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A B S T R A C T

The preclinical evaluation of nasally administered drug candidates requires screening studies based on in vitro
models of the nasal mucosa. The aim of this study was to evaluate the morpho-functional characteristics of the
3D MucilAir™ nasal model with a pharmacological focus on [ATP]-binding cassette (ABC) efflux transporters. We
initially performed a phenotypic characterization of the MucilAir™ model and assessed its barrier properties by
immunofluorescence (IF), protein mass spectrometry and examination of histological sections. We then focused
on the functional expression of the ABC transporters P-glycoprotein (P-gp), multidrug resistance associated
protein (MRP)1, MRP2 and breast cancer resistance protein (BCRP) in bidirectional transport experiments. The
MucilAir™ model comprises a tight, polarized, pseudo-stratified nasal epithelium composed of fully differ-
entiated ciliated, goblet and basal cells. These ABC transporters were all expressed by the cell membranes. P-gp
and BCRP were both functional and capable of actively effluxing substrates. The MucilAir™ model could con-
sequently represent a potent tool for evaluating the interaction of nasally administered drugs with ABC trans-
porters.

1. Introduction

Nasal delivery represents a highly effective route of administration
for drugs requiring a quick onset of action. Nasal drug delivery offers
several advantages over systemic administration, including reduced
side-effects, avoidance of hepatic first-pass metabolism and rapid local
absorption of drugs owing to the abundant vascularization and high
permeability of the sizeable nasal mucosa [1].

The introduction of intranasal drug candidates requires the devel-
opment of pre-clinical screening experiments to evaluate their perme-
ability through the nasal mucosa [2]. Currently, Caco-2 intestinal cell
line is the only FDA-approved predictive in vitro model to evaluate the
absorption of drugs [3]. Considering the morphological and physiolo-
gical differences with the nasal barrier, new models of nasal mucosa
must be developed and characterized to evaluate the absorption of
nasal drugs. In this context, several in vitro cellular models have been
developed with the aim of closely mimicking the biology of the nasal

barrier. The use of immortalized nasal cell lines, such as the bovine
turbinate (BT) [4], rat nasal squamous carcinoma (NAS 2BL) [5] and
human nasal squamous carcinoma RPMI 2650 cell lines [6,7] represents
a widespread approach. Despite some advantages, including high pro-
liferation capacity and genetic homogeneity, immortalized cell lines are
far from the human nasal epithelium in terms of biophysiology due to
their weak differentiation ability [8]. To overcome these limitations,
various in vitro models have evolved over the years, becoming in-
creasingly complex and developing from submerged monocultures to
three-dimensional epithelia cultured at the air-liquid interface. These
latest models, available under the brand names EpiAirway™ (MatTek
Corporation) and MucilAir™ (Epithelix), are constituted from primary
human epithelial cells freshly isolated from nasal or bronchial biopsies
[9]. These models accurately reproduce the biophysiology of human
airway epithelia including the presence of a functional mucociliary
system and the secretion of mucus in a homeostatic state [10].

Nasally administered drugs permeate through the nasal epithelium
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principally via the transcellular route [11]. This route implicates
transport of the drug substances across the lipophilic cell barrier which
may involve specific interactions with ATP binding cassette (ABC) drug
transporters [12]. These ATP-dependent active proteins participate in
the efflux of xenobiotics from the cells [13], thereby greatly limiting the
bioavailability of drugs intended for systemic circulation [14]. Func-
tional expression of the main ABC transporters, namely P-glycoprotein
(P-gp), Multidrug Resistance associated Proteins (MRPs) and Breast
Cancer Resistance Protein (BCRP) has already been widely demon-
strated in several physiological barriers, including the blood-brain-
barrier [15] and the intestinal barrier [16]. The sparse data available
concerning the human nasal epithelium reveal the expression of a wide
range of ABC transporters [17,18]. Identification of these transporters
in in vitro models of the nasal epithelium is therefore essential in order
to anticipate their involvement in the bioavailability of locally ad-
ministered drugs [19].

In addition to the functional expression of ABC transporters, in vitro
models must, regardless of their origin, exhibit critical barrier proper-
ties that should be carefully investigated to determine their relevance
for drug transport studies. These properties include the establishment of
an adequate transepithelial electrical resistance (TEER) and the ex-
pression of tight and adherens junction proteins limiting the para-
cellular permeability of hydrophilic compounds [6]. We recently de-
monstrated that the RPMI 2650 model is not suitable for evaluating the
efflux of therapeutic compounds mediated by ABC transporters [20].
Although the MucilAir™ model have been used to investigate the in-
flammatory response to aerosolized pollen [21] or the protective
properties of xyloglucan [22], to the best of our knowledge few data are
available concerning its barrier properties for drug absorption and both
the expression and functionality of ABC efflux transporters are still
unknown. This study therefore focuses on the original pharmacological
characterization of the MucilAir™ nasal model in terms of barrier
properties extended to the functional expression of ABC efflux trans-
porters.

2. Material and methods

2.1. Culture of MucilAir™ tissues

The MucilAir™ nasal tissues were purchased from Epithelix (Geneva,
Switzerland) and originated from a mixture of human nasal cells bru-
shed from a pool of samples from 14 healthy donors grown on 6.5 mm
Transwell® Polyester membrane with 0.4 µm pore size (Costar 3470,
Corning, New-York, USA). In our study, the MucilAir™ tissues were
transferred on receipt into 24-well plates filled with 700 µL of pre-
warmed MucilAir™ (Epithelix) culture medium. The tissues were rou-
tinely cultured at 37 °C in a saturated (> 99%) humidity environment
containing 5% CO2. The medium was renewed every two to three days.
The transepithelial electrical resistance (TEER) was measured as a
standard indicator of tissue integrity. Measurements were made every
two days using an EVOM® resistance meter and STX 2 electrodes (World
Precision Instruments, Sarasota, USA). Blank filter values were sub-
tracted, and the corrected values were calculated according to the
surface area of the inserts (0.33 cm2).

2.2. Culture of Caco-2 cells

Caco-2 cells were purchased from the American Type Culture
Collection (Rockville, MD, USA) and used as a pharmacological control
model for protein mass spectrometry experiments. Caco-2 cells were
grown in 25 cm2

flasks until passage 23–30. The cells were maintained
in culture medium consisting of Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 1% non-
essential amino acids, 100 U/mL penicillin G, 250 ng/mL amphotericin
B and 100 µg/mL streptomycin in a 37 °C, 95% relative humidity and
5% CO2 atmosphere. Cells were seeded onto the membrane of the insert

filters (Falcon®, translucent polyethylene terephthalate (PET) mem-
brane, 0.4 µm pore size, high-density, with a surface area of 0.3 cm2) in
24-well companion plates (Dominique Dutscher, Strasbourg, France) at
a density of 1× 104 cells/well and cultured for 21 days. The culture
medium was changed every 2–3 days.

2.3. Histological examination of MucilAir™ tissues

The study of MucilAir™ tissues focused on their morphological
characteristics and cell composition. For this purpose, freshly excised
inserts were bisected to allow histological staining of paraffin-em-
bedded sections. Fully differentiated tissue cultures were rinsed in
phosphate-buffered saline (PBS) and fixed by complete immersion in
4% formaldehyde for 20min at room temperature. Fixed tissues were
embedded in paraffin, sectioned and processed for staining with he-
matoxylin-eosin (HE) and alcian blue. Alcian blue staining was per-
formed during 30min at room temperature with 1% alcian blue in 3%
acid acetic at pH 2.5. Several sections were cut from paraffin blocks
using a microtome (Leica Jung RM2035). The sections were then de-
posited on glass slides, observed by light microscopy (Microscope Leica
DMRB) and digitalized with a Nanozoomer (Hamamatsu Photonics).

2.4. MucilAir™ flow cytometric phenotypic analysis

MucilAir™ tissues were dissociated by incubating trypsin on both
side of the inserts during 20min at room temperature to obtain a cel-
lular suspension, 100,000 cells being used for each staining procedure.
The cell population was labelled with a specific anti-CLCA1.PE-Cyn5.5
polyclonal goat antibody (AC21-1575-16, Abcore) for goblet cells or
with anti-β-tubulin.PE mouse monoclonal antibody (sc-5274.PE, Santa
Cruz) for ciliated cells. Aliquots of 50,000 cells were analysed by flow
cytometry. Sequential gating was performed. The FSC/SSC cytogram
was used first to select viable cells, and second to distinguish specific
cell populations. The gain setting was established by running unstained
and isotype control cells (normal mouse IgG1.PE, sc-2866, Santa Cruz
Biotechnology, and Lightning-link PE-Cyn5.5 tandem conjugation kit to
goat IgG isotype control antibody, Innova Biosciences). Compensations
were calculated by acquisition of fluorescent beads. Both percentage
and geometric means of fluorescence were recorded. The results were
expressed as the percentage of labelled positive cells. A FACS DiVa flow
cytometer (BD Biosciences) equipped with an argon ion and He-Ne la-
sers was used. Data were analyzed using DiVa 5.03 software.

2.5. Immunofluorescence

In this study, we used an IF technique applicable to flat-mounted
human tissue initially developed for the study of endothelial and epi-
thelial tissues [23,24]. Briefly, MucilAir™ inserts were fixed in pure
methanol or 1% paraformaldehyde (PFA) added on both sides for
30min at room temperature (RT). PFA-fixed tissues were permeabilized
with 1% Triton X-100 for 15min at RT while methanol-fixed inserts
were rehydrated three times for 5min in PBS at room temperature.
Non-specific binding sites were then blocked for 1 h at 37 °C in PBS
containing 2% heat-inactivated goat serum and 2% bovine serum al-
bumin. Following this blocking step, the inserts were cut into eight pie-
shaped wedges and placed in 24-well plates. The primary antibodies
(Table 1) were diluted 1/200 in the blocking buffer and incubated ei-
ther for 1 h at 37 °C or overnight at 4 °C. Nonspecific rabbit and mouse
IgG were used as primary antibodies for the negative controls. The
secondary antibodies were diluted 1/500 in the blocking buffer and
incubated with the insert fragments for 45min at 37 °C. These anti-
bodies comprised Alexa Fluor 488 goat anti-mouse IgG2b (A-21141,
Thermo Fischer Scientific [TFS]), Alexa Fluor 488 goat anti-mouse (A-
11029, TFS), Alexa Fluor 555 goat anti-mouse 555 IgG1 (A-21127, TFS)
or Alexa Fluor 555 goat anti-rabbit (A-21429, TFS). The nuclei were
finally counterstained with 0.1 μg/mL 4′,6-diamidino-2-phenylindole
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(DAPI) in PBS at RT for 30min. The samples were rinsed three times in
PBS between all steps, except between the blocking step and incubation
with the primary antibodies. The insert fragments were finally placed
on glass slides, submerged in Vectashield Mounting Medium (H-1000,
Vector Laboratories) and covered with glass coverslips. Evaluations of
each marker were repeated at least twice. All biomarkers were imaged
using an inverted epifluorescence microscope IX81 (Olympus, Tokyo,
Japan) equipped with CellSens imaging software (Olympus, Munster,
Germany). To highlight the spatial localization of tight cell junctions
and ABC transporters in MucilAir™ tissue, a FLUOVIEW FV1200 laser
scanning confocal microscope (Olympus, Tokyo, Japan) equipped with
FV10-ASW4.1 imaging software was used.

2.6. Paracellular permeability

The paracellular permeability of MucilAir™ model was assessed
using the hydrophilic compounds sodium fluorescein (NaFlu) and
4.4 kDa fluorescein isothiocyanate-dextran (FITC-Dextran). The com-
pounds were dissolved in Hank’s balanced salt solution (HBSS) con-
taining 1% HEPES (v/v) to a final concentration of 10 µg/mL and filled
into the apical donor compartments, while HBSS containing 1% HEPES
(v/v) alone was introduced into the basal receiver compartments. The
inserts were then incubated for 2 h at 37 °C and the amount of the
fluorescent marker compound reaching the basal compartment was
evaluated using a fluorometer (Fluoroskan Ascent™, Thermo Fisher
Scientific) with wavelengths set at 485/535 nm. The apparent perme-
ability (Papp) was calculated according to the equation:

=

×

×
V

Ci A
Cf

t
Papp

Δ (1)

where V is the volume of the acceptor compartment (in cm3), Ci is the
initial concentration of the test compound (in g/L or mol/L), A is the
area of the insert (in cm2), Cf is the final concentration of the compound
in the acceptor compartment (in g/L or mol/L), and t is the duration of
the experiment (in seconds).

2.7. Bidirectional transport studies

We investigated the involvement of P-gp, BCRP and MRP1-2 in the
active efflux of known substrates in MucilAir™ tissues using bidirec-
tional transport experiments. Only inserts displaying a TEER above
200Ω cm2 were used. Rhodamine 123 (20 µM) was assessed as a P-gp
substrate using verapamil (100 µM) as inhibitor. Chlorothiazide
(100 µM) was assessed as a BCRP substrate using Ko143 (10 µM) as
inhibitor. Methotrexate (100 µM) and probenecid (100 µM) were used
as a broad-spectrum substrate and an inhibitor of MRPs, respectively.

All compounds were diluted either alone or with the associated
inhibitor in HBSS transport buffer supplemented with 1% HEPES (v/v)
and 1% DMSO (v/v). Prior to incubation, all solutions were pre-warmed
to 37 °C and the pH was adjusted to 7.4. Each condition was evaluated
in triplicate. Bidirectional transport assays were performed from the

apical to the basal compartment (Papp A=>B) and from the basal to the
apical compartment (Papp B=>A) for 2 h at 37 °C. Following incubation,
the amounts of chlorothiazide and methotrexate that had permeated
through the model in both compartments were quantified by liquid
chromatography-mass spectrometry (LC-MS). Permeation of rhodamine
123 was quantified using a fluorometer at 485/535 nm. The bidirec-
tional permeability was calculated according to Eq. (1). Finally, to
determine whether the test compound was actively effluxed by ABC
transporters, its efflux ratio (ER) was computed using the equation:

=
= >

= >

PappB A
PappA B

ER
(2)

2.8. LC-MS analysis

Chlorothiazide and methotrexate were quantified using an Aquity
UPLC system coupled with a Xevo TQ-D triple quadrupole mass spec-
trometer (Waters, Saint-Quentin-en-Yvelines, France). Compounds
were detected by Multiple Reaction Monitoring (MRM). Negative io-
nization conditions were used for chlorothiazide (m/z 293.98→
214.16) and positive ionization conditions for methotrexate (m/z
455.19→ 175.11). The internal standards (IS) were [2H6]-salicylic acid
(141.14→ 97.10) and [2H3]-methotrexate (458.25→ 311.2) for chlor-
othiazide and methotrexate, respectively. The mobile phase was a
mixture of (A) 0.1% formic acid in water and (B) 0.1% formic acid in
acetonitrile. A gradient was applied to a BEH C18 column
(50mm×2.1mm×1.7 µm) (Waters). The peak area ratios of the
drugs and their respective IS were used to calculate drug concentra-
tions.

2.9. Protein mass spectrometry

Protein mass spectrometry experiments were performed to in-
vestigate the relative abundance of phenotypic markers of nasal mu-
cosa, tight junction proteins and ABC drug transporters in the nasal
MucilAir™ model. The FDA-approved Caco-2 cell line was used as a
pharmacological control as the only existing predictive in vitro model of
intestinal drug absorption [3]. Briefly, cells were recovered from the
insert filters by trypsinization and collected by centrifugation at 300g
for 5min. The membrane protein fraction was extracted using the Mem-
PER Plus membrane protein extraction kit (Thermo Fisher Scientific,
Waltham, Massachusetts, USA) according to the manufacturer’s pro-
tocol. Briefly, cell pellets were washed in the cell wash solution and re-
suspended in the permeabilization buffer. After a 10min incubation at
4 °C with constant mixing, the cell lysates were centrifuged for 15min
at 16,000g. The supernatant containing cytosolic proteins was removed
and the pellets were re-suspended in the solubilization buffer. The
homogenate was incubated for 30min at 4 °C with constant mixing and
then centrifuged for 15min at 16,000g. The supernatant containing the
membrane protein fraction was collected. Protein concentration was
measured using the Micro BCA protein assay kit (Thermo Fisher

Table 1
List of antibodies and reagents used for the immunostaining of MucilAir™ nasal tissues.

Category Target Source Supplier Reference Fixatives Dilution Incubation time

Phenotyping β-tubulin mouse Abcam ab11315 Paraformaldehyde 1/200 60min
Actin – Abcam ab176756 Paraformaldehyde – 30min

Junction proteins ZO-1 rabbit SantaCruz sc-10804 Paraformaldehyde 1/200 60min
E-cadherin rabbit SantaCruz sc-7870 Methanol 1/200 Overnight
Occludin rabbit Abcam ab31721 Methanol 1/200 Overnight
Claudin-1 rabbit Abcam ab15098 Methanol 1/200 60min

ABC drug transporters P-gp mouse SantaCruz sc-55510 Paraformaldehyde 1/200 60min
BCRP mouse SantaCruz sc-58222 Methanol 1/200 Overnight
MRP1 rabbit Abcam ab99531 Paraformaldehyde 1/200 60min
MRP2 rabbit Abcam ab172630 Paraformaldehyde 1/200 60min
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Scientific). The Pierce Mass Spec sample prep kit (Thermo Fisher Sci-
entific) was used for in-solution tryptic digestion. Briefly, 100 µg of the
membrane protein fraction were prepared in 100 µL of cell lysis buffer.
The mixture was reduced with 10mM dithiothreitol (DTT) for 45min at
50 °C and alkylated with 50mM iodoacetamide (IAA) for 20min at RT.
The proteins were precipitated with acetone and then re-suspended in
100 µL of digestion buffer. The samples were digested with Lys-C
(1:100) at 37 °C for 2 h then with trypsin (1:50) for 16 h at 37 °C. Each
sample was desalted using the Pierce Peptide desalting spin column
according to the manufacturer’s protocol.

The samples were analyzed using an Ultimate U3000 liquid chro-
matography (Thermo) system (at a flow rate of 300 nL/min) on an Easy-
spray C18 column 2 µm, 0.075mm ID×500mm (Thermo Fisher
Scientific) with a 150min gradient. Mobile phase A was water with
0.1% formic acid, and mobile phase B was 80% acetonitrile with 0.08%
formic acid. Peptides were eluted by a gradient from 2.5% to 40% B
over 123min, followed by a short wash in 90% mobile phase B before
return to the starting conditions.

Mass spectrometry (MS) was performed using a Q-Exactive Plus
spectrometer (ThermoFisher, San Jose, California, USA). After mea-
surement of a precursor scan of intact peptides in the Orbitrap by
scanning from m/z 375-1500 (with a resolution of 70,000), the 10 most
intensely multi-charged precursors were selected for HCD analysis in
the C-trap (with a resolution of 17,500 and a normalized collision en-
ergy of 27). Automatic gain control (AGC) targets were 3× 106 ions for
MS scans and 1×105 ions for MS/MS scans. The maximum injection
time was 100ms and dynamic exclusion for 30 s was used to reduce
repeated analyses of the same components.

Data concerning the identification and quantification of peptides
and proteins were analyzed using Proteome Discoverer® software ver-
sion 2.0 (Thermo Fisher Scientific). R software was used for statistical
analysis and graphic outputs.

3. Results

3.1. Morphological and phenotypic characterization of the MucilAir™ nasal
model

We initially studied the morphology and cell composition of nasal
MucilAir™ tissues (Fig. 1). Examination of alcian blue- and hematoxylin
eosin (HE)-stained histological sections confirmed the pseudostratified
organization of the tissues and the predominant presence of columnar
ciliated cells bearing a differentiated apical cilium, organized in a
clump extending into the lumen (Fig. 1A). The use of alcian blue al-
lowed the staining of mucins and the subsequent visualization of
elongated goblet cells enchased between ciliated cells with a large
apical cup. Nuclei were tight and excluded at the basal pole. Goblet
cells were distended by abundant blue secretory mucus granules into a
typical cup-like shape. Basal progenitor cells were small, flattened, with
a predominant nucleus and were in direct contact with the membrane
of the insert. The thin and homogeneous fluorescent staining of β-IV
tubulin, a major constituent of microtubules, confirmed the presence of
apical cilia organized in clusters covering the major part of the epi-
thelium (Fig. 1C). The ciliated and goblet cell populations were quan-
tified by flow cytometry using the specific markers β-IV tubulin and
CLCA1, respectively (Fig. 1B). Quantitative analysis showed 12 ± 3%
CLCA1-positive cells versus 66 ± 17% β-IV tubulin-positive cells,
corroborating the predominant presence of ciliated cells in the Muci-
lAir™ model. Protein mass spectrometry analysis confirmed the ex-
pression of β-IV tubulin in MucilAir™ at the same level as in control
Caco-2 cells (Fig. 5A). Interestingly, the abundance of the radial spoke
head-like protein 3 4 (RSPH4) was approximately 10-fold higher in
MucilAir™ than in Caco-2 cells, further testifying to the presence of
ciliated cells in the nasal model. Gut specific mucin-13 was 10-fold
more abundant in Caco-2 cells than in MucilAir™. Conversely, the
airway-specific proteins mucin-5AC and mucin-5B displayed a 100-fold

and 10-fold greater abundance, respectively, in the nasal model than in
Caco-2 cells. Finally, the basal cell marker aquaporin-3 was strongly
detected in MucilAir™, but only weakly detectable in Caco-2 cells
whereas integrin alpha-6 abundance was nearly identical in the two
models. Overall, the MucilAir™ nasal model exhibited the main char-
acteristics of the human nasal epithelium in terms of histology and cell
type composition.

3.2. Barrier properties of the MucilAir™ nasal model

In the second part of our study, we examined the barrier properties
of the MucilAir™ nasal model. In this context, we investigated the ex-
pression of the tight junction proteins zonula occludens 1 (ZO-1), oc-
cludin and claudin-1, and the adherens protein E-cadherin, by IF
(Fig. 2A). Overall, the four proteins were found to be homogeneously
expressed over the entire epithelium in a connecting network. A bright
and homogeneous signal of ZO-1 was localized at the cell membrane.
Confocal observations revealed a clear apical expression of the protein
in the superficial cell layer. As an associated component of tight junc-
tion complexes, claudin-1 showed a distribution pattern similar to that
of ZO-1, characterized by apicolateral membrane localization only in
the superficial cell layer. A different expression pattern was observed
for occludin, which was not only expressed on the apical side but was
also localized on the lateral membranes of all cell layers. Finally, E-
cadherin staining revealed a subcellular localization similar to that of
occludin. The four proteins were detected in mass spectrometry with
different abundances depending on the model used (Fig. 5B). Claudin-1
showed a closely similar abundance in both models, whereas e-cadherin
was detected to a slightly greater extent in Caco-2 cells. The greatest
differences in abundance were observed for occludin and ZO-1, which
both exhibited a 10-fold greater abundance in Caco-2 compared to
MucilAir™. Claudin-3 and ZO-2 were detected at an identical level in
both models while ZO-3 showed a slightly greater abundance in Mu-
cilAir™ than in Caco-2 cells. The average TEER of nasal MucilAir™ tis-
sues (316 ± 31Ω cm2) reflected the expression of tight junction com-
plexes. Finally, the tightness of the MucilAir™ model was quantitatively
evaluated using the hydrophilic compounds sodium fluoride (NaFlu)
and 4.4 kDa Dextran (Fig. 2B). NaFlu showed an average permeability
of 5×10−6 cm/s whereas the permeability of 4.4 kDa Dextran was
almost 10-fold lower (6× 10−7 cm/s).

3.3. Expression of ABC efflux transporters

We investigated the expression and subcellular localization of four
ABC transporters, namely P-gp, MRP1, MRP2 and BCRP, in IF experi-
ments using both epifluorescence and confocal microscopy (Fig. 3).

P-gp displayed a clear staining at the membrane of superficial cells
with an expression characterized by bright multiple fluorescents spots
covering the whole apical membrane of most cells, although some cells
remained unlabeled. BCRP exhibited a less intense signal than P-gp
with a homogeneous expression characterized by thin and continuous
apicolateral membrane staining in the superficial cell layer of the
MucilAir™ tissues. The MRP1 transporter showed an expression pattern
nearly identical to that of P-gp with a distinct signal observed ex-
clusively at the luminal side of the cells. Conversely, MRP2 exhibited a
heterogeneous expression in cells, characterized by a subcellular loca-
lization throughout the cell membrane. All four transporters were de-
tected in proteomic analyses with distinct abundance levels (Fig. 5C).
Both P-gp and BCRP exhibited a 100-fold lower abundance in Muci-
lAir™ than in the Caco-2 model. MRP2 was approximately 10 times as
abundant in Caco-2 cells as in MucilAir™. Conversely, MRP1 displayed a
greater abundance in MucilAir™ than in Caco-2. MRP3, MRP4 and
MRP7 were detected at nearly the same level in both models.
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3.4. Functionality of ABC efflux transporters

We subsequently evaluated the functional activities of P-gp, BCRP
and both MRPs by performing standard bidirectional transport experi-
ments (Fig. 4).

The functional activity of P-gp was examined using rhodamine 123
as a substrate, associated with the P-gp inhibitor verapamil (Fig. 4A).
Rhodamine 123 exhibited a Papp (A=>B) of roughly 2×10−7 cm/s. The
permeability of the compound in the basal to apical direction was found
to be higher, around 1.2×10−6 cm/s, resulting in an efflux ratio of
almost 6. The dissymmetric transport of rhodamine 123 was abolished
in the presence of verapamil. Under these conditions, the Papp (B=>A)

dropped to 2×10−7 cm/s whereas Papp (A=>B) remained unchanged
and the ER was reduced by roughly 65% to nearly 2. P-gp was therefore
functional in the MucilAir™ nasal model.

The functionality of BCRP was investigated using chlorothiazide and

Ko143 as the substrate and inhibitor, respectively (Fig. 4B). Chlor-
othiazide showed a differential transport through MucilAir™, char-
acterized by a Papp (B=>A) 169% higher than the Papp (A=>B), leading
to an ER of 2.7. The apical-to-basal permeability of chlorothiazide was
not affected by the addition of Ko143 whereas the Papp (B=>A) was
almost three times lower in the presence of this inhibitor, resulting in a
halved ER. These results confirmed the involvement of BCRP in the
active efflux of chlorothiazide and demonstrated the functional activity
of this transporter in the MucilAir™ nasal model.

Finally, the functional activity of the MRP transporters was eval-
uated using methotrexate as a broad-spectrum substrate coupled with
the wide-range MRP inhibitor probenecid (Fig. 4C). In contrast to
rhodamine 123 and chlorothiazide, no dissymmetric transport was
observed for methotrexate, which exhibited a nearly equally low per-
meability in both directions. The addition of probenecid did not change
the bidirectional permeability of methotrexate and the consequent ER

Fig. 1. Morphological and phenotypic characterization of the MucilAir™ nasal model. A. Hematoxylin-eosin (HE) and alcian blue-stained histological section. ci:
ciliated cells, go: goblet cells, ba: basal cells. B. Quantitative flow cytometry analysis of the cell population. Isotypic phycoerythrin (PE) and PE.Cyn5.5 control
acquisitions versus PE and PE.Cyn5.5 signals were performed for β–tubulin and chloride channel accessory 1 (CLCA1) markers, respectively. CLCA1 and β–tubulin
immunostaining acquisitions were gated on the entire viable cell population; n=3 for each condition. C. Immunofluorescence staining of β-IV tubulin and actin.
Observations were performed using confocal microscopy. Nuclei were counterstained using 4′,6-diamidino-2-phenylindole (DAPI).
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remained below 2. The MRPs tested were therefore not involved in the
active efflux of methotrexate in the MucilAir™ model.

4. Discussion

The efficacy of many drugs depends on their ability to cross tissues
to reach their target. The efflux process mediated by ABC transporters
plays a critical role in limiting the absorption and accumulation of
exogenous compounds, which can lead to drug resistance. These
membrane proteins are therefore key determinants of the pharmaco-
kinetic and bioavailability profiles of locally administered drugs. At an
early stage of drug development, in vitro models represent valuable
tools for quickly assessing drug interactions with membrane transpor-
ters in pre-clinical studies [8,25]. Our study focused on the morpho-
functional characterization of the MucilAir™ nasal model based on its
barrier properties with a pharmacological extension to the expression
and functional activity of well-known ABC transporters.

We initially examined the morphological appearance and cell phe-
notype organization of MucilAir™ nasal tissues. The human nasal mu-
cosa comprises a pseudostratified respiratory epithelium supported by a

lamina propria. The nasal epithelium is composed of three types of cell
including differentiated ciliated epithelial cells, goblet cells that pro-
duce mucus and basal cells involved in epithelium renewal. IF studies of
β-IV tubulin, a major constituent of motile cilia [26], showed the pre-
sence of several cilia clusters sheathed in the apical membrane as
previously described in the normal nasal mucosa [27]. Protein mass
spectrometry was performed to investigate the abundance of specific
phenotypic markers of nasal mucosa in the MucilAir™. Caco-2 intestinal
model was used as a positive control for the validation of the proteomic
method. Despite a preferential expression in cilia, the abundance of β-
IV tubulin was similar in both MucilAir™ and Caco-2 models. This could
be explained by the involvement of β-IV tubulin as one of the major
constituents of ubiquitous cytoskeleton microtubules [28]. However,
the greater abundance of RSPH4 in MucilAir™ than in Caco-2 cells was
specifically related to the presence of ciliated cells. This protein is ex-
clusively located in the head complex of cilia radial spokes involved in
the transmission of regulatory signals in the ciliary beating process
[29]. The presence of goblet cells was demonstrated by staining with
alcian blue, a dye routinely used to stain mucins [30]. As expected, the
abundance of mucin-5B and mucin-5AC was greater in MucilAir™ than

Fig. 2. Barrier properties of the MucilAir™ nasal model. A. Immunofluorescence staining of the tight junction proteins zonula occludens 1 (ZO-1), occluding and
claudin-1, and the adherens protein e-cadherin, in the MucilAir™ nasal model. Observations were performed using epifluorescence (left) and confocal microscopy
(right). Nuclei were counterstained using 4′,6-diamidino-2-phenylindole (DAPI). B. Transepithelial electrical resistance (TEER) of the MucilAir™ nasal model (n= 6)
and permeability of NaFlu/4.4 kDa dextran following 2 h of incubation (n=3). Data are expressed as the mean ± standard deviation.
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in Caco-2 cells, these proteins being the main gel-forming mucins se-
creted in the upper airway [31]. Also, as expected, mucin-13 was more
abundant in Caco-2 cells than in MucilAir™, in line with its preferential
expression in intestinal mucus [32]. The proportion of each cell type
was in accordance with in vivo observations indicating up to 50–80% of
ciliated cells [33] and 15% of goblet cells in the nasal epithelium [34].
Basal cells are expected to cover approximately 5–10% of the nasal
epithelium [35]. The presence of basal cells in the MucilAir™model was
supported by the expression of aquaporin-3, Kreda et al. having shown
that aquaporin-3 is exclusively expressed in basal nasal cells [36].
Overall, the MucilAir™ nasal model was close to the normal human
nasal epithelium in terms of cell type composition and histology.

One of the main functions of nasal epithelium is to act as a physical
barrier against pathogens, allergens and air pollutants [37]. The in-
tegrity of the nasal epithelium is principally ensured by the presence of
both tight and adherens junctions [38]. Tight junction proteins form
intercellular bridges between adjacent cells that modulate the para-
cellular passage of hydrophilic compounds [39], whereas adherens
junctions are involved in the stabilization of cell–cell adhesion and
polarity [40]. The MucilAir™ nasal tissues showed a typical apical ex-
pression of ZO-1, occludin, and claudin-1; three major constituents of
tight junctions [41–43] as well as the adherens junction protein e-
cadherin [44]. The apical expression of occludin and claudin-1 has been
demonstrated in excised nasal mucosa [45]. Moreover, Ong et al. re-
cently observed the apical expression of ZO-1 and e-cadherin in primary
nasal cells [46]. Caco-2 cell line provided a positive control of the
abundance of tight junction proteins in proteomics experiment. Indeed,
the Caco-2 model was shown to be a tight and polarized barrier with a
strong expression of junctional proteins, a critical requirement for drug
transport studies [47]. The greater abundance of occludin and ZO-1 in
the Caco-2 cell line compared to MucilAir™ could be related to the cell
composition of the two models. An ultrastructural study showed that
tight junctions around nasal goblet cells were discontinuous and frag-
mented [48]. Similarly, tight junctions have been shown to be leakier
between enterocytes and goblet cells than between enterocytes [49].
Considering that the Caco-2 cell line is homogenously composed of
enterocytes, the lesser abundance of occludin and ZO-1 in MucilAir™

could be related to the presence of both goblet and ciliated cells. Pro-
teomic analyses also revealed the presence of claudin-3 isoform, a
constituent of tight junctions involved in the regulation of ion perme-
ability [50], as well as ZO-2 and ZO-3, two tight junction-associated
proteins [40]. Finally, the paracellular permeability of NaFlu through
MucilAir™ was within the same range as that of excised human nasal
mucosa [51]. As expected, 4.4 kDa dextran exhibited a lower perme-
ability than that of NaFlu due to its higher molecular weight. Taken
together, these results provide further evidence of the involvement and
efficacy of tight junction complexes in selective regulation of the
paracellular transport of hydrophilic compounds in the MucilAir™ nasal
model. Moreover, a recent study described the ability of this model to
discriminate the permeability of compounds according to their physi-
cochemical properties. Hydrophilic compounds typically exhibited
lower permeability than lyophilic ones due to a preferential permeation
through the more restrictive paracellular pathway [52].

The last step of the assessment of the barrier properties of MucilAir™
tissues led us to investigate the functional expression of ABC trans-
porters P-gp, BCRP, MRP1 and MRP2. The Caco-2 model was used as a
positive control of ABC transporters abundance in proteomics experi-
ments. Indeed, Caco-2 model was previously validated for the in vitro
evaluation of drugs as substrates or inhibitors of ABC transporters in
pre-clinical screening studies [4,53]. The functional activity of the se-
lected transporters was subsequently assessed using the FDA-approved
bidirectional transport protocol [4,54].

P-gp is a glycoprotein widely expressed on the apical membrane of
various tissues including the respiratory epithelium [55]. The Muci-
lAir™ nasal model showed a homogenous and apical expression of P-gp.
The same expression pattern has been previously described in normal
nasal epithelium [17]. The relative abundance of P-gp was roughly 100
times lower in MucilAir™ than in the control Caco-2 model. This result
was consistent with those of a previous study showing a weaker ex-
pression of P-gp in excised nasal mucosa compared to Caco-2 cells using
the western blot technique [56]. Interestingly, two further studies have
described a weak to moderate gene expression of P-gp in human nasal
mucosa [18] and primary nasal cells [57]. The functional activity of this
transporter was evaluated using rhodamine 123, a P-gp substrate

Fig. 3. Immunofluorescence staining of [ATP]-binding cassette (ABC) efflux transporters P-glycoprotein (P-gp), multidrug resistance-associated protein (MRP1,
MRP2) and breast cancer resistance protein (BCRP) in the MucilAir™ nasal model. Observations were performed using epifluorescence (left) and confocal microscopy
(right). Nuclei were counterstained in blue using 4′,6-diamidino-2-phenylindole (DAPI).
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previously shown to display an active efflux in intestinal Caco-2 cells
[58]. We observed a dissymmetric transport of rhodamine 123 through
MucilAir™, resulting in an ER of approximately 6 that was reduced by a
factor of 3 in the presence of verapamil, a P-gp inhibitor [59]. As al-
ready reported, a compound may be considered as a substrate of ABC
transporters if its ER is equal to or is above 2 and is at least halved in the
presence of the corresponding selective inhibitor [4,60]. Based on this
observation, P-gp was functional in the MucilAir™ nasal model and
acted as an apical pump that reduced drug absorption by extruding
xenobiotics out of the cells [61].

As a member of the ABC transporter family, BCRP also performs a
detoxifying function, manifesting broad substrate specificity [62]. We
showed that the apical expression of BCRP in the MucilAir™ nasal
model follows the same pattern as in bronchial Calu-3 cells [63]. The
expression of BCRP in the nasal mucosa has been little investigated.
Only a moderate gene expression was demonstrated in a recent study
[18] and this finding could be consistent with the weaker detection of
BCRP in MucilAir™ compared to the Caco-2 model. Chlorothiazide was
used as a substrate of BCRP in functional studies. This diuretic dis-
played an ER above 3 in the Caco-2 model [64] that was abolished by
the known BCRP inhibitor Ko143 [65]. The bidirectional transport of
chlorothiazide through MucilAir™ resulted in an ER of approximately 3.
Addition of the inhibitor Ko143 halved the ER, thereby confirming the
functional activity of BCRP in the nasal MucilAir™ model.

MRPs are ABC efflux pumps involved in the excretion of metabo-
lized xenobiotic compounds from cells [66]. We successfully demon-
strated the homogenous apical expression of MRP1 in the MucilAir™
model as previously described in human nasal epithelium [17]. The
greater abundance of MRP1 in MucilAir™ compared to Caco-2 was in
accordance with the results of a previous study reporting a much higher
signal of MRP1 in excised nasal mucosa than in the Caco-2 cell line,
using western blotting [67]. Moreover, MRP1 was found to be the most
abundant isoform in human nasal mucosa [18] and primary nasal cells
[57]. MRP2 showed a faint and heterogeneous lateral signal at all
plasma membranes in accordance with its weak gene expression in both
nasal epithelium and primary nasal cells [18,57]. A far weaker ex-
pression of MRP2 in the nasal mucosa than in the Caco-2 cell line was
demonstrated using the western blot technique [67] strengthening the
correlation between the MucilAir™ model and the nasal mucosa. Al-
though both MRP1 and MRP2 were expressed in the MucilAir™ model,
no active efflux of methotrexate was shown in functional studies. This
could be explained by the opposite subcellular distribution of MRP1
and MRP2 at the apical and basolateral membrane, respectively. Con-
sidering that methotrexate is a broad-spectrum substrate of MRPs [68],
the active efflux of this compound, mediated by MRP1 in the apical
compartment, could be balanced by its excretion by MRP2 in the basal
compartment, leading to the absence of a net active efflux. An alter-
native hypothesis refers to the simultaneous expression of MRP3, MRP4
and MRP7 in MucilAir™, these ABC transporters also being potentially
involved in the active transport of methotrexate [69].

To the best of our knowledge, this study is the first to demonstrate
the potent correlation between the MucilAir™ nasal model and the
normal nasal epithelium, with regard to the histological characteristics,
barrier properties and functional expression of ABC transporters. This
model could be used to further evaluate the involvement of ABC
transporters in the bioavailability of nasally administered drugs.
However, care should be taken regarding its predictability of nasal drug
absorption. The immortalized Caco-2 cell line is currently the gold-
standard for the prediction of intestinal drug absorption due to strong in
vitro-in vivo correlations [3]. We recently showed that the RPMI 2650
model may be a potential candidate but failed to anticipate the active
efflux of drugs mediated by ABC transporters [20]. Although we de-
monstrated that the primary MucilAir™model was morphologically and
physiologically closer to the human nasal mucosa than the RPMI 2650
model, in vitro-in vivo correlations are still lacking to determine their
predictability. Firstly, comparative studies with excised nasal mucosa

Fig. 4. Bidirectional permeability and efflux ratio of rhodamine 123 (A),
chlorothiazide (B) and methotrexate (C) through the MucilAir™ nasal model
after 2 h of incubation. Papp bidirectional permeability, R. 123: rhodamine 123,
CTZ: chlorothiazide, MTX: methotrexate; n= 3 for each condition. Data are
expressed as the mean ± standard deviation.
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Fig. 5. Label-free quantification of phenotypic markers (A), tight and adherens junction proteins (B) and ABC transporters (C) in the MucilAir™ nasal and Caco-2
models. Whiskers indicate the first and third quartiles of the data, the horizontal bar within each box indicating the median value. Three biological replicates were
examined for each model, each biological replicate being analyzed three times.
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focused on drug transporters expression and both passive permeability
and active efflux of reference compounds should be performed to
confirm the relevance of the in vitro permeability data. Ultimately, the
relationship between the in vitro permeability data and in vivo nasal
absorption rates of reference drugs in humans must be evaluated to
determine the relevance of MucilAir™ to accurately predict nasal drug
absorption in pre-clinical studies.

5. Conclusion

This study reports the first original pharmacological characteriza-
tion of the MucilAir™ nasal model in terms of morphology, phenotype
and expression of tight and adherens junction proteins, as well as the
functionality of ABC drug transporters. The MucilAir™ nasal model
matched the major features of a normal human nasal epithelium. The
homogeneous expression of tight and adherens junction proteins over
the entire apical surface of the epithelium demonstrated the ability of
MucilAir™ to form a polarized and hermetically sealed barrier. The ABC
transporters P-gp, MRP1, MRP2 and BCRP were all expressed at dif-
ferent levels and exhibited distinct IF patterns in accordance with their
subcellular localizations. Bidirectional transport studies demonstrated
the functional activities of P-gp and BCRP, these transporters being
capable of actively effluxing their respective substrates. Finally, the
MucilAir™ nasal model could be used as a relevant tool in preclinical
screening studies for evaluating the involvement of ABC transporters in
the bioavailability of nasally administered drug candidates.
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