was the most discriminatory
pathway in the lung and gut. This contrasts
cluster 1, where none of the top identified
microbial pathways were discriminatory
and/or common to gut and lung, suggestive
of likely more complex interplay in clinically
worse individuals (Figures 5E and 5F).

Discussion

The gut microbiome is thought to influence
respiratory disease through a gut-lung axis;
however, this lacks study in bronchiectasis
(8, 16, 19). Our present work begins to
address this important knowledge gap by
prospectively evaluating patients with
bronchiectasis undergoing concurrent gut
and lung sampling during disease stability.
This approach controls for temporal
variation and allows for integrative analysis
between organs. Here, we report greater
bacterial diversity in the gut compared with
lung, in line with prior literature and likely
because of the existence of airway disease in
these patients (13, 36). Minimal difference in
fungal diversity between compartments is
observed. The overall low percentage of
bacterial versus fungal overlap between the
gut and lung does suggest that direct
microbial interaction between sites is less
likely and that indirect means of interaction,
including the secretion of microbial
metabolites (e.g., short chain fatty acids)

and/or modulation of host immunity—
neither assessed in this study—are viable
(13, 16, 37). It is important that, in this
work, we illustrate the potential clinical
utility of concurrently profiling gut and lung
microbiomes in bronchiectasis, including the
importance of integrated analytics (7, 9, 23).
The integration of bacteriomes and
mycobiomes (i.e., multibiomes), using
methods capable of capturing complex
interactions from two distinct anatomical
sites, revealed patient stratification into high
and low gut-lung interaction groups
underpinned by clear differences in their gut-
lung interactions. Evaluation of gut and lung
multibiomes as separate organ systems
notably precludes such strong clinical
stratification and demonstrates the
importance of the gut-lung axis. Of note,
however, some clinical association is evident
when only gut multibiomes are considered,
underscoring an important and previously
unrecognized role for gut microbiota in
stratifying bronchiectasis. The high gut-lung
interaction bronchiectasis patient cluster was
characterized by lung Pseudomonas, gut
Bacteroides, and gut Saccharomyces and was
associated with increased exacerbations
and with greater radiological and overall
bronchiectasis severity, whereas the low
gut-lung interaction cluster demonstrates
an overrepresentation of lung commensals,
including Prevotella, Fusobacterium, and
Porphyromonas, with gut Candida. This
latter group adds further to the increasing
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Figure 3. Clinical and microbiome differences between gut-lung interactome–defined patient clusters. (A–D) Box plots illustrating differences in
(A) exacerbation frequency, (B) disease severity (as FACED [FEV1, age, chronic colonization, extension, and dyspnea] score) (48) and (C)
radiological severity (as Reiff score) (49) between the derived identified patient clusters. Cluster 1 (high gut-lung interaction) is indicated in red,
and cluster 2 (low gut-lung interaction) is indicated in green, as derived by spectral clustering of integrated gut-lung multibiomes. (D) Bar plots
representing differentially abundant bacterial (light pink) and fungal (dark green) taxa of the lung (top) and gut (bottom) between the high and
low gut-lung interaction clusters. Significantly increased taxa in cluster 1 (high gut-lung interaction) and cluster 2 (low gut-lung interaction) are
highlighted as red and green bars, respectively. The x-axis represents the linear discriminant analysis (LDA) score, and the y-axis significant
taxa with LDA score.0. *P,0.05; **P,0.01. ns= nonsignificant.
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body of microbiome literature, indicating
that the predominance of upper airway
commensals is associated with more
favorable clinical outcomes in respiratory
disease (34, 35, 38). Microbial commensals
are established determinants of the host-
immune relationship, demonstrating effector
functions reaching far beyond their local
environments (13, 16, 39). Although the
assessment of conventional microbiome-
related metrics such as relative abundance
(i.e., microbial identity) and diversity indices
did show some variation between patient
clusters in our study, our integrated gut-lung
interactomes reveal additional insight into
microbial interrelationships, a key feature
of our novel approach that remains
unappreciated if assessing microbial identity
alone.

It is interesting that lung Pseudomonas
is a key microbial determinant of the high

gut-lung interaction cluster associating with
adverse clinical outcomes. Although this
finding is consistent with the existing
bronchiectasis literature (20, 30, 32, 40),
our gut-lung assessment reveals a novel
relationship with gut Bacteroides. Bacteroides
are important gut commensals with potential
pathobiont properties and whose increased
abundance is linked to IBD (41, 42). In view
of the established importance of lung
Pseudomonas in clinical bronchiectasis and
as a key microbial determinant in our high
gut-lung interaction cluster, we next studied
lung Pseudomonas in a murine model.
Mouse models are successfully used in
mechanistic studies elucidating the role of
gut microbiomes on distal organ systems;
however, notably, no animal model
representative of bronchiectasis exists; hence,
only an elementary Pseudomonas lung
infection model was used (13, 16, 17, 19,

37, 43). Despite inherent differences between
human andmouse gut microbiomes, several
important associations of lung Pseudomonas
infection with gut microbiota were observed,
and several matching patterns were seen in
the high gut-lung interaction group. These
include relationships with gut Roseburia,
Ruminococcus, Parabacteriodes, and,
critically, Bacteroides—one of the key gut
determinants in the high gut-lung interaction
cluster. Altered Bacteroides network metrics
observed after Pseudomonas lung infection
were attenuated after antibiotic treatment, an
effect independent of the antibiotic treatment
alone and suggestive of the potential for
therapeutic manipulation of the gut-lung
axis. Alternate organisms, including Blautia
andAlistipes, prominent in the low gut-lung
interaction group, also demonstrate changes
in relation to lung Pseudomonas that are
modified by antimicrobial intervention.
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Figure 4. Assessment of gut microbiome dynamics in a murine model of lung Pseudomonas aeruginosa (PAO1) infection. (A) Schematic
illustration of the overall experimental design. Twenty-four mice were subjected to four experimental treatment arms (n=6 per arm). Mice
received either a saline control (112) or antibiotic treatment (imipenem) (314) by oral gavage for 2 days before either intratracheal delivery
of normal saline (11 3) or PAO1 inoculation (214). Bacteriome and mycobiome profiles were characterized by 16S and ITS sequencing
approaches derived from fecal pellets obtained at the experimental endpoint (day 5). In addition, assessment of bacteriome and mycobiome
profiles pre- and postantibiotic treatment on day 0 and day 2 in treatment arm 3 (indicated by red asterisk) was performed. (B and C) Stacked
bar plots illustrate the (B) gut bacteriome and (C) gut mycobiome composition in all four experimental arms (day 5). (D and E) Network plots
illustrating key taxa from the mouse gut interactome splitting organisms (D) affected by PAO1 infection independent of antibiotic (imipenem)
pretreatment to those (E) affected by PAO1 infection and abrogated by antibiotic (imipenem) pretreatment (see also Figure E7). Microbial
genera are represented as nodes indicated as busy (i.e., node degree: microbes with a higher number of direct interactions with other
microbes), critical (i.e., stress centrality: microbes key to maintaining the network’s integrity), and/or influential (i.e., betweenness centrality:
microbes that influence other microbes within the network, including indirectly), and these network metrics are highlighted by size, width, and
node coloration, respectively, in the presented network plots (7). WT=wild-type.
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Figure 5. Metagenomic analysis of the gut-lung axis in bronchiectasis. (A) Stacked bar plots illustrating species-level classification of lung (left)
and gut (right) microbiome relative-abundance profiles derived by metagenomic sequencing in high (cluster 1, n=7) and low (cluster 2, n=8)
gut-lung interaction groups. (B) GBLM-derived networks illustrating four key bronchiectasis (bacterial) pathogens and their interactions with
other microbes within the bronchiectasis gut-lung interactome. Microbial interactions (edges) are represented as lines (gray), and species as
nodes are indicated as busy (i.e., node degree: microbes with a higher number of direct interactions with other microbes), critical (i.e., stress
centrality: microbes key to maintaining the network’s integrity), and/or influential (i.e., betweenness centrality: microbes that influence other
microbes within the network, including indirectly), and network metrics are highlighted by size, width, and node coloration, respectively, in the
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Our combined human andmouse analysis
reveal the importance of appreciating
microbial interactions as opposed to
microbial identity alone across organ systems
and questions whether therapeutic targeting
of one organ system gives rise to microbial
alterations in another, an important avenue
for future work.

Significantly, metagenomics of the gut
and lung in a subset of patients validated
findings from our targeted analysis,
including the identification of P. aeruginosa
and several species of Bacteroides in the high
gut-lung interaction cluster. In addition, this
approach provided additional discriminant
commensal species of interest in the low
gut-lung interaction bronchiectasis cluster:

lung Prevotella melanogenica and gut C.
aerofaciens. This is notable, given recent
work byWu and colleagues demonstrating
immunoprotective Th17 responses, inducible
on commensal P. melanogenica exposure,
and which confers protection against an
S. pneumoniae challenge (34). As such, their
diminished abundance in the clinically
adverse high gut-lung interaction cluster
appears consistent with a depletion of
“beneficial”microbes that may have key roles
in immune homeostasis. Conversely, gut
C. aerofaciens, implicated in IL-17A
signaling, correlates with negative clinical
consequence in rheumatoid arthritis, owing
to its immune-potentiating effect (44). These
reports, alongside our own observations,

suggest that microbes in the low gut-lung
interaction cluster may engender a
proinflammatory response with a net overall
immunoprotective effect. It is interesting that
increased gut Candida, observed in our low
gut-lung interaction cluster, is similarly
associated with Th17 airway modulation
through gut-lung cross-talk (38).
Involvement of immune pathways, induced
by lung microbes, with effects at distal sites
has recently been shown in multiple sclerosis
implicating the lung-brain axis (43).
Metagenomics further highlights shifts in
microbial metabolic profiles, including
enrichment of peptidoglycan maturation
in the low gut-lung interaction cluster.
Aligned with this, oral administration of
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Figure 5. (Continued ). presented network plots (7). (C and D) Correlation-based co-occurrence analysis illustrating cluster-based gut
microbiome network conformation of the (C) high gut-lung interaction (cluster 1) and (D) low gut-lung interaction (cluster 2), respectively.
Species are grouped according to their observed genus-level differential network connectivity within clusters. Genera with three or more
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peptidoglycan prevents sepsis in response to
S. pneumoniae, evidence supporting its
positive influence on health (45). Circulating
peptidoglycan fragments are traced to gut
microbiome constituents and remain
important for immune development (45).
Whether microbial peptidoglycan fragments,
for example, originating from the gut and
lung act as tentative intermediary regulators
of gut-lung homeostasis in bronchiectasis
remains an interesting proposition and
one requiring future work incorporating
immunological andmetabolomic readouts.

Although we report a novel and
integrated approach to evaluating the
gut-lung axis in bronchiectasis, including
clinical relevance, our work has important
limitations. First, we used a small cohort from
a single site with a cross-sectional design
lacking longitudinal follow-up.We, therefore,
relied on static data to predict dynamic
phenomena. Second, the study relies on small
sample sizes, which are partly overcome
through data integration and paired analysis.
The subgroup comparisons, however, are
exploratory at best. Next, although targeted
amplicon sequencing is well established, it
does have limitations, including primer
dependence, low taxonomic coverage,
underdevelopment of fungal reference
databases, and an underrepresentation of
mycobacteria.We overcome this partially by
performing metagenomic sequencing in a
subset of patients. Furthermore, we did not

assess for viruses or viromes in this study,
another important microbial kingdom of
interest. Although our concurrent gut and
lung sampling approach resolves the
influence of time-based confounders, other
latent confounders may not have been
included in our analysis.

Additionally, gut microbiomes are
susceptible to other influences, including
diet, and no food diaries or information on
dietary patterns were collected in this study
concerning gut microbiomes. In addition,
the persistent long-term effects of antibiotics
on gut microbiomes should also be
acknowledged, some of which may last
beyond the 4-week criterion used in this
work. Although the most acute changes to
gut microbiomes from antibiotics are
observed in the first 8 days after exposure,
we cannot out rule the possibility of latent
effects, dysbiosis, and/or gut-lung
dysfunction that occurred postexposure to
antibiotics but preceded the 4-week period
before study enrollment.

We also excluded patients with
mycobacterial infection who represent an
important patient subgroup that should be
explored further in future work. Of note,
although we excluded COPD in participants
on the basis of established spirometry
criteria, no systematic assessment of
COPD-related changes on chest radiology
was performed. Mouse experiments should
be interpreted with caution, given the

inherent differences between the gut
microbiota composition of specific-
pathogen–free mice and human subjects.
Furthermore, in this work, we cannot exclude
potential indirect effects of P. aeruginosa
infection onmouse behavior, including food
and water consumption (or, possibly, other
factors) that may impact gut microbiomes
indirectly. Finally, although associative
patterns (interactome) between the gut and
lung have been identified in this work, they
do not delineate the type of interaction
(direct or indirect) betweenmicrobes. Future
mechanistic work, including the assessment
of host immunity and incorporating systems
biology (i.e., metabolomics and lipidomics), is
necessary to assess contributing factors and
assign causation.

In conclusion, a dysregulated gut-lung
axis driven by lung Pseudomonas occurs in
bronchiectasis and associates with poor
clinical outcome. Interventional approaches,
as seen in ventilator-associated pneumonia,
which leverage immunomodulation of this
axis warrant future investigation in
bronchiectasis (46, 47).�
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