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Shareable abstract (@ERSpublications)
Within the bronchial epithelium, a gene expression signature associated with radiological
bronchiectasis was discovered, suggesting an inflammatory airway environment that may correlate
with decreased basal cells, but increased ciliated cells https://bit.ly/3KoNXYX

Cite this article as: Xu K, Diaz AA, Duan F, et al. Bronchial gene expression alterations associated with
radiological bronchiectasis. Eur Respir J 2023; 61: 2200120 [DOI: 10.1183/13993003.00120-2022].

Abstract
Objectives Discovering airway gene expression alterations associated with radiological bronchiectasis may
improve the understanding of the pathobiology of early-stage bronchiectasis.
Methods Presence of radiological bronchiectasis in 173 individuals without a clinical diagnosis of
bronchiectasis was evaluated. Bronchial brushings from these individuals were transcriptomically profiled
and analysed. Single-cell deconvolution was performed to estimate changes in cellular landscape that may
be associated with early disease progression.
Results 20 participants have widespread radiological bronchiectasis (three or more lobes). Transcriptomic
analysis reflects biological processes associated with bronchiectasis including decreased expression of
genes involved in cell adhesion and increased expression of genes involved in inflammatory pathways (655
genes, false discovery rate <0.1, log2 fold-change >0.25). Deconvolution analysis suggests that radiological
bronchiectasis is associated with an increased proportion of ciliated and deuterosomal cells, and a
decreased proportion of basal cells. Gene expression patterns separated participants into three clusters:
normal, intermediate and bronchiectatic. The bronchiectatic cluster was enriched by participants with more
lobes of radiological bronchiectasis (p<0.0001), more symptoms (p=0.002), higher SERPINA1 mutation
rates (p=0.03) and higher computed tomography derived bronchiectasis scores (p<0.0001).
Conclusions Genes involved in cell adhesion, Wnt signalling, ciliogenesis and interferon-γ pathways had
altered expression in the bronchus of participants with widespread radiological bronchiectasis, possibly
associated with decreased basal and increased ciliated cells. This gene expression pattern is not only highly
enriched among individuals with radiological bronchiectasis, but also associated with airway-related
symptoms in those without discernible radiological bronchiectasis, suggesting that it reflects a
bronchiectasis-associated, but non-bronchiectasis-specific lung pathophysiological process.

Introduction
Bronchiectasis is a pathological dilation of bronchi [1]. Once considered an orphan disease, bronchiectasis
has become increasingly common in the United States (USA), with >70 000 new cases diagnosed, and
between 340 000 and 522 000 adults treated for this condition in 2013 [2]. Bronchiectasis is diagnosed
based on both imaging and clinical features. The imaging features include airway-to-arterial ratio >1.5,
lack of tapering of bronchi and airway visibility within 1 cm of a costal pleural surface or touching the
mediastinal pleura on computed tomography (CT) [3]. The clinical features of severe bronchiectasis
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include chronic cough and sputum production [4]. Bronchiectasis is frequently identified as an incidental
finding on CT in asymptomatic or mildly symptomatic individuals scanned for unrelated reasons. In lung
cancer screening and COPD studies, 12–30% of the participants had bronchiectasis on CT [5, 6]. In the
present study, we used the term radiological bronchiectasis to refer to participants with CT features
compatible with bronchiectasis and without physician-diagnosed disease. Although the clinical and
epidemiological aspects remain to be determined, we have shown previously that smokers with radiological
bronchiectasis have an increased burden of emphysema on CT and lower airflow and exercise capacity [7].
Furthermore, in smokers with radiological bronchiectasis, structural damage to lung parenchyma and small
airways correlated with a higher number of exacerbations over time [8]. Molecular profiling of the airway
epithelium in individuals with radiological bronchiectasis may provide additional insights into the
pathogenesis and biological pathways that are not yet targeted by current treatments [9–11].

Studies of bronchoalveolar lavage fluid and sputum have detected gene expression alterations or protein
level changes related to bronchiectasis [12–14]. The utility of transcriptomic analysis in bronchiectasis has
not been sufficiently explored, possibly due to a paucity of pertinent endobronchial tissue. Leveraging
bronchial tissue at the mainstem bronchus, our group has previously discovered gene expression alterations
in normal-appearing airway epithelial cells associated with smoking [15], lung cancer [16] and COPD [17, 18].
Not only may these gene expression alterations serve as biomarkers, but they have provided insights into
disease pathophysiology.

We hereby aimed to characterise gene expression alterations in normal appearing bronchial epithelial cells
in association with radiological bronchiectasis. A secondary objective was to explore whether these
transcriptomic changes may represent a changing microenvironment by computationally deconvolving bulk
samples into estimated proportions of each cell type with aid from single-cell RNA sequencing of the
airway.

Methods
Study participants and sample analysis
The details of the Detection of Early Lung Cancer Among Military Personnel (DECAMP) protocols have
been published previously [19]. Briefly, it consists of 15 military treatment facilities, Veterans Affairs
hospitals and academic centres, conducting two prospective studies with the goals of developing an
integrated panel of airway and blood-based molecular biomarkers that discriminate benign and malignant
indeterminate nodules detected on CT scan. DECAMP collects biospecimens including bronchial
brushings and biopsies from normal-appearing airway epithelium. In the DECAMP1 study (clinicaltrials.gov
identifier NCT01785342), samples were collected from current and former smokers with indeterminate
pulmonary nodules (7–30 mm). The DECAMP2 study (NCT02504697) included participants at high risk of
developing lung cancer (heavy smoker, history of COPD, emphysema or at least one first-degree relative
with a diagnosis of lung cancer, etc.) undergoing lung cancer screening. None of the DECAMP participants
reported physician-diagnosed bronchiectasis at the time of sample collection. Per DECAMP protocol, each
participant was asked to fill a Lung Health Questionnaire, a screening tool that includes demographics,
personal medical history, family medical history, medications, smoking history, alcohol and recreational
drug history and symptom history such as cough, dyspnoea and sputum production. This study was
approved by the Human Research Protection Office (HRPO) for the United States Department of Defense
and the institutional review board of every participating site. All subjects have given written informed
consent to participate in the study.

From the large cohort of DECAMP of 365 subjects (138 from DECAMP-1 and 227 from DECAMP-2),
173 participants (DECAMP-1 n=129, DECAMP-2 n=44) with matching RNA-sequencing (seq) from the
right mainstem bronchus and CT scans were available for analysis (figure 1).

Radiological bronchiectasis ascertainment
The detection of bronchiectasis was performed visually by a pulmonologist (A.A. Diaz) with >10 years of
experience in lung imaging, blinded to the gene expression profiles and participants’ clinical data.
Radiological bronchiectasis was defined with one or more of the following criteria: 1) airway dilation
(airway lumen diameter greater than adjacent pulmonary vessel diameter); 2) abnormal airway tapering of
any extent (no decrease in or increase in lumen moving from proximal to distal airways); and
3) visualisation of a bronchus within 1 cm of the pleura. The lingula was considered a separate lobe.
Severity of radiological bronchiectasis was determined using a bronchiectasis CT score, as reported
previously [20]. Briefly, the score included the following items: 1) type of bronchiectasis (tubular, varicose
and cystic); 2) bronchial dilation severity based on the bronchial lumen diameter to artery diameter ratio;
3) number of bronchopulmonary segments with bronchiectasis; 4) presence of mucus plugs in
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bronchiectatic airways; and 5) presence of wall thickness in bronchiectatic airways. The score ranges from
1 to 40, with greater values indicating greater severity of radiological bronchiectasis. Additionally, traction
bronchiectasis was identified as a separate feature. A definition for traction bronchiectasis was adapted
from the Fleischner Society criteria [21]: 1) presence of pulmonary fibrosis in any lung zone; and
2) presence of dilated airways of any size in at least one area of pulmonary fibrosis. If the quality of CT
was inadequate for this assessment, traction bronchiectasis was deemed as indeterminate. Among
participants with radiological bronchiectasis, those reporting frequent cough (at least four times a day and
4 days a week) and significant sputum production (at least twice a day and 4 days a week) were labelled as
“meet clinical criteria for bronchiectasis”. For the analysis of differential gene expression, we identified
individuals as having widespread radiological bronchiectasis when three or more lobes were involved.

Single-cell RNA-seq analysis and deconvolution of bulk RNA-seq datasets
The Seurat R package (version 3.1) [22] was used for downstream analyses including normalisation,
scaling, clustering of cells and identifying cluster marker genes on a dataset from DEPREZ et al. [23]
including 20 519 tracheal epithelial cells from nine healthy volunteers. Cells were filtered out if they met
any of the following criteria: 1) bottom quartile for a total number of genes detected; 2) bottom quartile for
total library size; and 3) >30% of counts mapped to the mitochondrial genome. 13 176 cells were kept for
further analysis. Uniform Manifold Approximation and Projection dimensionality reduction was performed
using the first 15 principal components with a resolution setting of 0.8. Cell types were previously
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Transcriptomic analysis

and 
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Patient subgroups based on presence of widespread radiological bronchiectasis

Patient subgroups based on differentially expressed genes by widespread radiological bronchiectasis 
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FIGURE 1 Schematic representation of participant clustering based on imaging and gene expression. DECAMP:
Detection of Early Lung Cancer Among Military Personnel; RNA-seq: RNA sequencing; CT: computed
tomography.
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assigned and individually validated with reported cell markers. Reference gene expression profiles (GEPs)
were derived by identifying the marker genes of each cell type using the FindMarkers function (false
discovery rate (FDR) q<0.05, log fold change >0.25). We applied the AutoGeneS package [24] to further
identify the top 1000 most informative genes from the GEPs before applying the deconvolve function to
estimate cell proportion from the bulk RNA-seq data with model parameter set to Nu Support Vector
Regression (nusvr).

Results
Participant demographics, pulmonary function and imaging measurements
Representative CT images of radiological bronchiectasis are shown in figure 2. Of the 173 evaluated
participants, 96 participants had radiological bronchiectasis in at least one lobe. Participants with and
without radiological bronchiectasis had similar clinical characteristics (supplementary table S1). We had
quantitative assessment of emphysema for 102 participants. In contrast with MARTINEZ et al. [7], we did not
see increased emphysema in patients with radiological bronchiectasis. Radiological bronchiectasis was
predominantly present in the lower lobes (47%), and less likely to be presented in the lingula (5.5%) and
the right middle lobe (13.2%) (supplementary table S2). Of the 173 participants, 20 had widespread
radiological bronchiectasis (three females and 17 males; mean±SD age 66±5 years), and 153 did not (29
females and 124 males; mean±SD 67±8 years), including 76 with radiological bronchiectasis in fewer than
three lobes and 77 without radiological bronchiectasis. In addition, we identified 26 participants that meet
clinical criteria for bronchiectasis. We found that participants with and without widespread radiological
bronchiectasis had similar clinical features, except that those with widespread radiological bronchiectasis
were more likely to report shortness of breath (p=0.01; table 1).

Identification of three clusters of participants based on gene expression profiles
No genes were differentially expressed between the bronchial epithelium of participants with (>0 lobe) and
without (=0 lobe) radiological bronchiectasis. Between participants with (three or more lobes) and without
(fewer than three lobes) widespread radiological bronchiectasis, 1192 genes were significantly
differentially expressed (FDR q-value <0.1) and 655 genes were significantly differentially expressed with
absolute log fold change >0.25 controlling for biological sex and smoking status (figure 3 and
supplementary table S3). Including COPD status in the model had little effect on the genes significantly
associated with widespread radiological bronchiectasis: 639 genes were differentially expressed, of which
634 were part of the 655 genes derived from the model not including COPD status. Unsupervised
clustering using the 655 genes first separated the 173 participants into two genomic clusters. The
predominant cluster (n=123; light blue, left branch in figure 3) was primarily composed of participants
without widespread radiological bronchiectasis. The smaller cluster on the right branch of the dendrogram
contained two subgroups of participants, one that included most of the participants with widespread
bronchiectasis (n=30; red), and one that was composed of participants without widespread bronchiectasis
yet demonstrated gene expression patterns similar to those with widespread bronchiectasis (n=20; orange).

In addition to different number of lobes with radiological bronchiectasis (p<0.0001), these three clusters of
participants differ by the severity of radiological bronchiectasis quantified by the bronchiectasis CT score
(p<0.0001) and by the likelihood of having cardinal symptoms associated with bronchiectasis (cough and
phlegm production). Based on differences both in the gene expression and clinical characteristics that
correlated with an increasing presentation of symptoms related to bronchiectasis, we named these three

a) b)

FIGURE 2 Computed tomography axial image of two participants with white arrows showing radiological
bronchiectasis with a) airway dilation and b) abnormal airway tapering.
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TABLE 1 Clinical characteristics of the participants with and without widespread bronchiectasis

Participants with
widespread radiological

bronchiectasis

Participants without
widespread radiological

bronchiectasis

p-value#

Participants 20 153
Number of lobes with radiological

bronchiectasis median
(interquartile range)

3 (1) 0 (2) <2×10−16

Meet clinical criteria for
bronchiectasis¶

6 (30) 20 (13) 0.08

Age years 66±5 67±8 0.62
Sex 1
Male 17 (85) 124 (81)
Female 3 (15) 29 (19)

Race 0.63
White 15 (75) 114 (74.5)
Black 3 (15) 18 (11.8)
Asian 1 (5) 4 (2.6)
Other/unknown 1 (5) 17 (11.1)

Smoking status 1
Current 9 (45) 66 (43.1)
Former 10 (50) 80 (52.3)
Unknown 1 (5) 7 (4.6)

Smoking pack-years+ 45±19 51±26 0.37
FEV1 % predicted 69±22 75±20 0.23
FEV1/FVC 0.6±0.2 0.6±0.1 1
COPD 14 (70) 105 (69) 1
Malignancy 0.31
Yes 4 (20) 71 (46)
No 6 (30) 45 (31)
Unknown 10 (50) 37 (24)

Radiological bronchiectasis <0.001
Yes 20 (100) 76 (50)
No 0 (0) 77 (50)

Traction bronchiectasis 0.081
Yes 7 (35) 23 (15)
No 12 (60) 116 (76)
Indeterminate 1 (5) 14 (9)

Emphysema§ % 16.2±14.7 13.8±16.7 0.71
CT bronchiectasis score 7.7±5.5 1.3±2.0 <0.001
Cough 1
Yes 9 (45) 68 (44)
No 9 (45) 72 (47)
Unknown 2 (10) 13 (9)

Phlegm 0.46
Yes 11 (55) 65 (43)
No 8 (40) 74 (48)
Unknown 1 (5) 14 (9)

Both cough and phlegm 0.804
Yes 8 (40) 47 (31)
No 12 (60) 90 (59)
Unknown 0 (0) 16 (11)

Shortness of breath 0.01
Yes 17 (85) 81 (53)
No 2 (10) 59 (39)
Unknown 1 (5) 13 (9)

Data are presented as n, mean±SD or n (%), unless otherwise stated. FEV1: forced expiratory volume in 1 s; FVC:
forced vital capacity; CT: computed tomography. #: p-values calculated using ANOVA F-test or Fisher’s exact
test; ¶: missing values for 12 participants without widespread radiological bronchiectasis and two participants
with widespread radiological bronchiectasis; +: missing values for two participants without widespread
radiological bronchiectasis; §: missing values for 13 participants with widespread radiological bronchiectasis
and 58 participants without widespread radiological bronchiectasis.
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participant clusters normal (light blue), intermediate (orange) and bronchiectatic (red) (figure 1). The
bronchiectatic cluster has the highest average of number lobes with radiological bronchiectasis, the highest
proportion of participants reporting both cough and phlegm (n=20, 67%; p=0.002) and the highest
proportion of participants who meet clinical criteria for bronchiectasis (n=10, 33%; p=0.009). Interestingly,
the intermediate cluster had a higher proportion of current smokers (n=15, 75%; p=0.006) and intermediate
bronchiectasis CT score (2.1, p<0.0001), but otherwise consists of individuals with similar clinical
characteristics to the participants in the normal cluster with the lowest average number of lobes with
radiological bronchiectasis (figure 3 and table 2). Of note, the three clusters were not correlated with
COPD or lung cancer (table 2).

Interestingly, participants without widespread bronchiectasis within the bronchiectatic cluster were similar
to those with widespread bronchiectasis in terms of clinical characteristics (supplementary table S4). When
compared to the participants without widespread bronchiectasis in the normal and intermediate clusters,
nonbronchiectasis participants in the bronchiectatic gene expression cluster exhibit an increased likelihood
of cough (n=14, 82%; p=0.003) and co-presence of cough and phlegm production (n=10, 59%; p=0.02)
(supplementary table S5).

Bulk RNA-seq analysis reveals molecular pathways associated with widespread radiological
bronchiectasis
To better characterise the differentially expressed genes, we divided the 655 genes into five co-expression
clusters (A–E) based on hierarchical clustering. Gene clusters A and B were significantly enriched for
genes involved in cell adhesion (protocadherin-γ subunit (PCDHG)A4, PCDHGA7 and PCDHGA9, as
well as seven other protocadherin-γ related transcripts (PCDHG)) and Wnt signalling (WNT2B, WNT3A
and WNT5A), respectively (supplementary table S6), whereas gene clusters C and E were part of the
endopeptidase activity pathway (PSMA3, PSMA5 and PSMA6, as well as four other proteasome-related
transcripts) and genes in cluster D were involved in cilium organisation (TUBA1A, CC2D2A and
CCDC176).

Cell adhesion

Wnt signalling

Cilium biology

Endopeptidase activity

(PSMA3, PSMA5, PSMA6)

Endopeptidase activity

(PSMB8, PSMB9, PSMB10)

Genomic clusters
Symptoms (cough and phlegm)
Number of lobes with radiological bronchiectasis
Smoking status
Widespread radiological bronchiectasis

Gene expression (z-score)

–3 +30

Patient subgroups

Normal

Intermediate

Bronchiectatic

Yes

No

Unknown

Current

Former

Unknown

Yes

No

Symptoms 
(cough and phlegm)

Smoking status Widespread radiological 

bronchiectasis
Number of lobes with

 radiological bronchiectasis

0 5

Gene clusters

EDCBA

FIGURE 3 Unsupervised heatmap of the 655 genes associated with widespread radiological bronchiectasis
(presence of radiological bronchiectasis in at least three lobes). Based on hierarchical clustering, participants
were grouped into three genomic clusters, while genes were grouped into give gene clusters. Biological
pathways in which these clusters of gene were enriched in were shown on the side. False discovery rate <0.1;
absolute log fold change >0.25.

https://doi.org/10.1183/13993003.00120-2022 6

EUROPEAN RESPIRATORY JOURNAL ORIGINAL RESEARCH ARTICLE | K. XU ET AL.

http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00120-2022.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00120-2022.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.00120-2022.figures-only#fig-data-supplementary-materials


TABLE 2 Clinical characteristics of the participants of the three clusters based on gene expression profiles

Normal Intermediate Bronchiectatic p-value#

Participants 123 20 30
Number of lobes with radiological bronchiectasis

median (interquartile range)
1 (2) 1 (2) 2 (3) <0.0001

Meet clinical criteria for bronchiectasis¶ 15 (12) 1 (5) 10 (33) 0.009
Widespread radiological bronchiectasis 1.18×10−7

Yes 4 (3) 3 (15) 13 (43)
No 119 (97) 17 (85) 17 (57)

Age years 67±8 65±6 67±6 0.29
Sex 0.14
Male 98 (80) 15 (75) 28 (93)
Female 25 (20) 5 (25) 2 (7)

Race 0.22
White 88 (72) 15 (75) 26 (87)
Black 17 (14) 2 (10) 2 (7)
Asian 2 (2) 2 (10) 1 (3)
Others/unknown 16 (13) 1 (5) 1 (3)

Smoking status 0.006
Current 46 (37) 15 (75) 14 (47)
Former 70 (57) 4 (20) 16 (53)
Unknown 7 (6) 1 (5) 0 (0)

Smoking pack-years+ 50±26 61±31 44±20 0.09
FEV1 % predicted 75±20 78±20 68±21 0.16
FEV1/FVC 0.6±0.1 0.7±0.1 0.6±0.2 0.07
COPD 83 (67.5) 13 (65) 23 (76.7) 0.59
Malignancy 0.18
Yes 56 (46) 11 (55) 8 (27)
No 36 (29) 4 (20) 11 (37)
Unknown 31 (25) 5 (25) 11 (37)

Radiological bronchiectasis 0.42
Yes 65 (53) 11 (55) 20 (67)
No 58 (47) 9 (45) 10 (33)

Traction bronchiectasis 0.54
Yes 19 (15) 4 (20) 7 (23)
No 93 (76) 13 (65) 22 (73)
Indeterminate 11 (9) 3 (15) 1 (3)

Emphysema§ % 12.9±15.5 10.9±13.9 21.6±21.9 0.14
CT bronchiectasis score 1.6±2.6 2.1±3.4 3.7±5.2 <0.0001
Cough 0.0003
Yes 48 (39) 6 (30) 23 (77)
No 66 (54) 10 (50) 5 (17)
Unknown 9 (7) 4 (30) 2 (7)

Phlegm 0.02
Yes 49 (40) 7 (35) 20 (67)
No 63 (51) 11 (55) 8 (27)
Unknown 11 (9) 2 (10) 2 (7)

Both cough and phlegm 0.002
Yes 33 (27) 4 (20) 18 (60)
No 79 (64) 13 (65) 10 (33)
Unknown 11 (9) 3 (15) 2 (7)

Shortness of breath 0.15
Yes 64 (52) 13 (65) 21 (70)
No 49 (40) 5 (25) 7 (23)
Unknown 10 (8) 2 (10) 2 (7)

Data are presented as n, % or mean±SD, unless otherwise stated. FEV1: forced expiratory volume in 1 s; FVC:
forced vital capacity; CT: computed tomography. #: p-values calculated using an ANOVA F-test or Fisher’s exact
test; ¶: missing values for eight participants in the normal cluster, three participants in the intermediate cluster
and three participants in the bronchiectatic cluster; +: missing values for one participant in the intermediate
cluster and one participant in the bronchiectatic cluster; §: missing values for 48 participants in the normal
cluster, eight participants in the intermediate cluster and 15 participants in the bronchiectatic cluster.
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Enrichment scores for each cluster for each participant were calculated (figure 4). The normal and the
bronchiectatic clusters showed clear distinctions in all gene clusters; gene clusters A and B were at higher
levels among participants of the normal cluster; and gene clusters C, D and E were at higher levels among
participants of the bronchiectatic cluster. However, participants in the intermediate cluster displayed two
patterns of gene expression: one in which the intermediate and bronchiectatic clusters exhibited levels of
gene expression different from the normal cluster (clusters A, D and E); and another in which the
intermediate cluster exhibited gene expression intermediate between the normal and the bronchiectatic
clusters (clusters B and C). In addition, we observed that overall, the expression of the differentially
expressed genes was similar among participants without (0–2 lobes) and with (3–5 lobes) widespread
radiological bronchiectasis, and the differences were significant between two and three lobes
(supplementary figure S1).

To further explore the possible biological processes contributing to the bronchiectasis-associated gene
expression differences, we performed gene set enrichment analysis using canonical gene sets [25, 26] and
found that genes upregulated among participants with widespread radiological bronchiectasis were enriched
in interferon (IFN)-γ, oxidative phosphorylation and IFN-α pathways, while genes upregulated in
participants without widespread radiological bronchiectasis were enriched in genes downregulated by
KRAS activation, genes involved in the epithelial–mesenchymal transition and pancreas β-cell genes
(supplementary table S7).

Moreover, we compared the differentially expressed genes to a signature of ciliogenesis, which contains a
list of 310 genes involved in cilia organisation and associated with primary ciliary dyskinesia [27], a
significant risk factor for bronchiectasis. 42 of the 310 genes were upregulated in patients with widespread
radiological bronchiectasis (supplementary table S8). We found significant enrichment of
ciliogenesis-associated genes among the genes expressed at higher levels in participants with widespread
radiological bronchiectasis (q<0.001; supplementary figure S2).

Widespread radiological bronchiectasis correlates with SERPINA1 mutations
We inferred the presence of ZZ and SZ, as well as the Ile74Asn SERPINA1 genotype [28]. We found that
there was a trend toward more participants in the bronchiectatic cluster having the ZZ variant (four out of
30, 13.3%; p=0.077) and that there were significantly more patients in the bronchiectatic cluster having
either the ZZ or SZ variant (five out of 30, 16.7%; p=0.031; supplementary table S9).

Widespread radiological bronchiectasis correlates with increased proportions of ciliated and
deuterosomal cells and decreased proportions of basal cells
To explore whether the observed gene expression alterations might be cell type specific, we leveraged a
published single-cell RNA-seq dataset of tracheal epithelial cells [23] and calculated per-cell enrichment
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scores for the genes upregulated or downregulated in participants with widespread radiological
bronchiectasis. We found that the genes upregulated in individuals with widespread radiological
bronchiectasis were expressed almost exclusively by deuterosomal cells and multiciliated cells, whereas the
genes upregulated in individuals without widespread radiological bronchiectasis were expressed diffusely
across cell types, but at highest levels among basal cells (figure 5a–c). To further examine the possibility
that the gene expression alterations observed at the bulk level may be consistent with altered epithelial cell
prevalence, we estimated cell type proportions in the bulk RNA-seq data (supplementary table S10). The
predicted proportions of multiciliated and deuterosomal cells increased from the normal to the intermediate
and then to the bronchiectatic cluster (p<0.01 and p<0.001, respectively; figure 5d), with the shift being
most pronounced for the immature deuterosomal cells. In contrast, the proportion of basal cells
incrementally decreased from the normal to the intermediate and then to the bronchiectatic cluster
(p<0.001). Of note, the proportion of goblet cells, previously shown to be correlated with cigarette
smoking [29], was increased in the smoker-predominant intermediate cluster (supplementary figure S3).
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Discussion
Current knowledge about the pathogenesis of bronchiectasis has been summarised as a “vicious cycle”
model [30] in which cyclical epithelial dysfunction, chronic infection, recurring inflammation and
structural damage promote the enlargement of bronchi. Our analysis of individuals without previous
physician-diagnosed bronchiectasis but who show signs of bronchiectasis in multiple lobes on CT
(“widespread radiological bronchiectasis”) potentially offers insights into early molecular changes
associated with bronchiectasis development. Consistent with the proposed vicious cycle model, a loss of
gene expression related to cell adhesion and an increased level of gene expression related to inflammation
is detected in participants with widespread radiological bronchiectasis. Our analysis reveals two additional
biological pathways that may play important roles in the initiation of bronchiectasis: a decreased expression
of genes in the Wnt signalling pathway and an increased expression of genes involved in ciliogenesis.

The predominant presence of radiological bronchiectasis in the lower lobes, the decreased expression of
genes involved in cell adhesion, the increased expression of genes involved in inflammatory processes and
an increased prevalence of cough and phlegm production suggest similarities between widespread
radiological bronchiectasis and clinical bronchiectasis [31]. This similarity is further supported by the
increased prevalence of participants meeting the radiological and clinical criteria for bronchiectasis in the
bronchiectatic patient cluster defined by the expression of genes associated with widespread radiological
bronchiectasis.

With regard to cell adhesion, we were intrigued to find decreased protocadherin gene expression associated
with widespread radiological bronchiectasis. PCDHGA7 and PCDHGB4 are members of the
protocadherin-γ gene cluster, initially found as adhesion proteins in the cell–cell connections of the brain [32].
PCDHGA7 was downregulated in colorectal cancer that is associated with epithelial damage [33].
Moreover, protocadherin genes are strongly conserved between mouse and human, and are critical in
epithelial maintenance and repair of the asthmatic mouse lung [34]. Therefore, the decreased expression of
these protocadherin genes may be related to airway dilation in early bronchiectasis.

Large immunohistological studies have reported the presence of CD8+ T-cells [35], CD4+ T-cells,
macrophages, neutrophils and interleukin-8 positive cells in the airways of patients with bronchiectasis
[36, 37]. Our findings highlight the potential role of proteasome-related proteins in mediating the
inflammatory processes. Constitutively expressed proteasome 20S subunit-β (PSMB)5, and the IFN-γ
inducible immunoproteasome subunits PSMB8, PSMB9, PSMB10 [38, 39] were upregulated in
individuals with widespread bronchiectasis. The immunoproteasome has been shown to enhance the
generation of major histocompatibility complex I associated peptide and facilitate the antiviral immune
response in the lung [40–42]. Furthermore, IFN-γ has previously been shown in mice to play an essential
role in protective immunity against tuberculosis and mycobacterial infection, both of which are relevant to
infection in bronchiectatic airway [43, 44]. Heightened IFN response in the bronchiectatic cluster could
reflect immune responses to infectious processes that lead to more severe bronchiectasis.

Activation of the Wnt signalling pathway is important in maintaining the epithelial niche via the balance of
epithelial/mesenchymal pairing [45–47]. LGR5, the gene most strongly downregulated in participants with
widespread radiological bronchiectasis, maintains the epithelial progenitor niche [48, 49]. Genes
downregulated in participants with widespread bronchiectasis are highly expressed in basal cells,
suggesting that these cells may be less prevalent or less active in individuals with widespread radiological
bronchiectasis, which may alter the structure of the airway or the ability to repair damaged airway
epithelium. Previously, CHANDRASEKARAN et al. [50] suggested that Wnt signalling pathway activity
decreases with age and may explain age-associated severity in bronchiectasis. Participants with and without
widespread radiological bronchiectasis were of similar chronological age in our cohort, but decreased
WNT-related gene expression may still reflect a biological ageing process associated with elevated
bronchiectasis risk.

Because bronchiectasis is often accompanied by loss of cilia [51], we were intrigued to observe increased
expression of cilia-related genes in participants with widespread radiological bronchiectasis. Genes
previously found to be upregulated in ciliogenesis [27] are upregulated among participants with
widespread bronchiectasis. Additionally, single-cell RNA-seq of the bronchial epithelium shows that genes
upregulated in participants with widespread radiological bronchiectasis are enriched in the multiciliated and
deuterosomal cells. We hypothesise that the increased expression of ciliogenesis genes could be a response
to ciliary damage, supported by the deconvolution result demonstrating significant increases in the
proportion of both the multiciliated cells and deuterosomal cells in samples from the bronchiectatic cluster.
The predicted increase in the proportion of deuterosomal cells in samples in the bronchiectatic cluster is
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the most dramatic. These cells, characterised by high expression of DEUP1, FOXN4 and CDC20B, have
been reported as a precursor of multiciliated cells [52]. An alternative hypothesis is that the overproduction
of certain ciliary proteins contributes to faulty cilia assembly, reduced clearing capacity of the lung [37]
and bronchiectasis pathogenesis.

Lastly, the increased prevalence of SERPINA1 mutations within the bronchiectatic cluster is consistent
with the association between these genetic variants and α1-antitrypsin deficiency, which can lead to
multiple pulmonary pathologies including chronic bronchitis and bronchiectasis [28, 53].

Limitations and future directions
Our analysis was performed on a predominantly male population of heavy current and former smokers at
high risk of developing lung cancer. Thus, caution should be used when generalising the results to other
patient populations, especially those who are never-smoking and/or female. In addition, CT reconstruction
was not uniform and does not conform to the recent recommendation [3] of 1 mm slice thickness
(⩾1.25 mm was used in DECAMP), which may result in decreased sensitivity for more subtle
bronchiectasis. Subsequent imaging studies would allow us to gain more insight into whether the genomic
clusters reflect risk of developing more radiological or clinical bronchiectasis, or if they are correlated with
specific symptoms that are bronchiectasis-related but not bronchiectasis-exclusive, namely cough and
sputum production. The later hypothesis is based on the observation that while 13 of the 30 participants in
the bronchiectatic gene expression cluster have widespread radiological bronchiectasis, the other 17 do not.
These 17 participants differ from the other participants without widespread bronchiectasis in that they are
significantly more likely to have cough and phlegm production. It remains to be determined if the gene
expression profile that defines the bronchiectatic cluster may be the common consequence of two separate
mechanisms (one associated with bronchiectasis and another associated with cough and phlegm
production), or if the gene expression profile reflects a single mechanism, perhaps one that can lead to a
spectrum of airway dysfunction.

The identification of the intermediate genomic cluster could suggest a previously unappreciated risk of
bronchiectasis among smokers. Alternatively, those in the intermediate cluster may progress to develop
symptoms such as cough and phlegm production, becoming more similar to those within the bronchiectatic
group but without widespread bronchiectasis. Longitudinal follow-up of participants of the intermediate
cluster may validate whether smoking indeed leads to an increased risk for developing radiological
evidence of bronchiectasis.

Conclusion
In conclusion, gene expression differences in individuals with radiological bronchiectasis in multiple lobes
reflect biological processes that have previously been associated with bronchiectasis, including an increase
of inflammatory processes and a decrease in cell adhesion. Novel mechanisms that may be associated with
bronchiectasis initiation were also discovered: an increase of ciliary process and a reduction of the Wnt
signalling pathway. The gene expression alterations were also detected in a subpopulation of participants
who present with cough and phlegm production but did not have widespread radiological bronchiectasis,
and an intermediate pattern of gene expression was present in a group predominantly composed of current
smokers. Longitudinal clinical follow-up and molecular profiling of the participants will provide an
opportunity to explore the potential for progression and the molecular risk factors for developing
radiological bronchiectasis.
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