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Abstract

Background: For a better understanding of the early stages of cystic fibrosis (CF), it is of major interest to study respiratory epithelial cells
obtained as early as possible. Although bronchoalveolar lavage has been proposed for this purpose, nasal brushing, which is a much less
invasive technique, has seldom been used in CF infants. The aim of the present study was to examine in a few infants the feasibility of a nasal
brushing technique for studies of airway epithelial functions in very young CF infants.
Methods: In 5 CF (median age 12, range 1–18 months) and 10 control infants (median age 5, range 1–17 months), a nasal brushing was
performed by means of a soft sterile cytology brush, after premedication with oral paracetamol (15 mg/kg body weight) and rectal midazolam
(0.2 mg/kg body weight). Samples were used for microbiological, cytological and functional studies.
Results: The procedure was well tolerated. Number of cells collected was similar in CF and non-CF patients (CF: median 230×103, range
42×103–900×103; non-CF: median 340×103, range 140×103–900×103). Median number of viable cells was 67% (range 31–84%).
Freshly obtained samples were successfully used for studies of ciliary beating frequency and cAMP-dependent chloride efflux. In 7 out of 17
cell cultures, confluence was obtained (CF: 2 out of 7; non-CF: 5 out of 10). The feasibility of studying protein release and mRNA expression
of IL-8, IL-6 and TNF-α, under basal conditions and after stimulation by Pseudomonas aeruginosa, was demonstrated.
Conclusions: By means of a simple nasal brushing technique easily performed and well tolerated, it is feasible, in infants, to harvest
respiratory cells in sufficient amounts to study the airway epithelium using a broad range of techniques including cell culture.
© 2007 European Cystic Fibrosis Society. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Cystic fibrosis (CF), the most common lethal genetic
disease in the Caucasian population, is characterized by
airway inflammation and infection leading to progressive
destruction of lungs. Nevertheless, the events that occur very
early during the progression of the disease at the airway level
in infants are not known.
ed by Elsevier B.V. All rights reserved.
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One of the most important abnormalities in CF is an
abnormal processing of the mutated CFTR protein through
the endoplasmic reticulum that causes abnormal location or
even absence of the protein at the apical plasma membrane of
airway epithelial cells [2]. This abnormality results in a
defective cAMP-regulated chloride transport associated with
a marked dehydration of the airway surface fluid, decreased
mucus transport and airway obstruction. In CF adult patients
with the most common mutation (homozygous ΔF508), it
has been shown that the clinical manifestations may vary
considerably and that mild phenotype could be partly related
to a residual CFTR which could explain a normal cAMP-
dependent chloride conductance [3,4]. At cellular level, we
have also reported that the CFTR expression and localization
could be related to the differentiation state of the airway
epithelium [5]. In CF infants, such studies are still lacking.

It has been suggested that in CF patients, inflammation
may precede infection [6,7]. Whether the CFTR defect is
directly linked to an enhanced inflammatory process begin-
ning before the first infection [8], or the airway inflammation
is only a consequence of infection due to the impaired
bacteria clearance [9,10] is still debated. In bronchoalveolar
lavages (BAL) of CF infants with negative bacterial and viral
cultures, Khan et al. [11] found that the number of neutrophils
and the interleukin 8 (IL-8) levels were increased as
compared with healthy controls. In contrast, in similar stud-
ies, Armstrong et al. [12,13] could not confirm these results.
However, while BAL is the standard method to obtain
material for studies of the respiratory epithelium, it is an
invasive technique which cannot be easily performed in
asymptomatic infants. In addition, the lavages are not only
the reflection of the only epithelium because they contain also
inflammatory cells and their products. Thus, studies are
scarce, and the situation in the CF infant lung before the first
infection remains an open question.

Taking into account the recent initiation of systematic
neonatal CF screening, our objective was to find a simple
and repeatable minimally invasive technique to analyze
respiratory epithelial cells as early as possible in order to
obtain information on the state of inflammation, infection,
cAMP-dependent chloride conductance and histological
characteristics of the airway epithelial sample. Interestingly,
it has been recently reported that the use of non-
bronchoscopic brushing to study the paediatric airways for
clinical and research purposes was safe and easy to perform
[14,15]. However, this technique was applied to healthy and
asthmatic children prior to a surgical treatment that is under
general anaesthesia and after tracheal intubation. Therefore,
this technique does not appear appropriate to study
asymptomatic babies. It is generally admitted that nasal
epithelium characteristics and functions well reflect those of
the lower airway epithelium [16,17,18] although some
contradictory results about inflammation levels in CF and
control patients have been reported. Noah et al. reported that
nasal lavage fluid and BAL IL-8 levels are not significantly
correlated [7]. However, Pitrez et al. have found that nasal
IL-8 values well reflect lower airway levels [19], and
Bergoin et al. that IL-8 concentrations measured in nasal
lavages are significantly higher in CF patients than in healthy
controls, similarly to what is found when using BAL [20].
Although several previous studies have shown that nasal
brushing is safe and useful in adults and in children [21–28]
this technique has been rarely used in CF [21,29] and only
one study included CF infants [30].

In the present report, we describe a nasal brushing
technique that can be easily performed in very young CF and
non-CF infants and gives the ability to analyze airway cells
and their functional properties, from native cell sheets and
primary cell cultures. We believe this technique might be
useful for further studies including a larger number of
infants, in order to compare the airway epithelial functions
between CF and non-CF infants.

2. Materials and methods

2.1. Patients

The present study was approved by the Regional Ethics
Committee (Comité de Protection des Personnes de
Champagne-Ardenne) and written informed consent was
obtained from the parents of the infants prior to sampling. CF
infants were recruited from the outpatient clinics devoted to
CF care (Centre de Ressources et de Compétences pour la
Mucoviscidose) of the American Memorial Hospital, Reims,
France. Non-CF infants were recruited in the same hospital,
among patients needing mild sedation for diagnostic
investigation or minor surgery. At the time of nasal brushing,
all non-CF patients were free of clinical signs of respiratory
infection, and CF patients had no exacerbation and no or
only mild respiratory symptoms (Table 1).

Nasal brushings were performed in 5 CF (median age
12 months, range 1–18 months) and 10 non-CF control
infants (median age 5 months, range 1–17 months). Four out
of the 5 CF patients were diagnosed by neonatal screening;
in the other one, neonatal screening was falsely negative and
diagnosis was done because he had chronic diarrhea. Four
CF infants had ΔF508/508 homozygous genotype, the other
one was compound heterozygous ΔF508/G542X. In one CF
infant, nasal brushing was repeated 3 times, at ages 8, 13 and
17 months. The respiratory status (symptoms, bacterial
colonization and medication) of all the infants are summa-
rized in Table 1.

2.2. Nasal brushing technique in infants

Nasal brushing was performed on an in-patient basis. The
infants were given a premedication with oral paracetamol
(15 mg/kg of body weight) and rectal midazolam (0.2 mg/kg
of bodyweight) 20min before nasal brushing. Nasal brushing
was performed by means of a soft sterile brush (Scrinet
Diam.5.5, Laboratoire C.C.D., Paris, France). After nasal
lavage with physiological saline in order to remove mucus, a



Table 1
Nasal brushing in CF and control infants: clinical characteristics, bacterial status and respiratory symptoms

Patient Group Genotype Sex Age Medication Bacterial status Respiratory symptoms

1 CF ΔF508/ΔF508 m 18 None S. aureus chronic colonization None
2 CF ΔF508/ΔF508 f 1 Omeprazole None None
3 CF ΔF508/ΔF508 f 12 None S. aureus chronic colonization None
4 CF ΔF508/ΔF508 m 9 None None None
5-1 CF ΔF508/ΔF508 m 8 None S. aureus chronic colonization None
5-2 13 None S. aureus chronic colonization Daily morning cough
5-3 17 Dornase alpha, tobramycine P. aeruginosa first colonization Daily morning cough
6 Control f 12 None None None
7 Control m 6 None None None
8 Control m 5 Clonazepam None None
9 Control f 3 None None None
10 Control f 5 None None None
11 Control m 17 None None None
12 Control f 3 None None None
13 Control m 4 Amox-clavul., salbumol, budezonid None None
14 Control f 9 None None None
15 Control m 1 None None None

m: male, f: female, S. aureus: Staphylococcus aureus, P. aeruginosa: Pseudomonas aeruginosa.
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brushing was performed in both nostrils by a gentle circular
movement. If mucus attached to the brush was visible, it was
discarded by means of sterile tweezers. Brushes were
immersed in 2 ml RPMI 1640 medium with Hepes and
Glutamax I (Gibco, Grand Island, NY, USA) without
antibiotics (further called “transport medium” throughout
the text), manually shaken and immediately brought to the
laboratory. After the nasal brushing which was performed
between 09 and 11 h a.m., patients were carefully monitored
for vital and more minor signs, comfort and pain and they
were not discharged on the same day before 06 h p.m.

2.3. Samples processing

Within 15 min after nasal brushing, epithelial cells
(dissociated epithelial cells and non-dissociated epithelial
cells called cell sheets) were detached from the brushes by
scraping the bristles with tweezers which were then agitated
within the transport medium. Samples obtained from the two
nostrils were pooled and then centrifuged 5 min at 250×g at
room temperature.

Supernatants of these centrifuged transport media were
used for microbiological investigations. The cell pellets were
resuspended in 2 ml RPMI 1640 medium with Hepes and
Glutamax I and directly used for evaluation of cell
phenotypes, ciliary beating frequency analysis and cAMP-
dependant chloride efflux study. The remaining cells were
used for cell culture after cell counting and cell viability
study.

2.3.1. Microbiological investigations
Aliquots of the centrifuged transport media supernatants

were cultured on horse blood and chocolate blood agar
incubated at 37 °C during 48 h. Identification was performed
for the following micro-organisms: Staphylococcus aureus,
Streptococcus pneumoniae, Haemophilus influenzae, Pseu-
domonas aeruginosa, Branhamella catarrhalis, Coryne-
bacterium sp., and Neisseria sp.

2.3.2. Evaluation of cellular phenotypes
A 200 μl of nasal brushing suspension was cytocentri-

fuged 10 min at 800 rpm (Cytospin 2, Shandon, Astmoor,
GB) on slides that were stored at −20 °C until use.
Identification of neutrophil and secretory epithelial cells was
performed by May–Gruenwald–Giemsa and Alcian blue–
periodic acid–Schiff stainings, respectively. Identification of
epithelial cells was realized by peroxydase immunodetection
using Pan cytokeratin antibodies. Briefly, slides were treated
with 0.3% hydrogen peroxyde for 15 min to quench
endogenous peroxidase activity and then saturated for
15 min with 1% BSA in PBS 0.1 M, pH=7.2 (Gibco).
Slides were then incubated for 1 h with a 1/50 diluted
monoclonal Pan cytokeratin-antibody (Anti Pan cytokeratin
clones C-11, PCK-26, CY-90, KS-1A3, M20 and A53-B/A2,
Sigma, St. Louis, MO, USA). After several washes with
PBS, the slides were successively incubated with biotin-
coupled anti-mouse antibody (Dako, Glostrup, Denmark)
then with a horseradish peroxidase-conjugated streptavidin
(Dako). The peroxidase activity was revealed using the
LSAB kit (Dako). The slides were briefly counterstained
with Mayer's haematoxylin, mounted and observed under a
Zeiss Axiophot microscope. Staining was performed on one
CF and on 3 non-CF samples.

2.3.3. Ciliary beat frequency analysis
A 20 μl cell suspension aliquot was placed on the heated

stage (37 °C) of an inverted microscope (Nikon TMS,
Champigny sur Marne, France) between a glass slide and a
coverslip (separated by a 1-mm-thick silicon ring). Video-
recordings of epithelial cell sheets from the nasal brushing
were performed at ×40 magnification by using a CCD
camera (JAI PULNIX TM-760, San Jose, CA, USA) and a
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DVD recorder. The recorded images were then displayed on
a video monitor where ciliated cells were selected for ciliary
beat analysis. The variations in light intensity induced by the
ciliary beat were detected by a photodetector placed on the
screen of the monitor. The signal was then digitised by a
computer and the resulting data converted by a Fast Fourier
Transform method into a frequency spectrum from which a
mean ciliary beat frequency (CBF) was calculated [31].
Measurements were performed on at least 12 different
ciliated cells per sample.

2.3.4. cAMP-dependent chloride efflux
Cell sheets were incubated with the 6-methoxy-N-(3-

sulfopropyl) quinolinium (SPQ) probe (Sigma) in a hypotonic
chloride buffer solution (130 mM NaCl, 2.4 mM K2HPO4,
10 mM D-glucose, 1 mM CaSO4, 1 mM MgSO4 and 10 mM
Hepes diluted at 1/2 in water) for 30 min at 37 °C. Thereafter,
cells were washed twice in the hypotonic chloride buffer to
remove residual extracellular SPQ. The hypotonic chloride
bufferwas then replaced by an isotonic buffer inwhich theNaCl
was replaced by 130mMofNaNO3 and the cell suspensionwas
placed in a 35mmculture dish on the heated stage of an inverted
microscope (TE 300, Nikon). A cell sheet was held bymeans of
a micro-capillary (Vacutips, Eppendorf, Le Pecq, France)
connected to a vacuum syringe and driven by a micromanip-
ulator (Transferman NK2, Eppendorf). Amiloride (10−5 M),
and 3 min later, forskolin (25 μM), were added to the nitrate
buffer. Throughout the experimental process, fluorescence
images of the SPQ probe within the cell sheet (obtained from
excitation light at 365 nm and emission light at 395 nm) were
recorded every 30 s for 3 min using a Micromax CCD camera
and Metafluor software (Universal Imaging, US). Chloride
efflux by non-CF cells and CF cells were calculated by
measuring the variations in SPQ fluorescence over the first
minute incubation period with amiloride or forskolin (ΔF/Δt),
as described by Bonnet and Zahm [32]. Fluorescence variations
were measured within the whole cell sheet. We performed one
assay on three different cell sheets per sample.

2.3.5. Airway epithelial cell culture
Epithelial cell sheets were dissociated with trypsine

Versene solution (composed of PBS containing 0.33 g/
l EDTA, 1.42 g/l NaCl and 1.67% (V/V) 2.5%-trypsine;
Gibco) for 1.5 min at room temperature. Epithelial cells were
counted using a Malassez Cell and the viability of the cells
was assessed by the Trypan blue dye exclusion assay.

Epithelial cells were seeded at a concentration of 85,000–
230,000 viable cells/well on 24-well-plates in 0.5 ml of
culture medium. To improve cell adhesion, culture plates
were coated with 2% collagen I extracted from rat tail
tendons as described previously [27] and 20% fetal calf
serum (Gibco) was added to the culture medium.

The culture medium used was adapted from a culture
medium described by Lechner et al. [33], and consisted of
75% DMEM and 25% F12 medium (Gibco), supplemented
with 0.87 μM bovine insulin, 65 nM human transferrin,
1.6 nM recombinant human EGF, 1.38 μM hydrocortisone,
30 nM retinyl acetate, 9.7 nM 3,3′,5-triiodo-L-thyronine,
2.7 μM epinephrine, 35 μg/ml bovine pituitary extract, 5 μM
ethanolamine, 5 μM o-phosphorylethanolamine, 30 nM
sodium selenite, 1 nM manganese chloride tetrahydrate,
0.5 μM sodium metasilicate nonahydrate, 1 nM ammonium
molybdate tetrahydrate, 5 nM ammonium vanadate, 1 nM
nickel sulfate hexahydrate, 0.5 nM stanous chloride dihydrate
(Sigma), 100 U/ml penicillin and 100 μg/ml streptomycin
(Gibco). Culture medium was changed after 2 days, and then
every 3 days up to confluence. After 2 days of culture, fetal
calf serum was discarded from the culture medium.

2.3.6. Analysis of inflammatory mediators in cultured cells
At confluence, the cultured airway epithelial cells were

first incubated for 2 h in incubation medium [DMEM/F-12+
L-Glutamine+Hepes (Gibco) with 10% fetal calf serum].
After 2 h, cells were rinsed twice with PBS (D-PBS+CaCl2+
MgCl2, Gibco) and then incubated for 24 h with either
lipopolysaccharide (LPS) of P. aeruginosa 10 μg/ml
(Calbiochem, San Diego, CA, USA) in incubation medium,
or without LPS in the incubation medium (control samples).
Cell supernatants were centrifuged at 10,000×g for 5 min and
the pellets were discarded. Cell supernatants and culture
plates with adherent cells were stored at −80 °C until further
examination. The IL-8, IL-6, and tumor TNF-α protein
release in cell supernatants and mRNAs expressions in cells
were measured by ELISA and RT-PCR techniques,
respectively.

2.3.7. ELISA assays
IL-8, IL-6 and TNF-α concentrations in cell culture

supernatants were determined with commercially available
enzyme-linked immunosorbent assay kits (R&D systems,
Minneapolis, MN, USA). The levels of sensitivity of the
assays were 3.50 pg/ml, 0.70 pg/ml and 0.12 pg/ml,
respectively. In order to standardize the protein release
results, IL-8, IL-6 and TNF-α protein concentrations in
culture supernatants were expressed as pg of cytokines/μg of
total RNA extracted from each cell culture. Extraction of
total RNA and evaluation of their concentration were
performed as described in the next paragraph.

2.3.8. RT-PCR analyses
Total RNA extraction was performed with the High Pure

RNA isolation kit (Roche, Mannheim, Germany). RNA
concentration was evaluated in each sample with the
RiboGreen RNA quantitation kit (Interchim, Montluçon,
France). RT-PCR was performed with 10 ng of total RNA by
using the Thermostable rTth Reverse Transcriptase RNA
PCR kit (Applied Biosystem, Foster City, CA) and four pairs
of nucleotides (Eurogentec, Seraing, Belgium). Forward and
reverse primers for human IL-8, IL-6, TNF-α and 28 S were
designed as follow: IL-8 primers [forward 5′-GCCAAGGA-
GTGCTAAAGAACTTAG-3′, reverse 5′-GAATTCT-
CAGCCCTCTTCAAAAAC-3′], IL-6 primers [forward



Table 2
Nasal brushing in CF and control infants: data from microbiological studies,
ciliary beat frequency analysis, cell counts and cell culture

Patient Microbiology CBF Cell count Cell culture

Hz Total
(×103)

Viable
(%)

n
(×103)/
cm3

Confluence

1 S. areus 11.8 300 33 26 No
2 None 8.5 42 98 24 No
3 αH Streptcocci,

CNS.,
Corynebacterium
sp.

11.4 173 87 44 Contaminate

4 B. catarrhalis,
Corynebacterium
sp.

9.8 62 86 15 No

5-1 CNS. 11.3 900 37 20 No
5-2 CNS. 9.2 680 43 86 Yes
5-3 S. pneumoniae 10.6 230 76 51 Yes
6 αH Streptcocci

CNS., B.
catarrhalis

12.5 nd nd nd No

7 S. areus,
Corynebacterium
sp.

9.3 140 50 18 Contaminate

8 CNS., Neisseria
sp.,
Corynebacterium
sp.

9.5 nd nd nd nd

9 CNS.,
Corynebacterium
sp.

m 900 70 35 Yes

10 Neisseria sp.,
Corynebacterium
sp.

10.3 320 50 94 Yes

11 αH Streptcocci,
Neisseria sp.

nd 560 43 114 Yes

12 αH Streptcocci,
Neisseria sp.

10.8 480 84 55 No

13 S. areus, CNS 9.9 235 31 43 Contaminate
14 S. pneumoniae,

B. catarrhalis
8.8 355 76 79 Yes

15 CNS., H.
influenzae,
Corynebacterium
sp.

10 287 67 50 Yes

S. aureus: Staphylococcus aureus, αH Streptococci: alpha hemolytic strep-
tococci, S. pneumoniae: Streptococcus pneumoniae, CNS: coagulase
negative staphylococcus, B. catarrhalis: Branhamella catarrhalis, H.
influenzae: Haemophilus influenzae, CBF: ciliary beat frequency, nd: not
done, m: missing.
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5′-GCCAGAGCTGTGCAGATGAGTA-3′, reverse 5′-GCT-
ACATTTGCCGAAGAGCCCT-3′], TNF-α primers [forward
5′-CAGCCTCTTCTCCTTCCTGA-3′, reverse 5′-TGA-
GGTACAGGCCCTCTGAT-3′] and 28 S primers [forward
5′-GTTCACCCACTAATAGGGAACGTGA-3′, reverse
5′-GGATTCTGACTTAGAGGCGTTCAGT-3′]. Reverse
transcription was performed at 70 °C for 15 min. For the
IL-8 PCR, an initial denaturation at 95 °C for 2 min was
followed by 21 amplification cycles (denaturation at 94 °C
for 15 s, annealing at 60 °C for 20 s, and elongation at 72 °C
for 10 s) and a final 2-min elongation at 72 °C. For the IL-6
PCR, an initial denaturation at 95 °C for 2 min was followed
by 28 amplification cycles (denaturation at 94 °C for 20 s,
annealing at 64 °C for 30 s, and elongation at 72 °C for 30 s)
and a final 2-min elongation at 72 °C. For the TNF-α PCR, the
conditions were as follows: initial denaturation (94 °C, 2 min),
27 amplification cycles (denaturation 94 °C, 30 s, annealing
59 °C, 30 s, and elongation 72 °C, 30 s) and final elongation
(72 °C, 7 min). For the 28 S PCR, the conditions were as
follows: initial denaturation (95 °C, 2 min), 11 amplification
cycles (denaturation 94 °C, 15 s, annealing 66 °C, 20 s, and
elongation 72 °C, 10 s), final elongation (72 °C, 2 min).
RT-PCR products were separated by acrylamide gel
electrophoresis stained with SYBR Gold (Molecular
Probes, Eugene, OR, USA) and quantified by fluorimetric
scanning (LAS-1000; Fuji, Stamford, CT, USA). The
predicted sizes of the RT-PCR products of IL-8, IL-6, TNF-
α and 28 S were 222 bp, 223 bp, 302 bp and 212 bp,
respectively. The values obtained for IL-8, IL-6 and TNF-α
amplifications were normalized to the values obtained for
28 S amplification.

3. Results

3.1. Nasal brushing

3.1.1. Tolerance of procedure
The nasal brushing procedure took about 30 s; the

brushing itself took 2 s for each nostril. While they were hold
tightly by a nurse, most of the infants cried, but stopped
immediately when they were released, so it is unlikely that
crying was due to pain during brushing. One of the infants
had minor self-limited nasal bleeding after the brushing;
otherwise, no adverse events occurred, either in CF or non-
CF infants. All patients' vital signs were stable through the
8 h observation period. No patient required oxygen therapy.
There was no coughing episode. It is to ensure maximum
safety that infants observation after sedation and nasal
brushing was maintained up to 8 h; however, within 30 min
or less, all infants were doing perfectly well.

3.2. Microbiological assessment

Out of the 7 samples of the centrifuged transport media
supernatants obtained in CF infants, one was sterile, 2 were
polymicrobial, 4 were monomicrobial (Table 2). Following
bacteria were isolated: S. pneumoniae (1 sample), S. aureus
(1 sample), Corynebacterium sp. (2 samples), coagulase
negative staphylococci (3 samples), alpha hemolytic strep-
tococci (1 sample) and B. catarrhalis (1 sample). All 10
samples obtained in non-CF infants were polymicrobial with
2 or more bacteria. Following bacteria were isolated: S.
aureus (2 samples), S. pneumoniae (1 sample), H. influenzae
(1 sample), alpha hemolytic streptococci (3 samples),
coagulase-negative staphylococci (5 samples), Neisseria
sp. including B. catarrhalis (6 samples), Corynebacterium
sp. (5 samples).



Fig. 1. Cytospin preparations of non-dissociated respiratory epithelial cells freshly collected in infants by means of nasal brushing. a) Microscopic view of nasal
epithelial cell sheet (×63, CF infant 4), b) Alcian-blue–PAS staining (×63, CF infant 5-3), c) May–Gruenwald–Giemsa staining (arrows: ciliated cells, ×20, CF
infant 5-3), d) Pancytokeratin staining (×40, CF infant 5-2).

49K. Mosler et al. / Journal of Cystic Fibrosis 7 (2008) 44–53
3.3. Epithelial cell collection and viability

The number of cells collected by nasal brushing in the two
nostrils and counted after centrifugation was similar in CF and
non-CF infants (CF: median 230,000, range 42,000–900,000;
non-CF: median 340,000, range 140,000–900,000). The
median proportion of viable cells detected by Trypan blue
dye exclusion was 67% (range 33–98%) in CF patients, and
58% (range 31–84%) in non-CF infants. We obtained more
than 400,000 viable cells in 3 samples, 201,000 to 400,000
viable cells in 3 samples, 100,000 to 200,000 viable cells in 5
samples and less than 100,000 viable cells in 4 samples. The
raw data are presented in Table 2.

Percentages of viable cells obtained by nasal brushing did
not differ according to gender. When S. aureus was found in
bacterial culture of transport medium supernatant, the
percentage of viable cells was b51% (31%, 33%, 50%).

3.4. Evaluation of cellular phenotypes

After nasal brushing, epithelial cells were generally non-
dissociated and formed cell sheets (Fig. 1a). In Alcian blue–
PAS staining, secretory cells were very difficult to
distinguish from others because of mucus which stained as
well. However, we observed mixed cells (PAS positive
ciliated cells), but no mature goblet cells with membrane
bound secretory granules (Fig. 1b). May–Gruenwald–
Giemsa staining was performed in 3 CF and 4 non-CF
samples (Fig. 1c). A neutrophil count was performed. The
median PMN count was b1% (range b1–4%) in CF
samples, and 1.25% (range b1–5%) in non-CF samples.
Pan cytokeratin staining showed that a high percentage
(N95%) of collected cells were epithelial cells, in CF as well
as in non-CF patients. The other cells had the appearance of
squamous cells (Fig. 1d).

3.5. Ciliary beating frequency

CBF was measured in epithelial sheets from 15 out of 17
nasal brushing samples. In one non-CF sample, no cilia were
observed at the surface of the epithelial sheets. CBF was
within a normal range and was not significantly different in
CF infants (10.4±1.2 Hz, n=7) compared with non-CF
infants (10.1±1.1 Hz, n=8). The raw data are presented in
Table 2.

3.6. cAMP-dependent chloride efflux

We were able to perform a study on chloride efflux on
three different cell sheets in 6 out of 10 samples (Fig. 2).



Fig. 3. Cell culture of nasal epithelial cells at confluence (non-CF infant)
(×20).
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Among the 6 samples where the full number of experiments
was performed, 3 were from CF infants (ΔF508 homozy-
gous) and the remaining 3 from non-CF infants. After
addition of forskolin, the median chloride efflux in CF
samples was 1.1 arbitrary units (AU) (range 0.7–1.6). In
non-CF samples, the median chloride efflux was 3.8 (range:
2.4–4.1). The raw data are presented in Fig. 2. The repetition
of measures at a 9 months time interval in a same CF infant
gave similar results.

3.7. Cell culture

In 7 out of 17 cell cultures (2 CF, 5 non-CF), confluence
was obtained in the center of the wells with sometimes areas
not confluent in the periphery of the culture (Fig. 3 and
Table 2). In the 10 other cultures, cell confluence was not
obtained, four times because of the limited number of cells that
Fig. 2. cAMP-dependent chloride efflux measures in epithelial cells freshly
obtained in infants by means of nasal brushing. a) A cell sheet is held by
means of a micro-capillary, b) change in fluorescence during the first minute
after addition of forskolin (AU for arbitrary units). For each sample, three
experiments were performed. Results are presented as median values; error
bars indicate range.
were seeded (b50,000 viable cells/cm2), and three times due to
a bacterial (1 case) or fungal (2 cases) contamination. When
excluding contaminated cultures, we obtained confluence in 6
out of 7 cultures with a seeding concentration of 50,000–
140,000 viable cells/cm2 (85,000–230,000 viable cells/well
on 24-well-plates). Confluence (Fig. 3) was reached after
10 days (range 9–20 days).

3.8. Inflammatory mediators expression and secretion

Only as examples of functional studies that can be
performed on cell cultures obtained from nasal brushing, 2
non-CF and 1 CF cell cultures at confluence (seeding density
range: 50×103–79×103 cells/cm2, time to confluence range:
9–10 days) were used for observation of IL-8, IL-6 and TNF-α
expression at basal condition and after a 24 h incubation with
P. aeruginosa LPS. By RNA extraction, a median yield of
76 ng/μl RNA (range 27–115 ng/μl) was obtained.

In the two non-CF cultures, a 24 h incubation with P.
aeruginosaLPS resulted in no or slight increase in IL-8 protein
release (from 813 to 798 pg/μg total RNA and from 598 to
728 pg/μg total RNA), no or slight decrease in IL-8 mRNA
expression (from 1.13 to 1.14 and from 2.11 to 1.63 arbitrary
units (AU)), and increases in IL-6 protein expression (from 80
to 105 and from 53 to 181 pg/μg total RNA), IL-6 mRNA
expression (from 5.02 to 6.77 AU and from 6.45 to 8.63 AU),
TNF-α protein release (from 0.27 to 0.37 and from 0.10 to
0.20 pg/μg total RNA), and TNF-α mRNA expression (from
1.27 to 1.34 and from 1.76 to 1.91 AU).

In one CF culture, a 24 h incubation with P. aeruginosa
LPS resulted in a major increase in IL-8 protein release (from
388 to 1028 pg/μg total RNA), no change in IL-8 mRNA
expression (from 0.42 to 0.47 AU), an increase in IL-6
protein expression (from 14 to 39 pg/μg total RNA), and
decreases in IL-6 mRNA expression (from 1.26 to 0.60 AU),
TNF-α protein release (from 0.28 to 0.18 pg/μg total RNA),
and TNF-α mRNA expression (from 0.84 to 0.60 AU).
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4. Discussion

A better understanding of the physiopathological mechan-
isms which are involved in the first stages of CF lung disease
development, requires the analysis of respiratory epithelium
samples obtained from young asymptomatic CF infants. For
this purpose, broncho-alveolar lavage and bronchial brushing
have been proposed [12]. However, these techniques
requiring tracheal intubation under general anesthesia are
rather aggressive for asymptomatic babies and we believe
that less invasive techniques might be used. Nasal epithelium
is generally considered to be representative of the lower
airway epithelium [16–18,21]. The present pilot study shows
that, by means of a simple nasal brushing technique easily
performed and well tolerated, it is possible in infants to
harvest respiratory cells in sufficient amounts to study the
airway epithelium using a broad range of techniques.

As far as we know, Rutland et al. were the first to report in
1981 the use of nasal brushing for the study of ciliary beat
frequency and ultrastructure, in adults and in children [27,34].
Nasal brushing has also been used for different purposes such
as, in adults, the study of rhinitis [28,35] and, in children, the
study of ciliary function in chronic bronchopneumopathies
[25,26] and studies of chronic and allergic rhinitis [24,36].
Nasal brushing in infants has been recently reported by
Nuesslin et al. for ciliary function analysis in children with
chronic bronchitis [25].

Studies using nasal brushing technique in CF are scarce
[21,29,30]. In 1997, Bridges et al. were the first to be able to
obtain cultured nasal epithelial multicellular spheroids from
nasal brushings performed in adults [29,37]. More recently,
Harris et al. have described a technique for immunolocalization
of CFTR in freshly isolated native airway epithelial cells
obtained bymeans of nasal brushing inCF patients [21]. To our
knowledge, the study fromBlack et al. published in 1998 is the
only one to have reported the use of nasal brushing in CF and
non-CF infants. However the patients enrolled in their study
were older than those included in our present one (Range: 5–52
vs 1–18 months; median age: 11 vs 6 months). The aim of the
present study was to show the feasibility of nasal brushing in a
few very young infants to harvest respiratory cells in sufficient
amounts for cell functions assays and cell culture.

Different tools have been used to perform nasal brushing,
i.e. interdental brushes, cytology brushes and nasal curettes
[21,22]. As advocated by the Cardiff team, we used sterile
cytology brushes which are soft and probably easier for
subjects to tolerate [21]. Several authors perform nasal
brushing under direct visualization of the inferior nasal
turbinate [27,29,30,34,38]. However, as the Lisboa group
[21], we did not use rhinoscopy which we felt more
aggressive to the infant than simply introducing the brush
into the nostril. Under antalgic and hypnotic premedication,
nasal brushing was well tolerated, without any incident
except aminor self-limited nasal bleeding in one infant. Nasal
brushing was repeated in one patient in order to increase the
number of CF samples and as an example that it will be
possible to follow-up patients using this minimally invasive
technique. One limitation of performing nasal brushing is that
although the amount of mucus was already reduced by doing
a nasal lavage prior to the brushing procedure, some mucus
still present in collected samples impeded evaluation of
secretory cells number after Alcian blue–PAS staining.

The number of cells we collected (median numbers of
2.3×105 inCF infants and 3.4×105 in non-CF infants) is in the
range reported byBridges et al. [29]who used a cytology brush
(from 104 to 106), and only slightly lower than the cell number
reported by Lopez-Souza et al. who used surgical plastic or
metallic curettes (mean numbers of 2.9×105 and 1.4×106

respectively) for nasal scrapings in healthy adults [22].
Airway epithelial cultures are generally derived from

tracheal cells collected postmortem or obtained after dissoci-
ation of nasal polyps, turbinates or surgical specimens such as
airways obtained at time of open thoracotomy for lung
transplantation. Apart from the paper from Bridges et al. in
1997 [37], nasal brushings have been little used as starting
material for cultures [23,30,39]. Recently, Lopez-Souza et al.
have reported that human airway epithelial cells obtained from
nasal scrapings or bronchial brushings in healthy volunteers
can be grown in culture to produce polarized cell sheets
suitable for studies of vectorial transport [22]. Black et al.
obtained primary cell cultures from nasal brush biopsies
performed in infants and children undergoing flexible
bronchoscopy, and used these cultures to study IL-8 production
by CF nasal epithelial cells, under basal conditions and after
stimulation with TNF-α and respiratory syncytial virus [30].

In the present study, nasal brushing technique was able to
harvest useful quantities of epithelial cells with a median
viability of 67% which favorably compares with previously
reported data. Mean viability of respiratory epithelial cells was
17.3% in the study of Lane et al. using non-bronchoscopic
brushing in normal and asthmatic children [15], and between
25% and 30% in studies using bronchial brushing under direct
vision in asthmatic adults [40–42]. Interestingly, we found
similar numbers of viable cells in CF and non-CF samples.

Limitations of the cell culture conditionswe used (on plastic
24-well-plates) are that they do not allow ciliated cells
redifferenciation and do not permit complete studies needed
to confirm that the cells are truly polarized monolayers. The
trans-epithelial resistance measurement implies that cells be
cultured on permeable supports and, for ciliated cell differen-
tiation, at the air–liquid interface. Another limitation of our
study is that we experienced a significant drop off in cell culture
success. Although cell culture confluence was attained in 6 out
of 7 non-contaminated cultures when seeding concentration
was greater than 50 000 viable cells/cm2, 10 cultures failed,
either because of the limited number of seeded cells or because
bacterial or fungal contamination. This points out that, because
of the limited samples obtained in small infants, studies
performed in this group of patients are very challenging.

Several techniques could be applied to the respiratory
epithelium samples we collected bymeans of nasal brushing in
infants. The present results demonstrate that it is feasible to
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study ciliary beating frequency and cAMP dependant chloride
efflux from samples freshly obtained, and that cell cultures can
be used to study the inflammatory cytokine release in response
to stimulation by bacterial LPS. The experiments were done on
a very small number of samples, as examples of techniques
potentially useful in the field of CF research, which precludes
any definite conclusion and comparison between CF and non-
CF infants. It is likely that, due to the limited samples that can
be obtained in small infants, it will not be always possible to
undertake on each sample all the techniques we present here.
CBF measurements are done on freshly obtained epithelial
sheets without any alteration of cells which can then be used
for other studies. As CBF analysis, halide efflux studies do not
need cell culture and can be done on epithelial sheets. Halide
efflux studies, easier to perform than techniques needing cell
culture, are of obvious interest in CF disease and should
probably be attempted before studies of inflammatory
mediators expression and secretion. Based on the measure-
ments variability within patients and the estimated difference
between CF and non-CF subjects, we have calculated that at
least 12 subjects should be included in each group to draw
statistically significant conclusions when comparing halide
efflux in CF and non-CF infants.

Beyond the present preliminary report of nasal brushing
feasibility to study airway epithelial function in very young
infants, it will be necessary to investigate a larger number of
patients to know whether or not the present data are in
accordance with current knowledge about the airway epitheli-
um inCF. TheCBF is normal in CF [43]. The cAMP-dependent
chloride efflux from nasal epithelial cells is decreased in CF
patients [44], and there is a dysregulation of IL-8 secretion by
CF epithelial cells in response to P. aeruginosa [11,45–47].
Eventually, data obtained from nasal brushings in infants will
have to be compared to those from bronchial brushings and
BALs in order to assess the value of this minimally invasive
technique for the study of the airway epithelium in CF infants.

5. Conclusions

The present study shows that by means of a simple nasal
brushing technique easily performed and well tolerated, it is
possible, in very young infants, to harvest respiratory cells in
sufficient amounts to study the airway epithelium using a
broad range of techniques including primary epithelial cell
culture. Although the finding of the present preliminary
study have to be confirmed in a larger one, we believe that
the techniques we describe here might offer the opportunity
to study the airway epithelium morphology and functions at
the very early stages of CF, in infants, before the occurrence
of clinical symptoms.
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