
 
 
 

Charles Darwin University

Prevalence and subtyping of biofilms present in bronchoalveolar lavage from children
with protracted bacterial bronchitis or non-cystic fibrosis bronchiectasis
A cross-sectional study

Marsh, Robyn L.; Binks, Michael J.; Smith-Vaughan, Heidi C.; Janka, Maxine; Clark, Sharon;
Richmond, Peter; Chang, Anne B.; Thornton, Ruth B.
Published in:
The Lancet Microbe

DOI:
10.1016/S2666-5247(21)00300-1

Published: 01/03/2022

Document Version
Publisher's PDF, also known as Version of record

Link to publication

Citation for published version (APA):
Marsh, R. L., Binks, M. J., Smith-Vaughan, H. C., Janka, M., Clark, S., Richmond, P., Chang, A. B., & Thornton,
R. B. (2022). Prevalence and subtyping of biofilms present in bronchoalveolar lavage from children with
protracted bacterial bronchitis or non-cystic fibrosis bronchiectasis: A cross-sectional study. The Lancet Microbe,
3(3), e215-e223. https://doi.org/10.1016/S2666-5247(21)00300-1

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.1016/S2666-5247(21)00300-1
https://researchers.cdu.edu.au/en/publications/546fb77d-b91b-4fed-87b1-92ed185ddc99
https://doi.org/10.1016/S2666-5247(21)00300-1


www.thelancet.com/microbe   Vol 3   March 2022 e215

Articles

Prevalence and subtyping of biofilms present in 
bronchoalveolar lavage from children with protracted 
bacterial bronchitis or non-cystic fibrosis bronchiectasis: 
a cross-sectional study
Robyn L Marsh, Michael J Binks, Heidi C Smith-Vaughan, Maxine Janka, Sharon Clark, Peter Richmond, Anne B Chang, Ruth B Thornton

Summary
Background Lower airway biofilms are hypothesised to contribute to poor treatment outcomes among children with 
chronic lung disease; however, data are scarce. We aimed to determine the presence and prevalence of biofilm in 
bronchoalveolar lavage from children with protracted bacterial bronchitis (PBB) or bronchiectasis; whether biofilm 
was associated with signs of lower airway infection; and whether biofilms were consistent with an upper or lower 
airway origin.

Methods In this cross-sectional study, fluorescent microscopy techniques were used to detect biofilm in archived 
bronchoalveolar lavage specimens from a paediatric cohort (age <18 years) with PBB or bronchiectasis who were 
prospectively recruited to observational studies of chronic cough at Royal Children’s Hospital (Brisbane, Australia) 
or Royal Darwin Hospital (Darwin, Australia). Children with cystic fibrosis were excluded. Lower airway infection 
was defined as bronchoalveolar lavage neutrophil percentage of 15% or more, or a culture of a bacterial pathogen at 
10⁴ colony-forming units per mL or more, or both. Biofilms were subtyped as either of lower airway origin (unrelated 
to squamous epithelial cells) or of upper airway origin (observed in close association with squamous epithelial cells). 
Bronchoalveolar lavages were considered contaminated with upper airway secretions if the squamous cell proportion 
was more than ten cells per 1000 nucleated cells (>1%). Primary outcomes were the prevalence of each biofilm 
subtype among children with PBB compared with children with bronchiectasis. Secondary outcomes were the 
prevalence of each biofilm subtype among children with signs of lower airway infection compared to children 
without.

Findings Biofilm testing was performed on 144 bronchoalveolar lavage specimens collected between Jan 1, 2011, and 
Dec 16, 2014, and preserved at –80°C before biofilm testing (69 children with PBB from Brisbane and 75 children with 
bronchiectasis from Darwin). The prevalence of lower airway biofilms (unrelated to squamous epithelial cells) was 
similar among the children with PBB (25 [36%] of 69) and children with bronchiectasis (31 [41%] of 75; odds ratio 
[OR] 1·24, 95% CI 0·63–2·43), but higher among children with signs of lower airway infection (46 [48%] of 95) than 
children without (eight [19%] of 43; OR 4·11, 95% CI 1·73–9·78), irrespective of the underlying diagnosis. By contrast, 
upper airway biofilms (associated with squamous epithelial cells) were more prevalent among children with 
bronchiectasis (32 [43%] of 75) than children with PBB (16 [23%] of 69; OR 2·47, 95% CI 1·20–5·08) and were 
unrelated to lower airway infection. Upper airway contamination was uncommon (eight [11%] of 71) and was not 
evident in 23 (79%) of 29 bronchoalveolar lavages that were positive for upper airway biofilms.

Interpretation Lower airway biofilms are prevalent, but not ubiquitous, in bronchoalveolar lavage from children with 
PBB or bronchiectasis, suggesting anti-biofilm therapies might be beneficial for some children. Detection of upper 
airway biofilms in bronchoalveolar lavage that did not have signs of contamination suggests that microaspiration 
might be important in some children. Specimen quality measures are recommended for future studies to account for 
the presence of upper airway biofilms.
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Foundation.
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Introduction
Protracted bacterial bronchitis (PBB) is common among 
paediatric populations, affecting up to 40% of children 

newly referred for specialist management of persistent wet 
cough.1 PBB is clinically diagnosed when children have wet 
cough for more than four weeks, do not have signs of other 
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causes of cough, and respond to 2–4 weeks of appropriate 
oral antibiotic therapy.1 Most children with PBB have cough 
resolution following initial anti biotic treatment; however, 
up to 44% have more than three episodes in the year 
following diagnosis and 16% progress to bronchiectasis 
within 2 years.2 Bronchiectasis unrelated to cystic fibrosis is 
an important cause of paediatric morbidity,3 particularly 
among disadvantaged populations with high burdens of 
acute respiratory infections.4

Improved interventions are needed to prevent disease 
progression and ameliorate the burden (eg, family stresses 
and health-care costs) among children with PBB or 
bronchiectasis.1,5,6 Achieving this outcome requires deeper 
understanding of the mechanisms underlying the 
recalcitrance of endobronchial infection in some children.1 
Current models hypothesise that PBB and bronchiectasis 
manifest across a pathobiological continuum, whereby 
failure to clear an initial infection results in persistent 
endobronchial inflammation that causes tissue injury.3 
Recurrent exacerbations, particularly those requiring 
hospitalisation, are asso ciated with further tissue damage 
and lung function decline.7

Microbiome studies have advanced the understanding 
of the types of bacteria present in the airways of children 

with PBB or bronchiectasis.8–10 High taxonomic similarity 
has been shown among the upper and lower airway 
microbiomes of children with chronic endobronchial 
infections,8,9 suggesting possible roles for upper 
respiratory commensal bacteria in the disease processes. 
One notable example is Prevotella spp that are common 
upper airway colonisers and that can produce an 
extended spectrum β-lactamase capable of protecting 
Pseudomonas aeruginosa from ceftazidime killing.11

Little is known about phenotypic bacterial persistence 
mechanisms that might contribute to the recalcitrance of 
PBB and bronchiectasis. Biofilm is a bacterial persistence 
mechanism that enables long-term survival in hostile 
environments.12 Bacteria in biofilms are protected from 
host clearance and show markedly reduced susceptibility 
to antibiotics, even when planktonic cells of the same 
strain are susceptible.13 Biofilm has been observed in 
sinus, adenoid, and tonsillar tissues14 and is of recognised 
importance in cystic fibrosis.15 Although biofilm is 
hypothesised to contribute to the recalcitrance of PBB in 
some children,16 there are no data beyond a 1994 study 
describing three biofilm-positive chronic bronchitis 
cases (patient age, specimen type, and clinical parameters 
not reported).17 Among children with bronchiectasis 

Research in context

Evidence before this study
A biofilm is a bacterial phenotype that is hypothesised to 
contribute to the variable treatment responses reported 
for children with protracted bacterial bronchitis (PBB) 
or bronchiectasis unrelated to cystic fibrosis; however, 
there are scant data. We searched PubMed, medRxiv, 
and bioRxiv databases on June 17, 2021, using the terms 
“biofilm AND bronchitis”, “biofilm AND bronchiectasis” and 
“biofilm AND bronchoalveolar lavage”. No language, date, 
patient age, species, or other limitations were applied to this 
search. This search identified only two studies demonstrating 
the presence of biofilm in lower airway specimens from 
patients with bronchitis or bronchiectasis unrelated to cystic 
fibrosis. The first described three biofilm-positive chronic 
bronchitis cases; however, the patient age, specimen type, 
and clinical parameters were not reported. The second was our 
pilot study demonstrating biofilm in seven out of eight 
bronchoalveolar lavage specimens from children with 
bronchiectasis unrelated to cystic fibrosis. No studies have 
reported biofilm presence or prevalence in airway specimens 
from children with PBB and none have reported biofilm 
prevalence among those with bronchiectasis.

Added value of this study
To our knowledge, this study is the first report to provide 
evidence of biofilm in bronchoalveolar lavage from children 
with PBB and the first to estimate biofilm prevalence among 
children with chronic suppurative lung diseases unrelated to 
cystic fibrosis. We defined two biofilm subtypes using 

associations with squamous epithelial cells to distinguish 
biofilms originating from the upper versus the lower airways. 
We showed that prevalence of lower airway biofilms was similar 
among children with PBB and those with bronchiectasis, but 
was four times more common among children with signs of 
active lower airway infection. We also showed that upper 
airway biofilms were significantly more prevalent among 
children with bronchiectasis, despite few bronchoalveolar 
lavage appearing contaminated with upper respiratory 
secretions.

Implications of all the available evidence
Our finding that lower airway biofilms are prevalent, but not 
ubiquitous, among children with PBB or bronchiectasis is 
consistent with the variable treatment responses reported for 
these populations and indicates that anti-biofilm therapies 
might be beneficial for some children. Higher prevalence of 
upper airway biofilms among those with bronchiectasis points 
to a previously underappreciated role for microaspiration as a 
driver of this disease. This result prompts renewed focus on 
nasal and oropharyngeal health among children with 
bronchiectasis to understand whether novel interventions 
focused on the upper airways could be useful to improving 
long-term clinical outcomes. Our results also highlight the need 
for inclusion of image-based specimen quality measures in 
lower airway microbiome studies to aid identification of 
specimens that should be excluded due to contamination with 
upper respiratory secretions.
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unrelated to cystic fibrosis, there are no data beyond our 
pilot study18 demonstrating biofilm in seven out of eight 
bronchoalveolar lavages, two of which were also positive 
for biofilms associated with squamous epithelial cells 
(SEC biofilms).

The significance of SEC biofilms in bronchoalveolar 
lavage is unclear. The presence of squames in lower 
airway specimens is broadly interpreted as a marker of 
upper airway contamination (squames are present in the 
oropharynx but not in the trachea, bronchi, or lung 
parenchyma); however, upper airway secretions might 
also be present in the lungs subsequent to micro-
aspiration, as demonstrated in carefully designed studies 
of healthy adults.19,20 Failure to clear microaspirated 
bacteria from the lower airways is an important driver of 
endobronchial infections, particularly among patients 
with reduced ciliary function. A role for microaspiration 
in sustaining endobronchial infection among children 
with PBB or bronchiectasis is suggested by the high 
microbiomic and pathogenic strain similarity observed 
in paired upper and lower airway specimens;8,21 however, 
a scarcity of longitudinal data restricts understanding 
of potential pathobiological mechanisms. Additionally, 
respiratory microbiome studies rarely report specimen 
quality metrics (eg, squamous cell quantification), and 
thus, determining whether upper airway bacteria in 
bronchoalveolar lavage reflect the true lower airway 
microbiome (including microaspirated bacteria), or are 
merely indicative of specimen contamination remains 
challenging.

In this study, we used imaging methods to determine 
the presence and prevalence of biofilm in bronchoalveolar 
lavage from children with PBB or bronchiectasis. We also 
evaluated whether bronchoalveolar lavage biofilms were 
consistent with a lower airway (unrelated to squames) 
or upper airway origin (associated with squames), and 
whether SEC biofilms were collinear with elevated 
squamous cell counts, and thus, consistent with 
contamination.22 We hypothesised that biofilm would be 
more prevalent among children with bronchiectasis than 
children with PBB; biofilms originating from the lower 
airways would show a positive association with infection; 
and SEC biofilms indicative of contamination would be 
associated with elevated squamous cell counts (>1% of 
the total nucleated cell count).22

Methods
Study design and participants
We did a cross-sectional study of children prospectively 
recruited to observational studies of chronic wet cough at 
the Royal Children’s Hospital, Brisbane, and Royal 
Darwin Hospital, Darwin, Australia. Inclusion criteria 
were: children (<18 years) with PBB, bronchiectasis, or 
chronic suppurative lung disease (CSLD) who had 
undergone flexible bronchoscopy with bronchoalveolar 
lavage collection for investigation of cough and had 
bronchoalveolar lavage available for biofilm testing. 

Children with cystic fibrosis were excluded. Children 
with PBB were recruited in Brisbane between Jan 1, 2011, 
and Dec 16, 2014. Children with bronchiectasis or CSLD 
were recruited in Darwin between Sept 5, 2011, and 
Nov 20, 2014. Biofilm analyses were done between 
May 19, 2015 and May 31, 2020. Ethical approval was 
provided by the Human Research Ethics Committee 
(HREC) of the Royal Children’s Hospital, Brisbane 
(2003/017 and 200800064) and the HREC of the Northern 
Territory Department of Health and Menzies School of 
Health Research (07/63 and 07/85). Written informed 
consent was obtained from the parent or carer of each 
child.

Procedures
PBB was diagnosed based on the presence of a wet cough 
for more than 4 weeks, absence of specific cough causal 
indicators (eg, failure to thrive and chest wall deformity), 
and cough resolution within 2 weeks of commencing 
appropriate antibiotics.1 Bronchiectasis was diagnosed 
on the basis of chest high-resolution CT scans (cHRCT).23 
CSLD was diagnosed where children had a wet or 
productive cough for more than 4 weeks, the cHRCT did 
not fulfil the criteria of bronchiectasis, and the cough 
resolved following more than 2 weeks of oral or 
intravenous antibiotics.23 Lower airway infection was 
defined a priori as bronchoalveolar lavage neutrophil 
percentage of 15% or more, or culture of a bacterial 
pathogen at 10⁴ colony-forming units per mL or more, or 
both.24,25 This combined metric was considered more 
appropriate than relying on bronchoalveolar lavage 
culture or neutrophil percentage data alone because 
bacteria in biofilm are often not recovered by culture; 
some bacteria would not have grown under the applied 
culture conditions (eg, anaerobes); and to account for 
instances of missing bronchoalveolar lavage neutrophil 
percentage data. Recent antibiotic use was defined 
as antibiotics received during the 2 weeks preceding 
bronchoscopy.

Bronchoscopy with bronchoalveolar lavage collection 
was performed in accordance with the European 
Respiratory Society guidelines.24 Bronchoscopy was 
performed transnasally in Brisbane and through a 
laryngeal mask in Darwin. Bronchoalveolar lavage was 
collected using a standardised protocol at both sites, 
as described previously.18 Briefly, two volumes of sterile 
normal saline (1 mL/kg to a maximum of 10 mL for the 
first volume [henceforth referred to as lavage-1]; and 
2 mL/kg to a maximum of 20 mL for the second volume 
[henceforth referred to as lavage-2]) were instilled 
and then suctioned immediately into a mucus trap. 
Bronchoalveolar lavage were transported to the laboratory 
on ice bricks and processed within 2 hours. Neat lavage-2 
aliquots were stored at –80°C prior to biofilm testing. 
Semi-quantitative bacterial cultures were done using 
neat lavage-1 aliquots diluted in an equal volume of 
2-times concentrated skim milk-glucose-glycerol broth, 



Articles

e218 www.thelancet.com/microbe   Vol 3   March 2022

as described previously.18,21 Bronchoalveolar lavage white 
cell differential counts were determined immediately 
upon arrival at the laboratory using neat lavage-2. Slides 
were prepared by applying 5 × 10⁴ cells with a Cytospin 
(ThermoFisher Scientific, Scoresby, VIC, Australia) 
followed by Quick Dip staining (Fronine, Riverstone, 
NSW, Australia).

Biofilm staining was done by applying 50 µL of neat 
lavage-2 to SuperFrost Plus slides (Menzel-Glaser, 
Portsmouth, NH, USA) with a Cytospin. Primary biofilm 
staining was done using BacLight (Molecular Probes, 
Thornton, NSW, Australia), as described previously.26 A 
subset of bronchoalveolar lavage that were biofilm-
positive by BacLight staining (11 children with PBB; 
12 children with bronchiectasis) were selected randomly 
for lectin staining to confirm the presence of extracellular 
polymeric matrices. Lectin staining was performed 
using a combination of wheat germ agglutinin 
(Molecular Probes, Eugene, OR, USA) and concanavalin 
A (Sigma, St Louis, MO, USA), as described previously.26 

Microscopists (SC, MJ, and RBT) were blinded to patient 
diagnoses when assessing the slides. Bronchoalveolar 
lavages were scored positive for any biofilm when images 
showed bacterial aggregates resembling microcolonies 
or more extensive biofilm morphology, correct bacterial 
morphology based on size (0∙5–2∙0 µm) and shape 
(cocci or coccobacilli), and the presence of biofilm 
ultrastructure. Microscopists also recorded whether the 
biofilms occurred in close association with squamous 
epithelial cells (SEC biofilms) or were unrelated to 
squamous epithelial cells (non-SEC biofilms).18 We 
defined non-SEC biofilms as being consistent with a 
lower airway origin; SEC biofilms were interpreted to 
have originated from the upper airways (table 1). Imaging 
was done with a Nikon A1 Confocal Laser Scanning 
Microscope (Nikon, Mionato City, Tokyo, Japan) and NIS 
elements software (Nikon, Version 4.6, Mionato City, 
Tokyo, Japan).

Fluorescent in situ hybridisation (FISH) staining was 
used to provide proof-of-principle regarding the types of 
bacteria present in biofilms among a subset of 
bronchoalveolar lavages that were biofilm-positive by 
BacLight staining. A panel of FISH probes (Invitrogen 
Technologies, Thornton, NSW, Australia; appendix p 2) 
was used to assess three slides per bronchoalveolar 

lavage. Each slide was stained with one to two species-
specific probes, a eubacterial probe (non-specific positive 
control), and a nucleic acid counterstain (Hoechst 33342; 
Invitrogen Technologies, Thornton, NSW, Australia). A 
non-eubacterial probe (negative control) was used to 
ensure no non-specific hybridisation or fluorophore 
binding. FISH targeting respiratory pathogens was 
performed on a random selection of ten bronchoalveolar 
lavages that were culture-positive for Streptococcus 
pneumoniae, Haemophilus influenzae, or Moraxella 
catarrhalis. FISH targeting Prevotella spp was performed 
on a random selection of five bron choalveolar lavages 
(two non-SEC biofilms; three SEC biofilms). All FISH 
staining was done as described previously,26 but with 
75 µL of bronchoalveolar lavage analysed. The pairing of 
species-specific probes was based on each probe’s 
optimal formamide concentration (appendix p 2).

Neutrophil extracellular traps testing was done using 
anti-human neutrophil elastase antibody (Abcam, 
Cambridge, UK) and Phalloidin staining for actin 
(Invitrogen Technologies, Thornton, NSW, Australia), 
as described previously.26 Bronchoalveolar lavages were 
scored positive for neutrophil extracellular traps when 
extracellular DNA was neutrophil elastase-positive and 
actin-negative.

Haematoxylin and eosin staining (Richard Allan 
Scientific, San Diego, CA, USA) to confirm the presence of 
squamous cells in a random selection of bronchoalveolar 
lavages positive for SEC biofilms was done using standard 
protocols (appendix p 2). Slides were imaged using 
the ScanScope XT (Leica Biosystems, Nussloch, Baden-
Württemberg, Germany). Squames were identified based 
on their size and nuclear-cytoplasmic ratio.

Retrospective review of archived Quick Dip-stained 
bronchoalveolar lavage slides from children with bron-
chiectasis was done to determine whether the squame 
numbers were consistent with upper airway conta-
mination (archived slides for the PBB cohort 
were unavailable). The microscopist (RLM) was blinded 
to the biofilm results when performing squame counts. 
Bronchoalveolar lavages were considered contaminated 
with upper airway secretions if the squamous cell 
proportion per 1000 nucleated cells was more than 1%.22

Outcomes
The primary outcomes were the prevalence of each 
biofilm subtype (any biofilm, non-SEC biofilm, and 
SEC biofilm) among children with PBB compared with 
children with bronchiectasis. The secondary outcomes 
were the prevalence of each biofilm subtype among 
children with signs of lower airway infection compared 
with children without.

Statistical analysis
Because few children had CSLD, data from this group 
were combined with those of the bronchiectasis group 
(henceforth collectively referred to as bronchiectasis). 

See Online for appendix

Definition Interpretation

Non-squamous 
epithelial cell 
biofilm

Biofilm unrelated to 
squamous epithelial cells

Consistent with a lower 
airway origin

Squamous 
epithelial cell 
biofilm

Biofilm observed in close 
association with 
squamous epithelial cells

Indicative of an upper airway 
origin because squamous 
cells do not occur in the 
trachea, bronchi, or lung 
parenchyma

Table 1: Biofilm subtypes considered in this study
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See Online for videos 1–16

Demographic and clinical variables were summarised 
using proportions (groups compared using the χ² test) and 
medians with IQR (groups compared using the Wilcoxon 
rank sum test), as appropriate. Statistical significance was 
set at p<0∙05. Relationships between biofilm detection and 
clinical diagnosis or lower airway infection data were 
examined using univariate and multivariate logistic 
regression. Diagnostic group and lower airway infection 
were analysed as the dependent variables in separate 
models. Regression outcomes are presented as odds ratios 
(ORs) with 95% CIs. ORs were considered significant 
where the 95% CI did not include one. The model 
covariates of lower airway infection, recent antibiotic use, 
age, and sex were selected a priori based on availability and 
clinical relevance. There was no imputation for missing 
data. All statistical analyses were performed using Stata/IC 
(version 14.2 for Windows; StataCorp LP, College Station, 
TX, USA).

Role of the funding source
The funder of the study had no role in the study design, 
data collection, data analysis, data interpretation, or 
writing of the report.

Results
Bronchoalveolar lavage that were collected between 
Jan 1, 2011, and Dec 16, 2014, and suitably stored for 
biofilm testing were available for 69 (62%) of 111 children 
with PBB recruited from Brisbane, and 75 (64%) of 
117 children with bronchiectasis recruited from Darwin 
(includes seven children with CSLD). The median age of 
children with bronchiectasis was similar to those with 
PBB (table 2). Children with PBB were more likely to 
have airway neutrophilia and lower airway infection 
with H influenzae or M catarrhalis than children with 
bronchiectasis, whereas recent antibiotic use was more 
common among the children with bronchiectasis 
(table 2). Azithromycin was the most used antibiotic 
(18 [24%] of 75 children with bronchiectasis and one [2%] 
of 69 children with PBB; appendix p 3).

Prevalence of any biofilm was significantly higher 
among children with bronchiectasis (45 [60%] of 75) than 
children with PBB (29 [42%] of 69) in univariate (OR 2·10, 
95% CI 1·06–4·02) and multivariate analyses (OR 2·53, 
95% CI 1·16–5·49); however, this relationship was 
dependent upon whether the biofilms were likely to have 
originated from the lower or upper airways (table 3).

Non-SEC biofilms (considered consistent with a lower 
airway origin) ranged from discrete microcolonies through 
to large biofilms observed in close association with host 
cells that were morphologically consistent with immune 
cells, including neutrophil extracellular traps (figure 1; 
appendix pp 6–7; videos 1–10). The prevalence of non-SEC 
biofilm was similar among the children with PBB (25 [36%] 
of 69) and children with bronchiectasis (31 [41%] of 75; 
OR 1·24, 95% CI 0·63–2·43; table 3); however, these 
biofilms were significantly more common among children 

with signs of lower airway infection (46 [48%] of 95) than 
children without (eight [19%] of 43) in both univariate 
(OR 4·11, 95% CI 1·73–9·78) and multivariate tests 
(OR 5∙28, 95% CI 2∙20–13∙83; table 4). Non-SEC biofilms 
were the only biofilm type detected in bronchoalveolar 
lavage from 13 (17%) of 75 children with bronchiectasis 
and 13 (19%) of 69 children with PBB (appendix p 3). 
S pneumoniae, H influenzae, and M catarrhalis were 
detected within non-SEC biofilms in addition to other 
unidentified bacteria (figure 1; videos 11–12).

SEC biofilms (indicative of an upper airway origin) 
were observed both as large microcolonies containing 
extensive extracellular DNA structures, or as smaller 
microcolonies (figure 2; videos 13–16). SEC biofilms 
were significantly more prevalent among children with 
bronchiectasis (32 [43%] of 75) than children with PBB 
(16 [23%] of 69; OR 2·47, 95% CI 1·20–5·08); this 
association was strengthened in multivariate analysis 
accounting for the presence of lower airway infection, 

Protracted bacterial 
bronchitis (n=69)

Bronchiectasis 
(n=75)

p value

Location Brisbane, Australia Darwin, Australia ··

Sex

Female 31 (45%) 35 (47%) 0·83

Male 38 (55%) 40 (53%) ··

Median age, years 2·0 (1·1–3·5) 2·2 (1·5–3·4) 0·35

Lower respiratory infection* 53/66 (80%) 42/72 (58%) 0·0053

Airway neutrophilia† 45/63 (71%) 29/70 (41%) 0·0005

Any pathogen at ≥10⁴ colony-
forming units per mL

32/69 (46%) 26/74 (35%)‡ 0·17

Streptococcus pneumoniae 13/69 (19%) 13/74 (18%) 0·84

Haemophilus influenzae 21/69 (30%) 11/74 (15%) 0·026

Moraxella catarrhalis 10/69 (15%) 2/74 (3%) 0·011

Pseudomonas aeruginosa 0/69 0/74 ··

Staphylococcus spp 3/69 (4%) 4/74 (5%) 0·77

Recent antibiotic use§¶ 7/68 (10%) 29/73 (40%) <0·0001

Data are n/N (%) or median (IQR). *Data missing for three children in the bronchiectasis category and three children in 
the protracted bacterial bronchitis category. †Defined as a bronchoalveolar lavage neutrophil percentage of 15% or 
more; data were missing for five children with bronchiectasis and six with protracted bacterial bronchitis. ‡Data 
missing for one child with bronchiectasis. §Data missing for two children with bronchiectasis and one child with 
protracted bacterial bronchitis. ¶The antibiotics used are described in the appendix (p 3).

Table 2: Demographic and clinical characteristics of study participants

Protracted bacterial 
bronchitis (n=69)

Bronchiectasis 
(n=75)

Univariate OR 
(95% CI)

Multivariate* OR 
(95% CI)

Any biofilm 29 (42%) 45 (60%) 2·10 (1·06–4·02) 2·53 (1·16–5·49)

Any non-squamous 
epithelial cell biofilm

25 (36%) 31 (41%) 1·24 (0·63–2·43) 1·59 (0·72–3·53)

Any squamous 
epithelial cell biofilm

16 (23%) 32 (43%) 2·47 (1·20–5·08) 2·99 (1·33–6·73)

Data are n (%) unless otherwise specified. OR=odds ratio. *Covariates are lower respiratory tract infection, recent 
antibiotics, age (years), and gender. Full results of the multivariate model that showed squamous epithelial cell biofilm 
was more prevalent among the children with bronchiectasis are presented in the appendix (p 4).

Table 3: Comparison of the prevalence of biofilm in the bronchoalveolar lavage from children with 
protracted bacterial bronchitis with children with bronchiectasis
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recent antibiotic use, age, or sex (table 3; appendix p 4). 
SEC biofilms were the only biofilm type detected in 
bronchoalveolar lavage from 14 (19%) of 75 children with 
bronchiectasis compared to four (6%) of 69 children 
with PBB (appendix p 3). S pneumoniae, H influenzae, 
M catarrhalis, and Prevotella spp were detected within 
SEC biofilms in addition to other unidentified bacteria 
(figure 2; appendix p 8; videos 17–18).

Among 71 (95%) of 75 children with bronchiectasis 
who had an archived Quick Dip slide available, most 
(55 [78%] of 71) had squame proportions of 0∙1% or less 
(appendix p 5). Upper airway contamination was not 
evident in 23 (79%) of 29 bronchoalveolar lavages that 
were positive for SEC biofilms (appendix p 5). Although 
uncommon (eight [11%] of 71), squamous cell conta-
mination (ranging from 1·2% to 2·4%) was more 
prevalent in bronchoalveolar lavage that were positive 
(six [21%] of 29) versus those that were negative (two [5%] 
of 42) for SEC biofilms (appendix p 5).

Discussion
To our knowledge, this study is the first to demonstrate 
biofilm in bronchoalveolar lavage from children with 
PBB, and the first to determine biofilm prevalence 
among children with PBB or bronchiectasis. We 
found that lower airway biofilms (non-SEC biofilms) 
were significantly associated with signs of infection, 
irrespective of the underlying diagnoses. By contrast, 
upper airway biofilms (SEC biofilms) were significantly 
more prevalent among the children with bronchiectasis, 
despite most bronchoalveolar lavages from the 
bronchiectasis group having squamous cell counts far 
below that expected due to contamination.

Biofilms were previously hypothesised to contribute to 
the pathobiology and treatment responses of children 
with PBB or bronchiectasis, but data have been scarce.3,16 
The significant relationship we observed between lower 
airway biofilms and signs of infection (irrespective of the 
clinical diagnosis, age, or recent antibiotic use) supports 
a role for biofilm across the spectrum of chronic infective 
lung diseases. Our study was not designed to determine 
relationships between biofilm subtypes and treatment 
outcomes; however, non-SEC biofilms were present 
among more than a third of the children with lower 
airway infection, consistent with a distinct microbial 
phenotype that would be expected to contribute to 
differential treatment responses. Identification of this 
phenotype remains challenging in clinical settings due to 
the need for specialist microscopic techniques that might 
not be available outside of research laboratories. 

See Online for videos 17 and 18

Figure 1: Non-squamous epithelial cell biofilms in bronchoalveolar lavage 
from children with protracted bacterial bronchitis or bronchiectasis
Representative maximum intensity projections for BacLight (A–F) and 
fluorescent in situ hybridisation (FISH)-stained (G–H) bronchoalveolar lavage. 
In BacLight images, green staining indicates DNA within intact (live) bacteria 
whereas red staining indicates extracellular DNA or DNA within permeable 
(dead) cells. BacLight-stained bronchoalveolar lavage from patients with 
protracted bacterial bronchitis (PBB; A) or bronchiectasis (B), showing discrete 
biofilms containing live bacteria (arrows) alongside host cells that are 
morphologically suggestive of immune cells. (C) BacLight-stained 
bronchoalveolar lavage from a child with PBB showing large, biofilm containing 
both live and dead bacteria embedded within an extensive extracellular DNA 
structure. (D) BacLight-stained bronchoalveolar lavage from a child with 
bronchiectastis showing large, discrete biofilm containing live and dead 
bacteria. This field also shows intact host cells that are morphologically 
consistent with macrophages and lymphocytes. (E) BacLight-stained 
bronchoalveolar lavage from a child with PBB showing biofilms containing live 
and dead bacteria observed in close association with extracellular DNA and 
immune cells. (F) BacLight-stained bronchoalveolar lavage from a child with 
bronchiectasis showing extensive biofilm and microcolonies containing live and 
dead bacteria (arrows) embedded within an extensive extracellular DNA matrix 
together with immune cells. (G) FISH-stained bronchoalveolar lavage from a 
child with PBB showing a large polymicrobial biofilm that is positive for 
Moraxella catarrhalis (red, arrows) and other unidentified bacteria (eubacterial 
probe, yellow) associated with host DNA and non-hybridised bacteria (blue). 
(H) FISH-stained bronchoalveolar lavage from a child with bronchiectasis 
showing large polymicrobial non-SEC biofilm that is positive for Streptococcus 
pneumoniae (green arrows) and other unidentified bacteria (eubacterial probe, 
yellow) associated with host DNA and non-hybridised bacteria (blue); planktonic 
Haemophilus influenzae cells (red arrows) are also evident in this image. Videos of 
the optical sectioning through each image are shown in videos 1–6, 11–12.
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Development of a biofilm test suitable for use in clinical 
laboratories when bronchoalveolar lavage is collected 
remains a research priority.

The reason for higher prevalence of upper airway 
biofilms among the children with bronchiectasis is 
unclear. We first considered whether these biofilms were 
indicative of upper airway contamination during 
sampling.22 Although contamination was evident among 
a small number of children, the low number of squames 
in most bronchoalveolar lavages suggests contamination 
alone does not explain our results. This finding prompts 
consideration of whether the SEC biofilms were 
microaspirated,19,20 perhaps related to the chronic cough 
and poor respiratory clearance typical of bronchiectasis. 
Certainly, poor upper respiratory health is a risk factor for 
lower airway infections and has long been associated with 
bronchiectasis.27 Our study was not designed to measure 
microaspiration; however, earlier studies of healthy adults 
demonstrated microaspiration occurs during healthy 
respiratory function and is the probable mechanism by 
which bacteria seed the lower airways.20 Although no 
studies have examined biofilm prevalence in the upper 
airways of children with PBB or bronchiectasis, biofilms 
have been demonstrated in sinus, adenoid, and tonsillar 
tissues from children with chronic rhinosinusitis and 
chronic adenoiditis.14 It is unknown whether micro-
aspirated upper airway biofilm communities could 
influence lower airway microbiology in the same way as 
planktonic cells. This remains an important area for 
future research as animal studies have demonstrated 
biofilm-induced lower airway infections are more 
persistent than those induced by planktonic cells.17,28 
Further research is also warranted to understand whether 
the bacterial communities within SEC biofilms contribute 
to lower airway disease processes. Such work will 

probably require multiple testing strategies, including 
imaging-based polymicrobial FISH techniques and laser 
dissection methods suited to recovering nucleic acids 
from spatially heterogenous specimens.

Our results have two important implications for 
respiratory microbiome studies. First, use of protected 
sampling methods might be essential to distinguishing 

Without 
lower 
airway 
infection 
(n=43)

With 
lower 
airway 
infection 
(n=95)

Univariate 
OR (95% CI)

Multivariate* 
OR (95% CI)

Any biofilm 17 (40%) 55 (58%) 2·10 
(1·01–4·38)

2·91 
(1·27–6·66)

Any non-
squamous 
epithelial cell 
biofilm

8 (19%) 46 (48%) 4·11 
(1·73–9·78)

5·28 
(2·02–13·83)

Any squamous 
epithelial cell 
biofilm

13 (30%) 34 (36%) 1·29 
(0·59–2·79)

1·80 
(0·78–4·16)

Data are n (%) unless otherwise specified. Lower airway infection data were 
missing for six children. OR=odds ratio. *Covariates are clinical diagnosis, recent 
antibiotics, age (years), and gender. Full results of the multivariate model that 
showed non-squamous epithelial cell biofilm was more prevalent among children 
with lower airway infection are presented in the appendix (p 4).

Table 4: Non-squamous epithelial cell biofilms were significantly more 
prevalent among children whose bronchoalveolar lavage showed signs 
of lower airway infection.

Figure 2: Squamous epithelial cell biofilms observed in bronchoalveolar 
lavage from children with protracted bacterial bronchitis or bronchiectasis
Representative maximum intensity projections of bronchoalveolar lavage 
stained with BacLight (A–B), fluorescent in situ hybridisation (FISH) probes 
(C–D), or haematoxylin and eosin (E–F). In BacLight images, DNA within intact 
(live) bacteria is stained green whereas extracellular DNA and permeable 
(dead) bacteria are stained red. (A) BacLight-stained bronchoalveolar lavage 
from a child with protracted bacterial bronchitis (PBB) showing large biofilms 
containing live and dead bacteria attached to squamous epithelial cells. 
(B) BacLight-stained bronchoalveolar lavage from a child with bronchiectasis 
showing live and dead bacteria in biofilms attached to squamous epithelial 
cells. (C) FISH-stained bronchoalveolar lavage from a child with PBB 
showing a squamous epithelial cell (SEC) biofilm containing small clusters of 
Moraxella catarrhalis (red arrows) and other unidentified bacteria (eubacterial 
probe in yellow) associated with host DNA (blue). The circle indicates the 
associated squamous epithelial cell. No non-specific hybridisation (NONEUB 
probe in green) was observed. (D) FISH-stained bronchoalveolar lavage from a 
child with bronchiectasis showing a SEC biofilm that is positive for Streptococcus 
pneumoniae (green arrow) and other unidentified bacteria (eubacterial probe in 
yellow) associated with host DNA (blue). The circle indicates the associated 
squamous epithelial cell. (E and F) Haematoxylin and eosin-stained images 
showing squamous epithelial cells in bronchoalveolar lavage from patients with 
PBB or bronchiectasis, respectively. Videos of the optical sectioning through 
images A–D are shown in videos 13–16.
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microaspirated bacteria from those inadvertently 
detected due to upper airway contamination. Second, 
image-based quality measures should be included when 
analysing samples collected via mouth or nose to identify 
(and where necessary, exclude) contaminated specimens. 
Testing for squamous epithelial cells in bronchoalveolar 
lavage slides has long been recommended as a simple 
and cost-effective method for assessing respiratory 
specimen quality;22,29 however, such measures are rarely 
reported. Our results suggest that FISH-based testing for 
upper respiratory commensals might be useful to 
distinguishing when such species are truly present in the 
lower airways compared with incidental detection related 
to specimen contamination. This type of delineation 
might be important to understanding the role of 
Prevotella spp and other upper airway commensals 
implicated as potential mediators of treatment 
response.11,30 Where specialist microscopy is unavailable, 
Quick Dip-stain or Gram-stain estimates of squamous 
cell numbers are still useful to identifying low quality 
lower airway specimens that should be excluded from 
microbiome analyses (appendix p 5).

Our novel findings must be interpreted in the context of 
several limitations. First, we did not undertake a priori 
power calculations, because we were restricted by a finite 
availability of specimens suitable for biofilm testing and 
there were no published data to inform the expected 
biofilm prevalence. Thus, a priori power calculations 
would have required unfounded assumptions and lacked 
validity. To our knowledge, our study is the largest report 
of biofilm in bronchoalveolar lavage from children with 
PBB or bronchiectasis to date. Second, bronchoalveolar 
lavages were collected by multiple physicians across two 
study sites. Although identical lavage procedures were 
used at each site, we cannot exclude the potential for an 
inadvertent operator-related bias that might have resulted 
in greater contact of the bronchoscope with the upper 
airway mucosa in some children. Despite this limitation, 
we consider site-specific sampling differences unlikely 
to explain the SEC-biofilm results, as bronchoalveolar 
lavage from children with bronchiectasis were collected 
via a laryngeal mask, and thus would be expected to have 
less contact with the upper airway than bronchoalveolar 
lavage from the PBB cohort. Third, our study’s 
cross-sectional design did not permit examination of 
relationships between biofilm detection and longer-term 
clinical outcomes. Fourth, the low median age of our 
cohort (around 2 years) might restrict the generalisability 
of our findings to older age groups and other respiratory 
contexts. Additionally, our study was not designed to 
examine direct or indirect effects of potential co-
morbidities. Fifth, we interpreted non-SEC biofilms as 
having originated from the lower airways. We cannot 
exclude the possibility that some non-SEC biofilms could 
be upper airway biofilms that had become separated from 
squamous cells; however, the strong association between 
non-SEC biofilm and signs of lower airway infection 

suggests this was not the case. Likewise, we cannot 
exclude the possibility that biofilms on squamous cells 
might have manifested after micro aspiration into the 
lower airways. Finally, biofilm prevalence was determined 
using microscopy, a technique that can lack sensitivity 
compared with other methods.

In summary, our results demonstrate that biofilm is a 
common, but not ubiquitous, microbiological feature in 
bronchoalveolar lavage from children with PBB or 
bronchiectasis. Our findings emphasise the need for a 
nuanced approach when investigating the pathobiological 
and clinical significance of biofilm in bronchoalveolar 
lavage from children with chronic endobronchial 
infection. The association between non-SEC biofilms and 
lower airway infection suggests biofilms contribute to the 
ongoing infectious process in children with chronic 
endobronchial suppuration and might explain variable 
treatment responses. Further studies are warranted to 
determine whether microaspiration or poor clearance of 
upper airway secretions are relevant features of paediatric 
bronchiectasis; if true, such findings would indicate that 
novel interventions focused on upper airway health could 
be useful to improving long-term chronic lung disease 
outcomes. Collectively, our results emphasise a crucial 
need for inclusion of biofilm testing and subtyping when 
investigating microbiological phenotypes and treatment 
recalcitrance among children with PBB or bronchiectasis 
and highlight the need for specimen quality measures to 
contextualise findings from respiratory microbiome 
studies.
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