
INVITED REVIEW SERIES: CUTTING EDGE TECHNOLOGIES
SERIES EDITOR: DARRYL KNIGHT

Bronchial brushings for investigating airway inflammation
and remodellingresp_2001 725..737

KEVIN LOOI,1 ERIKA N. SUTANTO,2,4 BALARKA BANERJEE,1,3 LUKE GARRATT,1 KAK-MING LING,2

CLARA J. FOO,1 STEPHEN M. STICK1,2,4* AND ANTHONY KICIC1,2,4*

1School of Paediatrics and Child Health, 2Telethon Institute for Child Health Research, Centre for Health
Research and 3School of Medicine and Dentistry, The University of Western Australia, Nedlands,

and 4Department of Respiratory Medicine, Princess Margaret Hospital for Children, Perth,
Western Australia, Australia

ABSTRACT

Asthma is the commonest medical cause for hospital
admission for children in Australia, affects more than
300 million people worldwide, and is incurable, severe
in large number and refractory to treatment in many.
However, there have been no new significant treat-
ments despite intense research and billions of dollars.
The advancement in our understanding in this disease
has been limited due to its heterogeneity, genetic com-
plexity and has severely been hampered particularly in
children by the difficulty in obtaining relevant target
organ tissue. This review attempts to provide an over-
view of the currently used and recently developed/
adapted techniques used to obtain lung tissue with
specific reference to the airway epithelium.
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INTRODUCTION

Asthma is a chronic inflammatory airway disease
affecting as many as 300 million people worldwide
and it is expected that this number will rise by a
further 100 million by 2025.1 In Europe alone, the
social and economic burden of asthma has been esti-
mated at close to €18 billion per annum2 and in Aus-
tralia this is estimated at 600 million dollars/year.3

The prevalence of asthma in Australia is relatively
high by international standards, with up to 12% of
adults (one in 10) and up to 16% (one in eight) of
children of all ages and ethnicities being affected.4

Despite its high prevalence this disease remains
incurable with no significant new treatments in over
30 years of intense investigation. The advancement in
our understanding in this disease has been limited
due to its heterogeneity and genetic complexity
and thus the simple definition as ‘a disorder of the
conducting airways, which over-spontaneously con-
tracts’ remains vague and inaccurate. The definition
proposed by the Global Strategy for Asthma Manage-
ment and Prevention Report states that asthma can
be defined by its pathologic and functional conse-
quence which is, ‘Asthma is a chronic inflammatory
disorder of the airways in which many cells and cel-
lular elements play a role. The chronic inflammation
is associated with airway hyperresponsiveness that
leads to recurrent episodes of wheezing, breathless-
ness, chest tightness and coughing particularly at
night or early morning. These episodes are usually
associated with widespread, but variable, airflow
obstruction, within the lungs, that is often reversible
either spontaneously, or with treatment.’1 Similarly,
although succinct, this definition still remains less
than satisfactory and asthma continues to evade spe-
cific definition due to its complex gene and environ-
ment interactions. With no single factor accountable
for the pathogenesis of asthma, respiratory clinicians
have struggled to rely on inflammatory profiles
and symptoms to classify asthma and administer the
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appropriate treatment regimens. Momentum is
now gathering to order this complex heterogeneity
into particular ‘asthma endotypes’ with the aim of
identifying definable subpopulations of asthma
with discrete pathogenic pathways.4 The interactions
between immunity, inflammation and remodelling
have been central to a plethora of asthma research
over the years; however, attempts at understanding
asthma, particularly in children, have been severely
hampered by the difficulty in obtaining relevant target
organ tissue. This review attempts to provide an over-
view of the currently used and recently developed/
adapted techniques used to obtain lung tissue with
specific reference to the airway epithelium. This
structure is emerging as an integral player as it is the
interface between the environment and the submu-
cosa and represents the first line of defence against
inhaled exogenous agents that trigger asthma. In
healthy tissue, damage to the epithelium caused by
these agents trigger a cascade of events which leads to
quick and efficient repair.5,6 However, in diseased
tissue, failure to repair and restore full functional or
structural capacity typically results in tissue remodel-
ling, inflammation and fibrosis. This review begins
by outlining the various direct sampling techniques
presently utilized in the assessment of human airway
inflammation and remodelling followed by a focused
review on the bronchial cytology brush sampling
method, with specific emphasis on the potential for
subsequent functional investigative assessments. In
order to provide a succinct overview we have chosen
to focus on those key articles that have made signifi-
cant contributions to this field.

ASSESSING AIRWAY INFLAMMTION
AND REMODELLING

Airway inflammation in asthma often involves all
structures of the bronchi, with inflammation and
the remodelling processes occurring in both large
and small airways.7 Progression of the inflammatory
process to the smaller airways only occurs as the
severity of the disease increases and becomes chronic
in nature but otherwise, remains largely restricted to
the larger airways.8 The exact location of airway
inflammation remains controversial; however, it is
accepted that inflammation can be exhibited in
both large and small airways. In humans, markers
of airway inflammation and remodelling can be
sampled directly via whole lung sections, fibre-optic
bronchoscopy, BAL, bronchial biopsies and cytology
bronchial brushings. Sampling directly from the res-
piratory airways has major advantages as will be dis-
cussed; however, their invasive and labour intensive
natures are often the greatest limitation to their
routine employment.

Whole lung tissues

Human airway epithelial cells obtained from lungs
not suitable for transplantation or from cadaver

sources can and has also been used to assess airway
inflammation and remodelling. Hackett and
co-workers utilized de-identified human lungs that
were considered unsuitable for transplantation for
the establishment of epithelial cells cultures and sub-
sequent various downstream investigative assess-
ments.9,10 In brief, isolation of the trachea and bronchi
to the third generation involves their direct dissection
and rinsing to remove blood and mucus. The epithe-
lium on intact segments of trachea and bronchi are
then dissociated via protease digestion. Afterwards,
the trachea/bronchi tube is rinsed and dissociated
cell clumps are strained through a nylon mesh and
the protease neutralized. The cell suspension is then
plated onto tissue culture flasks and incubated to
deplete adherent cells. Approximately 20 ¥ 106 cells in
total are recovered from both the trachea and bron-
chial tissues. The obtained airway epithelial cells can
either be grown to confluence for monolayer assess-
ments or subsequently allowed to differentiate into
air–liquid interface cultures. These specifically
derived cells and resulting cultures have been suc-
cessfully utilized to identify and characterize an epi-
thelial subpopulation, termed side population (SP)
cells.10 Further analysis revealed that although these
CD45- SP cells displayed progenitor cell function they
were over expressed (4%) in asthmatic airways when
compared with the healthy epithelial population
(0.12%), indicating a possibly abnormality in the
wound repair capacity of these cells.10 Furthermore,
airway epithelial cells derived from the same method-
ology have been used to assess transforming growth
factor b1 (TGF-b1)-induced epithelial to mesenchy-
mal transition (EMT) in asthmatic epithelium.9 Here,
direct evidence was provided that this phenomenon
occurs in asthmatic cells via a SMAD3-dependent
process and that in air–liquid interface cultures this is
restricted to the basal cells, which collectively sup-
ported the hypothesis of an altered repair phenotype.
Despite this sampling methodology’s high recovery
rate and the ability to perform epithelial specific
analysis, its feasibility for large-scale routine research
remains undetermined due to the irregular frequency
at which non-transplanted lungs become available.

Bronchoscopy and associated methodologies

Since bronchoscopes became widely available, bron-
choscopy and its associated sampling techniques,
such as BAL, biopsies and cytology brushings, have
enabled investigators to gain a better insight into
the pathogenesis of various respiratory diseases.11,12

Although considered safe in experienced hands,
bronchoscopy is still an invasive procedure involving
the insertion of a bronchoscope down the airway of
an anaesthetized patient and concurrently perform-
ing bronchial biopsies, BAL or cytology bronchial
brushings. Even though there is a cumulative record
of safety in performing these techniques,13–16 concerns
such as cough, wheeze or pneumothorax that may
develop during or after their use17,18 certainly warrant
constant monitoring and reporting of the use of such
techniques.
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BAL

BAL is generally performed to attain a representative
sample of the distal airways and alveolar surfaces.19

In general, this involves the introduction of varying
quantity (usually between 1 and 5 mL/kg) of sterile
room-temperature saline aliquots through a flexible
bronchoscope into the segmental or sub-segmental
bronchus for a short duration, followed by removal
into a sterile collection trap. The suctioned fluid
is then termed BAL fluid (BALF) and cells from the
fluid are harvested by low speed centrifugation and
subsequently used for total cell counts or cytospin
preparations. The term BAL is not synonymous with
bronchial lavage as the latter refers to washing of the
larger airways either via a bronchoscope or directly
through an endotracheal tube (ETT) in a ventilated
patient. Information gained from the BALF will
depend upon the status of the lavaged area and can
often include but is not limited to cellular content
including mast cells, neutrophils and eosinophils,20,21

amount of non-cellular compounds associated with
inflammation such as cytokines,22,23 host defences
comprising of alveolar macrophages and immune
cells24 as well as markers for lung damage like surfac-
tant proteins A and D.25 Despite being able to provide
a vast array of information, the very nature of instill-
ing saline to sample the bronchus presents an
inevitable dilution effect the added saline has on the
subsequently suctioned BALF. Although evidence has
suggested the use of albumin as a suitable denomina-
tor for BALF,26 presently, there remains no valid way to
account for this dilution effect. Until fully capable of
accounting for this dilution effect, the use of BAL
would be limited to being a complementary tech-
nique to bronchoscopy in the diagnosis and research
of airway-related diseases.

Biopsies

A vast majority of the human airway epithelium
obtained during biopsies would contain areas of
viable cells that can be used for the assessment of the
integrity and structure of the airway epithelium.27

Biopsies are performed by the insertion of cupped
biopsy forceps in the closed position down the
suction channel of a bronchoscope. Bronchial biopsy
specimens are selected from areas previously
untouched by the bronchoscope within the right
upper and middle lobe bronchi. The forceps are then
extended and under direct vision, opened and
clamped around the area to be sampled. With a gentle
tug, the forceps are retracted and removed from
the bronchoscope. The biopsied samples are then
sectioned and fixed and can then be examined using
immunohistochemical analyses, together with a
panel of monoclonal antibodies, to identify and
quantify cellular or inflammation markers such
as cytokeratins, eosinophils, neutrophils and other
various inflammatory cells respectively.28–30 Biopsy-
derived samples have also been utilized for cell
culture establishment involved in studies of cell
injury, proliferation, differentiation and repair in

response to injurious stimuli in the form of diesel
exhaust particles.31,32 Bronchial biopsies are an ideal
diagnostic tool for the observation of pathological
changes of the respiratory airways; however, it
remains typically unsuitable for routine human bron-
chial epithelial cell culture establishment due to its
highly invasive nature, its requirement for compe-
tency in performing the procedure and the labour
intensive nature in processing biopsied tissue for
culture establishment and purification.

Cytology bronchial brushings

Cytology bronchial brushings are simple, relatively
easy to perform and less invasive compared with
either BAL or biopsies. The process of cytology bron-
chial brushing provides the opportunity to obtain
airway epithelial cells of high viability and number to
be analysed by various subsequent methodologies,
including immunocytochemistry,33 confocal micros-
copy,34 electron microscopy35 and flow cytometry.36

However, this process has progressed beyond its
initial purpose of cellular analysis to include estab-
lishment of primary human bronchial epithelial cell
cultures from adult and paediatric patients.36–38

The method of cytology bronchial brushing and
sampling epithelial cells has been routinely used in
the past for the diagnosis of tuberculosis,39,40 but has
recently included other respiratory diseases, such as
asthma, cystic fibrosis (CF) and chronic obstructive
pulmonary disorder.41–47 A majority of these
studies37,43,44,46,47 have performed bronchial cytology
brushings from adult patients however, Doherty and
co-workers successfully executed non-bronchoscopic
bronchial cytology brushings in children by the inser-
tion of a sheathed bronchial cytology brush through
an ETT. Here, sampling occurred via the gentle
wedging of a sheathed cytology brush in a peripheral
bronchus. Once wedged, the sheathed cytology brush
was retracted 2–3 cm before the brush tip was
advance 2–3 cm from the protective sheath. Gentle
brush sampling was performed and upon comple-
tion, the brush tip was then retracted back into its
protective sheath and completely removed from the
ETT. The brush tip was then detached into collection
media and the process repeated. Collected samples
were then characterized and used to successfully
establish primary bronchial epithelial cell cultures.38

Since this initial study showcases the establishment of
cultures from paediatric patients, we have established
a similar blind, non-bronchoscopic technique with
modifications for obtaining bronchial epithelial
cells.42 Briefly, once each child is anaesthetized, using
sevofluorane and propofol, and intubated in theatre
an unsheathed soft nylon bronchial cytology brush is
advanced through the ETT until the tip hits airway
wall resistance usually above the carina (Fig. 1). Sam-
pling occurs using a rotational movement of the
brush rather than a probing movement. Completion
of sampling would see the cytology brush being
withdrawn from the ETT, the brush tip inserted and
detached into cold sterile collection media. The
brushing process is repeated with the second cytology
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brush tip also being inserted and detached into the
same collection tube. The collection tube, together
with the brush tips, is then immediately processed by
vortexing for a period of time to dislodge the cells off
the brush tips as well as breaking up larger cell
clumps. The brush tips are then removed into another
collection tube and the process repeated. Following
that, the two collection media are pooled, centrifuged
and resuspended in growth media. The cell suspen-
sion is subsequently fractionated for multiple
downstream uses, including cytospins for immuno-
histochemistry, cell culturing, RNA or protein
extraction. During our initial assessment of the meth-
odology published by Doherty and colleagues, we
found the use of sheathed cytology brushes to greatly
diminish the total yield and subsequently the ability
to establish epithelial cultures. Further analysis iden-
tified this to be due to the loss of cells as the brush
bristles directly slide against the sheath lining during
its retraction (A. Kicic, unpubl. data, 2004). We com-
pared total yields between sheathed and unsheathed
cytology brushes and observed a 2–4 fold increase
in total cell number in using unsheathed cytology
brushes (A. Kicic, unpubl. data, 2004). As a result of
these initial in house studies we have subsequently
implemented the use of unsheathed cytology brushes
in all our sampling methodologies.

More recently, with the increased frequency of
laryngeal mask airways (LMA) being used in paediat-

ric anaesthesia, we have established, adapted and
refined a bronchoscopic cytology brushing technique
to allow for the sampling of bronchial epithelial
cells.48 This technique involves having the unsheathed
cytology brush passed down the instrument port of
a portable intubation bronchoscope and kept con-
cealed within the bronchoscope tip. The portable
bronchoscope is then passed down through the LMA
and directed and positioned at a suitable site for
brushing beyond the lower edge of the vocal cords.
Once positioned below the vocal cords, the cytology
brush is then advanced till resistance is encountered
typically above the carina region in the same region as
the blind brushing technique described above. Rota-
tional movement is performed to sample the cells and
subsequently the cytology brush tip is retracted to just
beyond the tip of the bronchoscope. Both the bron-
choscope and the concealed cytology brush are then
withdrawn together. The cytology brush would then
be pushed out from the bronchoscope and the brush
tip detached into sterile collection media. This proce-
dure is repeated once more with a second brush
tip being detached into the same collection tube.
The collection tubes containing the brush tips are
then similarly processed as mentioned previously.42

Results obtained have shown that both the blind,
non-bronchoscopic bronchial brushing and portable
bronchoscopic brushing techniques are equally
well tolerated with only a mild self-limiting cough in

Figure 1 Schematic diagram indi-
cating regions sampled using cytol-
ogy brushes.
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~10–20% of the patients reported as the only reported
adverse event after the procedures.41,48

We have also adapted the method of bronchoscopic
cytology brushing for use in the sampling of human
airway epithelial cells in the small and large airways
of lung transplant patients.49 Similar to the non-
bronchoscopic or the portable bronchoscopic cytol-
ogy brushing method, the procedure is performed
under general anaesthesia, with the cytology brush
passed down through the instrument port of the
bronchoscope upon successful positioning in a suit-
able lateral segment of the lower right or left lobe of
the lung. The main difference with this methodology
is that the cytology brush tip is extended, under radio-
logical guidance, to an area 2–3 cm from the pleural
surface for the collection of small airway brushings
(Fig. 1). Large airway epithelial cells are obtained
from the proximal bronchi by several gentle passages
of the cytology brush into each airway. Cells from
large and small airways are deposited in separate
collection media to prevent cross-contamination
and similarly processed as previously mentioned.42

Similar to the previously described brushing tech-
niques no distinguishable adverse side-effects have
been observed with this methodology.49 Despite its
advantages, cytology bronchial brushing is limited in
that it can only provide cells of epithelial origin. The
inability to sample other cell types such as inflamma-
tory and mesenchymal cells, obtained via bronchial
biopsies, can then limit the application of this
technique to assess airway inflammation and
remodelling.

Overall, these methodologies can be confidently
used to obtain human airway epithelial cells which
can be directly analysed or grown to establish primary
cell cultures for more complex experiments.38,41,42,48,49

Despite the reported mild, self-limiting cough, the
ability to obtain highly viable epithelial cells for
culture establishment without overt invasiveness
merits its suitable use in both children and adult.

NASAL VERSUS BRONCHIAL
BRUSHINGS

Studies using airway epithelial cells obtained either
via bronchoscopy, bronchial biopsies, BAL or isolated
from non-transplanted lungs have shown the poten-
tial for diagnostic or investigative assessments of
many airway-related diseases. However, these
methodologies are more complex and invasive, often
requiring superior surgical competency or infre-
quently performed due to the low rate of available
target organ tissue. The need for a less invasive meth-
odology, which can be routinely performed in either
adults or children and potentially yield highly
viable epithelial cells, thus brings us to highlight the
immense potential of cytology brushings. Concur-
rently, obtaining and characterizing airway epithelial
cells from the nasal cavity via cytology brushings has
also been recently explored and in this section, we will
compare this technique and resulting cells to those
obtained by brushings of the lower airways.

Ideally, human airway epithelial cells provide a
model system for the study of the respiratory epithe-
lium in the pathogenesis of many airway diseases and
the onset of inflammatory, hyperresponsiveness and
remodelling changes. Recent studies using cytological
brushings of both the nasal cavity and bronchial
airways have allowed investigators to circumvent
the major limitation in the past to obtain sufficient
cell numbers to allow for large-scale and complex
experiments.41,42,49–54 The sampling of nasal epithelia
involves the use of a cytology brush to gently brush
the medial aspect of the inferior turbinate (Fig. 1). The
tip of the cytology brush is then detached into a col-
lection tube, which is then agitated to dislodge cells
from the brush tip and subsequently processed for
further downstream uses including cell culture estab-
lishment, epithelial cell lineage verification assess-
ments or immunocytochemistry.

Nasal epithelial cell brushings have been gaining
popularity recently due to several merits including: its
relatively non-invasive nature, the requirement for
trace or no anaesthesia, its simple protocol and short
time frame to perform, accessibility of the brush
to the sample tissue and potential for repeated sam-
pling of individuals. Previous studies have proven
that nasal airway epithelial cells obtained via nasal
brushings52,55–57 or nasal biopsies58,59 showed similar
morphology and growth characteristics to bronchial
epithelial cells; moreover, they can also be success-
fully used to establish primary cell cultures. A study
by McDougall and co-workers52 comparing nasal
and bronchial epithelial cells from matched patients
suggested that the obtained nasal epithelial cells
are suitable surrogates. Their study showed that
the inflammatory responses of nasal epithelial cells
closely resemble those of bronchial epithelial cells.
Furthermore, they showed that the release of inflam-
matory mediators, including IL-6, RANTES, VEGF,
MCP-1, MMP-9 and TIMP-1, and receptor expression
(ICAM-1, avb3, avb5) in human nasal epithelial cell
cultures reflect the bronchial epithelial cell cultures
under either resting or cytokine-stimulated condi-
tions.52 However, it was also noted by the same
authors that the absolute mediator levels produced
did in fact differ. Despite this, they conclude that the
merit to nasal airway epithelial cell brushings is in its
feasibility for use in individuals in an expansive age
range ~0.7–80 years.52

Interestingly, another recent study conducted by
Lopez-Souza and co-workers51 has shown different
responses between nasal and bronchial derived epi-
thelia. Specifically, they showed that human nasal
airway epithelial cells were less susceptible to human
rhinovirus (HRV) infection than bronchial epithelial
cells. They clearly showed that HRV replicated more
easily, had a 20- to 30-fold greater viral load, and
infected more cells in bronchial epithelial cells than
nasal epithelial cells. In addition, inflammatory
markers were similarly greater in bronchial epithelial
cells than in nasal epithelial cells.51 The authors con-
cluded that differentiated human bronchial epithelial
cells are more susceptible to HRV infection as com-
pared with similarly differentiated human nasal
epithelial cells. Moreover, differentiated human nasal
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epithelial cells might also have an increased resis-
tance to HRV infection. Importantly, this study
implies possible region-specific responses that may
occur by the epithelium and the inability to translate
findings between the two due to the variability.
Only a few studies including the two highlighted
in this review that have attempted to characterize
and compare these two epithelial populations. The
paucity in this field justifies further investigation to
explore in more detail the applicability and purpose
of nasal derived epithelial cells in the experimental
setting.

Despite the benefits of sampling nasal airway
epithelial cells, the use of bronchial brushings still
remains a useful and more appropriate technique for
morphological and functional studies of these cells
in different airway diseases. Bronchial epithelial cells
obtained by cytology brushings are considered
reflective and representative of the current in vivo
condition and thus provide valuable insight into the
various mechanisms underlying the onset of airway
inflammation and remodelling. In asthma research,
bronchial brushings are often used in the study of
bronchial epithelial cells themselves,31,42,60 inflamma-
tory cells such as neutrophils or eosinophils infiltrat-
ing the respiratory epithelium37,61 or microbiota
species such as Haemophilus, Moraxella or Neisseria
present at the surface of the bronchial epithelial
layer62,63 (Table 1).

Although the resulting applications for the cells are
extremely varied, the cytology brushing technique
should be continually validated in each new subject
group sampled. As mentioned previously and in our
hands the technique of sampling bronchial airway
epithelial cells has been found to be well-tolerated by
healthy and mildly asthmatic children41,48 and in lung
transplant recipients.64 Similarly, a study by Romag-
noli and co-workers showed bronchial brushings
being well-tolerated and a safe method for obtaining
bronchial epithelial cells from individuals with severe
asthma ranging from mild (Score 1) to severe (Score 4)
on the AAS (Aggregate Aggression Score) scores.65

While there appears to be an emerging pattern of
safety and widespread suitability of this sampling
technique, its full applicability in other disease set-
tings still need to be elucidated.

BRONCHIAL BRUSHINGS FOR
AIRWAY INFLAMMATION AND
REMODELLING ASSESSMENT

This section of the review revisits the use of bronchial
brushings of airway epithelial cells for use in estab-
lishing cultures in order to investigate the mecha-
nisms underlying airway-related diseases. Among the
assessment methods which are presently performed
to assess airway inflammation and remodelling, the

Table 1 Collation of experimental analyses utilizing airway epithelial sample obtained by cytology brushing

Brushing technique
Airway epithelial

source
Summary of experiments performed

on/using source tissues References

Endotracheal tube Paediatric Immunocytochemical staining 38,41,42,44,48,50
Measurement of:
- Cytokines
- Inflammatory mediators
DNA microarray
Gene expression
Gene silencing, promoter activation
Protein quantification
Total and differential cell counts
Epithelial wounding and repair
Viral and non-viral stimulation
Differentiation into air–liquid interface

Portable bronchoscopic Paediatric Immunocytochemical staining 48
Cytokine measurement
Flow cytometry

Adult Immunocytochemical staining 33,36,37,43,45,51–53
Measurement of:
- Cytokines
- Inflammatory mediators
DNA microarray
Gene expression
Protein quantification
Flow cytometry

Radiological guided Paediatric Not applicable
Adult Cytokine measurement 49,96–98

Gene expression
Therapeutic drug treatment
Cellular migration
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technique of bronchial cytology brushing provides an
enormous opportunity to perform both diagnostic as
well as investigative evaluations of various airway-
related diseases. The use of bronchial cytology brush-
ing is not only applicable to adult populations, but is
similarly used within the paediatric subset thus pro-
viding even greater potential in comprehending
disease pathogenesis and mechanisms.

As mentioned earlier, bronchial cytology brushings
can be performed differently and with various adap-
tations to the methodology. Our initial work first
showed the large-scale feasibility of using bronchial
cytology brushing in children and in particular,
successfully obtaining viable cell cultures of epithelial
origins.41 We managed to obtain, on average,
~2.6 ¥ 106 cells, with 93% of all cultures exhibiting
some growth, 80% growing to confluence and 80%
surviving a second passage. Furthermore, established
cultures were also successfully grown till passage 7.
In a separate but parallel investigation utilizing the
‘bronchoscope-directed’ bronchial brushing tech-
nique, we found that this technique consistently
yields more cells of epithelial lineage, approximately
5 ¥ 106 cells. All cultures were found to exhibit some
growth with 88% of cultures growing to confluence
and 100% surviving beyond a third passage. In
addition, no gross morphological difference was
observed within cultures over successive passage.
More recently, we have expanded the potential of this
technology by performing cytology brushings of the
peripheral airways within the lungs of adult trans-
plant patients under radiological guidance. This
technique has yielded reliable numbers of airway epi-
thelial cells, with cell yields of 0.9 ¥ 106 cells on
average for small airway epithelial cells and 1.3 ¥ 106

cells for large airway epithelial cells.49 Our current
cohort now exceeds 600 healthy and asthmatic chil-
dren as well as children with CF and over 40 adult lung
transplant recipients and current yields and culture
success rates remain comparable to these initial
studies (Table 2). Furthermore, when we have exam-
ined the established cultures we find that regardless

of the method used to brush the large airway, the sub-
sequent isolation and purification process yields a
primarily pure (>95) epithelial cell culture with similar
morphologies (Fig. 2). Collectively, these studies have
shown not only the evolution of cytology bronchial
brushing in our hands but also the success of the
methodology in repeatedly obtaining airway epithe-
lial cells from paediatric and adult-derived healthy
and diseased tissues.

TRANSLATIONAL RESEARCH FROM
THIS TECHNOLOGY

In light of its high reproducibility and reliability,
research investigations are now utilizing this technol-
ogy in the evaluation and investigation of many
airway-related diseases. In this section, we draw
attention to the present use of cytology brushings in
airway-related diseases, in particular, asthma, CF and
lung transplantation but also highlight emerging
areas of airway disease research utilizing this tech-
nique including COPD and IPF.

Paediatric asthma

We have successfully used the cytology bronchial
brushing technique on children with asthma to estab-
lish epithelial cell cultures and consequently have
been able to perform morphologic, biochemical,
molecular and more significantly functional assess-
ments. Our research has determined that cells
obtained from children having both asthma and
atopy express lower levels of the epithelial lineage
specific marker, cytokeratin-19; produce higher
levels of anti-inflammatory mediators and epidermal
growth factor but significantly less TGF-b1 and exhibit
a faster doubling time than their healthy counter-
parts. Of significance, these differences were found
to be maintained despite repeated passages.42

Table 2 Comparison of yields obtained and success rates for culture establishment on airway epithelial cells derived
from the various cytology brushing techniques

Brushing technique Phenotype
Age range

(years)

Yield
(mean � SE,

¥106 cells) Success rate (%)

Endotracheal tube Healthy 1.7–17.0 2.56 � 0.14 >85.042

Healthy Atopic 1.4–14.9 2.61 � 0.21
Atopic Asthmatic 2.9–14.6 4.05 � 1.08
Asthmatic non-atopic 1.8–18.4 2.97 � 0.29

Portable bronchoscopic Healthy 2.6–16.6 3.01 � 0.33 >88.048

Healthy atopic 4.6–16.9 3.82 � 0.70
Atopic Asthmatic 4.9–15.3 4.42 � 0.82
Asthmatic non-atopic 2.7–11.0 7.88 � 2.82

Radiological guided Cystic fibrosis 0.1–9.4 1.47 � 0.10 ~63.0 (E.N. Sutanto,
pers. comm., 2005)

Adult Lung transplant (small airways) 18.0–64.0 0.96 � 0.06 ~81.549

Adult Lung transplant (large airways) 1.31 � 0.08
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Collectively, our findings have shown that, even in
mild asthma, where overt inflammation is absent, the
asthmatic epithelium is intrinsically abnormal. In a
separate study, we mechanically induced wounds on
established cultures obtained from the brushing tech-
nique we have described earlier. We have been able to
investigate and assess the repair capacity of asthmatic
epithelial cells and also the role plasminogen activa-
tor inhibitor-1 (PAI-1) plays in this repair process. Our
findings provided the first functional evidence that
epithelial cells obtained from children with asthma
require a significantly longer time to repair as com-
pared with healthy airway epithelial cells and that this
is an intrinsic abnormality to the asthmatic cells. We
also showed the pivotal role PAI-1 played in the repair
process and the likelihood that it plays a significant
role in airway remodelling in asthma.50 In a follow-
up study using airway epithelial cells obtained from
bronchial cytology brushings, we were able to inves-
tigate whether a dysregulated production of extracel-
lular matrix contributed to aberrant wound repair in
asthma. Here, we found that fibronectin (FN) was
necessary in normal wound repair and that asthmatic
epithelial cells have reduced FN production which
contribute to deficient wound repair in vitro in these
cells.54 In a larger perspective, this sampling tech-
nique has been able to marry observational findings
such as differential gene expression with functional
studies to elucidate their downstream consequences.
As such, we have been able to combine other cutting
edge technologies as part of this functional context in
the form of gene-silencing, promoter activation and
epigenetic regulation studies.

Paediatric cystic fibrosis

Despite bronchial cytology brushing being actively
utilized as a technique in the evaluation of CF disease
in various previous investigations,43,44,66–68 no study

until recently45 has utilized the establishment of
primary epithelial cultures. Instead, the functional
properties of CF airway epithelium have been per-
formed using bronchial epithelial cells isolated from
lung fragments. These studies have provided critical
findings, including but not limited to showing that
small percentages of phenotypically normal airway
epithelial cells are adequate for the functional correc-
tion of CF airway epithelial cells in vitro,69 identifying
the abnormal Cl- and Na+ ions transport in CF and its
effect on reduction of airway surface liquid (ASL),70

and the hyper-inflammatory status of CF airway
epithelium.71 Other studies have also examined the
hyper-inflammatory status of CF airway epithelium
utilizing lung tissues,72–75 animal models,76–78 or cell
lines such as IB3-1, CFBE41o- and 16HBE14o-.79–81

Nasal epithelial cells isolated from nasal polyp
explants, nasal brushings or nasal epithelial cell
lines JME/CF15 have also been used in similar
studies.57,82–84 In contrast to the popularity of these
alternative sources and despite the advantages of
larger study recruitment and repeat sampling that
brushings provide, there are few studies that use
primary airway epithelial cells from CF patients for
biochemical and functional investigations.

A review by Machen85 reported that the hyper-
inflammatory status of CF airway epithelium is
conflicting, likely reflecting the various sources of
respiratory epithelial cells being used in different
studies. In addition, there are currently limited data
available to investigate hyper-inflammatory status
in the paediatric setting, upon where dysregulation
might be a critical determinant of disease progression
into adulthood. Using this cytology brushing tech-
nique we have recently reported the innate inflamma-
tory responses of paediatric CF airway epithelial cells
to both non-viral stimulation and viral infection.45

These findings suggest that paediatric CF airway epi-
thelial cells are not hyper-inflammatory per se and
that they have a specific inflammatory response and

Figure 2 Comparison of airway epithelial brushing techniques. Airway epithelial cells were sampled utilizing various
apparatuses and lineage and purity determined and compared. Obtained samples have been shown to be contaminated
with other cell types, including macrophages (CD68), dendritic cells (CD1a), endothelial cells (von Willebrand factor;
VWF) and mesenchymal cells (vimentin), however stained positively for cytokeratin-19 (CK-19). Resulting cultures all
have comparable morphological phenotypes, exhibiting a typical ‘cobblestone’ appearance.
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greater susceptibility to rhinovirus infection. In a
separate study using cells isolated via the same tech-
nique, we have also shown low inducible nitric oxide
synthase (NOS) expression in children with CF which
reflects defective innate immunity.86 This in vitro
model of CF airway epithelial cells can also be used to
study the functional correction of CF transmembrane
conductance regulator (CFTR) via quantitative fluo-
rescence measurements such as those reported by
Verkman and co-workers,87,88 to assess gene transfer
efficiency of CFTR correction,89–91 and to evaluate the
efficacy of current treatment92,93 and the potential cel-
lular basis for developing new therapeutic targets.

Lung transplantation

Bronchoscopy is a standard procedure, routinely used
to assess the health of lung transplant recipients at
regular intervals, particularly in the first year post
transplant.94 Emergency bronchoscopy is often used if
a sharp decline in lung function is noted.95 Samples
such as biopsies, bronchial brushings or washings can
be taken during bronchoscopy to assess for rejection,
often associated with the presence of a perivascular
mononuclear infiltrate and mucosal inflammation;
and/or infection, by establishing cultures from the
collected bronchial brushings or washings and
assessing for bacteria or fungal infection.94 Broncho-
scopy, thus, provides an excellent opportunity for the
collection of bronchial and bronchiolar brushings for
research with minimum risk or discomfort to the
patient.65

Similar techniques have been used by a number
of studies to obtain bronchial brushings from lung
transplant recipients.49,96–98 This involves extending a
cytology brush down the channel of the broncho-
scope and brushing an area of the segmental bronchi
under direct visual guidance and is carried out under
general49 or localized anaesthesia.96 A number of
passes are made with the unsheathed brush, to
ensure optimal collection of cells. To further improve
cell yield, the same area is sometimes brushed mul-
tiple times, by removing and collecting cells of the
brush between each brushing.

An emerging brushing technique of the airways
in lung transplant patients incorporates the use of
radiological guidance with current sampling method-
ology to collect cells from the bronchiolar region
of the lung for the study of airway remodelling in
peripheral airways. In brief, the small airways are
sampled by extending the cytology brush down
the bronchoscope under radiological guidance, to
ensure that airway 2–3 cm from the pleural surface is
sampled.49 The small airways have been shown to be
the source of developing obliterative bronchiolitis
(OB), which is a fibroproliferative disease causing
over 80% of post-transplant deaths after the first
year.99 Bronchial or bronchiolar epithelial cells
sampled from the small airways can then be used in
different types of research including cytokine produc-
tion measurement in response to immunosuppres-
sion agents such as cyclosporine, tacrolimus and
mycophenolate mofetil;100 measurement of mRNA

levels of different cytokines including IL-8, IL-10,
TNF-a, TGF-b1 in patients with bronchiolitis obliter-
ans syndrome (BOS)101 and evaluation of rejection
markers such as B7-1 and B7-2.102 Furthermore, the
ability to sample epithelial cells opens up the possi-
bility of studying the controversial role of epithelial-
mesenchymal transition (EMT) in BOS. Studies
have utilized epithelial brushings from BOS patients
co-expressing mesenchymal markers,98 or with
increased matrix metalloproteinase (MMP) activity
and cell migration capacity.97 The small airway
brushing is therefore the ideal tissue to study OB
pathogenesis.49,98 Recently, studies have also used this
technique in establishing primary cell cultures from
bronchial96 and bronchiolar49 brushings for assessing
EMT changes when stimulated, such as decrease in
epithelial markers, increase in mesenchymal markers,
increase in MMP-2 and 9 activity and increased cell
migration.64,97 In addition, primary epithelial cell cul-
tures have also been utilized to study the in vitro
effects of therapeutic drugs such as azithromycin103

and simvastatin104 on epithelial cells, including pro-
duction of cytokines and changes in mRNA.

Smoking and chronic obstructive pulmonary

disorder (COPD)

Tobacco use or smoking is often associated with a
higher incidence of chronic obstructive pulmonary
disorder. Although we see a recent increase in the use
of non-invasive sampling techniques such as induced
sputum and exhaled breath condensate105,106 in the
identification of airway obstruction and inflamma-
tion markers, the steadfast use of the ‘gold standard’
bronchial cytology brushing method to sample the
respiratory airways remains routinely performed
in many diagnostic and research studies involving
airway inflammation.107,108 Inhaled cigarette smoke
has the capacity of causing extensive injury to various
orders of the respiratory airway,109–114 hence, the
method of bronchial cytology brushing has enabled
us to enhance our understanding and also elucidate
the various effects inhaled cigarette smoke has on the
bronchial epithelium, such as the promotion and
perpetuation of inflammatory responses in the air-
ways.115 An adapted method of obtaining peripheral
airway cells utilizing an ultrathin bronchofiberscope,
together with a modified cytology brush inserted
through the biopsy port of a regular bronchoscope
and under fluorographic guidance, has allowed
for the sampling of epithelial cells within the small
airways. Results from this study showed a possible
link between tobacco smoke and the expression of
inflammatory mediators such as interlukin-8 (IL-8)
and intracellular adhesion molecule (ICAM-1) in the
sequestration of neutrophils to the smaller airways of
tobacco smokers. This study also showed the capabil-
ity of bronchial cytology brushing of small airways
by recovering ~2 ¥ 106 cells, which were highly viable
and of epithelial origins.116 Furthermore, Harvey and
co-workers117 have used fibre-optic bronchoscopy
and brushing for the comparison of gene expression
and morphology of small and large airway epithelium
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obtained from smokers and non-smokers. Determi-
nation of genetic profiles within the epithelium of
smokers using microarray has shown the upregula-
tion and downregulation of relevant genes associated
with COPD.117–119 These smoking-modulated genes
could be used as a potential candidate in developing
new therapeutic treatment for COPD.

IPF

Cytology specimens obtained from bronchoscopy
brushing has also been commonly used in evaluating
suspected lung carcinoma as well as cancer diagnosis.
A study using Affymetrix HG-U133A microarrays has
successfully identified 80-gene biomarkers from epi-
thelial cells collected via bronchial cytology brushing
which differentiated smokers and non-smokers with
and without lung cancer.120 In combination with
fluorescence in situ hybridization, the sensitivity of
routine bronchial cytology brushing in the detection
of lung cancer has significantly improved.121 Further-
more, other cellular components such as alveolar
macrophages or airway epithelial cells obtained from
patients with other lung diseases such as IPF could
also be utilized in array-based assessments to eluci-
date the pathobiology of IPF.122 As a result, the strategy
of using cytology brushing samples in both clinical
research and diagnosis can prove to be effective in the
development of new therapeutic paradigms to treat
various lung diseases.

In this section of the review we have highlighted
only a few research fields, which are currently utiliz-
ing the bronchial cytology brushing methodology,
and highlighted the fact that the subsequent derived
epithelial samples are more than sufficient in
number, viability and purity to enable downstream
translational research. Despite the emergence of this
technique in obtaining bronchial epithelial cells, few
studies have progressed beyond the cellular charac-
terization or diagnostic phase and established epithe-
lial cell cultures. It is only when we advance into
culture establishment that we then fully harness the
potential of bronchial cytology brushings through the
ability to perform functional evaluation.

CONCLUDING COMMENTS

Multiple assessment methodologies exist for the elu-
cidation of airway inflammation and remodelling
of various airway-related diseases. Although it is
clear that in the routine clinical diagnosis of airway
inflammation and remodelling, invasive methods are
seldom utilized, for research purposes, methods such
as fibre-optic bronchoscopy can be safely performed.
Each assessment method has its strengths as well as
its limitations and the reader must bear in mind that
there is no optimal method and the decision to
employ one sampling technique depends entirely
upon the aims of the investigation. In this review, we
have provided an overview into the various method-
ologies currently in use and have also discussed in
detail, the merits of bronchial cytology brushings and

the immense potential this recent sampling tech-
nique has in providing the means to answer the
many gaps in our knowledge relating to airway
inflammation and remodelling within the respiratory
epithelium.
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