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Abstract 

Background Airflow obstruction is a hallmark of disease severity and prognosis in bronchiectasis. The relationship 
between lung microbiota, airway inflammation, and outcomes in bronchiectasis with fixed airflow obstruction (FAO) 
remains unclear. This study explores these interactions in bronchiectasis patients, with and without FAO, and com‑
pares them to those diagnosed with chronic obstructive pulmonary disease (COPD).

Methods This prospective observational study in Taiwan enrolled patients with either bronchiectasis or COPD. To 
analyze the lung microbiome and assess inflammatory markers, bronchoalveolar lavage (BAL) samples were collected 
for 16S rRNA gene sequencing. The study cohort comprised 181 patients: 86 with COPD, 46 with bronchiectasis, 
and 49 with bronchiectasis and FAO, as confirmed by spirometry.

Results Patients with bronchiectasis, with or without FAO, had similar microbiome profiles characterized by reduced 
alpha diversity and a predominance of Proteobacteria, distinctly different from COPD patients who exhibited more 
Firmicutes, greater diversity, and more commensal taxa. Furthermore, compared to COPD and bronchiectasis with‑
out FAO, bronchiectasis with FAO showed more severe disease and a higher risk of exacerbations. A significant corre‑
lation was found between the presence of Pseudomonas aeruginosa and increased airway neutrophilic inflammation 
such as Interleukin [IL]‑1β, IL‑8, and tumor necrosis factor‑alpha [TNF]‑α, as well as with higher bronchiectasis severity, 
which might contribute to an increased risk of exacerbations. Moreover, in bronchiectasis patients with FAO, the ROSE 
(Radiology, Obstruction, Symptoms, and Exposure) criteria were employed to classify individuals as either ROSE (+) 
or ROSE (−), based on smoking history. This classification highlighted differences in clinical features, inflammatory 
profiles, and slight microbiome variations between ROSE (−) and ROSE (+) patients, suggesting diverse endotypes 
within the bronchiectasis with FAO group.

Conclusion Bronchiectasis patients with FAO may exhibit two distinct endotypes, as defined by ROSE criteria, charac‑
terized by greater disease severity and a lung microbiome more similar to bronchiectasis without FAO than to COPD. 
The significant correlation between Pseudomonas aeruginosa colonization and increased airway neutrophilic inflam‑
mation, as well as disease severity, underscores the clinical relevance of microbial patterns. This finding reinforces 
the potential role of these patterns in the progression and exacerbations of bronchiectasis with FAO.
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Background
Bronchiectasis, a heterogeneous disease in both etiol-
ogy and clinical presentation [1], results from genetic or 
acquired conditions [1, 2] and is characterized by perma-
nent airway dilatation and wall thickening [3]. It exhibits 
diverse radiological and inflammatory patterns, microbi-
ology, patient characteristics, and clinical outcomes [4–6]. 
Chronic obstructive pulmonary disease (COPD) is a het-
erogeneous lung condition characterized by persistent 
airflow obstruction and increased airway inflammatory 
responses due to prolonged exposure to noxious parti-
cles or gases [7]. Patients with bronchiectasis and fixed 
airflow obstruction (FAO) are those who meet both the 
obstructive spirometry criteria for COPD and the struc-
tural diagnosis of bronchiectasis [8, 9]. The clinical and 
pathological features coexisting in bronchiectasis and 
COPD can exacerbate symptoms, intensify inflammation, 
and worsen prognosis compared to either condition alone 
[8, 10–15]. A new consensus regarding the definition of 
“COPD–bronchiectasis association” was proposed by 
the EMBARC Airway Working Group recently [16]; this 
definition comprises four components, namely specific 
radiological signs, functional obstructive pattern, at least 
two characteristic respiratory symptoms, and current or 
past smoking (≥ 10 pack-years) or biomass exposure (i.e., 
ROSE criteria), which are used to describe the coexistence 
of these two disease entities with complex interactions.

Dysbiosis in the lung microbiome, particularly involv-
ing Proteobacteria such as Pseudomonas and Haemo-
philus, is linked to increased severity and exacerbations 
in COPD [15, 17–19] and bronchiectasis patients [14, 
20, 21]. However, the role of the lung microbiome in 
bronchiectasis patients with fixed airway obstruction or 
so-called “bronchiectasis and COPD overlap” remains 
an under-researched area [13, 15]. A recent study [22] 
analyzing a United Kingdom cohort used sputum sam-
ples to identify five endotypes, revealing distinct inflam-
matory statuses and microbiological characteristics in 
COPD, bronchiectasis, and the “COPD-bronchiectasis 
association” as per the ROSE criteria [16]. This research 
underscored that traits like neutrophilic inflammation, 
differential mucin expression, and gram-negative infec-
tions are prevalent in patients with the “COPD-bronchi-
ectasis association”. Nevertheless, there is a notable gap 
in robust data for advanced bronchiectasis patients with 
fixed airflow obstruction and typical airway symptoms 
[9], particularly those who do not meet the ROSE criteria 
due to a lack of smoking history. Additionally, regional 

variances in etiology, smoking patterns, and environmen-
tal exposures in East Asia and other areas may uniquely 
affect lung microbiology in both COPD [23–25] and 
bronchiectasis [6, 26]. The complex interplay between the 
lung microbiome, smoking exposure, and bronchiectasis 
with airflow obstruction [6, 9, 11, 15, 16, 22] is increas-
ingly recognized. Yet, there is a scarcity of research spe-
cifically addressing these relationships within East Asian 
populations.

In this study, our objective is to investigate the lung 
microbiome in bronchiectasis patients with FAO using 
bronchoalveolar lavage (BAL) samples. We aim to 
evaluate airway inflammatory markers and their clini-
cal relevance, categorizing these patients based on their 
adherence to the ROSE criteria. Additionally, we will 
compare these findings with those from patients diag-
nosed solely with COPD or bronchiectasis within an East 
Asian cohort.

Methods
Study design and participants
Patients with a clinical diagnosis of bronchiectasis or 
COPD were prospectively recruited between November 
2018 and February 2022 from National Taiwan University 
Hospital (NTUH), Yunlin branch, Yunlin County, Taiwan. 
We recruited clinically stable patients diagnosed with 
COPD according to the relevant guidelines [7]. Patients 
were enrolled if they were aged ≥ 40 years, had a forced 
expiratory volume in one second  (FEV1)/forced vital 
capacity (FVC) ratio < 0.7 at a screening visit, and had a 
smoking history of at least 10 pack-years or relevant bio-
mass exposure. Bronchiectasis was confirmed by a high-
resolution computed tomography (HRCT) scan indicating 
a bronchoarterial ratio > 1, lack of tapering, and airway 
visibility within 1 cm of the pleural surface [3, 27], along 
with clinical symptoms consistent with bronchiectasis. 
The definition of bronchiectasis with FAO was based on 
broadly established criteria, encompassing typical airway 
symptoms (e.g., cough, shortness of breath, wheezing, and 
sputum production) that met both spirometry criteria 
for COPD and the structural diagnosis of bronchiectasis 
[9]. Patients were excluded if they (1) had cystic fibrosis-
related bronchiectasis, active allergic bronchopulmonary 
aspergillosis (ABPA), active pulmonary tuberculosis, or a 
current diagnosis of asthma; (2) had acute exacerbation 
of COPD or bronchiectasis within the past 3 months; or 
(3) were on specific antibiotic treatments or had an acute 
infection within 1  month prior to the study. Patients on 
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long-term antibiotics or undergoing chemotherapy for 
malignancy were also excluded.

We collected comprehensive clinical data at enroll-
ment, including outcomes, laboratory and imaging stud-
ies, comorbidities, history of exacerbations, current 
medications, and past major conditions. The definition of 
exacerbations in COPD and bronchiectasis was based on 
established guidelines. For COPD, according to the GOLD 
guidelines [7], a moderate exacerbation requires treat-
ment with antibiotics or systemic glucocorticoids, while a 
severe exacerbation results in hospitalization or death. In 
bronchiectasis, an exacerbation episode is characterized 
by deteriorations in at least three key symptoms within 
48  h—such as increased cough, changes in the sputum 
volume and/or consistency, increased sputum purulence, 
worsened breathlessness and/or reduced exercise toler-
ance, fatigue, malaise, and hemoptysis—that necessitate 
a change in treatment [28]. The severity of exacerbations 
for both conditions is graded according to the treatment 
required. Moderate exacerbation episodes necessitate 
outpatient treatment with antibiotics, systemic glucocor-
ticoids, or other appropriate therapies [7, 28], whereas 
severe exacerbation episodes require hospitalization or 
an emergency department visit due to airway complica-
tions [7, 28]. The NTUH Research Ethics Committee 
approved the study (NTUH-REC No. 201712075RINA 
and 201910082RINA).

The bronchoalveolar lavage (BAL) samples collection
The participants were asked to fast at least 4  h before 
undergoing the BAL collection procedure. Participants 
gargled 20 ml of sterile 0.9% saline (for the collection of 
oral washing control samples) and then an antiseptic 
mouthwash containing 0.12% chlorhexidine gluconate 
immediately before undergoing topical anesthesia and 
conscious sedation. Before the procedure, 20  ml of ster-
ile 0.9% saline was also washed through the bronchoscope 
and collected as a control sample. The bronchoscope 
was inserted into the mouth of a participant and quickly 
advance d to a wedge position.

In general, with up to 200 ml of 0.9% saline used, BAL 
fluid was predominantly collected from the right mid-
dle lobe in patients with COPD alone in accordance with 
published protocols [29]. For those with bronchiectasis, 
BAL fluid was preferentially collected from either the 
right middle lobe or the left lingual lobe based on the 
extent of the lobe involvement in bronchiectasis. BAL 
fluid collection was specifically targeted to the specific 
lobes with pronounced bronchiectatic changes. If simi-
lar levels of severity were noted in multiple lobes, BAL 
fluid was predominantly collected from the right middle 
lobe or the left lingual lobe. Although the most affected 
lobe may not always be the site of sample collection and 

variability in sampling locations may affect microbiome 
profiles, we ensured that the selected sites were clinically 
significant and indicative of active disease. This strategy 
allowed us to maintain the robustness of our findings 
while ensuring representative sampling, site accessibility, 
and patient safety. After the procedure, all the collected 
samples were sent to our lab within 2  h for subsequent 
analysis.

Bronchoalveolar lavage sample for analysis of immune 
cells, inflammatory cytokines, and neutrophilic 
extracellular traps
The BAL supernatant was examined for various inflam-
mation markers (e.g., tumor necrosis factor [TNF]-α, 
interleukin [IL]-1β, IL-6, IL-8, and IL-18) by using a Pro-
cartaPlex Multiplex Immunoassays Kit (Thermo Fisher 
Scientific) to perform quantitative, multiplexed protein 
measurements and using Luminex magnetic bead tech-
nology per manufacturer recommendations [30]. The col-
lected BAL fluid was filtered through a 40-μm cell strainer 
(Millipore, Billerica, discarded, and the conidial pellets 
were resuspended in 200 μl of phosphate-buffered saline 
(PBS) with the following monoclonal antibodies: CD14, 
CD15, CD16, CD45, CD49d, CD80, CD206, CD294 
(Beckman Coulter), CD163, and CD193 (BioLegend, San 
Diego, CA, USA). The samples were stained at room tem-
perature in the dark for 30 min and centrifuged at 200×g 
for 5  min. Thereafter, the samples were resuspended in 
400  μl of PBS/fix solution (1:1), and a flow cytometric 
assay (Beckman Coulter) was performed to assess their 
surface antigen levels [31].

A 96-well plate was coated with myeloperoxidase 
(MPO) antibodies (1:500) with coating buffer and left 
overnight at 4  °C. In each well, we replaced the coat-
ing buffer with 100 μl of incubation buffer at room tem-
perature for 30 min. Next, in each well, we replaced the 
incubation buffer with 100  μl of sample buffer at 4  °C, 
and this condition was maintained overnight. The wells 
were washed thrice with 300 μl of wash buffer. We added 
100 μl of conjugate buffer for neutrophil’s DNA dictation 
to each well at room temperature for 90  min and then 
washed each well thrice with 300 μl of wash buffer. Finally, 
we added 100 μl of substrate buffer at room temperature 
for 10–20 min and then used an enzyme-linked immuno-
sorbent assay reader for analysis [32].

Methods for BAL sample processing, DNA extraction, 
and lung microbiome sequencing
A total of 10  ml of BAL fluid was centrifuged at high 
speed (13,000 rpm) to pellet cellular material. The bacteria 
genomic DNA in the BAL samples were extracted using 
a QIAamp DNA BAL kit (QIAamp DNA Microbiome 
Kit Cat. No./ID:  51704) according to the manufacturer’s 
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instructions [33]. The bacterial 16S ribosomal RNA varia-
ble region V3–V4 was amplified through polymerase chain 
reaction (PCR) by using the primers V3F (5′-CCT ACG 
GGNGGC WGC AG-3′) and V4R (5′GAC TAC HVGGG 
TAT CTA ATC C-3′) for microbiome analysis (as described 
in another study [34]) and applying a sample-specific bar-
code. PCR products were subjected to a microbiome analy-
sis on an Illumina MiSeq sequencing platform with 300-bp 
paired reads according to the manufacturer’s instructions.

Lung microbiome analysis
The raw paired-end 16S rRNA sequencing data files were 
initially analyzed using QIIME 2 with the DADA 2 plugin 
(version 2022.2) [35] to generate nonchimeric Amplicon 
sequence variants (ASVs). Taxonomic assignment was 
performed using the naive Bayesian classifier built-in R 
package DADA2 (assign Taxonomy function; version 
1.22.0) [36] and the curated SILVA 138.1 database 
(https:// github. com/ mamme rlin/ U16S- DD2B/ tree/ main/ 
Curat ed% 20DB/ Curat ed% 20SIL VA).

Furthermore, the taxonomy of ASVs assigned as 
NA (Not Available) at the species level in the DADA2 
assignment results was determined using DD2B (https:// 
github. com/ mamme rlin/ U16S- DD2B/ tree/ main/ DD2B) 
with BLAST + (MGEGABLAST; version 2.12.0) [37].

Finally, the raw ASV abundance was aggregated into 
the corresponding taxon after taxonomic assignment. 
The aggregated taxon abundances were then rarified to 
the minimum number of reads present in the samples for 
subsequent analyses. For the subsequent data analysis, we 
use the R software (version 4.1.2) and the Phyloseq [38], 
vegan [39], microViz [40], and ggplot2 [41] packages. 
Alpha diversity measurements were calculated using the 
Shannon index. Beta diversity analysis was performed 
through a PCoA of Bray–Curtis matrices. Nonparamet-
ric statistical analyses, including Wilcoxon rank-sum 
tests and Kruskal–Wallis tests, were used to compare 
the relative abundance of taxa and alpha diversity of the 
groups. Adonis permutational analysis of variance tests 
were performed to compare the beta diversity between 
the groups. Pairwise differences in beta diversity were 
also analyzed by conducting a permutational analysis of 
multivariate dispersions (Betadisper function in vegan, 
999 permutations). Spearman’s correlation test was used 
to analyze the correlations between clinical variables and 
selected taxa. Statistical significance was determined 
using a two-sided P value of < 0.05 for diversity analysis 
or a Benjamini–Hochberg adjusted P value of < 0.05 for 
multiple testing analysis. DESeq2 (version 1.34.0) [42] 
with “poscounts” size factor estimation and default set-
tings was used to identify differentially abundant taxa 
between groups of samples. Stacked bar plots of the most 

abundant taxa were plotted with microViz and ggplot2 
packages.

Negative controls and decomtam method
To address potential background contaminations, we per-
formed DNA extraction and PCR amplification for the 
biological control (oral washing fluid) and background 
negative controls (including bronchoscope channel wash-
ing fluid, sterile saline and reagents) obtained from study 
participants from the COPD, bronchiectasis without air-
flow obstruction (BE), and bronchiectasis with fixed air-
flow obstruction (BE-FAO) groups in parallel to account 
for potential contamination. In brief, a total of 78 oral 
washing control (OWC) samples, 5 bronchoscope chan-
nel washing (BCW) fluid samples, 5 sterile normal saline 
control (NSC), phosphate buffered (PBS) control, 5 
extraction kit control (EKC) and 5 non-template control 
(NTC) were processed for 16S rRNA sequencing.

During the microbiome analysis of 181 BAL samples 
collected from stable patients, a total of 7771 amplicon 
sequence variants (ASV) were consolidated to 1750 taxa. 
To remove the potential contaminations, the combined 
method in R package Decontam (v1.16.0) [43] with back-
ground negative controls were performed and 65 and 20 
potential background contaminate species were identi-
fied and removed from BAL and OWC samples, result-
ing in 1685 and 800 species, respectively. Afterward, we 
performed a rarefaction analysis of 181 BAL samples to 
obtain the same library size (read count = 20,346). To fil-
ter out rare taxa, the remaining 1624 taxa found in fewer 
than 10% of BAL samples were removed and among ASV 
annotated to specie, we detected 295 taxa for final analy-
sis in BAL samples (Table S1).

Before removing the contaminants, the BAL and NC 
showed similar alpha-diversity (Figure S1A), which were 
significantly higher than OWC samples (P < 0.05). The 
significant differences in the beta diversity (Figure S1B) 
of microbiome communities among the BAL, OWC and 
NC samples  [R2 = 0.331, P = 0.01, ADONIS permutational 
multivariate analysis of variance (PERMANOVA)] were 
noted.

After the decontam method was performed, micro-
biome analysis revealed significant differences in alpha 
diversity between the BAL and OWC samples (P < 0.001, 
Figure S2A).; and a principal coordinates analysis (PCoA) 
revealed a significant separation of microbial communi-
ties between the BAL and OWC samples (ADONIS PER-
MANOVA  R2 = 0.293, P = 0.001, Figure S2B), indicating 
that the microbiome compositions of the BAL and OWC 
samples were significantly different. However, we still 
could not exclude the possibility that some lung micro-
biota of the BAL samples overlapped with pharyngeal 

https://github.com/mammerlin/U16S-DD2B/tree/main/Curated%20DB/Curated%20SILVA
https://github.com/mammerlin/U16S-DD2B/tree/main/Curated%20DB/Curated%20SILVA
https://github.com/mammerlin/U16S-DD2B/tree/main/DD2B
https://github.com/mammerlin/U16S-DD2B/tree/main/DD2B
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taxa because of subclinical microaspiration or the proce-
dural effect [44, 45]. However, no established standards 
exist for sampling lung microbiome without carry over 
of upper airway microbes [46, 47], and BAL sampling 
does present a theoretical risk of exposure to pharyngeal 
microbiota [47]. Therefore, our procedure protocol for 
the negative control samples was implemented to mini-
mize background contamination.

Quantification of emphysema and bronchiectasis severity
All study participants underwent a CT quantification 
to assess the severity of emphysema. The emphysema 
severity was quantified by measuring the low-attenua-
tion volume (LAV %), which was segmented at a thresh-
old of -930 Hounsfield units (HUs) relative to the total 
lung volume on inspiratory CT images [48, 49]. For 
bronchiectasis, radiological severity was determined 
using the modified Reiff score, ranging from a maxi-
mum of 18 to a minimum of 1, assessing the number of 
involved lobes [50]. Additionally, the multidimensional 
bronchiectasis severity index (BSI), which classifies 
bronchiectasis as mild (0–4), moderate (5–8), or severe 
(≥ 9), was also evaluated [4].

Statistical analysis
In this study, continuous variables were presented as 
mean ± standard deviation (SD) for parametric data and as 
medians with inter-quartile ranges (IQR) for nonparamet-
ric data. For comparing groups, we used the independent 
samples t-test for parametric data and the Mann–Whit-
ney test for nonparametric data. Categorical variables 
were analyzed using the chi-square test or Fisher’s exact 
test, depending on the data suitability. These statisti-
cal analyses were conducted using SPSS software (ver-
sion 18.0, IBM). All tests were two-sided, and a P value 
of less than 0.05 was considered indicative of statistical 
significance. The methodology for microbiome analysis 
and other statistical procedures are detailed as previously 
described.

Results
Clinical characteristics of patients with bronchiectasis 
and COPD
Of the 195 consecutively stable patients with COPD and/
or bronchiectasis initially enrolled, 181 were included in 
the final analysis. The study cohort comprised 86 patients 
with COPD, 46 patients with BE, and 49 patients with 

Fig. 1 The workflow of patients recruited in the study. BE Bronchiectasis without fixed airflow obstruction, BE-FAO Bronchiectasis with fixed airflow 
obstruction, COPD Chronic obstructive pulmonary disease, FEV1 forced expiratory volume in 1 s, FVC forced vital capacity, HRCT  high‑resolution 
computed tomography, ROSE Radiology, Obstruction, Symptoms, Exposure
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Table 1 Clinical characteristics of study participates (N = 181)

Data are presented as No. (%) or median (interquartile range), unless otherwise indicated; n.a.: not available

For each row, data are either % with p-values from t test or Fisher’s exact tests between the two groups, median (IQR) with p-values from Mann‐Whitney tests; *P < 0.05

BE Bronchiectasis without fixed airflow obstruction, BE-FAO Bronchiectasis with fixed airflow obstruction, BMI Body Mass Index, COPD Chronic obstructive pulmonary 
disease, FEV1 forced expiratory volume in 1 s, FVC forced vital capacity, LAV low-attenuation volume, HU Hounsfield unit, CAT  COPD Assessment Test, mMRC modified 
Medical Research Council, LAMA long-acting muscarinic antagonist, LABA Long-acting β2 Sympathomimetic Agonists, ICS Inhaled corticosteroid

Clinical factors/variables COPD BE BE-FAO P value BE-FAO 
vs COPD

P value 
BE-FAO 
vs BE

Number 86 46 49

Age, years, median (IQR) 67.9 (63.1–77.3) 67.1 (59.3–75.4) 73.6 (62.4–78.9) 0.2 0.044*

Gender, Man, n (%) 83 (96.5) 20 (43.5) 35 (71.4) < 0.001* 0.005*

BMI, median (IQR) 24.2 (22.1–26.2) 21.2 (18.3–24.2) 22.4 (3.8) 0.001* 0.468

Smoking status, n (%)

 Nonsmoker 7 (8.1) 33 (71.7) 25 (51.0) < 0.001* 0.031*

 Ex‑smoker or current smoker 79 (91.9) 13 (28.3) 24 (49.0)

Lung function test, median (IQR)

  FEV1/FVC (%) 63.7 (53.1–68.8) 78.0 (74.9–80.0) 64.1 (58.7–66.9) 0.913 < 0.001*

  FEV1 (%) 73.0 (59.0–85.0) 91.7 (77.7–104.6) 70.0 (53.7–79.8) 0.155 < 0.001*

 FVC (%) 91.8 (82.3–107.5) 94.7 (79.3–104.5) 86.4 (73.9–99.6) 0.055 0.11

Bronchodilator reversibility, n (%) 17 (19.8) 4 (8.7) 6 (12.2) 0.191 0.411

Emphysema score, median (IQR)

 LAV < − 930 (HU) (%) 8.5 (2.8–19.9) 2.67 (0.83–8.11) 5.5 (2.7–16.4) 0.224 0.003*

Radiological severity of bronchiectasis

 Bronchiectasis involved lobes, median (IQR) – 3.0 (2.0–4.0) 4.0 (3.0–5.0) n.a 0.001*

 Modified Reiff score, median (IQR) – 3.5 (2.0–4.0) 5.0 (3.0–6.0) n.a 0.010*

Bronchiectasis severity index (BSI), median (IQR) – 6.0 (3.0–9.0) 8.0 (6.0–10.0) n.a 0.013*

Mild (0–4), n (%) – 18(39.1) 6(12.2) n.a 0.009*

Moderate (5–8), n (%) – 15(32.6) 20(40.8)

Severe (≥ 9), n (%) – 13(28.3) 23(46.9)

mMRC (dyspnea scale), n (%)

 0–1 50 (58.1) 34 (73.9) 24 (49.0) 0.198 0.011*

≥ 2 36 (41.9) 12 (26.1) 25 (51.0)

CAT score (symptoms score), n (%)

 < 10 66 (76.7) 33 (71.7) 35 (71.4) 0.314 0.577

 ≥  10 20 (23.3) 13 (28.3) 14 (28.6)

Exacerbation in prior yr

 Low risk: 0–1 time /year 79 (91.9) 38 (82.6) 38 (77.6) 0.020* 0.361

 High risk: ≥ 2 times /year 7 (8.1) 8 (17.4) 11 (22.4)

Comorbidities, n (%)

 Cardiovascular disease 51 (59.3) 15 (32.6) 21 (42.9) 0.048* 0.207

 Diabetes mellitus 20 (23.3) 7 (15.2) 5 (10.2) 0.047* 0.335

 Chronic kidney disease 13 (15.1) 7 (15.2) 8 (16.3) 0.518 0.554

 Chronic liver disease 17 (19.8) 11 (23.9) 6 (13.2) 0.191 0.112

 Gastroesophageal reflux disease 53 (61.6) 23 (50.0) 23 (46.9) 0.07 0.463

 Obstructive sleep apnea 8 (9.3) 2 (4.3) 4 (8.2) 0.546 0.369

 History of tuberculosis infection 3 (3.5) 10 (21.7) 14 (28.6) < 0.001* 0.229

 Autoimmune disease 1 (1.2) 6 (13.0) 2 (4.1) 0.298 0.114

Inhalation therapy, n (%) at baseline

 Short‑acting bronchodilator or none 13 (15.1) 34 (73.9) 10 (20.4) 0.214 < 0.001*

 Monotherapy (LAMA or LABA) 19 (22.1) 4 (8.7) 4 (8.2)

 Dual therapy (ICS + LABA) 2 (2.3) 0 (0) 0 (0)

 Dual bronchodilators (LAMA + LABA) 38 (44.2) 7 (15.2) 26 (53.1)

 Triple therapy 14 (16.3) 1 (2.2) 9 (18.4)

 Inhaled corticosteroid (ICS) 16 (18.6) 1 (2.2) 9 (18.4) 0.583 0.010*
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BE-FAO (Fig. 1). Their demographic and clinical charac-
teristics are summarized in Table 1. Compared with the 
COPD group, the BE-FAO group had higher neutrophil 
counts in the blood and BAL samples, higher C-reactive 
protein (CRP) levels (Table  2), more exacerbation epi-
sodes in the past year, and a higher frequency of prior 

tuberculosis. Additionally, the BE-FAO group had higher 
bronchiectasis severity, more extensive emphysema, 
worse airway symptoms, higher CRP levels, lower lung 
function indices, and greater reliance on bronchodilators 
than the BE group.

Table 2 Clinical samples analysis of study patients (N = 181)

For each row, data are either % with p-values from t test or Fisher’s exact tests between the two groups, median (interquartile range, IQR) with p-values from Mann‐
Whitney tests; *P < 0.05

BAL Bronchoalveolar lavage, BE Bronchiectasis without fixed airflow obstruction, BE-FAO bronchiectasis with fixed airflow obstruction, COPD Chronic obstructive 
pulmonary disease, IL-1β interleukin [IL]-1β, IL-6 interleukin [IL]-6, IL-8 interleukin [IL]-8, IL-18 interleukin [IL]-18, MCP-1 Monocyte chemoattractant protein-1, NETs 
Neutrophil extracellular traps, TNF-α tumor necrosis factor [TNF]-α

Laboratory data COPD BE BE-FAO P value
BE-FAO vs COPD

P value 
BE-FAO 
vs BE

Number 86 46 49

Blood sample, median (IQR)

 Hemoglobin (g/dl) 15.1 (13.6–15.8) 13.5 (12.3–14.2) 13.8 (12.8–14.8)  < 0.001* 0.142

 Platelet count (K/μl) 214.5 (183.0–250.2) 228 (193–288) 243 (208–285) 0.004* 0.441

 White blood cell counts (K cells/mm3) 6.41 (4.97–7.49) 6.64 (4.91–8.22) 7.51 (5.41–9.25) 0.010* 0.058

 Neutrophil (%) 59.2 (52.9–64.8) 61.4 (53.3–68.5) 64.4 (57.2–70.8) 0.001* 0.120

 Eosinophil (%) 2.8 (1.6–4.3) 2.1 (1.2–3.4) 2.6 (1.4–4.1) 0.263 0.292

 < 2%, n (%) 26 (30.2) 22 (47.8) 19 (38.8) 0.205 0.247

 ≥ 2%, n (%) 60 (69.8) 24 (52.2) 30 (61.2)

 Eosinophil counts (cells/mm3) 173.8 (101.1–287.4) 134.7 (65.4–235.3) 162.1 (126.4–271.0) 0.770 0.092

 C‑reactive protein (mg/dl) 0.15 (0.06–0.31) 0.14 (0.04–0.68) 0.42 (0.23–0.88) 0.001* 0.004*

BAL samples, median (IQR)

 Macrophage % 83.5 (76.3–89.3) 87.1 (77.2–89.6) 85.9 (81.0–91.4) 0.056 0.175

 Neutrophils % 1.4 (0.6–2.5) 1.2 (0.7–2.7) 2.1 (0.9–5.2) 0.024* 0.076

 Eosinophils % 2.9 (1.8–5.4) 2.3 (1.1–4.3) 1.8 (1.2–2.9) 0.003* 0.290

 Lymphocyte % 8.8 (6.4–15.1) 7.4 (3.1–16.6) 8.0 (3.9–10.7) 0.013* 0.655

BAL sample, median (IQR)

 Eotaxin (pg/ml) 1.6 (1.0–5.4) 1.3 (0.7–3.5) 1.9 (0.9–3.5) 0.873 0.375

 IL‑1β (pg/ml) 4.2 (2.1–9.2) 13.1 (3.7–100.4) 56.0 (4.6–352.6)  < 0.001* 0.095

 IL‑6 (pg/ml) 10.2 (2.5–21.0) 16.6 (5.4–45.9) 31.1 (6.4–69.7)  < 0.001* 0.175

 IL‑18 (pg/ml) 31.1 (20.0–52.5) 36.3 (25.4–52.5) 38.3 (23.8–48.9) 0.385 0.754

 IL‑8 (pg/ml) 201.6 (64.4–377.0) 423.6 (131.0–1453.0) 958.5 (224.8–2616.5)  < 0.001* 0.048*

 TNF‑α (pg/ml) 4.8 (2.5–9.5) 7.9 (3.9–27.7) 13.2 (5.6–37.7)  < 0.001* 0.074

 MCP‑1(pg/ml) 171.9 (86.7–311.4) 228.2 (97.7–567.0) 259.5 (165.1–553.4) 0.001* 0.461

 NETs (pg/ml) 0.36 (0.18–0.63) 0.57 (0.21–1.04) 1.01 (0.55–2.75)  < 0.001* 0.005*

Conventional culture of BAL samples

 Klebsiella pneumoniae, n (%) 14 (30.0) 13 (28.3) 18 (36.7) 0.327 0.255

 Pseudomonas aeroginosa, n (%) 1 (3.2) 12 (26.1) 16 (32.7)  < 0.001* 0.317

 Staphylococcus aureus, n (%) 12 (26.1) 4 (8.7) 11 (22.4) 0.436 0.059

 Haemophilus influenzae, n (%) 6 (13.0) 7 (15.2) 3 (6.1) 0.577 0.134

 Non‑tuberculosis mycobacterium, n (%) 3 (6.5) 7 (15.2) 7 (14.3) 0.091 0.563

 Other bacterial pathogens, n (%) 20 (43.5) 21 (45.7) 20 (40.8) 0.408 0.394

 Potential pathogenic bacteria colonization, n (%) 35 (76.1) 38 (82.6) 44 (89.9) 0.008* 0.263

 Aspergillus species, n (%) 3 (6.5) 3 (6.5) 5 (10.2) 0.543 0.393

 Candida species, n (%) 5 (10.9) 8 (17.4) 12 (24.5) 0.132 0.276
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Lung microbiome comparison between BE-FAO, BE, 
and COPD groups
In our study, alpha diversity in the BE-FAO and BE 
groups was significantly lower than that in the COPD 
group (P < 0.05, Fig.  2A). Beta diversity significantly dif-
fered between the BE-FAO, BE, and COPD groups 
 (R2 = 0.025, P = 0.001, ADONIS PERMANOVA). Nota-
bly, the COPD group differed considerably from the BE-
FAO  (R2 = 0.0203, adjusted P = 0.0015) and BE groups 
 (R2 = 0.0219, adjusted P = 0.0015). However, the diversity 
indices were similar in the BE and BE-FAO groups, sug-
gesting substantial overlaps in their microbiome profiles 
 (R2 = 0.0107, adjusted P = 0.4370, detailed in Fig. 2B).

At the phylum level, patients with BE-FAO had higher 
Proteobacteria and lower Firmicutes levels than patients 
with COPD (Figure S3). No significant differences were 
found in four major phyla between the BE and BE-FAO 
groups. A detailed analysis of the ASVs annotated to spe-
cies revealed that six taxa were significantly enriched 
in the COPD group, in contrast to the higher levels of 
Pseudomonas aeruginosa in the BE-FAO group (Figure 
S4). These microbial distributions were consistent with 
the conventional culture results detailed in Table 2. The 
concordance rate between the results of 16S rRNA gene 
sequencing and culture-based identification was 64.9% at 
the species level and 66.7% at the genus level (Table S2). 
Additionally, the detailed stacked plot in Figure S5 illus-
trates the relative abundance of the aforementioned taxa 
in the COPD, BE, and BE-FAO groups.

After adjustment for gender and smoking status, our 
differential abundance analysis using DESeq2 indicated 
that the groups differed in their microbiome profiles 
(adjusted P < 0.05 and fold change > 2). At the species 
level, the BE group had enriched Pseudomonas aerugi-
nosa and Haemophilus influenzae, in contrast to the high 
levels of commensal species in the COPD group (Fig. 3A). 
Moreover, unlike the COPD group, the BE-FAO group 
had a predominance of Pseudomonas aeruginosa, Limosi-
lactobacillus fermentum, Ligilactobacillus salivarius, and 
H. influenzae (Fig. 3B).

Bronchiectasis with FAO exhibits neutrophilic 
inflammation and specific microbiota compared to BE 
and COPD
In comparison with patients having COPD alone, those 
with BE-FAO exhibited significantly elevated levels of 
BAL neutrophils and increased concentrations of neu-
trophilic inflammatory cytokines: Interleukin (IL)-1β, 
IL-6, IL-8, Monocyte Chemoattractant Protein-1 
(MCP-1), and Tumor Necrosis Factor-alpha (TNF-α), as 
detailed in Table 2. Additionally, the BE-FAO group dis-
played higher levels of IL-8 and NETs compared to the 
BE group, despite presenting similar lung microbiome 
profiles. Further analysis, illustrated in Fig.  4, explores 
the correlations between clinical variables and specific 
lung bacterial taxa across the COPD, BE, and BE-FAO 
groups. Notably, Pseudomonas aeruginosa was positively 
correlated with airway neutrophilic cytokines and was 

Fig. 2 Alpha diversity (A) and beta diversity (B) of BAL microbiome profiles in three groups. A Patients in BE and BE‑FAO groups displayed similar 
Shannon diversity, which were significantly lower than those with COPD alone. B The pairwise values using Bray–Curtis distance and principal 
coordinates analysis (PCoA) to measure the beta diversity between COPD, BE‑FAO and BE groups. BE Bronchiectasis without fixed airflow 
obstruction, BE-FAO Bronchiectasis with fixed airflow obstruction, COPD Chronic obstructive pulmonary disease
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associated with increased bronchiectasis severity (BSI 
score) and lower BMI in the BE-FAO group.

Differences in clinical features, airway inflammation, 
and lung microbiome among patients with bronchiectasis 
with FAO according to ROSE criteria
We analyzed clinical variables and clinical outcomes 
in 49 bronchiectasis patients with FAO, distinguishing 
between those who met (n = 24) and did not meet (n = 25) 
the ROSE criteria, as detailed in Fig. 1 and Tables S3 and 
S4. Patients meeting the ROSE criteria, also known as the 
“COPD-bronchiectasis association,” were predominantly 
male, often smokers, and generally older. They exhibited 
a tendency towards COPD-related etiologies, presented 
with higher dyspnea and emphysema scores on HRCT 
scans, and showed elevated blood eosinophil and lym-
phocyte levels (Fig. 5).

By contrast, those not meeting the ROSE criteria, who 
formed a BE-FAO ROSE (−) group, were predominantly 

female and more likely to have idiopathic etiologies. 
These patients had significantly elevated levels of neu-
trophilic inflammatory cytokines, specifically IL-1β, IL-6, 
and MCP-1, in the BAL samples (Fig.  5). Despite these 
differences, no significant variation was found in lung 
function indices, bronchiectasis severity, usage of inhaled 
medications, bacterial culture results, and exacerbation 
rates between the groups (Tables S3 and S4).

In patients with BE-FAO, regardless of the ROSE status, 
similar alpha diversity and beta diversity were found for 
the lung microbiota communities, as depicted in Fig. 6A 
and B. Crucially, alpha diversity in the BE-FAO ROSE 
(−) group was significantly lower than that in the COPD 
group (P < 0.001). Alpha diversity was similar in the BE-
FAO ROSE (+) group and the COPD group (P = 0.1). 
Furthermore, the pairwise analysis revealed marked dif-
ferences in beta diversity between the COPD group and 
the BE-FAO ROSE (−) group (ADONIS PERMANOVA 
 R2 = 0.024, adjusted P = 0.003). However, these differences 

Fig. 3 The differential abundance of lung microbiome analysis using DEseq2 in COPD, BE and BE‑FAO groups (adjust gender and smoking status). 
The different taxonomic levels (adjusted P < 0.05 and fold change > 2.0) at species level in BE versus COPD groups (A) and in BE‑FAO versus COPD 
groups (B). BE Bronchiectasis without fixed airflow obstruction, BE-FAO Bronchiectasis with fixed airflow obstruction, COPD Chronic obstructive 
pulmonary disease
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Fig. 4 Heatmap showing spearman correlation between clinical variables and microbiome in COPD, BE and BE‑FAO groups. Clinical variables are 
grouped into three categories: clinical indexes, inflammatory indexes, and imaging indexes. Only those taxa that displayed at least one significant 
correlation (q < .01, following FDR correction) were selected. The color‑coded matrix represents the Spearman correlation coefficient, with red 
indicating a positive correlation and blue indicating a negative correlation. FDRs are denoted: *q < 0.05; **q < 0.01; ***q < 0.001. BAL Bronchoalveolar 
lavage, BE Bronchiectasis without fixed airflow obstruction, BE-FAO Bronchiectasis with fixed airflow obstruction, BMI Body Mass Index, BSI 
Bronchiectasis severity index, CAT  COPD Assessment Test, COPD Chronic obstructive pulmonary disease, CRP C‑reactive protein, FDR False discovery 
rate, FEV1 forced expiratory volume in 1 s, FVC forced vital capacity, LAV low‑attenuation volume, mMRC modified Medical Research Council, IL-1β 
interleukin [IL]‑1β, IL-6 interleukin [IL]‑6, IL-8 interleukin [IL]‑8, IL-18 interleukin [IL]‑18, MCP-1 Monocyte chemoattractant protein‑1, NETs Neutrophil 
extracellular traps, TNF-α tumor necrosis factor [TNF]‑α

Fig. 5 Differences in airway inflammatory profiles based on BAL samples in patients with COPD, BE, BE‑FAO ROSE (+), and BE‑FAO ROSE (−). 
The bronchoalveolar lavage (BAL) samples from study subjects were applied for multiplex Immunoassays. (*P < 0.05, **P < 0.01, ***P < 0.005). BAL 
bronchoalveolar lavage, BE Bronchiectasis without fixed airflow obstruction, BE-FAO Bronchiectasis with fixed airflow obstruction, COPD Chronic 
obstructive pulmonary disease, IL-1 Interleukin [IL]‑1β, IL-6 Interleukin [IL]‑6, IL-18 Interleukin [IL]‑18, IL-8 Interleukin [IL]‑8, MCP-1 Monocyte 
chemoattractant protein‑1, NETs neutrophil extracellular traps, ROSE Radiology, Obstruction, Symptoms, Exposure, TNF-α tumor necrosis factor 
[TNF]‑α
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were less pronounced between the COPD group and 
the BE-FAO ROSE (+) group (ADONIS PERMANOVA 
 R2 = 0.015, P = 0.034, adjusted P = 0.068).

The BE-FAO ROSE (+) group had a notably higher 
relative abundance of Candidatus Absconditabacteria 
(P = 0.034). The BE-FAO ROSE (−) group exhibited a 
slightly increased, but not statistically significant, abun-
dance of Pseudomonas aeruginosa (P = 0.086) (Figures S6 
and S7). After adjustment for age and gender, DESeq2 
analysis revealed that the BE-FAO ROSE (−) group had 
higher levels of species such as Pseudoleptotrichia goodfel-
lowii and Streptococcus mutans than the ROSE (+) group 
(Figure S8).

Association of specific lung bacterial taxa and airway 
inflammation with risk of future exacerbations in BE-FAO
During a median follow-up of 2.46 years (range, 1.45–
3.10), 47 participants (25.9% of those enrolled) experi-
enced moderate-to-severe exacerbations, totaling 80 
episodes. The BE-FAO group, including the ROSE (+) 
and ROSE (−) subgroups, had a significantly higher risk 
of exacerbations than the COPD and BE groups (Fig. 7). 
Clinically, as detailed in Table S5, patients with BE-FAO 

with a higher risk of exacerbations had higher blood 
neutrophil counts and levels of neutrophilic inflamma-
tory cytokines (IL-1β and IL-8) in the BAL samples as 
well as lower FVC scores.

Results from the lung microbiome analysis revealed 
similar alpha diversity (P = 0.12) and beta diversity 
 (R2 = 0.025, P = 0.24) in the exacerbation and non-
exacerbation subgroups of the BE-FAO group (Figure 
S9). Despite this similarity, the exacerbation subgroup 
tended to exhibit a higher relative abundance of Proteo-
bacteria (P = 0.075), although the finding was nonsignif-
icant (Figure S10). Further DESeq2 analysis identified a 
predominance of specific pathogens such as Leptotrichia 
sp. canine oral taxon 345, Haemophilus parahaemo-
lyticus, Pseudomonas aeruginosa, Bacteroides pyogenes, 
and Tropheryma whipplei in the exacerbation subgroup 
relative to the non-exacerbation subgroup (Figure S11). 
Notably, two oral species—Treponema socranskii and 
Dialister invisus—were significantly correlated with 
higher levels of neutrophilic cytokines (BAL-IL 1β and 
BAL-IL 8), highlighting their potential role in the risk of 
exacerbations in the BE-FAO group (Fig. 8).

Fig. 6 Alpha diversity (A) and beta diversity (B) of patients based on lung microbiome profiles. A BE, BE‑FAO ROSE (+), and BE‑FAO ROSE (−) 
patients showed comparable alpha diversity levels. B Marked differences emerged in beta diversity between the BE‑FAO ROSE (−) and COPD groups 
(adjusted P = 0.003), while the differences between BE‑FAO ROSE (+) and COPD were less pronounced (adjusted P value = 0.068). BE Bronchiectasis 
without fixed airflow obstruction, BE-FAO Bronchiectasis with fixed airflow obstruction, COPD Chronic obstructive pulmonary disease, ROSE 
Radiology, Obstruction, Symptoms, Exposure
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Fig. 7 Time to first moderate‑severe exacerbation: comparing COPD, BE, and BE‑FAO (incorporating ROSE (+) and ROSE (−) subgroups). ns: 
not significant. BE Bronchiectasis without fixed airflow obstruction, BE-FAO Bronchiectasis with fixed airflow obstruction, COPD Chronic obstructive 
pulmonary disease, ROSE Radiology, Obstruction, Symptoms, Exposure

Fig. 8 The correlation of clinical variables and lung microbiota in the bronchiectasis with FAO group. Heatmap showing spearman correlation 
between clinical variables and BAL microbiome in exacerbation subgroup and non‑exacerbation subgroup. Clinical variables are grouped into three 
categories: clinical indexes, inflammatory indexes, and imaging indexes. Only those taxa that displayed at least one significant correlation (q < .01, 
following FDR correction) were selected. The color‑coded matrix represents the Spearman correlation coefficient, with red indicating a positive 
correlation and blue indicating a negative correlation. FDRs are denoted: *q < 0.05; **q < 0.01; ***q < 0.001. The spearmans correlation revealed 
two oral taxa, Treponema socranskii and and Dialister invisus, in exacerbation group of BE‑FAO were positively associated neutrophilic cytokines 
(BAL‑IL 1β and BAL‑IL 8). BAL Bronchoalveolar lavage, BE Bronchiectasis without fixed airflow obstruction, BE-FAO Bronchiectasis with fixed airflow 
obstruction, BMI Body Mass Index, BSI Bronchiectasis severity index, CAT  COPD Assessment Test, COPD Chronic obstructive pulmonary disease, 
CRP C‑reactive protein, FDR False discovery rate, FEV1 forced expiratory volume in 1 s, FVC forced vital capacity, LAV low‑attenuation volume, mMRC 
modified Medical Research Council, IL-1β interleukin [IL]‑1β, IL-6 interleukin [IL]‑6, IL-8 interleukin [IL]‑8, IL-18 interleukin [IL]‑18, MCP-1 Monocyte 
chemoattractant protein‑1, NETs Neutrophil extracellular traps, TNF-α tumor necrosis factor [TNF]‑α
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Discussion
Our study represents a pioneering effort to analyze lung 
microbiota and airway inflammation in bronchiecta-
sis patients with FAO from an East Asian population, 
comparing these patients with those having COPD and 
bronchiectasis without FAO using BAL samples. We dis-
covered that the lung microbiota in patients with BE-FAO 
closely resembled that of patients with bronchiectasis, 
with both groups exhibiting reduced microbial diver-
sity and a predominance of Proteobacteria compared to 
COPD patients alone. Bronchiectasis patients with FAO 
demonstrated greater neutrophilic airway inflamma-
tion and a higher risk of exacerbations than those with 
COPD or bronchiectasis alone. Importantly, we identi-
fied a positive correlation between Pseudomonas aer-
uginosa colonization and increased airway neutrophilic 
inflammation, along with a higher BSI score, potentially 
indicating a predictor for future exacerbations in the BE-
FAO group. Furthermore, this is the first study to investi-
gate two distinct entities within the BE-FAO group based 
on the ROSE (Radiology, Obstruction, Symptoms, and 
Exposure) criteria, revealing two unique endotypes char-
acterized by their clinical characteristics, inflammatory 
patterns, and microbiome compositions.

Bronchiectasis and COPD often coexist, leading to the 
terms “COPD-bronchiectasis association” [16] or “Bron-
chiectasis-COPD overlap” [9, 15]. This overlap is associ-
ated with increased airway inflammation, more clinical 
symptoms, greater disease severity, and a worse prognosis 
than either disease alone [6, 9–11, 15]; these findings are 
consistent with our study. Differing from previous studies 
[13, 22], our research extended beyond just bronchiectasis 
patients meeting the ROSE criteria, commonly referred to 
as the “COPD-bronchiectasis association” [16]. We also 
included non-smoking advanced bronchiectasis patients 
in the BE-FAO group, which could be classified as “BE-
FAO ROSE (−)”. Our results indicated that patients with 
BE-FAO, whether ROSE (+) or ROSE (−), and those with 
bronchiectasis alone, had comparable lung microbiomes. 
These findings are consistent with those of Huang et  al. 
[22], who also employed the ROSE criteria. However, in 
contrast to the UK cohort [22], we observed that alpha 
diversity in BE-FAO ROSE (+) was similar to COPD, 
with less distinct beta diversity. The differences between 
the cohorts could be attributed to several factors: (1) The 
majority of our COPD and BE-FAO ROSE (+) cohort are 
males (> 95%), more likely to have smoking habits [24, 51] 
than the non-Asian cohort [22]. (2) Geographic variations 
in lung microbiome influenced by different COPD [24, 25, 
51] and bronchiectasis [6, 26] risk factors and etiologies. 
(3) Environmental exposure, such as air or indoor pollu-
tion, along with geographic differences and varying die-
tary exposures, impacts the airway microbiome [6, 23, 25, 

26]. (4) Ethnic-based differences in microbiome and host 
immunity interactions could also be a contributing factor 
[6, 23, 26].

Moreover, although the ROSE criteria effectively 
stratify patient groups, their primary reliance on smok-
ing history may oversimplify the complexities of disease 
dynamics. These criteria do not account for other sig-
nificant factors affecting disease development, such as 
genetic or environmental influences (e.g., exposure to 
indoor pollution) or pre-existing comorbidities. Thus, 
broader criteria should be established. Further research 
involving validation cohorts from diverse geographic 
regions is essential to expand these findings and provide 
a more comprehensive understanding of the multifacto-
rial influences on diseases.

Furthermore, patients with the two disease entities of 
BE-FAO exhibited similar microbial diversity, with over-
lapping lung microbiota communities. Nevertheless, sub-
tle differences emerged at the phyla and species levels. For 
instance, Candidatus Absconditabacteria was more com-
mon in BE-FAO ROSE (+), while species such as Pseudo-
leptotrichia goodfellowii and Streptococcus mutans were 
more prevalent in BE-FAO ROSE (−). Moreover, com-
pared to patients with BE-FAO ROSE (+) or the “COPD-
bronchiectasis association”, those with BE-FAO ROSE 
(−) were predominantly female and tended to have an 
idiopathic etiology, exhibited greater airway neutrophilic 
inflammatory cytokines, and had a lower emphysema 
score. However, the radiological severity of bronchiecta-
sis, the degree of lung function obstruction, and exacerba-
tion outcomes were similar between both entities. Given 
the variations in clinical features, etiologies, inflamma-
tory profiles, and lung microbiome between these two 
entities of bronchiectasis with FAO, we hypothesize that 
they might represent distinct biological and microbio-
logical endotypes. Further research incorporating more 
comprehensive microbial analyses, larger sample sizes, 
and broader cohorts is essential to validate these subtle 
differences and delve deeper into their potential impacts 
on disease dynamics and the clinical implications of their 
association.

Our analysis revealed a positive association between 
Pseudomonas aeruginosa colonization and neutrophilic 
inflammation, as well as higher severity of bronchiectasis 
in patients with FAO. This indicates a “Proteobacteria-
neutrophilic endotypes” in the COPD–bronchiectasis 
association [22], potentially contributing to a higher risk 
of future exacerbations in BE-FAO and serving as a bio-
marker for poorer prognosis [15, 21, 52]. In contrast, the 
lung microbiome of patients with COPD exhibited 
greater diversity with a dominance of the Firmicutes phy-
lum and commensal taxa, differing from those in BE and 
BE-FAO. This diversity suggests “diverse endotypes” in 
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the COPD–bronchiectasis association [22], potentially 
associated with a lower risk of exacerbation compared 
to bronchiectasis with FAO. Prior research links high 
blood eosinophils with a Firmicutes-dominated micro-
biome [17, 19], supporting the effectiveness of inhaled 
corticosteroids (ICS) in COPD [19, 53]. The impact of 
eosinophils on the bronchiectasis microbiota is an area 
of growing interest [54, 55], with potential ICS benefits 
for specific bronchiectasis subgroups [55, 56]. Our East 
Asian cohort showed no clear correlation between blood 
eosinophils and specific lung microbiota in terms of clini-
cal outcomes. Nevertheless, the directionality and causal-
ity of the relationship between airway inflammation and 
lung microbiome remain unclear. Longitudinal studies 
are crucial to ascertain whether changes in microbiota 
precede or follow changes in inflammation and to explore 
ongoing changes in the lung microbiome and inflam-
matory markers. Such studies are essential for deeper 
insights into their impacts on disease progression and 
treatment outcomes, including the underlying mecha-
nisms. While our current study does not delve into thera-
peutic applications directly, it establishes a foundation for 
subsequent investigations that could significantly impact 
clinical practices and patient outcomes.

Another novel finding from our study is the posi-
tive association of two anaerobic oral taxa, Treponema 
socranskii and Dialister invisus, commonly detected in 
periodontitis [57, 58], with airway neutrophilic inflam-
mation in the exacerbation subgroup of the BE-FAO 
group. This suggests that microaspiration-derived micro-
biota contribute to lung inflammation [59] and are asso-
ciated with defective mucosal immunity in patients with 
chronic lung diseases [60–62]. Nevertheless, the specific 
role of the oral microbiome in patients with bronchiec-
tasis and FAO, particularly its interaction with mucocili-
ary clearance dysfunction, remains unexplored. Further 
studies are essential to investigate these relationships and 
their potential implications in the pathogenesis of these 
conditions.

Our study presents several limitations. First, as a pro-
spective cross-sectional observational cohort study, our 
research primarily identifies associations rather than cau-
sality, emphasizing the necessity for longitudinal studies 
to clarify the causative links between the lung micro-
biome, airway inflammation, and clinical outcomes. 
Second, the study relies on 16S rRNA gene sequenc-
ing, which may not provide the necessary resolution to 
identify specific bacterial species or strains, nor does it 
yield functional information about the lung microbiome. 
Whole genome sequencing (WGS) is recommended to 
provide a more comprehensive understanding of the 
mechanistic pathways involved. Third, we enrolled only 
patients in clinically stable conditions to ensure patient 

safety for BAL collection and to minimize the impact of 
recent antibiotic exposure. Therefore, our conclusions 
might not be extrapolated to patients in the exacerba-
tion phase or reflect the condition of those with more 
severe disease. Future studies should include broader 
patient populations, including patients with exacerba-
tions and patients who were under antibiotic treatment, 
as well as healthy controls, to more comprehensively 
assess microbiome dynamics and its implications for dif-
ferent disease states. Fourth, although our study provides 
valuable insights, it serves as a discovery phase study pri-
marily conducted in East Asian populations. Differences 
in microbiota composition across geographic regions 
and ethnic groups may limit the broad applicability of 
our results, underscoring the need for larger, multicenter 
trials to substantiate and generalize our findings across 
diverse geographical and ethnic contexts. Fifth, the sam-
ple size within each group may not adequately represent 
their respective populations. This could potentially limit 
the statistical power, especially when detecting minor 
effects or rare microbial species. Further study with a 
larger sample size is warranted to clarify these results. 
Lastly, our study focused on moderate-to-severe exacer-
bations in patients with COPD and bronchiectasis, yet 
it may have overlooked milder exacerbation events that 
often do not necessitate changes in medical treatment 
and are less likely to be documented in medical records. 
Future research may aim to capture and analyze the full 
spectrum of exacerbations to ensure a comprehensive 
understanding of their impacts.

Conclusion
In the East Asian cohort, bronchiectasis with FAO is 
markedly distinct and clinically more severe compared to 
COPD or bronchiectasis alone, exhibiting increased neu-
trophilic inflammation and a higher risk of exacerbations. 
Both bronchiectasis with and without FAO, characterized 
by reduced microbial diversity and dominant Proteobac-
teria, share similar microbiome compositions, distinct 
from COPD alone. Utilizing the ROSE criteria, our study 
identified two distinct endotypes within the BE-FAO 
group, differentiated by their clinical features, inflamma-
tory patterns, and microbiome attributes. Notably, a sig-
nificant correlation was observed between Pseudomonas 
aeruginosa colonization and heightened airway neutro-
philic inflammation in BE-FAO patients, along with an 
increased BSI score. This relationship may serve as an 
indicator of potential future exacerbations in the BE-FAO 
group.
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HU  Hounsfield unit
IL‑1β  Interleukin [IL]‑1β
IL‑6  Interleukin [IL]‑6
IL‑8  Interleukin [IL]‑8
IL‑18  Interleukin [IL]‑18
ICS  Inhaled corticosteroid
LABA  Long‑acting β2 Sympathomimetic Agonists
LAMA  Long‑acting muscarinic antagonist
LAV  Low‑attenuation volume
MCP‑1  Monocyte chemoattractant protein‑1
mMRC  Modified Medical Research Council
NETs  Neutrophil extracellular traps
NTM  Non‑tuberculosis mycobacteria
ROSE  Radiology, Obstruction, Symptoms, Exposure
TB  Tuberculosis
TNF‑α  Tumor necrosis factor [TNF]‑α
Vit D3  Vitamin D3
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Supplementary Material 1. Figure S1. The alpha diversity (A) and beta 
diversity (B) of bronchoalveolar lavage (BAL), oral washing control (OWC) 
and negative control (NC) samples before decontam method. BAL sam‑
ples (N=181, green dots), OWC samples (N=78, red dots) and NC samples 
including Bronchial washing control (BWC) (n=5, deep blue dots), Normal 
saline control (NSC) (n=5, light blue dots), Phosphate buffered saline 
(PBS) control (n=5, cyan blue dots), Extraction kit control (EKC) (n=8, deep 
purple dots), Non‑Template control (NTC) (n=5, light purple dots).

Supplementary Material 2. Figure S2. The alpha diversity and beta diversity 
of bronchoalveolar lavage (BAL) (N=181) and oral washing control (OWC) 
(N=78) samples after removing the background contamination taxa. 
The microbiome analysis showed that BAL samples and OWC displayed 
significantly different. A, alpha‐diversity (P<0.001). B, Principal coordinates 
analysis (PCoA) showed significant separation microbial communities 
between the BAL and OWC samples  (R2=0.293, P-value =0.001).

Supplementary Material 3. Figure S3. The distribution of relative abun‑
dance of top 10 major taxonomic groups in three groups at phylum level. 
The patients with BE‑FAO had a higher relative abundance of Proteobac-
teria (p=0.011) and lower abundance of Firmicutes (p=0.0092) relative to 
the patients with COPD. No significant difference was observed in the 
proportions of the four major phyla in BE and BE‑FAO. BE=Bronchiectasis 
without fixed airflow obstruction; BE‑FAO= Bronchiectasis with fixed 
airflow obstruction; COPD=Chronic obstructive pulmonary disease.

Supplementary Material 4. Figure S4. Highlights species‑level taxonomic 
distribution differences between COPD, BE, and BE‑FAO patients. Among 
ASV annotated to specie, the COPD group showed higher prevalence 
of Streptococcus parasanguinis, Schaalia odontolytica, Veillonella atypica, 
Lancefieldella parvula, Solobacterium moorei, and TM7 phylum sp canine 
oral taxon 250, while Pseudomonas aeruginosa was more abundant in the 
BE‑FAO group. Wilcoxon rank‑sum test was used to compare the relative 
abundance of taxa. BE=Bronchiectasis without fixed airflow obstruction; 
BE‑FAO= Bronchiectasis with fixed airflow obstruction; COPD=Chronic 
obstructive pulmonary disease.

Supplementary Material 5. Figure S5. Stacked plot of relative abundance 
of taxa at the species level in each sample within COPD (n=86), BE (n=46) 
and BE‑FAO (n=49) group. BE=Bronchiectasis without fixed airflow 
obstruction; BE‑FAO= Bronchiectasis with fixed airflow obstruction; 
COPD=Chronic obstructive pulmonary disease.

Supplementary Material 6. Figure S6. The difference of lung microbiota 
composition of patients in BE‑FAO ROSE (+) (n=24) and BE‑FAO ROSE (−) 
(n=25). The composition of major taxonomic groups and the distribution 
of relative abundance of phylum level. The patients with BE‑FAO ROSE 
(+) had a higher relative abundance of Candidatus Absconditabacteria 
(P=0.034) at the phyla level compared to those with BE‑FAO ROSE (−). 
BE‑FAO= Bronchiectasis with fixed airflow obstruction; ROSE=Radiology, 
Obstruction, Symptoms, Exposure.

Supplementary Material 7. Figure S7. The difference of lung microbiota 
composition of patients in BE‑FAO ROSE (+) (n=24) and BE‑FAO ROSE (−) 
(n=25). The composition of major taxonomic groups and the distribution 
of relative abundance of species level. The patients with BE‑FAO ROSE (−) 
had a relative abundance of Pseudomonas aeruginosa (P=0.086) when 
ASV annotated to species level, compared with those BE‑FAO ROSE (+). 
BE‑FAO= Bronchiectasis with fixed airflow obstruction; ROSE=Radiology, 
Obstruction, Symptoms, Exposure.

Supplementary Material 8. Figure S8. The differential abundance of lung 
microbiome analysis using DEseq2 (after adjusting for age and gender) 
in the BE‑FAO group. The different taxonomic levels (adjusted p<0.05 and 
fold change>2.0) in BE‑FAO ROSE (+) versus BE‑FAO ROSE (−) at (A) genus 
level (B) species level. We further disclosed that Pseudoleptotrichia goodfel-
lowii, Streptococcus mutans, Veillonella sp.oral taxon 780, Prevotella denticola, 
Capnocytophaga endodontalis, Loriellopsis cavernicola, Olsenella genomosp.
C1 and Selenomonas sp. oral taxon were enriched in BE‑FAO ROSE (−) 
group compared to BE‑FAO ROSE (+) group. BE‑FAO= Bronchiectasis 
with fixed airflow obstruction; ROSE=Radiology, Obstruction, Symptoms, 
Exposure.

Supplementary Material 9. Figure S9 shows alpha (A) and beta (B) diversity 
in BE‑FAO patients with future exacerbations (n=22) versus those without 
(n=27) using BAL microbiome profiles. Both alpha diversity (P = 0.12) 
and beta diversity  (R2 = 0.025, P = 0.24) measures were similar between 
exacerbation and non‑exacerbation subgroups. BE‑FAO= Bronchiectasis 
with fixed airflow obstruction.

Supplementary Material 10. Figure S10. Differences in lung microbiota 
composition at the phylum level between patients with exacerbations 
(n = 22) and non‑exacerbations (n = 27) in the BE‑FAO group. In this 
group, the exacerbation subgroup had a higher relative abundance of 
Proteobacteria (P =0.075) compared with the non‑exacerbation subgroup, 
although this difference was nonsignificant. No significant differences 
were obtained in other major phyla between the exacerbation and non‑
exacerbation subgroups. BE‑FAO = bronchiectasis with FAO.

Supplementary Material 11. Figure S11. The differential abundance of lung 
microbiome analysis using DEseq2 in the BE‑FAO group. The different 
taxonomic levels (adjusted p<0.05 and fold change>2.0) in exacerbation 
versus non‑exacerbation subgroups at (A) phylum level (B) species level. 
DESeq2 analysis revealed that the exacerbation subgroup of BE‑FAO had 
a predominance of Leptotrichia sp. canine oral taxon 345, Haemophilus 
parahaemolyticus, Pseudomonas aeruginosa, Bacteroides pyogenes, and 
Tropheryma whipplei relative to the non‑exacerbation subgroup. BE‑FAO= 
Bronchiectasis with fixed airflow obstruction.
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