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ABSTRACT
Purpose To determine the integrity and permeability proper-
ties of the immortalized human VA10 bronchial epithelial cell
line for its suitability as an in vitro drug permeation model.
Methods Cells were grown under liquid-covered culture (LCC)
or air-liquid interface (ALI) culture, characterized using electron
microscopy and immunostaining. Integrity was measured using
transepithelial electrical resistance (TER) and permeability of fluo-
rescein sodium (Flu-Na). General permeability was established
with dextrans and model drugs and P-glycoprotein (P-gp) function
determined with bidirectional flux of rhodamine-123.
Results ALI culture resulted in 2–3 cell layers with differentiation
towards ciliated cells but LCC showed undifferentiated morphol-
ogy. VA10 cells formed TJ, with higher TER in LCC than ALI
(∼2500 vs. ∼1200 Ω*cm2) and Flu-Na permeability ∼1–2×
10−7 cm/s. ALI cultured cells expressed P-gp and distinguished
between compounds depending on lipophilicity and size, consis-
tent with previous data from Calu-3 and 16HBE14o-cell lines.
Conclusions ALI cultured cell layers capture the in vivo-like phe-
notype of bronchial epithelium and form functional cell barrier
capable of discriminating between compounds depending on
physiochemical properties. The VA10 cell line is an important
alternative to previously published cell lines and a relevant model
to study airway drug delivery in vitro.
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ABBREVIATIONS
3D three-dimensional
A surface area (cm2)
A-B apical-to-basolateral
ALI air-liquid interface
B-A basolateral to apical
BSA bovine serum albumin
CBF ciliary beating frequency
CFTR cystic fibrosis transmembrane conductance

regulator
FD fluorescein isothiocyanate labeled dextran
Flu-Na fluorescein sodium
HBSS Hanks balanced salt solution
HPV-16 human papilloma virus-16
LCC liquid-covered culture
NHBE normal human bronchial epithelial
Papp apparent permeability (cm/s)
PBS phosphate buffered saline
P-gp p-glycoprotein
Rb retinoblastoma tumor suppressor protein
Rh123 rhodamine 123
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SEM scanning electron microscopy
TER transepithelial electrical resistance (Ω*cm2)
TJ tight junction

INTRODUCTION

The airway epithelium is the first physical barrier met by
inhaled drugs on their way to potential site of action. To
elucidate the fate of these drugs and their interaction with
the biological system, it is important to understand the
barrier- and permeability characteristics of this region. In
vivo models are most relevant to study airway drug delivery,
however they are less suitable for use at the early stages of
drug development (1). In vitro cell models have emerged as a
more convenient method to study drug permeability due to
their relative simplicity and reproducibility. In particular,
the use of monolayer epithelial cultures to classify permeability
of certain new drugs absorbed in the gastrointestinal
tract has been recommended by both the Food and
Drug Administration and the European Agency for the
Evaluation of Medicinal Products (2,3), thereby high-
lighting the importance of valid in vitro cell models.

Currently, there are only a handful of representative
respiratory cell lines that are useful for modeling epithelial
integrity and drug permeation (1,4,5). The two cell lines
commonly used to study upper airway drug permeation in
vitro are Calu-3 and 16HBE14o- bronchial epithelial cell
lines. Both these cell lines have functional barrier properties
(6–8) and their permeability characteristics correlate with ex
vivo (9) and in vivo models (10). Although these cell lines show
favorable permeation characteristics, they are different in
origin. Calu-3 cells were isolated from adenocarcinoma in
the submucosal gland (11) but 16HBE14o- cells were isolated
from the second-generation bronchi of a 1-year old
heart-lung transplant patient and immortalized with
SV40 large T-antigen virus (7). The difference in origin trans-
lates intomorphological differences between these two cell lines.
Calu-3 cells form either a monolayer in culture (6,12,13) or cell
layers (14,15) and produce mucus (16,17). Ciliate-like structures
have been reported (15) that have been observed to disappear
with increasing passage number (18). On the other hand,
16HBE14o-cells show microvilli protrusions, form 1–5 layers
of cells when grown in liquid-covered culture (LCC) and 10–16
cell layers in air-liquid interface (ALI) culture (19,20). Investi-
gation of specific events such as drug permeation or host-
pathogen interaction requires a cell line that has cell type
specificity, morphology and functional integrity relevant to the
in vivo epithelium. Although the abovementioned cell lines are
capable of modeling ex vivo or in vivo epithelial permeability,
there is a need for a cell line that both captures more closely the
phenotypic traits of the normal in vivo bronchial epithelium and

can be used to model drug delivery across the airway
epithelium.

We have recently established a human bronchial epithelial
cell line, referred to as VA10, by retroviral transfection of
constructs containing E6/E7 oncogenes from the human pap-
illoma virus-16 (HPV-16) (21). VA10 has basal- and stem cell
phenotype, expressing basal cell markers such as cytokeratins
5/6 and 14 and the basal associated transcription factor p63
(21). The stem cell properties of VA10 are displayed by its
ability to form bronchioalveolar-like structures in three-
dimensional (3D) co-culture with endothelial cells (22). Further-
more, VA10 generates active tight junctions (TJ) in ALI culture
as evidenced by high transepithelial electrical resistance (TER)
(21). The fact that VA10 can produce in vivo like phenotype in
3D culture and form high TER in ALI makes this cell line a
potential candidate for studying bronchial epithelial integrity
and response to drug delivery. However, data describing its
permeability properties are lacking which is imperative for its
acceptance as an in vitro airway drug permeation model. For
this upper airway epithelial cell line to be considered as a valid
model, its properties should reflect the epithelium in vivo as
closely as possible; discriminating between compounds depend-
ing on their lipophilicity, size and transport mechanism and
represent the in vivo phenotype. The aim of this study was
therefore to elucidate the morphological and permeation prop-
erties of the VA10 cell line.

MATERIALS AND METHODS

Materials

Atenolol, alprenolol HCl, (±)-metoprolol (+)-tartarate, (±)-
propranolol HCl, fluorescein sodium (Flu-Na), fluorescein
isothiocyanate labeled dextrans (FD) 4, 10, 20 and 40 kDa,
rhodamine 123 (Rh123), terbutaline hemisulfate and verapa-
mil HCl were obtained from Sigma-Aldrich (St. Louis, USA).
Mouse monoclonal anti-P-glycoprotein (P-gp, ab3366, clone
JSB-1) and mouse monoclonal anti-acetylated tubulin
(ab11323, clone 6-11B-1) antibodies were purchased from
Abcam (Cambridge, UK), polyclonal rabbit anti-occludin
antibody from Zymed (CA, USA) and F-actin phallotoxin,
To-Pro-3 and isotype specific Alexa Fluor secondary antibod-
ies were purchased from Invitrogen (Oregon, USA).
Fluoromount-G antifade solution was purchased from
SouthernBiotech (Birmingham, USA). Cell culture plastics
were obtained from Becton Dickinson (NJ, USA). Transwell
cell culture filters (pore size 0.4 μm, 12 mm diameter, polyes-
ter membrane) were purchased from Corning Costar corpo-
ration (through Sigma-Aldrich) and were collagen coated with
PureCol® solution from Advanced BioMatrix (CA, USA).
Black 96 well microplates were purchased from Eppendorf
(Hamburg, Germany). The cell culture medium LHC-9 and
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Dulbecco’s minimum essential medium:Ham’s F12 1:1
(DMEM/F-12)mediumwere obtained fromGibco (Burlington,
Canada) and supplemented with 50 IU/ml penicillin, 50 μg/ml
streptomycin and 40 μg/ml azithromycin (Pfizer). Ultroser-G
serum substitute was purchased from Pall Life Sciences (Cergy-
Saint-Christophe, France).

Culture of the VA10 Bronchial Epithelial Cell Line

The newly established bronchial epithelial cell line, VA10
(21), was used between passages 15–21. The cells were
maintained in 75 cm2 flasks in a humidified incubator at
37°C (5% CO2) containing bronchial epithelial growth me-
dium (LHC-9). Medium was aspirated and changed every
other day with a fresh, prewarmed medium. Transwell
filters, used for TER, morphology, and permeability experi-
ments, were collagen coated by applying 0.5 mL of diluted
PureCol® (1:44 in phosphate buffered saline, PBS) to each
Transwell, that was dried at 37°C and finally rinsed with
PBS. Then, the cells were seeded at the density of 2×105

cells/cm2 in the upper chamber of Transwell filters and
cultured in LHC-9 medium for 5–6 days, with 0.5 ml
medium added to the apical side and 1.5 ml medium to the
basolateral side. Subsequently, the cells were cultured in a
DMEM/F-12 medium supplemented with 2% Ultroser G
with medium changed every other day. For ALI culture, the
medium was aspirated after 5 days in LCC from the apical
side and filters rinsed with PBS to bring the culture into ALI,
having 1.5 ml of DMEM/F-12 medium with 2% Ultroser G
medium at the basolateral side.

Transepithelial Electrical Resistance (TER)
Measurements

TER of VA10 cell layers was measured with Millicell-ERS
volthometer (Millipore, MA, USA) for LCC and ALI cul-
tures. Prewarmed PBS was added to the apical side of ALI
cultured cells to be able to measure the TER. The corrected
TER value was obtained after subtraction of the back-
ground from the cell-free culture insert.

Immunocytochemistry

Cells, cultured at either LCC and ALI until maximumTERwas
reached, were fixed for 10 min with 3.7% (v/v) formaldehyde
(after formaldehyde fixation, acetylated tubulin samples were
treated with MeOH for 5 min at −20°C), permeabilized with
0.1% (v/v) Triton X-100 for 7 min and then blocked (5% v/v
goat serum, 0.3% v/v Triton X-100 in PBS) for 10 min. The
following primary antibodies were used: mouse anti-P-gp (IgG1,
1:30), mouse anti-human acetylated tubulin (IgG2b, 1:700), rab-
bit anti-human occludin (1:240) andAlexa Fluor 488 phallotoxin
for F-actin staining (1:40) and diluted in a buffer consisting of

0.2% (v/v) Triton X-100, 0.1% (w/v) bovine serum albumin
(BSA) and 0.05% (v/v) Tween®20 in PBS. Cells were incubated
with primary antibodies overnight at 4°C. Then, the cells were
incubated with isotype specific Alexa Fluor secondary antibodies
(1:1000) and To-Pro-3 for nuclear staining (1:500), diluted with
the same solution as for the primary antibodies, for 30 min.

Confocal Microscopy

Immunofluorescence images were obtained using Zeiss
LSM 5 Pascal confocal laser scanning microscope (CLSM,
Carl Zeiss AG, Munich, Germany) with Plan-Neofluar 40x
and Plan-Apochromat 63x oil immersion lenses. VA10 cell
layers were mounted with Fluoromount-G and coverslips
before visualization.

Scanning Electron Microscopy (SEM)

The VA10 cells were grown on Transwell filters until maxi-
mum integrity was reached as determined with TER. Then,
the cell layers were washed with PBS, fixed in 3.7% (v/v)
formaldehyde for 15 min, post-fixed in 1% (v/v) OsO4 for
1 h followed by dehydration through an ethanol gradient of 5,
12.5, 25, 50, 75 and 100% (v/v) in water, each step for 10 min
at room temperature. The dehydrated cell layers were then
transferred in 100% acetone to a critical point drier (Bio-Rad,
England). Dried samples were mounted on aluminum stubs
and gold sputter-coated (Edwards Sputter Coater S150B,
BOC Edwards, MA, USA). Images were obtained on a Zeiss
Supra 25 Field Emission Scanning Electron Microscope (FE-
SEM, Carl Zeiss AG, Munich, Germany) at 5 kV under high
vacuum conditions.

Bright Field Microscopy

Paraffin embedded ALI cultures were stained with hema-
toxylin and eosin. Imaging was performed using a Leica
DMI3000B microscope and Leica DFC310 FX camera.

Permeation Studies

LCC and ALI cultured VA10 cell layers were used in the Flu-
Na permeation studies at different time points to determine the
function of the paracellular epithelial barrier. All other perme-
ation studies were done on ALI cultured cell layers with TER
above 800 Ω*cm2. Prior to the permeation studies, the cell
layers were washed twice with prewarmedHanks Balanced Salt
Solution (HBSS, 146.94 mM NaCl, 5.37 mM KCl, 0.34 mM
Na2HPO4, 0.44 mM KH2PO4, 1.80 mm CaCl2 × 2H2O,
0.81 mM MgSO4, 25 mM NaHCO3, 5.55 mM
D-glucose and 25 mM HEPES at pH 7.4) and then allowed
to equilibrate in the incubator for 30 min in HBSS (0.5 mL
apical and 1.5 mL basolateral). The TER was measured right
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before and after the experiment to ensure the integrity of the
cell layers. Flu-Na was dissolved in HBSS buffer to a final
concentration of 50 μM. FD with average molecular weight of
4, 10, 20 and 40 kDa (FD4, FD10, FD20, FD40) were dis-
solved in HBSS to a final concentration of 2.5 mg/mL. The
model drugs alprenolol, metoprolol, propranolol and terbuta-
line were prepared in HBSS at final concentration of 100 μM,
with atenolol containing 0.1% DMSO and the final concen-
tration of 500 μM.

Before the permeation studies were started, the HBSS
buffer was aspirated from the apical surface and replaced by
0.52 mL of prewarmed HBSS test solution, with 1.50 mL of
HBSS in the basolateral chamber. Immediately, a sample
(20 μL) of the test solution was removed to determine the initial
concentration (C0). The cells were incubated at 37°C and
agitated on an orbital shaker at 80 rpm. Sampling from the
basolateral compartment (100 μL for Flu-Na and FD, 200 μL
for model drugs) was done after 20, 40, 60, 80 and 120 min
and replaced with equal volume of fresh HBSS buffer. When
the experiment was finished, a sample (20 μL) was removed
from the apical chamber to determine drug recovery.

Bidirectional transport studies with the P-gp substrate
Rh123 were performed with and without the P-gp efflux
pump inhibitor verapamil. Flu-Na was used as a negative
control. In studies with verapamil, the cell layers were incu-
bated with verapamil (200 μM) for 1 h prior to the transport
experiment. To ensure continued inhibition, verapamil was
also present during the Rh123 transport experiment.
Apical-to-basolateral (A-B) and basolateral-to-apical (B-A)
transport were initiated by adding 0.52 mL or 1.52 mL
respectively of either prewarmed Rh123 (50 μM) or Flu-
Na (50 μM) to the donor chamber. Sampling (100 μL) from
the receiver chamber was as described above.

Sample Analysis

Samples from Flu-Na, FD and Rh123 studies were directly
added to black 96 well plates. In Flu-Na and FD studies,
10 mM NaOH aqueous solution (100 μL) was added to
each sample. Fluorescence was measured with excitation
wavelength of 485 nm and emission of 535 nm using a
fluorospectrometer (Tecan GENios microplate reader,
Männedorf, Switzerland). Samples from drug permeation
studies were analyzed using a Dionex Ultimate 300 HPLC
system, coupled with photodiode array detector using Onyx
monolithio C18 column (100 mm×4.6 mm). The mobile
phase consisted of acetonitrile and H20/AcOH (99.5/0.5)
using conditions described in Table I.

Calculations and Data Analysis

cLogD(7.4) and polar surface area (PSA) were calculated
using ChemAxon MarvinSketch software (Budapest,

Hungary). Apparent permeability (Papp) coefficients were
calculated from the permeation experiment according to
Eq. 1 where dQ/dt is the flux, A is the surface of the cell
filter (1.12 cm2) and Co is the initial concentration in donor
chamber.

Papp ¼ dQ
dt

� 1
C0A

ð1Þ

All data were reported as mean ± standard deviation
with n representing number of experiments. Unpaired,
two tailed Student’s t-test was used to compare two means
and one-way analysis of variance (ANOVA) was used to
analyze more than two sets of data (GraphPad Software,
Inc., CA, USA) with the difference considered to be statis-
tically significant when p<0.05.

RESULTS

Morphological Characterization of VA10 Cell Layers

The epithelial properties of VA10 cells were elucidated with
SEM and immunostaining of TJ proteins. VA10 cells were
grown on Transwell filters and visualized by SEM, revealing
a clear difference between cells cultured under LCC and
ALI conditions (Fig. 1a and b). Although both culture con-
ditions generated a confluent cell layer, ALI cultures showed
more differentiated cell layers with pronounced ciliated-like
protrusions (Fig. 1b). This observation was further sup-
ported by the staining of the cilia marker acetylated
tubulin (Fig. 1d and e) that was apically located in
ALI cultured VA10, showing differentiation towards cil-
iated epithelial cells. The VA10 cell thickness in ALI
culture was 2–3 cell layers (Fig. 1c), showing cuboidal
morphology and contact inhibition growth. Both VA10
cells cultured at LCC and ALI expressed the TJ protein
occludin that was co-localized with F-actin, forming a
highly organized structure (Fig. 2). Expression of these
TJ markers indicates a structural barrier that can be
functionally monitored with TER.

Table I HPLC Conditions for Model Drugs

Drug UV detector
wavelenght (nm)

Acetonitrile
(%)

Flow rate
(ml/min)

Retention
time (min)

Alprenolol 273 31.5 0.8 2.80

Atenolol 274 7 1.0 2.72

Metoprolol 273 22 0.8 2.81

Propranolol 264 30 1.0 2.57

Terbutaline 274 7 1.0 2.49
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Integrity properties of the VA10 cell layers in LCC
and ALI culture

Measurements of TER and permeability for the hydrophilic
paracellular marker Flu-Na were determined for both LCC
and ALI culture to follow the gradual development of bar-
rier properties in the VA10 cell model. For both LCC and
ALI culture, the Papp of Flu-Na decreased with increasing
TER as shown in Fig. 3. TER values increased above

baseline values around day 12 for LCC (Fig. 3a) followed
by a decrease in Papp for Flu-Na. Between days 18 and 27 in
LCC culture, there was no significant difference in Papp
values for Flu-Na or in TER values (p>0.05) with an aver-
age Papp value of 1.06±0.18×10−7 cm/s and TER of
2481±208 Ω*cm2 (Fig. 3a). ALI culture needed longer time
to reach TER values above baseline, or 23 days (Fig. 3b).
Between days 27 and 48 in culture, Papp values of Flu-Na were
not significantly different (p>0.05) with an average Papp value

Fig. 1 Morphology of VA10 cell layers. VA10 cells were cultured on Transwell filters before visualization . SEM images (a, b) of VA10 epithelium cultured in
LCC or ALI culture after 21 days in culture. (c) Light microscopy image of semithin sections of ALI VA10 cell layers after 25 days in culture. Ciliated
differentiation was observed within the ALI cultured epithelium and its thickness was 2–3 cell layers. In contrast, cells grown in LCC generated an
undifferentiated phenotype. Immunofluorescent staining of acetylated tubulin (green), a marker for ciliated epithelium, and nuclear staining (blue) in ALI VA10
cell layers, cultured for 22 days, were visualized in confocal microscopy in either regular plane (d) or vertical xz cross sections of VA10 cell layer (e) showing
the apical distribution of acetylated tubulin.

Fig. 2 Tight junction expression
in the VA10 cell line grown under
LCC or ALI. VA10 cells were
cultured on Transwell filters for
22 days. Apical confocal
microscopy images were
acquired for the tight junction
associated protein F-actin (green),
the tight junction protein occludin
(red), and nucleus (blue).

VA10 as an Airway Drug Delivery Model 785



of 1.51±0.33×10−7 cm/s and TER of 1217±47 Ω*cm2.
Criteria for further permeation studies in ALI was therefore
a culture period of ∼27 days or TER above 800 Ω*cm2.

Paracellular Permeability of Dextrans in VA10 Cell
Layers

To further investigate the barrier properties of VA10 cell layers,
A-B paracellular permeability of Flu-Na and different molecu-
lar weight (kDa) FD was investigated in ALI culture (Table II,
Fig. 4). Rapid decrease was observed in the Papp between Flu-
Na and FD10, but a modest decrease in Papp values was
observed between FD10 and FD40. This inverse proportional
relationship between permeation of paracellular markers and
their molecular weight confirms that the VA10 model distin-
guishes between compounds depending on their size.

Drug Permeability in VA10 Cell Layers

Permeability of drugs with different physiochemical proper-
ties across ALI cultured VA10 cell layers was determined
with four β-adrenoreceptor antagonists (alprenolol, atenolol,
metoprolol and propranolol) and one β-adrenoreceptor ag-
onist (bronchodilator, terbutaline). Permeability increased
with increased lipophilicity, ranging from 5.21±0.69×

10−7 cm/s for the hydrophilic atenolol, to 92.87±6.41×
10−7 cm/s for the lipophilic alprenolol (Table II). A linear
relationship (r200.89) was observed between the extent of
lipophilicity of the drug at pH 7.4 and its log (Papp) value
(Fig. 5a). Even stronger relationship was observed between
the log (Papp) and the PSA of the drugs (r200.96), with
decreasing permeability as the PSA increased (Fig. 5b).

Correlation of VA10 Permeability Values with Other
In Vitro Cell Models

The Papp values of compounds with different physiochem-
ical properties obtained in the current study were correlated
with previously published Papp data from the bronchial
epithelial cell lines 16HBE14o- (9) and Calu-3 (10) as shown
in Fig. 6. The VA10 permeability data had a strong positive
log-linear relationship with both the 16HBE14o- and Calu-
3 cell lines (Fig. 6a and b), r200.999 and r200.96
respectively.

Expression of P-glycoprotein

Immunofluorescent staining of the drug efflux P-gp was
observed in the VA10 cell layers cultured under ALI
(Fig. 7) with the cross section of the cell layer showing

Fig. 3 Epithelial integrity of VA10 cell layers. Transepithelial electrical resistance (TER) and apparent permeability (Papp) of Flu-Na for VA10 cell layers, grown on
Transwell filters, as a function of time. (a) LCC conditions, (b) ALI culture conditions. All values are mean ± SD, n03–5.

Table II Apical-to-Basolateral
Papp Values for Compounds Tested
in ALI Cultured VA10 Cell Layers

acLogD: logarithm of the calculat-
ed octanol/water partitioning co-
efficient at pH 7.4
bPSA: molecular polar surface area
(Å2)
cMean ± SD, n03–5

Compounds MW (Da) cLogDa PSAb Papp (× 10-7 cm/s)c TER (% initial)

Alprenolol 286 0.67 41 92.87±6.41 125

Atenolol 266 −1.73 85 5.21±0.69 133

FD-4 4000 – – 1.01±0.23 116

FD-10 10000 – – 0.33±0.13 96

FD-20 20000 – – 0.29±0.03 84

FD-40 40000 – – 0.12±0.05 85

Fluorescein-Na 376 −0.77 76 1.51±0.33 105

Metoprolol 685 −0.20 51 69.95±7.92 136

Propranolol 296 0.54 41 62.90±7.33 97

Rhodamine-123 381 0.78 – 3.99±0.57 94

Terbutaline 274 −0.87 73 10.80±3.24 51
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predominant apical expression (Fig. 7). No immunofluores-
cence was observed with the negative control. To confirm
the P-gp activity, A-B permeability for the P-gp substrate
Rh123 was compared to the B-A permeability (Table III).
The Papp for Rh123 (50 μM) in the B-A direction was 5.74±
1.16×10−7 cm/s, compared to 3.99±0.57×10−7 cm/s in
the A-B direction with the efflux ratio (B-A/A-B) of 1.44.
Although the data suggested a trend towards asymmetric
transport of Rh123, the difference was not significant
(p>0.05). When VA10 cell layers were simultaneously trea-
ted with Rh123 and the P-gp inhibitor verapamil (200 μM),
the B-A transport of Rh123 decreased by 31% (p<0.05)
producing efflux ratio of 1.06, thereby confirming the P-gp
mediated efflux of Rh123. Papp for the reference compound
Flu-Na was symmetric (Table III) and did not change sig-
nificantly (p>0.05) when treated with verapamil.

DISCUSSION

Epithelial cell lines, immortalized with viral transfection, are
suitable to study drug permeation, metabolism and other
specific cellular events. In the present study, we have eval-
uated the epithelial integrity, morphology and permeability
properties of the VA10 cell line. The VA10 originates from

primary bronchial cells that were transfected with E6 and
E7 oncogenes from HPV-16 (21) that targets and inactivates
p53 and the retinoblastoma tumor suppressor protein (Rb),
respectively. It has been reported in various studies that E6
and E7 immortalized cell lines from organs retain most of
the phenotypic traits of their parental cells (23,24). The
bronchial epithelial cell line, NuLi-1, was also established
by transfection with E6/E7 oncogenes (25). This cell line
forms polarized cell layers with established TER and has
been proposed as a model to study ion physiology and
innate immunity (25). Characterization of this cell line as a
permeation model has, however, not been done. Other
immortalized bronchial cell lines are available such as the
16HBE14o-cell line (9,26). This cell line has basal cell phe-
notype (27) and drug permeation values that correlate with
reported ex vivo data (9). Nevertheless, it forms multiple cell
layers consistent with squamous metaplasia when cultured
under ALI (19,20) and has limited differentiation potential
(20). This compromises the ability of the cell line to model
the native bronchial epithelia. Calu-3 is also an established
bronchial epithelial cell line. This mucus producing cell line
mimics closely the in vivo permeability (10), however it does
not have the phenotypic traits of normal epithelial cells. Its
serous origin in the submucosal glands could have different
attributes than its ciliated luminal counterparts (10) and its
cancerous origin could lead to different expression levels of
metabolizing enzymes (10,18) that raises additional ques-
tions to its relevance as a suitable airway epithelial model.
Moreover, debates regarding potential cross-contamination
or identity of previously established cell lines have emerged
(28–30). Therefore, drug evaluation at the cellular level
requires the consideration of alternative cell lines.

Using immortalized cell lines where the genotypic altera-
tions are known such as the VA10 cell line is therefore a
feasible alternative. The VA10 cell line, which is available
from our lab, has a non-malignant phenotype (21) and can
capture both bronchial and bronchioalveolar-like epithelial
histology, depending on cell culture conditions, thereby show-
ing stem cell properties (22). The cell line expresses basal cell
markers such as p63 and cytokeratins 5/6, 13, 14 and 17when

Fig. 4 Paracellular permeability of hydrophilic markers across the VA10
cell layers. Papp of Flu-Na and FITC labeled dextrans (FD4, FD10, FD20,
FD40) as a function of molecular weight for VA10 cell layers using ALI after
35–37 days in culture. All values are mean ± SD, n03–4.

Fig. 5 Correlation of VA10 Papp. Drug permeability with their physiochemical properties. Relationship between Papp of drugs across ALI cultured VA10 cell
layers, cultured for 42 days, with their (a) calculated LogD (cLogD) at pH 7.4 (r200.89) and (b) with PSA (r2096). All values are mean ± SD, n04. Drug
labels: 1-atenolol, 2-terbutaline, 3-metoprolol, 4-propranolol, 5-alprenolol.
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cultured under LCC (21), thus establishing a basal cell phe-
notype. Basal cells are among the most prominent cell types in
the upper airways, occupying ∼30% of the cells in the epithe-
lial lining (31) and are considered to be the progenitor cells of
mucosal and ciliated epithelial cells (31,32). ALI cultured
airway epithelial cells have been described to have a similar
gene expression profile as airway epithelial cells in vivo (33).We
have previously shown that ALI cultured VA10 cells at the
basolateral side are p63 positive but cells on the apical side are
p63 negative (21) suggesting partial differentiation away from
its basal origin. ALI cultured VA10 cells have been shown to
stain positive for the cilia markers cystic fibrosis transmem-
brane conductance regulator (CFTR) and ezrin (34). The
current study shows directly the differentiation towards ciliated

phenotype, with SEM showing ciliated-like structures and cell
layers staining positive for the cilia marker acetylated tubulin
(Fig. 1). The ciliated-like structures were not observed under
LCC, concurring with previous reports that ALI cultures
yield more differentiated phenotype than LCC (35,36). Ad-
ditionally, under ALI conditions, a part of the VA10 cell
culture has been observed to have beating cilia amounting to
6–7 Hz (Supplementary Material). Ciliary beating frequency
(CBF) in ex vivo cell cultures of ∼6 Hz has been reported (37,38)
although researchers have also reported CBF of 11–14 Hz
(39). Therefore, the differentiation towards ciliated cells in
VA10 is evident. Since basal and ciliated cells occupy a large
proportion of the bronchial epithelial lining (31), the VA10
cell line can be considered to capture the in vivo-like phenotype

Fig. 6 Correlation of VA10 permeability values to other in vitro cell models. Correlation of the apical-to-basolateral Papp for various compounds, obtained
with ALI cultured VA10 cell layers, with bronchial epithelial cell lines 16HBE14o- (10) (r200.999) (a) and Calu-3 (r200.96) (11) (b). Each data point
represents mean values for each drug. Drug labels: 1-atenolol, 2-terbutaline, 3-propranolol, 4-metoprolol, 5-FD20, 6-FD10, 7-FD4, 8-Flu-Na.

Fig. 7 Localization of P-gp in
VA10 epithelium. VA10 cells
were cultured under ALI condi-
tions for 34 days. Immunofluo-
rescent localization of P-gp
(green), and nucleus (blue) in ei-
ther regular plane or vertical xz
cross sections showing the apical
localization of the P-gp protein.
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of the respiratory epithelium. In addition, VA10 cells formed
a cell layer, 2–3 cells in thickness, in ALI culture similar to the
2–3 cell layers observed with primary normal human bron-
chial epithelial (NHBE) cells in co-culture with fibroblasts (20),
thereby approaching the physiological pseudostratified airway
epithelium. The VA10 cell thickness differs from the cell lines
Calu-3 and 16HBE14o- since Calu-3 cells form either a
monolayer in culture (6,12,13) or a couple of cell layers
(14,15) and 16HBE14o- 10–16 layers (19,20).

The VA10 cell line generates a polarized cell layer,
expressing the TJ proteins occludin, JAM-A, Claudin-1,
Claudin-4 and ZO-1 (21,40). Therefore, VA10 has been
used to model TJ related events under both normal and
pathophysiological conditions (34). In the current study,
actin and occludin expression was studied, under both ALI
and LCC (Fig. 2), with slightly increased staining of occludin
in LCC compared to ALI culture. TER, a useful indicator
of the functional integrity of the tight junctions (41), reached
a peak value for LCC∼2600Ω×cm2 compared to a TER of
∼1300 Ω×cm2 in ALI culture (Fig. 3). Consequently, this
difference in TER was dependent on culture conditions, in
agreement with data from the Calu-3 (13,15) and
16HBE14o-cell lines (19). The difference in peak TER did
not translate into significant difference in Papp values for
Flu-Na since Papp reached a plateau for TER exceeding
1000 Ω×cm2. This has been observed for Calu-3 cells
where TER over 450 Ω×cm2 provided similar Papp for Flu-
Na (42). TER obtained with ALI cultured VA10 exhibits
similar values as primary NHBE cells or 766±154 Ω*cm2

(43) and the Calu-3 cell line or 1126±222 Ω*cm2, with
Papp for Flu-Na of 1.47±0.1 *10-7 cm/s (10). Although both
LCC and ALI conditions provided functional tight junctions,
further permeability characteristics were studied in the ALI
model due to its abovementioned relevance.

The inverse relationship observed between paracellular
permeability of FD and their molecular weight (Fig. 4) is
consistent with previously reported studies with Calu-3
(10,15) although individual values were higher in the current
study. A number of model drugs that have different

physiochemical properties such as degree of lipophilicity
and PSA were evaluated in this study. Increased permeation
was observed with higher lipophilicity of the drug (Fig. 5a)
confirming that passive permeation in VA10 is dependent
on lipophilicity, consistent with results from the Calu-3 cell
line (10,44). The decreased TER in terbutaline treated
filters after sampling cannot be explained. Control experi-
ments, where only TER was measured, excluded the possi-
bility of sampling techniques decreasing the TER. cLogD
values were chosen to correlate with Papp of the drugs, since
cLogD has a stronger correlation to permeability values of
model drugs, taking drug charge into account, than cLogP
(45). Passive permeability through biological membranes is
also influenced by the degree of hydrogen bonding (46).
PSA, which is suitable to describe the hydrogen bonding
capacity of a drug (47), showed a negative correlation with
the permeability data from the VA10 cell line (Fig. 5b). This
demonstrates that permeability of drugs through the VA10
cell layer depends on their lipophilic nature and degree of
hydrogen bonding. Additionally, correlation of the data
with results from previous studies suggests that VA10 has
similar permeability characteristics as the 16HBE14o- (9)
and Calu-3 (10) cell lines (Fig. 6).

The presence of the drug transporter P-gp, a member of
the ATP binding cassette transporter superfamiliy of mem-
brane proteins, was confirmed in the VA10 cell line (Fig. 7).
Transporters such as P-gp are responsible for the efflux of
many drugs leading to lower than expected therapeutic
concentrations (48). The apical expression of P-gp in the
VA10 cell line is consistent with the expression in Calu-3
(49), 16HBE14o- (50) and the normal human bronchus (51).
However, the efflux ratio of 1.44 reflects relatively low
functional activity compared to 16HBE14o-, Calu-3 and
the NHBE cells (16,43,50). This difference could be
explained by differences in methodology since both culture
conditions, time and passage number have been reported to
affect the activity of the P-gp efflux protein (52).

The major limitation of our model is its relatively long
culture time needed to obtain good barrier properties, com-
pared to Calu-3 and 16HBE14o- cell lines. This can possibly
be due to the progenitor nature of VA10 cells, taking longer
time to develop functional barrier integrity. Despite the long
culture time before full integrity is reached in ALI culture, this
integrity can bemaintained for as long as 2–3 weeks in culture.
Furthermore, VA10 is an important addition to the previously
existing cell lines, introducing a basal to ciliated phenotype
that does not form multiple cell layers and is not of cancerous
origin. This progenitor cell line would be useful to study
passive drug permeation, both para- and transcellularly as
well as specific intracellular events. In particular, this cell line
provides opportunities to investigate the effects of drugs and
other compounds on the cellular development and differenti-
ation potential, such as the involvement of transcription

Table III Papp Values for Permeation Markers in the Presence or Absence
of the P-gp Inhibitor Verapamil in ALI Cultured VA10 Cell Layers

Compounds ± Verapamil Papp (× 10−7 cm/s)a

A-B B-A

Rhodamine 123 − 3.99±0.57 5.74±1.16

Rhodamine 123 + 3.73±0.73 3.97±0.45b

Fluorescein-Na − 1.42±0.21 1.67±0.05

Fluorescein-Na + 1.43±0.06 1.54±0.12

a All values are mean ± SD, n03–5. Cell layers cultured for 49 days
b Significantly different (p<0.05) from B-A without verapamil
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factors and receptors in induced tumor progression, and the
effects of possible paracellular permeation enhancers.

CONCLUSIONS

Here we establish that the new bronchial epithelial cell line
VA10 generates cell layers with barrier function, permeability
characteristics and morphology that closely resemble the
native airway epithelium. Therefore, the VA10 cell line
is a useful model to study drug delivery in vitro.
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