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Abstract

Background: In vitro systems of primary cystic fibrosis (CF) airway epithelial cells are an important tool to study
molecular and functional features of the native respiratory epithelium. However, undifferentiated CF airway cell
cultures grown under submerged conditions do not appropriately represent the physiological situation. A more
advanced CF cell culture system based on airway epithelial cells grown at the air-liquid interface (ALl) recapitulates
most of the in vivo-like properties but requires the use of invasive sampling methods. In this study, we describe a
detailed characterization of fully differentiated primary CF airway epithelial cells obtained by non-invasive nasal
brushing of pediatric patients.

Methods: Differentiated cell cultures were evaluated with immunolabelling of markers for ciliated, mucus-secreting
and basal cells, and tight junction and CFTR proteins. Epithelial morphology and ultrastructure was examined by
histology and transmission electron microscopy. Ciliary beat frequency was investigated by a video-microscopy
approach and trans-epithelial electrical resistance was assessed with an epithelial Volt-Ohm meter system. Finally,
epithelial permeability was analysed by using a cell layer integrity test and baseline cytokine levels where measured
by an enzyme-linked immunosorbent assay.

Results: Pediatric CF nasal cultures grown at the ALl showed a differentiation into a pseudostratified epithelium
with a mucociliary phenotype. Also, immunofluorescence analysis revealed the presence of ciliated, mucus-secreting
and basal cells and tight junctions. CFTR protein expression was observed in CF (F508del/F508del) and healthy cultures
and baseline interleukin (IL)-8 and IL-6 release were similar in control and CF ALl cultures. The ciliary beat frequency
was 9.67 Hz and the differentiated pediatric CF epithelium was found to be functionally tight.

Conclusion: In summary, primary pediatric CF nasal epithelial cell cultures grown at the ALl showed full differentiation
into ciliated, mucus-producing and basal cells, which adequately reflect the in vivo properties of the human respiratory
epithelium.
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Background

Ciliated cells, secretory cells and basal cells are considered
the most abundant cell types found in the epithelium of the
human airways. The tight junctions between epithelial cells
preserve the epithelial integrity. In addition, pathogens and
particulate matter can be trapped in the secreted mucus
and transported out of the airways by the coordinated beat-
ing of ciliated cells, also known as the mucociliary escalator
[1, 2]. In vitro models based on primary airway epithelial
cells are important tools to study molecular and functional
aspects of the human respiratory epithelium. However,
many researchers still rely on cell lines or undifferentiated
airway epithelial cell cultures grown under submerged cul-
ture conditions as monolayers, which do not appropriately
represent the situation found in vivo. In a more advanced
in vitro cell culture model, airway epithelial cells are grown
at the air-liquid interface (ALI) and re-differentiated into a
ciliated pseudostratified epithelium covered by a layer
of mucus. This system of a differentiated mucociliary
epithelium could therefore serve as a preferable cell
culture model that resembles more closely the in vivo
properties of the native respiratory epithelium in structure
(highly motile cilia and tight junction formation) and func-
tion (transepithelial electrical resistance and mucus produc-
tion/secretion/transport) [3]. Whereas ALI cultures based
on healthy airway epithelial cells are widely used, a limited
number of investigators are working with cell cultures
grown at the ALI in the field of CF research, and these fully
differentiated CF airway epithelial cell cultures have so far
been only partially characterized [4-6]. In addition, the
majority of studies available in the literature using CF bron-
chial or nasal ALI cultures are based on CF cell lines or
primary cultures obtained by the mean of surgery-based
invasive methods from adult patients [7—10]. Therefore, we
aimed at characterizing further fully differentiated pediatric
CF airway cell cultures grown at the ALI by using nasal cy-
tology brush sampling. Since it is ethically and technically
easier to isolate primary nasal compared to bronchial
epithelial cells, there is an interest in using nasal cul-
tures as a surrogate of bronchial cells for studies based
on airway epithelial cells [11-14].

Methods

Study participants

Fifteen pediatric CF patients were recruited at the
Children’s University Hospitals of Bern. The clinical
characteristics of the CF patients are shown in Table 1.
Seven healthy human volunteers were recruited with
the following exclusion criteria: recurrent nasal bleeding,
therapy with anticoagulants, and a current respiratory tract
infection. The ethics committee of the Canton of Bern,
Switzerland approved the study (authorization KEK/09)
and informed consent was obtained from all patients/
volunteers.
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Cell culture

Primary nasal epithelial cells were obtained by nasal
brushing as previously described [11, 15, 16]. Briefly, the
nasal epithelial cells were obtained by brushing the infer-
ior surface of the middle turbinate of both nostrils twice
by using cytology brushes (Dent-o-care, London, UK).
Next, the freshly brushed tissue was seeded in collagen-
coated (Advanced BioMatrix Inc., San Diego, CA, USA)
12.5 cm? cell culture flasks (BD Bioscience, USA) in
Bronchial Epithelial Growth Medium (BEGM, Lonza,
Switzerland) supplemented with Single Quots (Lonza,
Switzerland) and Primocin (100 pg/ml, InvivoGen, US) in a
humidified incubator at 37 °C. The CF cells were addition-
ally treated with Amphotericin B (250 pg/ml; Sigma Al-
drich, US) and Ceftazidime (100 pg/ml, GlaxoSmithKline,
Switzerland) during five days after sampling [16]. Out of 15
CF patients brushed, 5 cultures were lost due to poor cell
growth during the expansion phase of the cultures. The 10
CF patients from which successful ALI cultures could be
established and used for further investigation are presented
in Table 1. We obtained 0.4 to 1.5 million viable cells per
CF patient after brushing and the time to reach confluence
during the expansion phase was 7 to 15 days. The time to
confluence during the expansion phase was directly
dependent on the number of cells obtained after brushing.
The success rate of culture establishment for healthy
donors was higher compare to CF patients (7 healthy
donors brushed resulted in 6 cultures successfully
established). Of note, when growing on the inserts, we
obtained a 100% success in differentiation of the cul-
tures. Once confluent under submerged condition, the
cells where seeded at a density of 60,000 cells per in-
sert onto 24-well inserts with a pore size of 0.4 um at
37 °C, 5% CO, (Greiner Bio-One, Austria). Cells were
grown on the insert membranes under submerged con-
ditions by adding 200 pl of BEGM apically and 450 pl
of BEGM in the basal chamber until they reached conflu-
ence (2-3 days post seeding). Cell cultures were then
washed with phosphate buffered saline (PBS) 1X w/o
Ca®* and Mg?" and culture medium was then chan-
ged to complete PneumaCult™-ALI Medium (Stemcell
Technologies, CA) following the manufacturer’s instruc-
tion. Briefly, cell cultures were exposed to air on the apical
side and provided with 450 pl of complete PneumaCult™-
ALI Medium in the basal compartment to promote muco-
ciliary differentiation. The basal medium was changed
every second day. Twenty-one to 28 days post exposing
the cells to air at 37 °C, 5% CO,, fully differentiated pri-
mary CF airway epithelial cell cultures were obtained and
showed evidence of mucus production and ciliary beating.
According to the supplier’s specifications, the differenti-
ated CF nasal epithelial cells were therefore used at 21 to
28 days post exposure to air for further experiments. The
control bronchial ALI cultures form 2 different donors
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Table 1 Demographic and clinical characteristics of study participants

Patient ~ Sex  Age (years)  Atopy (yes/no)®  Steroid use®  FEVI%  P. aeruginosa (yes/no)*  Genotype AZM long-term (yes/no)
1 f 26 no no ND no F508del/F508del no
2 m 30 no no ND yes F508del/F508del no
3 f 45 no no ND no F508del/F508del ND
4 f 15.2 yes no 58 yes F508del/1507del no
5 f 56 no no 68 yes F508del/F508del no
6 m 132 yes no 57 no F508del/F508del no
7 m 37 no no ND no F508del/F508del no
8 f 7.7 no no 70 yes F508del/3905insT  yes
9 m 26 no no ND no F508del/F508del no
10 m 12.7 no yes 86 no F508del/F508del no

2defined as positive history of hayfever, eczema or asthma

Pdefined as any treatment with systemic, inhaled or nasal steroids within the past 3 months
“defined as at least one P. aeruginosa-positive oropharyngeal culture during the preceding 12 months

abreviation: ND not determined

used for the evaluation of CFTR expression by confocal
microscopy were obtained commercially (Epithelix Sarl,
Geneva, Switzerland).

Histology

Cell culture membranes were cut from the insert and
fixed for 20 min in 70% ethanol. Samples were then
stained with hematoxylin and eosin (H&E) and snap-
frozen in Tissue-Tek O.C.T. Compound (Sakura Finetek
USA Inc., US). Cryosections of 7 pum were cut (30,505
Cryostat, Leica Microsystems, Heerbrugg, Switzerland)
and examined by brightfield microscopy.

Immunofluorescence

Cells on membrane cut from the insert were fixed in
70% ethanol for 20 min and were permeabilized with
0.2% Triton X-100 (Sigma-Aldrich, US) for 15 min and
washed with staining buffer (PBS containing 0.1% BSA and
0.001% NaNj; (Sigma Aldrich, US) for 5 min at room
temperature. The cells were then incubated with the pri-
mary antibody or dye in staining buffer for one hour at
room temperature. Cells were stained with Phalloidin
Rhodamine (1:100; Invitrogen, Switzerland), rabbit anti-
MUC5AC (clone H-160, 1:100, Santa Cruz Biotechnologies,
US) mouse anti-B-tubulin (clone 2 28 33, 1:100, Invitrogen,
Switzerland), rabbit anti-p63 (clone EPR5701, 1:60, Abcam,
UK), rabbit anti-ZO-1 (Zona occludens-1; ab59720, 1:50,
Abcam, UK), and mouse anti-CFTR (clone 24-1, 1:100,
R&D Systems, UK). After washing with staining buffer, the
cells were incubated for one hour with the secondary anti-
body in staining buffer at room temperature: anti-mouse
Alexa Fluor 488 (Invitrogen, US) and anti-rabbit Alexa
Fluor 647 (Invitrogen, US). Cells were washed with staining
buffer and then mounted in DAPI mounting media (4',6-
diamidino-2-phenylindole; Vector Laboratories Inc., US). A
Zeiss Laser scanning microscope (LSM) 710 (Carl Zeiss

AG, Switzerland) was used to take the optical sections and
image processing was done using Imaris software (Bitplane
AG, Switzerland).

Transmission electron microscopy

Membranes with fully differentiated CF nasal epithelial
cells were cut from inserts and were fixed in buffered
2.5% glutaraldehyde (Agar Scientific Ltd., Plano GmbH,
Wetzlar, Germany) and post-fixed in buffered 1.0%
osmium tetroxide (SPI Supplies, West Chester, USA).
Preparations were then dehydrated in graded ethanol
(Alcosuisse, Switzerland) and embedded in Epon (Fluka,
Buchs, Switzerland) and left to harden at 60 °C for 5 days.
Ultrathin sections (70-80 nm) were produced using an ul-
tramicrotome UC6 (Leica Microsystems, Vienna, Austria)
and mounted on single slot copper grids and subsequently
stained with uranyl acetate and lead citrate utilizing
an ultrostainer (Leica Microsystems, Vienna, Austria).
Ultrathin sections were examined with a transmission
electron microscope (TEM; CM12, Philips, Eindhoven,
Netherlands).

Ciliary beat frequency measurement

Membranes were cut from inserts and placed on a glass
slide mounted with culture medium and covered with a
coverslip. Good contrast region of the differentiated cell
culture with beating cilia was first selected using the
OLYMPUS Vanox-S microscope with SPLAN Apo objec-
tives (10X, 20X, 40X) with differential interference contrast
(DIC/Nomarski). By means of a Point Grey Flea 3 (FL3-
U3-13Y3M-C) B/W high speed CMOS camera (Point Grey
Research, Inc., Canada) that was connected to the micros-
copy system, image series of beating cilia were taken serially
at 300 frames per second. To perform ciliary beat fre-
quency, one ALI insert per CF patient was used and 20 dif-
ferent spots per insert where evaluated (10 near the border
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and 10 in the center). The measurement where performed
under constant temperature of 30 °C and to minimize any
bias, the measurements where performed in a minimal
amount of time. Image processing was done using the
Image ] software (US) and ciliary beating frequency (CBF)
was analyzed by means of the power spectrum based on
Fast Fourier Transform algorithm.

Cell layer integrity test

Cell layer integrity was measured in submerged cell cul-
tures grown on inserts and in cell cultures grown on inserts
at the ALI for one day to 24 days (fully differentiated) as
follow: complete PneumaCult™-ALI Medium was removed
from the basal chamber of CF nasal epithelial cells grown
on 24-well inserts and cells were washed with PBS (Life
Technologies, US). Two mg/ml of 4 kDa Fluorescein
isothiocyanate-dextran (FD4, Sigma-Aldrich, US) was
diluted in 150 pl complete PneumaCult™ALI Medium
and added apically to the cell cultures. The basal cham-
ber was filled with fresh complete PneumaCult™-ALI
Medium and cultures were then incubated for 4 h at
37 °C and 5% CO,. The fluorescence intensity of the
contents of the basal chamber was determined with the
following wavelengths: excitation 485 nm, emission
544 nm. Of note, a 24-well insert only was used as refer-
ence value and percentage of fluorescence was expressed
relative to this control.

Transepithelial electrical resistance

Fully differentiated CF nasal epithelial cell cultures were
washed with PBS and fresh complete PneumaCult™-ALI
Medium was added to the apical and basal chamber for
equilibration for 30 min at room temperature. Trans-
epithelial electrical resistance (TEER) was then assessed
three times with an EVOM meter with the STX2 “chop-
stick” electrodes of 4 mm width and 1 mm thick (World
Precision Instruments, FL) and a mean resistance was
calculated. Values were then corrected for fluid resist-
ance (insert with no cells) and surface area.

Isolation of total RNA and RT-PCR

Total RNA harvesting was performed on inserts at the
ALI for 24 days with the RNA II kit (Macherey-Nagel,
Oensingen, Switzerland) and complementary deoxyribo-
nucleic acid (cDNA) synthesis was done with Omniscript
RT Kit (Qiagen, Valencia, CA, USA). RT-PCR measure-
ments were performed with the Tagman Fast Universal
PCR Master Mix (Applied Biosystems, Foster City, CA,
USA) on a 7500 Fast Real-Time PCR System (Applied
Biosystems). Sequences of the primers and probe used for
the detection of the CFTR transcript: forward primer:
5-AGCTGTCAAGCCGTGTTCTAGATA-3’, reverse
primer 5-ATGAGGAGTGCCACTTGCAAA-3’, probe
5-FAM-CACACGAAATGTGCCAATGCAAGTCCTT-
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TAMRA-3". The CFTR mRNA levels where standardized
to the housekeeping ribosomal 18S RNA by using the fol-
lowing primers/probe set: forward primer 5-CGCCGCTA-
GAGGTGAAATTCT-3", reverse primer 5-CATTCT
TGGCAAATGCTTTCG-3’, probe 5-FAM-ACCGGCGC
AAGACGGACCAGA-TAMRA-3".

Enzyme-linked immunosorbent assay

Basolateral protein levels of interleukin (IL)-6 and IL-8
were measured with the DuoSet ELISA Development kit
(R&D, Minneapolis, MN, USA). In our experience,
more reproducible cytokine levels in the basolateral vs.
apical compartment are obtained due to the difficult-
to-standardize apical washing procedure. Also, this ap-
proach prevents the perturbation of the epithelium. In
line with our experimental approach, sampling of the
basolateral compartment for the evaluation of IL-6 and
IL-8 levels produced by airway epithelial ALI cultures is
often selected [6, 10, 17-19].

Statistical analysis

Data are presented as mean + SEM. An unpaired t-test
was used to determine differences between two groups.
To conduct the statistical analysis, GraphPad Prism 5
software (GraphPad Software Inc., US) was used. A p
value <0.05 was considered statistically significant.

Results

Histological examination reveals a ciliated
pseudostratified CF nasal epithelium

Fully differentiated CF nasal epithelial cells (3 to 4 weeks
post exposure to air) were fixed and stained with H&E
to determine the structure of the differentiated epithelium.
The stainings showed the structure of a pseudostratified epi-
thelium with a ciliary brush border (Fig. 1a, b) indicative of
a fully differentiated CF airway epithelium. Also, we noticed
a productive secretion of mucus (see Additional file 1).

Morphological characteristics of fully differentiated CF
nasal epithelial cell cultures

To investigate if the three main cell types of the native
respiratory epithelium (ciliated, mucus-secreting and
basal cells) were present in the differentiated CF nasal
epithelial cell cultures, we analyzed immunofluorescence
pictures at 3 to 4 weeks post exposure of cell cultures to
air. The immunofluorescence pictures revealed fully differ-
entiated CF cultures positive for ciliated cells (3-tubulin,
green), mucus-secreting cells (MUC5AC, white) (Fig. 2a, b)
and basal cells (p63, white) (Fig. 2c). Further a positive
staining for ZO-1 (tight junction protein, white) suggested
a tight, intact epithelial layer of the fully differentiated CF
cell cultures (Fig. 2d).
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Fig. 1 Histological morphology of differentiated cystic fibrosis cell cultures grown at the air-liquid interface. a, b Fully differentiated cystic fibrosis

primary airway epithelial cell cultures were fixed in 70% ethanol for 20 min and embedded in Tissue-Tek O.C.T. Compound and subsequently
stained with hematoxylin and eosin

_

MUCS5AC

Fig. 2 Differentiation of primary cystic fibrosis nasal epithelial cells into a mucociliary phenotype visualized by LSM. a, b Presence of 3-tubulin-
positive ciliated cells and MUC5AC-positive mucus-secreting cells at 4 weeks post exposure to air was shown by representative three-dimensional
immunofluorescence stainings. xy-projection is shown on top panels and xz-projection is shown on lower panels. Blue: DAPI (nucleus); red: actin;
green: B-tubulin; white: MUC5AC. ¢ Presence of p63-positive basal cells at week 4 post exposure to air was shown by representative three-dimensional
immunofluorescence stainings taken by LSM. xy-projection is shown on top panel and xz-projection is shown on lower panel. Blue: DAPI (nucleus);
red: actin; green: B-tubulin; white: p63. d Immunofluorescence staining of the tight junctional protein ZO-1 at 4 weeks post exposure to ALl in the
xy-projection. Red: actin; white: ZO-1. The micrographs presented are representative of data generated from six different CF patients
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Electron microscope characterization of fully
differentiated CF nasal epithelial cells

Examination of the fully differentiated CF nasal epithelial
cell cultures by TEM confirmed the pseudostratified
organization of the epithelium and the mucociliary
phenotype. Indeed, mucus-secreting cells with secretory
granules and ciliated cells at the apical site and basal cells
could be identified (Fig. 3a-d). Typical apical tight junc-
tional complexes were observed between adjacent cells in
the epithelium (Fig. 3e) and the cilia of ciliated cells showed
the typical axonemal ultrastructure with its characteristic
arrangement of microtubules and dynein arms (Fig. 3f).

Ciliary beat frequency of fully differentiated CF nasal
epithelial cell cultures

Evaluation of the CBF is an important and reliable method
to assess the physiological condition of the respiratory epi-
thelium. It is also an essential tool of clinical relevance in
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CF since the functional and coordinated ciliary beat is a
pivotal component of the mucociliary escalator, which is
involved in the development and progression of CF lung
disease [20-22]. To investigate whether the ciliated cells
showed a ciliary beat, the CBF of fully differentiated CF
cell cultures established from three different CF patients
was determined at 4 weeks post exposure to air. Three
fully differentiated CF nasal epithelial cell cultures gener-
ated from 3 different CF patients revealed an average CBF
of 9.67 + 0.44 Hz. A recording of the ciliary beat of the CF
cultures grown at the ALI is presented in Additional file 2.

Epithelial barrier integrity of fully differentiated CF nasal
epithelial cell cultures

In order to determine if the cell layer of well differenti-
ated CF cells was functionally tight, we performed an
epithelial cell layer integrity test in submerged CF cul-
tures and at 1-24 days post exposure to air by apically

S

Fig. 3 Electron microscopic characterization of differentiated cystic fibrosis cell cultures grown at the air-liquid interface. a-d Ciliated (c), mucus-secreting
(m) and basal cells (b) revealed by electron micrographs of a primary culture of cystic fibrosis nasal epithelial cells grown at the air-liquid interface for 4 week.
e Electron micrograph of tight junctions (3j) between a ciliated (c) and mucus-secreting (m) cell of a primary culture of cystic fibrosis nasal epithelial cells
grown at the air-liquid interface for 4 weeks. f Electron micrograph of a primary culture of cystic fibrosis nasal epithelial cells grown at the air-liquid interface
for 4 weeks showing the normal structure of cilia consisting of nine outer 18 microtubule doublets with dynein arms, surrounding one central pair of single
microtubules. The micrographs presented are representative from cultures generated from two CF patients
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applying FD-4 on CF cultures and assessed the fluores-
cence intensity in the basal chamber. We found that the
relative fluorescence intensity was significantly ca. 10
times lower already one day post exposure to air in com-
parison to submerged cultures, indicative of a tight epi-
thelium (p <0.05; Fig. 4). We performed preliminary
measurements of TEER in fully differentiated cultures at
week 4 post-exposure to air and found values in the
range of other investigators such as Sajjan et al. at 500
Qcm? [4] and Wiszniewski et al. at 542 Qcm? [5], which
is suggesting tight junction formation.

Baseline CFTR and inflammatory cytokine levels of fully
differentiated CF nasal epithelial cell cultures

We characterized further the nasal CF ALI cultures by
measuring the CFTR transcript levels in CF compare to
control ALI cultures. We obtained similar CFTR mRNA
levels in both cultures (Fig. 5a). Of note, the CFTR levels
of the 5 CF ALI cultures tested where originating from
CF patients with a F508del/ F508del genotype. Several in
vitro studies support the idea of dysregulated inflamma-
tory response in CF airway cells. In this context, IL-8
and IL-6 are widely used to assess the inflammatory
state in CF cells and to measure the inflammatory re-
sponse of CF cells upon infection [15, 18, 23]. Also, pri-
mary nasal epithelial cells produce significant levels of
those cytokine under baseline condition [14, 24]. Thus,
we measured the baseline levels of IL-6 and IL-8 cyto-
kines produced basolateraly by CF in comparison to
control ALI cultures. We didn’t found any significant
differences between control and CF ALI cultures in
terms of IL-6 (Fig. 5b), and IL-8 (Fig. 5c¢) baseline
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Fig. 4 Epithelial tightness of fully differentiated CF cell cultures.
Relative fluorescence intensity of FD-4 in the basal chamber was
assessed at 4 h after apical addition of FD-4 on submerged and 1 to
24 days ALl cultures of primary CF nasal epithelial cells. Values were
expressed as % of fluorescence relative to control (empty insert
without cells and with medium only). Data are presented as mean
of 1-10 different CF patients. Statistical analysis was done in comparison
to submerged cultures. *: p < 0.05, **: p < 001
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production. Finally, we assessed CFTR protein expres-
sion levels by immunocytochemistry and confocal im-
aging in CF nasal (Fig. 5d) in comparison to control
(Fig. 5e). Since bronchial cells are the gold standard in
the field, we used bronchial healthy ALI cultures as a
reference (Fig. 5f). Of note the representative micro-
graphs of CF nasal ALI cultures presented in Fig. 5d/g
were originating from patients with a F508del/F508del
genotype. We didn’t observe a notable difference in the
CFTR signal/level between the different cultures tested

(Fig. 5g-i).

Discussion

The epithelium of the human respiratory tract provides
the entry point and first line of defense against invading
pathogens, particles and environmental pollutants [25].
CF airway epithelial cells have a dysfunction of several
aspects of the innate immune response [26]. Thus, to
investigate the role of the initiation of an appropriate
immune response through release of soluble factors or
direct cell-cell interaction, it is of particular importance
to use a cell culture model that represents closely the in
vivo situation with differentiation into ciliated, mucus-
producing and basal cells.

Here we describe the establishment and characterization
of fully differentiated primary pediatric CF airway epithe-
lial cells grown at the ALI. Nasal epithelial cells are easily
obtainable from pediatric patients and yield successful dif-
ferentiated ALI cultures [11]. We showed that the epithe-
lium of our differentiated CF cultures was pseudostratified
with functional ciliated cells interspersed among mucus-
secreting cells and also basal cells present, which largely
mimics the airway epithelium in vivo. Further the epi-
thelium was shown to be tight as demonstrated by the
presence of tight junctional proteins (ZO-1) and an
appropriate TEER. The ciliated cells showed an intact
ciliary beat and the mucus-producing cells were func-
tional in secreting mucus.

To date, fully differentiated CF airway epithelial cell
cultures are not yet widely used and only few publica-
tions showed a partial characterization of those cultures.
In the study of Sajjan et al,, differentiated CF ALI cultures
were characterized in terms of morphology, cytokine and
mucin expression and TEER. The authors demonstrated
the presence of ciliated and goblet cells and showed that
ALI cultures of CF cells were functional for the produc-
tion of IL-8 and mucin. Further, the epithelium was found
to be tight characterized by an expression of the tight
junction protein ZO-1. However, the group did not assess
the functionality of the cilia such as beat frequency or
assessment of coordinated beating. Moreover, the pres-
ence of basal cells in the differentiated epithelium was not
investigated [4]. Wiszniewski et al. generated long-term
CF ALI cultures on permeable inserts with a feeder layer
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of fibroblasts on their undersurface. The polarized CF cul-
tures demonstrated the presence of basal, ciliated and
mucus-secreting cells as well as the presence of the tight
junction protein occludin on the apical cell membranes
indicative of barrier function. Further, the characteristic
elevated sodium transport, absence of cAMP-dependent
transport of chloride and the dehydrated airway surface
liquid compared to control ALI cultures have been shown.
However, the drawback of this ALI cell culture method
is that a biopsy is required to obtain both, patients
fibroblast and airway epithelial cells [5]. Finally, de
Courcey et al. established nasal CF ALI cultures and
focused their evaluation on electrophysiological prop-
erties and partially evaluated the cellular content and
IL-8 levels of the cultures [6].

The evaluation of CBF is a reliable method to assess
the physiological status of the respiratory epithelium and
of clinical importance in CF since the ciliary beat is a
pivotal component of the mucociliary escalator, which is

involved in pulmonary CF disease [21]. In our study, we
therefore added the important aspect of ciliary beat to
the CF ALI characterization by recording the CBF. We
found a CBF of 9.67 Hz in the fully differentiated CF air-
way epithelial cell cultures. A recent study by Nair et al.
showed a slightly higher baseline ciliary beat frequency
of 12.9 Hz in differentiated CF ALI cultures [27]. Further
in our study, a significant increase in tightness of the
epithelium was observed in CF ALI compared to sub-
merged cultures already at one-day post exposure to air.
This suggests a rapid formation of tight junctions upon
growing the cell culture at air.

Interestingly, it has for example been demonstrated that
differentiated cell cultures are more resistant to rhinovirus
(RV) infection, a relevant pathogen in CF [28, 29], than
undifferentiated monolayer cell cultures, which resemble
basal cells of the native epithelium [30]. Jakiela et al. [31]
have shown that the basal cells of the differentiated epi-
thelium are more susceptible to RV infection than the
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suprabasal cells proposing that differentiation is associated
with resistance to RV infection. Thus, in conditions of
damaged epithelium such as for asthma or CF, the suscep-
tibility to infection might be increased and could contrib-
ute to lung disease. Therefore, a CF cell culture system
with fully differentiated airway epithelial cells with the
main cell types present and the possibility for co-culture
with other cell types present in the respiratory tract such
as neutrophils or alveolar macrophages is highly desirable.

In line with the observation from other investigators,
we didn’t measure any significant difference in the levels
of CFTR mRNA and/or protein in CF cultures generated
from CF patients with the F508del/F508del genotype in
comparison to control ALI cultures [32—34]. Also, there
was no difference in baseline IL-6 and IL-8 levels in CF
and control ALI cultures fully differentiated [18, 35, 36].

While airway epithelial nasal cultures are increasingly
used as a surrogate to bronchial cells [12-14], there is
evidence that differences between the upper and lower
airway epithelium exist such at the level of gene expres-
sion and cytokine production [37-39]. When performing
nasal cell-based studies, these limitations should be
taken into account for the proper experimental design
and the interpretation of the results.

In order to increase the flexibility of our method, cells
cryopreservation after the initial phase of expansion under
submerged conditions could be done. While we didn’t
analyze this option, many investigators are using cryocon-
served primary epithelial cells for the generation of ALI
cultures, suggesting the possibility of cell storage for the
subsequent generation of nasal CF ALI cultures [18].

Conclusions

We successfully established fully differentiated pediatric
CF nasal epithelial cells by nasal cytology brush sampling
and characterized the cultures in terms of cellular content,
ultrastructure, morphology and functionality. Our pediatric
nasal CF ALI culture model mimicking the native human
CF respiratory epithelium, is easy to establish/handle and
could be used as surrogate of the pediatric bronchial epithe-
lium and of animal-based approaches for basic CF studies.
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Additional file 2: Recording of ciliary beat by differentiated pediatric
cystic fibrosis cell cultures grown at the air-liquid interface. (DOCX 136 kb)

Acknowledgements

Confocal and electron microscopy sample preparation and/or imaging were
performed with devices supported by the Microscopy Imaging Center (MIC)
of the University of Bern, Switzerland.

Page 9 of 10

Funding
This study has been supported by grants to MPA from The Swiss Cystic
Fibrosis Foundation (CFCH), and the OPO-Stiftung Zrich, Switzerland.

Availability of data and materials
The datasets generated during the study are available from the
corresponding author on reasonable request.

Authors’ contributions

Conception and design: AS, FB, MPA. Acquisition of data: AS, MB, SB, SAT, NR,
CC. Analysis and interpretation: AS, FB, TG, MPA. Drafting the manuscript for
important intellectual content: all authors. Final approval of the manuscript:
all authors.

Ethics approval and consent to participate

The ethics committee of the Canton of Bern, Switzerland approved the study
(authorization KEK/09) and informed consent was obtained from all study
participants.

Consent for publication
Not applicable.

Competing interests
None of the authors has a competing interest to report.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of Clinical Research, University of Bern, Bern, Switzerland.
“Division of Respiratory Medicine, University Children’s Hospital of Bern, Bern,
Switzerland. *Department of Pulmonary Medicine, University Hospital of Bern,
Bern, Switzerland. “Graduate School for Cellular and Biomedical Sciences,
University of Bern, Bern, Switzerland. °Institute of Virology and Immunology,
Federal Department of Home Affairs, Mittelhdusern, Switzerland.
Department of Infectious Diseases and Pathobiology, Vetsuisse Faculty,
University of Bern, Bern, Switzerland. /Institute of Anatomy, University of
Bern, Bern, Switzerland. ®Lucerne Children’s Hospital, Lucerne, Switzerland.

Received: 28 July 2017 Accepted: 18 December 2017
Published online: 28 December 2017

References
1. Fahy JV, Dickey BF. Airway mucus function and dysfunction. N Engl J Med.
2010;363:2233-47.

2. Button B, Cai LH, Ehre C, Kesimer M, Hill DB, Sheehan JK, Boucher RC,
Rubinstein M. A periciliary brush promotes the lung health by separating
the mucus layer from airway epithelia. Science. 2012;337:937-41.

3. Lopez-Souza N, Avila PC, Widdicombe JH. Polarized cultures of human
airway epithelium from nasal scrapings and bronchial brushings. In Vitro
Cell Dev Biol Anim. 2003;39:266-9.

4. Sajjan U, Keshavjee S, Forstner J. Responses of well-differentiated airway
epithelial cell cultures from healthy donors and patients with cystic fibrosis
to Burkholderia cenocepacia infection. Infect Immun. 2004;72:4188-99.

5. Wiszniewski L, Jornot L, Dudez T, Pagano A, Rochat T, Lacroix JS, Suter S,
Chanson M. Long-term cultures of polarized airway epithelial cells from
patients with cystic fibrosis. Am J Respir Cell Mol Biol. 2006;34:39-48.

6. de Courcey F, Zholos AV, Atherton-Watson H, Williams MT, Canning P,
Danahay HL, Elborn JS, Ennis M. Development of primary human nasal
epithelial cell cultures for the study of cystic fibrosis pathophysiology. Am J
Physiol Cell Physiol. 2012,303:C1173-9.

7. Randell SH, Fulcher ML, O'Neal W, Olsen JC. Primary epithelial cell models
for cystic fibrosis research. Methods Mol Biol. 2011,742:285-310.

8. Adam D, Roux-Delrieu J, Luczka E, Bonnomet A, Lesage J, Merol JC, Polette
M, Abely M, Coraux C. Cystic fibrosis airway epithelium remodelling:
involvement of inflammation. J Pathol. 2015;235:408-19.

9. Hill DB, Button B. Establishment of respiratory air-liquid interface cultures
and their use in studying mucin production, secretion, and function.
Methods Mol Biol. 2012;842:245-58.


dx.doi.org/10.1186/s12931-017-0706-7
dx.doi.org/10.1186/s12931-017-0706-7

Schogler et al. Respiratory Research (2017) 18:215

20.

21,

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Williams MT, de Courcey F, Comer D, Elborn JS, Ennis M. Bronchial epithelial
cell lines and primary nasal epithelial cells from cystic fibrosis respond
differently to cigarette smoke exposure. J Cyst Fibros. 2016;15:467-72.
Stokes AB, Kieninger E, Schogler A, Kopf BS, Casaulta C, Geiser T, Regamey
N, Alves MP. Comparison of three different brushing techniques to isolate
and culture primary nasal epithelial cells from human subjects. Exp Lung
Res. 2014;40:327-32.

Mosler K, Coraux C, Fragaki K, Zahm JM, Bajolet O, Bessaci-Kabouya K,
Puchelle E, Abely M, Mauran P. Feasibility of nasal epithelial brushing for the
study of airway epithelial functions in CF infants. J Cyst Fibros. 2008;7:44-53.
Comer DM, Elborn JS, Ennis M. Comparison of nasal and bronchial epithelial
cells obtained from patients with COPD. PLoS One. 2012;7:€32924.

Alves MP, Schogler A, Ebener S, Vielle NJ, Casaulta C, Jung A, Moeller A,
Geiser T, Regamey N. Comparison of innate immune responses towards
rhinovirus infection of primary nasal and bronchial epithelial cells.
Respirology. 2016;21:304-12.

Kieninger E, Vareille M, Kopf BS, Blank F, Alves MP, Gisler FM, Latzin P,
Casaulta C, Geiser T, Johnston SL, et al. Lack of an exaggerated inflammatory
response on virus infection in cystic fibrosis. Eur Respir J. 2012,39:297-304.
Schogler A, Kopf BS, Edwards MR, Johnston SL, Casaulta C, Kieninger E, Jung A,
Moeller A, Geiser T, Regamey N, Alves MP. Novel antiviral properties of
azithromycin in cystic fibrosis airway epithelial cells. Eur Respir J. 2015:45:428-39.
Villenave R, Thavagnanam S, Sarlang S, Parker J, Douglas |, Skibinski G,
Heaney LG, McKaigue JP, Coyle PV, Shields MD, Power UF. Vitro modeling
of respiratory syncytial virus infection of pediatric bronchial epithelium, the
primary target of infection in vivo. Proc Natl Acad Sci U S A. 2012;109:5040-5.
Becker MN, Sauer MS, Muhlebach MS, Hirsh AJ, Wu Q, Verghese MW,
Randell SH. Cytokine secretion by cystic fibrosis airway epithelial cells. Am J
Respir Crit Care Med. 2004;169:645-53.

Veit G, Bossard F, Goepp J, Verkman AS, Galietta LJ, Hanrahan JW, Lukacs
GL. Proinflammatory cytokine secretion is suppressed by TMEM16A or CFTR
channel activity in human cystic fibrosis bronchial epithelia. Mol Biol Cell.
2012;23:4188-202.

Boucher RC. Airway surface dehydration in cystic fibrosis: pathogenesis and
therapy. Annu Rev Med. 2007;58:157-70.

Robinson M, Bye PT. Mucociliary clearance in cystic fibrosis. Pediatr Pulmonol.
2002;33:293-306.

Romet S, Schoevaert D, Marano F. Dynamic image analysis applied to the
study of ciliary beat on cultured ciliated epithelial cells from rabbit trachea.
Biol Cell. 1991,71:183-90.

DiMango E, Zar HJ, Bryan R, Prince A. Diverse Pseudomonas Aeruginosa
gene products stimulate respiratory epithelial cells to produce interleukin-8.
J Clin Invest. 1995;96:2204-10.

Schogler A, Stokes AB, Casaulta C, Regamey N, Edwards MR, Johnston SL,
Jung A, Moeller A, Geiser T, Alves MP. Interferon response of the cystic
fibrosis bronchial epithelium to major and minor group rhinovirus infection.
J Cyst Fibros. 2016;15:332-9.

Vareille M, Kieninger E, Edwards MR, Regamey N. The airway epithelium: soldier
in the fight against respiratory viruses. Clin Microbiol Rev. 2011;24:210-29.
Cohen TS, Prince A. Cystic fibrosis: a mucosal immunodeficiency syndrome.
Nat Med. 2012;18:509-19.

Nair C, Shoemark A, Chan M, Ollosson S, Dixon M, Hogg C, Alton EW, Davies
JC, Williams HD. Cyanide levels found in infected cystic fibrosis sputum
inhibit airway ciliary function. Eur Respir J. 2014;44:1253-61.

de Almeida MB, Zerbinati RM, Tateno AF, Oliveira CM, Romao RM, Rodrigues
JC, Pannuti CS, da Silva Filho LV, Rhinovirus C. Respiratory exacerbations in
children with cystic fibrosis. Emerg Infect Dis. 2010;16:996-9.

Flight WG, Bright-Thomas RJ, Tilston P, Mutton KJ, Guiver M, Morris J, Webb
AK, Jones AM. Incidence and clinical impact of respiratory viruses in adults
with cystic fibrosis. Thorax. 2014;69:247-53.

Lopez-Souza N, Dolganov G, Dubin R, Sachs LA, Sassina L, Sporer H, Yagi S,
Schnurr D, Boushey HA, Widdicombe JH. Resistance of differentiated human
airway epithelium to infection by rhinovirus. Am J Physiol Lung Cell Mol
Physiol. 2004;286:L373-81.

Jakiela B, Brockman-Schneider R, Amineva S, Lee WM, Gern JE. Basal cells of
differentiated bronchial epithelium are more susceptible to rhinovirus
infection. Am J Respir Cell Mol Biol. 2008,38:517-23.

Trapnell BC, Chu CS, Paakko PK, Banks TC, Yoshimura K, Ferrans \VJ, Chernick
MS, Crystal RG. Expression of the cystic fibrosis transmembrane conductance
regulator gene in the respiratory tract of normal individuals and individuals
with cystic fibrosis. Proc Natl Acad Sci U S A. 1991,88:6565-9.

33.

34.

35.

36.

37.

38.

39.

Page 10 of 10

Zabner J, Scheetz TE, Almabrazi HG, Casavant TL, Huang J, Keshavjee S, PB
MC Jr. CFTR DeltaF508 mutation has minimal effect on the gene expression
profile of differentiated human airway epithelia. Am J Physiol Lung Cell Mol
Physiol. 2005;289:L545-53.

DiFranco KM, Mulligan JK, Sumal AS, Diamond G. Induction of CFTR gene
expression by 1,25(0H)2 vitamin D3, 250H vitamin D3, and vitamin D3 in
cultured human airway epithelial cells and in mouse airways. J Steroid
Biochem Mol Biol. 2017;

Kunzi L, Krapf M, Daher N, Dommen J, Jeannet N, Schneider S, Platt S,
Slowik JG, Baumlin N, Salathe M, et al. Toxicity of aged gasoline exhaust
particles to normal and diseased airway epithelia. Sci Rep. 2015;5:11801.
John G, Yildirim AO, Rubin BK, Gruenert DC, Henke MO. TLR-4-mediated
innate immunity is reduced in cystic fibrosis airway cells. Am J Respir Cell
Mol Biol. 2010;42:424-31.

Qgilvie V, Passmore M, Hyndman L, Jones L, Stevenson B, Wilson A,
Davidson H, Kitchen RR, Gray RD, Shah P, et al. Differential global gene
expression in cystic fibrosis nasal and bronchial epithelium. Genomics.
2011,98:327-36.

Mallia P, Message SD, Gielen V, Contoli M, Gray K, Kebadze T, Aniscenko J,
Laza-Stanca V, Edwards MR, Slater L, et al. Experimental rhinovirus infection
as a human model of chronic obstructive pulmonary disease exacerbation.
Am J Respir Crit Care Med. 2011;183:734-42.

McDougall CM, Blaylock MG, Douglas JG, Brooker RJ, Helms PJ, Walsh GM.
Nasal epithelial cells as surrogates for bronchial epithelial cells in airway
inflammation studies. Am J Respir Cell Mol Biol. 2008;39:560-8.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central




	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Study participants
	Cell culture
	Histology
	Immunofluorescence
	Transmission electron microscopy
	Ciliary beat frequency measurement
	Cell layer integrity test
	Transepithelial electrical resistance
	Isolation of total RNA and RT-PCR
	Enzyme-linked immunosorbent assay
	Statistical analysis

	Results
	Histological examination reveals a ciliated pseudostratified CF nasal epithelium
	Morphological characteristics of fully differentiated CF nasal epithelial cell cultures
	Electron microscope characterization of fully differentiated CF nasal epithelial cells
	Ciliary beat frequency of fully differentiated CF nasal epithelial cell cultures
	Epithelial barrier integrity of fully differentiated CF nasal epithelial cell cultures
	Baseline CFTR and inflammatory cytokine levels of fully differentiated CF nasal epithelial cell cultures

	Discussion
	Conclusions
	Additional files
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

