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Abstract

To develop inhaled medications, various cell culture models have been used to examine the
transcellular transport or cellular uptake properties of small molecules. For the reproducible high
throughput screening of the inhaled drug candidates, a further verification of cell architectures as
drug transport barriers can contribute to establishing appropriate in vitro cell models. In the
present study, side-by-side experiments were performed to compare the structure and transport
function of three lung epithelial cells (Calu-3, normal human bronchial primary cells (NHBE), and
NL-20). The cells were cultured on the nucleopore membranes in the air-liquid interface (ALI)
culture conditions, with cell culture medium in the basolateral side only, starting from day 1. In
transport assays, paracellular transport across all three types of cells appeared to be markedly
different with the NHBE or Calu-3 cells, showing low paracellular permeability and high TEER
values, while the NL-20 cells showed high paracellular permeability and low TEER. Quantitative
image analysis of the confocal microscope sections further confirmed that the Calu-3 cells formed
intact cell monolayers in contrast to the NHBE and NL-20 cells with multilayers. Among three
lung epithelial cell types, the Calu-3 cell cultures under the ALI condition showed optimal
cytometric features for mimicking the biophysical characteristics of in vivo airway epithelium.
Therefore, the Calu-3 cell monolayers could be used as functional cell barriers for the lung-
targeted drug transport studies.
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Introduction

In the field of pharmaceutical sciences, the in vitro cell models are advantageous for high
throughput screening of drug development due to their simple and reproducible systems
(Bhadriraju and Chen 2002; Astashkina et al. 2012). Caco-2, or MDCK cells have been
widely used in pharmacokinetic studies for oral drug development because of their unique
characteristics to form tight junctions with cell monolayers on the porous supports which
enable to examine oral drug absorption or metabolism, mimicking the in vivo intestine
(Irvine et al. 1999; Shah et al. 2006; VVolpe 2008). While these cells are still first-choice in
vitro models for oral drug delivery, they may not have appropriate physiological
characteristics to study lung delivery that is also an important route of drug administration.
There has been substantial research on lung delivery for local or systemic therapy (Agu et al.
2001; Gonda 2006; Patton and Byron 2007) and many previous investigations have been
devoted to characterization of human lung epithelial cells (Gray et al. 1996; Forbes and
Ehrhardt 2005).

Due to the formation of cell monolayers on the porous membrane with tight junctions
compatible with the in vivo system, Calu-3 (human bronchial adenocarcinoma cell lines) are
a representative in vitro model to study lung absorption and distribution (Grainger et al.
2006). Various pharmacokinetic studies, such as drug absorption, distribution, metabolism
(transporters or enzymes), and toxicity have been performed with the Calu-3 cells (Florea et
al. 2003). The Calu-3 cells are immortalized cells, because their origins are bronchial
adenocarcinoma, resulting in an easy culture with low costs (Shen et al. 1994). On the other
hand, primary cells can show lung physiology similar to in vivo lung (Gray et al. 1996);
however, they might have disadvantages in the in vitro cultures because, as compared to the
Calu-3 cells, experienced techniques should be necessary to obtain primary cells from an
organism with relatively high costs, and they can be alive in a specialized culture
environment only in a definite period (Wu et al. 1997; Sachs et al. 2003).

Nonetheless, NHBE (normal human bronchial epithelial cells) are a type of primary cells
that are easily obtained commercially. As reported in previous studies, they can be grown on
the porous supports with tight junctions (Lin et al. 2007; Yu et al. 2012). As a unique cell
type in the middle of cancer-origin cells and primary cells, transformed cells can be useful
for the studies because they are immortalized by transfection methods and their physiology
might be closer to that of primary cells than to that of cancer-derived cells (Cozens et al.
1992). NL-20 (human bronchial transformed epithelial cells) are a type of transformed lung
epithelial cell lines obtained by transfection with the origin of replication-defective SV40
large T plasmid (Schiller et al. 1992). However, further research is needed on their function
as transport barriers. In order to utilize the pharmacokinetic data from the cell studies to be
compatible with those from the in vivo model, the in vitro experimental system needs to be
characterized by various scopes.

In the present study, three different human bronchial epithelial cells were characterized as
functional cell barriers for drug transport and were then compared in morphology by
imaging analyses with biochemical probes. These cells were cultured on polyester
membrane supports under the ALI (air-liquid interface) culture condition with ambient air
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on the apical side and only medium on the basolateral side, which mimics the environment
in the physiological lung with gas exchanges. Since the intactness of the confluent cell
layers on the membrane is an essential standard of a functional barrier for drug transport, the
changes of transepithelial electrical resistance (TEER) values were followed up for three
different cell types throughout the days of ALI cultures. Moreover, Lucifer yellow (LY), a
hydrophilic compound, was used as a paracellular transport marker to examine the intactness
of the cell layers on the membrane. As another way to characterize the cell layers grown on
the porous membrane structure, confocal 3D imaging was performed to compare the three
cell types in terms of cell morphologies, as well as transport and distribution of cell-
permeant dye molecules.

The hypothesis investigated in this study is that cell 3D architectures of different lung
epithelial cells on the porous supports would affect the permeability or intracellular
accumulation of small molecules. Our biophysical approach to cell characterization would
provide a better understanding of three types of human lung epithelial cells with the
morphological parameters such as cell size or volume and, furthermore, of desirable
properties as cell models for the inhaled drug transport studies and development.

Materials and methods

Materials

Cell culture

All chemicals to prepare Hank’s balanced salt solution (HBSS) were purchased from Fisher
Scientific, Inc. (Pittsburgh, PA). The supplements for the complete growth medium of
NL-20, such as epidermal growth factor (EGF), hydrocortisone, D-(+)-glucose solution
(10%), and sodium bicarbonate solution (7.5%), were obtained from Sigma Life Science (St.
Louis, MO). BEGM bullet kit and subculture reagent for the NHBE cells were purchased
from Lonza co (Walkersville, MD). All other compositions for the cell cultures including
Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 (DMEM: F12) were obtained
from Invitrogen, Co. (Carlsbad, CA). MitoTracker® Red CMXRos (M7512), LysoTracker®
Green DND-26 (L7526), and Hoechst 33342 (H3570) were purchased from Molecular
Probes, Invitrogen. Lucifer yellow CH dipotassium salt (Molecular weight: 521.57) was
purchased from Sigma-Aldrich (St. Louis, MO). Transwell™ inserts (area 0.33 cm?2, pore
size: 0.4 or 3 um) were obtained from Corning Co. (Lowell, MA).

The Calu-3 and NL-20 cells were obtained from the American Type Culture Collection
(ATCC) (Manassas, VA) and cultured in 75 cm? flasks at 37°C in a 95% air/5% CO,
humidified incubator according to the manufacturer’s protocols. The Calu-3 cells were
maintained in media containing the 1:1 mixture of Dulbecco’s Modified Eagle Medium and
Nutrient mixture F12 (DMEM:F12) with 2 mM L-glutamine, 1% (v/v) non-essential amino
acids, 1% (v/v) penicillin-Streptomycin, and 10% fetal bovine serum (FBS; Gibco# 10082).
The NL-20 cells were grown in Ham’s F12 medium with supplements (1.5 g/l sodium
bicarbonate, 2.7 g/l glucose, 2mM L-glutamine, 1% (v/v) non-essential amino acids, 1%
(v/v) Insulin-Transferrin-Selenium-X, 10 ng/ml EGF, 500 ng/ml hydrocortisone, and 4%
FBS).
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The NHBE cells (Clonetics™) were cultured in the BEGM medium containing serum-free
medium BEBM with supplements (human recombinant epidermal growth factor, insulin,
transferrin, hydrocortisone, triiodothyronine, epinephrine, retinoic acid, gentamycin/
amphotericin-B, and bovine pituitary extract) in the bullet kit. Culture media in flask were
changed every second day during the cultures. After reaching confluency, the Calu-3,
NHBE, and NL-20 cells were transferred into the culture flasks by using 0.125% Trypsin-
EDTA at the 1:3, 1:6, and 1:12 split ratio, respectively, for the continuous cultures.

insert cultures of lung cells under the ALI condition

For transport experiments and confocal image analyses of lung epithelial cells, each cell
type was seeded at the optimal cell density (Calu-3: 5 x 10° cells/cm?, NHBE: 2.5 x 10°
cells/cm?2, NL-20: 1.5 x 10° cells/cm?2) on 0.33 cm? polyester Transwell™ inserts and then
maintained with culture media of each cell type on the apical and basolateral sides at 37 °C
in a humidified 5% CO, incubator. After overnight culture of the Calu-3, NHBE or NL-20
cells in inserts, the cell attachment on the polyester membrane was examined by light
contrast inverted Nikon TE2000 microscope. Media on the apical side in the Transwell™
culture of the cells were aspirated and the apical sides were washed by the HBSS buffer (10
mM HEPES, 25 mM D-glucose, pH 7.4) to remove the unattached cells from the
membranes. Media on the basolateral sides were replaced with fresh media every day for the
Air-Liquid Interface Culture (ALI) culture, while the cells were maintained at 37°C in a
humidified 5% CO, incubator.

Transepithelial electrical resistance (TEER) measurement

During the ALI cultures (20 days) of each lung cell type (Calu-3, NHBE, and NL-20) in the
Transwell™ inserts, the integrities of cell layers were examined by the transepithelial
electrical resistance (TEER) measurements (see the diagram in Fig. 1). The media on the
apical and basolateral sides in the inserts with the cells were pre-equilibrated for 20 min at
37°C in a 5% CO» incubator. To measure the TEER values of the cell layers, the electrode
pairs of the Millipore Millicell® ERS were submerged into the media in the apical and
basolateral chambers of the inserts in the 24-well plates. The TEER values (2-cm?) of the
cell layers were corrected by subtracting the blank TEER values (without the cells) in the
inserts with the media in both chambers and by considering the area of the porous
membranes of the inserts (0.33 pm2).

LY transport assessment

Lucifer yellow (LY) was utilized as a marker of the paracellular transport in the cell layers
in Transwell™ inserts. In addition to the TEER measurements, permeability of LY was
measured with the 24-well Transwell inserts with the cells to examine the intactness of the
cell layers. The inserts with the Calu-3, NHBE, and NL-20 cells on day 8 when these cell-
types showed plateau of the TEER values or formed the stable cell layers with confluency
were used for the LY transport experiments. Three cell types were further assessed for the
different degrees of tight junction formation of differentiated cell layers during the ALI
cultures on the inserts by the LY permeability measurements. On day 8, referring to our
previously reported methods (Suresh et al. 2012), transport experiments were performed
with both directions, i.e. the apical-to-basolateral (AP—BL) and the basolateral-to-apical
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(BL—AP) for these different cell type cultures. One millimolar LY solution in the transport
buffer (HBSS) was added onto the apical (donor) sides of the cells in the inserts, as there
was an LY-free transport buffer on the basolateral (receiver) sides for the AP—BL transport.
On the other hand, for the BL—AP transport, ImM LY solution was added onto the
basolateral (donor) sides while there was only a buffer on the apical (receiver) sides.

The LY transport experiments were performed for 180 min under a stirring condition by the
VWR rocking platform shakers. During the experiments, sample solutions were collected
from the receiver sides at each time point (0, 5, 10, 30, 60, 90, 120, 150, and 180 min) and
the donor side at the end time point. The fluorescence signals of LY in the standard and
sample solutions were measured at 485 nm (excitation)/540 nm (emission) by the plate
reader (BioTEK® Synergy™ BioTEK, Co.). For the AP—BL or BL—AP transport, the
transcellular permeability coefficient, Pqss (cm/sec), was calculated by normalizing the
AP—BL or BL—AP mass transport rate with the insert area (0.33 cm?) and the initial LY
concentration (Suresh et al. 2012).

Confocal microscopic imaging

In order to assess the architectures of the different types of lung cells on the polyester
membranes in the Transwell™ inserts, the cells seeded on the membranes at the optimal cell
density (Calu-3: 5 x 10° cells/cm2, NHBE: 2.5 x 10° cells/cm?2, NL-20: 1.5 x 10° cells/cm?)
were cultured under the ALI conditions with the media on only basolateral sides for further
confocal image analysis. The cells on the membranes were maintained after seeding at 37°C
in a 95% air/5% CO, humidified incubator until day 20 and then were examined by Zeiss
LSM 510-META laser scanning confocal microscope (Carl Zeiss Inc., Thornwood, NJ) with
a 60 x water immersion objectives on different days of cultures under the ALI conditions.
For the confocal analyses, three different dyes were prepared by dilution with the HBSS
buffer (10 pg/ml Hoechst 33342 (HOE), 2.5 uM LysoTracker® Green DND-26 (LTG), and
1 uM MitoTracker® Red (MTR)).

After the apical and basolateral sides of the cell layers on the membranes were washed twice
by the transport buffer (HBSS), 240 ul of the dye mixtures (80 pul of each dye) in HBSS were
put onto the apical sides, while there was 600 pl of dye-free buffer on the basolateral sides.
The cells in the inserts were incubated at 37°C in 5% CO» incubator for 30 min and the
inserts were put directly onto two-well Lab-Tek® chambered #1 borosilicate cover-glasses
(Thermo Scientific Nunc Co.). Without any fixations, the confocal imaging of the live cells
on the insert was performed using laser for UV (364 nm), argon laser (488 nm), and helium
neon 1 laser (543 nm). The obtained cell images were analyzed along the Z-axis (interval, 1
um) in three fluorescence channels.

Cytometric analysis of cell architecture

Cellular morphometric parameters, such cell size, height, and volume, were measured by
using MetaMorph image analysis software (Molecular Devices, Sunnyvale, CA) based on
confocal 3D images of three lung cell types in the inserts. For the fluorescent images of the
Calu-3, NHBE, and NL-20 cells on the membranes, each Z-stack image underwent
background subtraction and thresholding algorithm in the software. Sizes of the cells on
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each image plane were measured by the “Region measurement” function. Cell height was
calculated by adding z-intervals to Z-stacks of images. By assuming a polyhedron shape of
the cell, cell volume was obtained from the sums of the segmented cell areas along z-axis of
1 um spacing, as suggested by the previously reported method (Frixione et al. 2001). This
cytometric analysis was performed for three different batches of confocal images for each

cell type.

Statistical analysis

Results

GraphPad Prism 5.0 was used to generate plots with statistical analysis. Box plots showing
median and interquartile range with whisker ends were depicted after the post-hoc multiple
mean comparison (Tukey’s test, p<0.05).

Functional analysis

Cell layer formation in Transwell™ inserts under ALI culture condition—In the
experimental setup with the Transwell™ inserts (see the diagram in Fig. 1B), intactness of
the confluent cell layers on the membrane was checked by measuring the TEER values for
these bronchial epithelial cell models (Calu-3, NHBE or NL-20) throughout the days of the
ALLI cultures (Fig. 1A). The ALI conditioned culture started on day 1 by apical medium
removed and TEER values were measured from day 1 to day 20. Initially, the Calu-3 cells
had low average TEER values, such as 97 Q.cm? (+ 6.23, standard deviation (S.D.)) on day
3. After day 6 of cultures, the TEER values increased to over 350 Q-cm?2, which is a standard
TEER value for the confluent Calu-3 monolayers with appropriate intactness (Borchard et
al. 2002). Between days 6 and 20, the Calu-3 cells showed consistent TEER values around
400 ©2-cm?, reflecting the optimal cell barriers for the transcellular transport studies of drug
molecules (Stewart et al. 2012) (Fig. 1A left). The TEER values of the differentiated NHBE
cells in the ALI condition were considerably higher than the Calu-3 cells with about 693 +
46.6 -cm? on day 6, reaching 967 + 51.8 Q.cm? on day 10 (Fig. 1A middle). Meanwhile,
we tried the ALI cultures of the transformed cells, NL-20 in the inserts, and examined
intactness of the NL-20 cell layers with the TEER measurements. In the NL-20 cells (Fig.
1A right), even with continuous cultures, the TEER values were maintained in a low level
(~70 ©-cm?), not increasing to the level of 100 ©-cm?, i.e. typical TEER values in confluent
MDCK (Madin Darby Canine Kidney) cell monolayers that have been widely used in drug
transport studies (Taub et al. 2002).

Evaluation of cell layers as functional barriers for drug transport—As another
way to confirm the cell intactness besides TEER measurements, the permeability of LY as a
paracellular transport marker (Tsukazaki et al. 2004; Suresh et al. 2012) was used to
evaluate the air-liquid interfaced cultures of the Calu-3, NHBE, or NL-20 cells as for the
functional cell barriers suitable to drug permeability measurements for lung delivery. The
LY permeability values (Pesf) for both directional transports (apical-to-basolateral
(AP—BL); basolateral-to-apical (BL—AP)) in the Calu-3, NL-20 or NHBE cells are shown
in Fig. 1B. No statistically significant difference was observed among the Pe¢f values of LY
in the Calu-3 and NHBE cells for each directional transport (ANOVA with Tukey’s multiple
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comparison test, p<0.05). From these data, we found that the ALI cultures of the Calu-3 or
NHBE cells formed intact cell barriers to ensure the usefulness for the transcellular drug
transport studies. Unlike the Calu-3 and NHBE cells, NL-20 showed a high paracellular
transport level in both directions (Fig. 1B).

Cytometric analysis

Variances in cell architectures on inserts—The TEER measurements and LY
permeability values (Fig. 1) proved that tight junctions of NL-20 might not be fully
developed on the porous support. Furthermore, we found that the differentiated NHBE cells
and the Calu-3 cells had much higher TEER values than the NL-20 cells, suggesting intact
cell layer formations. The TEER values in the NHBE cells were much higher than those in
the Calu-3 cell cultures. In order to address the issues of different cell layer formation on
porous supports, we examined these bronchial cells in the Transwell™ inserts by confocal
fluorescent 3D imaging throughout the days of the ALI cultures. Suborganelles, such as cell
nuclei, lysosomes or mitochondria, were visualized after the cells in the Transwell™ inserts
were incubated with the dye mixtures containing HOE (blue) staining cell nuclei, LTG
(green) for lysosomes, and MTR (red) for mitochondria (Fig. 2). Then, those images were
analyzed by MetaMorph software to obtain morphometric parameters (cell area, height, and
cell volume) (Fig. 3). Comparison of the stained patterns (Fig. 2) suggests that these cells
showed a different intracellular accumulation or distribution of dye molecules. LTG
accumulation in the Calu-3 and NL-20 cells was patchy and heterogeneous, while top cell
layers of NHBE showed punctate and dispersed LTG-associated vesicles. When cell layer
thicknesses seen in the xz plane images in Fig. 2 were compared with the cell height
measurements in Fig. 3, cell layer thickness of Calu-3 was similar to the cell height,
reflecting a consistent formation of cell monolayers during the cultures under the ALI
conditions. On the other hand, NL-20 showed a 2- to 3-fold larger cell layer thickness
developed from day 6 until day 10 than that on day 3. NHBE showed an about 2-fold larger
cell layer thicknesses from day 6 until day 10, as compared to the layer thickness on day 3.

In the case of the NHBE cells, cell morphologies were different in the top and bottom cell
layers (Fig. 3A). Cell heights in the NHBE bottom layers reflect mixed cell shapes of
cuboidal and columnar cells, ranging from 6 to 13 um. Top layers had smaller cell heights
with the average of 7.63 pm (+ 0.68), 6.79 pm (z 1.32), and 6.84 um (x 1.50) on days 6, 8,
and 10, respectively. Bottom cells in NHBE on day 3 had a smaller cell volume than those
on different days (p<0.01), reflecting that NHBE on day 3 might not be fully differentiated
yet. Cell volume of the bottom cells on days 6, 8, and 10 were 5531 pm3 (+ 865), 5311 um?3
(+ 1164), and 5138 pm? (+ 853), respectively, but those of top cells were larger: 8557 pm?3
(+ 1108), 9327 um3 (+ 485) and 9312 um3 ( 732) on average, respectively. The
morphological parameters were consistent with the cell morphologies in the confocal images
(Fig. 2A and 3A), showing that the NHBE bottom cells are more cuboidal and columnar,
while top cells are more squamous.

On day 3, NL-20 showed a sparse distribution of cells in the cell layers. After day 4, the
NL-20 cells started to form cell multilayers, but showed consistent cell morphologies of
cuboidal shapes in top and bottom cell layers throughout the days of cultures (Fig. 2B).
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Comparison of the top or bottom cell layers suggests that the NL-20 cells appeared to be
cuboidal-shaped cells consistently through the cell layers with much smaller (ca. 4.6-fold
difference) volume to the NHBE, and a relatively smaller volume (1.6-fold difference on
average) to the Calu-3 (Fig. 3A, B, and C). Relatively, the NHBE on top or bottom layers
and the Calu-3 monolayers showed larger variances in cell morphologies than the NL-20
cell layers, which suggests that the NHBE and Calu-3 cells would be well-differentiated
bronchial cell types including heterogeneous cell phenotypes, such as ciliated, goblet, and/or
basal cells, as shown in cell distributions of the airways in vivo (Gruenert et al. 1995;
Ehrhardt et al. 2008). Previous studies have reported that respiratory epithelial cell types
become composed of varied cell populations, as they undergo cell differentiation in a culture
system (Berube et al. 2010). On day 3, the Calu-3 cells had imperfect cell intactness with
sparse cuboidal-shaped cells on the membrane (see xz planes in Fig. 2C). After day 6,
columnar cells of Calu-3 became compact with the neighboring cells. After day 3, the
Calu-3 cells developed intact cell monolayers with cuboidal and columnar cell types and
maintained cell monolayers throughout the cultures (Fig. 3C).

Therefore, differentiated NHBE cells formed cell multilayers with high intactness, while the
transformed NL-20 cells developed cell multilayers with low intactness with disordered cell
aggregations with dying off after day 30. Overall, the ALI cultures of the Calu-3 cells
formed intact cell monolayers without disordered architectures, displaying consistent
morphologies to become an appropriate cell model for drug transport studies.

Intracellular accumulation measurements of fluorescent probes—In the next
step, fluorescent probes such as LTG or MTR have been used as model compounds to
investigate intracellular retention across the cell layers in different human bronchial cell
types. In the NHBE multilayers, throughout the ALI cultures, both dye molecules (MTR and
LTG) showed a higher retention in the top cells than in the bottom cells, with decreased
transport rates of those molecules across the intact cell layers (Fig. 4A). In terms of the
degrees of transport across the NHBE cell multilayers, LTG appeared to be easily
transported across the bottom cell layers relative to MTR. In the case of the NL20
multilayers between days 6 and 8, over 90 % of MTR retained in the top cell layers while
LTG was easily penetrated through the bottom cell layers (Fig. 4B). In the Calu-3 cell
monolayers, MTR showed a higher cell-associated accumulation than LTG, suggesting a
higher LTG transport across monolayer and porous membrane in the insert (Fig. 4C).

The difference examined from microscopic transport experiments with the probes may be
related with the different physicochemical properties of MTR and LTG. The molecular
weight of MTR is larger than that of LTG, whereas the lipophilicity of MTR is lower than
that of LTG. In the physiological pH environment of medium, MTR with a lower pKa can
be confined to the intracellular compartment of the top cell layer due to the existence of
more ionized MTR molecules. Therefore, under this pH condition, LTG molecules with a
higher lipophilicity than that of MTR could be easily transported across cell layers and
membrane pores. In addition, when the NHBE and NL-20 multilayers were compared
throughout days of cultures, NHBE multilayers consistently showed a high intactness with a
low MTR and LTG transport across the bottom cell layers. Meanwhile, the NL-20
multilayers after day 10 under the ALI conditions showed more MTR transport across cell
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layers with a lower MTR accumulation in the top and bottom cells than the NL-20 cells in
earlier days of cultures, providing further evidence on that the NL-20 cells became
disorganized with loose intactness across cell layers after day 10.

Discussion

Cell model establishment can provide a simple and cheap experimental system for drug
transport and metabolism studies. Furthermore, it can also facilitate mechanistic studies
about ADMETox (absorption, distribution, metabolism (transporters or enzymes),
elimination, and toxicity) profiles of drug molecules (Li 2001; Szakacs et al. 2008).
Therefore, an investigation of biophysical properties of airway epithelial cell candidates is
meaningful in terms of establishing appropriate cell models for studying pharmacokinetic
profiles of inhaled drug molecules. Our results suggest that three human lung epithelial cell
types, NHBE, NL-20, and Calu-3, have different cell morphologies and architectures on
porous polyester membranes, developing different cell intactness (tight junctions) during the
ALI condition culture. Moreover, when comparing the stained patterns with dye molecules,
these cells demonstrated a different intracellular accumulation or distribution of small
molecules. Overall, our functional data (TEER values and LY permeability) and the imaging
analysis results confirm that the Calu-3 cells developed intact cell monolayers with
columnar cell types after day 6 and maintained confluent cell barriers on porous membranes
throughout the culture period.

When cultured in the ALI conditions on the porous polyester membrane, the Calu-3 cells
showed well-developed tight junctions with cell monolayers and consistent behaviors in
transport/retention of dye small molecules during cultures, suggesting that the Calu-3 cells
have desirable properties as cell model for drug transport studies. Meanwhile, the
differentiated NHBE cells developed tight junctions with the highest TEER values, but
formed cell multilayers, which is different from the in vivo lung with bronchial cell
monolayers. Finally, NL-20 did not show intactness in cell layers throughout the culture
period, suggesting that NL-20 might not be a suitable cell model for drug transport studies.
Even though the NL-20 cells were originally transformed from normal human lung cells,
they showed quite different behaviors (i.e., growing patterns on the membranes) or
morphologies having cell sizes or volumes different from those of the NHBE cells. Initially,
as a new strain established by transfecting normal human bronchial epithelial cells with
SV40 virus, NL-20 has been reported to be non-tumorigenic with no mutations in K-ras
codons and no DNA amplification for c-myc (Schiller et al. 1994). Also, these cell types
were reported not to have activation of dominant oncogenes or inactivation of tumor
suppressor genes widely found in human lung cancers (Schiller et al. 1994). Even though
NL-20 has been recognized as a useful non-tumorigenic, normal cell model for studying
carcinogenesis of lung cancers (Yang et al. 2012), the results of the present study suggest
that NL-20 does not have physical characteristics of a functional epithelial barrier which is a
requirement for a cell model for drug transport studies.

Confocal microscope imaging enabled us to investigate cell-to-cell or cell-to-membrane
interactions in the architectures of the cells grown on the nucleopore membrane in different
growth conditions (i.e., different pore sizes of membranes (0.4 or 3 um)) with 3D dimension
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by Z-stacks. When the cells were grown on the membranes with 0.4 um-sized pores under
the ALI conditions as described above, the Calu-3 cells formed tight, packed monolayers of
cuboidal or columnar architecture as monolayers. In contrast to Calu-3 showing monolayers,
NHBE in differentiation medium formed tight multilayered structures and NL-20 cells were
unstable, forming stacked, multilayered structures starting on day 4 after seeding. Compared
to our results on the membranes with 0.4 pm-sized pores, when the cells were cultured on
membranes with the larger pore size (3 um), NHBE cells were dying off after day 6 and
NL-20 did not form multilayers (see Fig. S1 in the online supplementary data). Only the
Calu-3 cells could form intact cell monolayers on these membranes with larger pores. This
difference might result from different protein expressions on basolateral membrane, which
could influence cellular interaction with the extracellular matrix (Louvard et al. 1992;
O’Brien et al. 2002).

In terms of cell-to-cell interactions under growing conditions in the inserts, the scatter plots
in Fig. S2 and S3 (see the online supplementary data) show the coupled relationships among
the cytometric parameters. Throughout the days of the cultures under the ALI conditions,
NHBE in the top layers showed increasing patterns of cell areas and volumes with shorter
cell heights, whereas NHBE in the bottom layers showed rather consistency in cell areas,
heights, and volumes. The NHBE cell volume was proportionally coupled with the cell area
(Fig. S2). Meanwhile, there was apparently an inverse relationship between the cell area and
cell height in the case of the Calu-3 and NL-20 cells through the days of culture (days 3, 6,
8, and 10) (Fig. S3). This relationship suggests that cell morphologies might be affected by
increasing neighboring cells in the physically defined space during the culture (Vunjak-
Novakovic and Freed 1998). On day 3, the NL20 cells were not compact with neighboring
cells, resulting in a larger cell area with a shorter cell height. Throughout the days of the ALI
cultures, the NL-20 top and bottom layers became composed of homogeneous cuboidal-
shaped cells with little variance in cell volumes, with smaller cell areas, and larger cell
heights than those of the cells on day 3 (Fig. S3A and S3B).

After 30-min transport of dye molecules, integrated intensity of MTR showed clear
differences in the extent of bioaccumulation amongst the cell layers of different cell types
after day 6 of the ALI cultures (level: NL-20 top cells < Calu-3 < NHBE top cells) (Fig. 4).
For the integrated intensity of MTR, the NHBE top cells showed a 3.1-fold larger intensity
than the Calu-3 throughout the cultures. For the integrated intensity of LTG, the NHBE cells
in the top cell layers showed a 2.0-fold larger intensity than Calu-3. This could suggest more
accumulations of small molecules in the NHBE cells than in the Calu-3 cells. This finding
on the differences in transport/retention of fluorescent molecules in airway cell types might
be related to different expression levels of cellular components involved in drug
accumulation or uptake mechanism (Casartelli et al. 2003; Dobson and Kell 2008). Other
reports have shown that NHBE and Calu-3 have different ion regulatory mechanisms (i.e.,
CI™ channel) in the plasma membranes (Shen et al. 1994; Szkotak et al. 2003), as well as
different expression levels of proteins (i.e., tubulins or mucins) on cell surfaces (Guzman et
al. 1996; Huang et al. 2010; Stewart et al. 2012). Differences in expression levels or types of
cellular factors could induce variations in local microenvironment on cell surface, finally
resulting in different bioaccumulation or transport of drug molecules across these different

cell types.
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In conclusion, our results demonstrate that a new strategy of combination with chemical
transport assays and quantitative microscopic investigations could be used to provide
meaningful information about appropriate cell types or days of cell cultures on the porous
supports, the specialized experimental setting for drug transport studies. Even though the
NL-20 cells were originally transformed from normal human lung cells, they showed quite
different behaviors (i.e., growing patterns on the membranes) or morphologies having cell
sizes or volumes different from those of the NHBE cells. Among the three studied types of
bronchial cells, the Calu-3 cells showed optimal cytometric properties as functional cell
barriers for the lung-targeted drug transport studies. Ultimately, our experimental design
could be used to screen various cell lines or primary cells obtained from different locations
of the respiratory system to select appropriate in vitro cell models for the pharmacokinetic
studies with the inhaled drug molecules.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Integrity test of cell layers grown on the porous supports. (A) The TEER measurements of

different lung epithelial cells (Calu-3, NHBE, NL-20 cells) throughout the air-liquid
interface (ALI) cultures (until day 20). (B) LY (Lucifer yellow) permeability values (Pes (%
107 cm/sec)) for AP—BL (apical-to-basolateral) or BL—AP (basolateral-to-apical)
transport of each lung epithelial cell type in Transwell™ cultures on day 8 under the ALI
conditions. Mean values with standard deviation (mean + S.D., n=3) of permeability
coefficients are displayed in the incorporated table, corresponding to the bar graphs in (B).
The schematic diagram shows measuring TEER in the experimental settings with the inserts.
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Day 3
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Fig. 2.
Confocal fluorescence microscopic images of three different human lung epithelial cells

((A) NHBE, (B) NL-20, (C) Calu-3) after dye transport on different days of cultures (days 3,
6, 8, 10, and 20) under the ALI conditions. The cell layers in the inserts were incubated with
the mixture of cell-permeant probes (MTR, Hoe, and LTG) on the apical side and then
underwent confocal analyses with Zeiss LSM 510 confocal microscopy. Hoechst 33342
(Hoe) was used for staining cell nuclei (blue); LysoTracker® Green DND-26 (LTG) for
lysosomes (green), MitoTracker® Red (MTR) for mitochondria (red). Three axes (x, y, and
z) are depicted with the arrows in the images processed by Zeiss LSM browser. Cell
architectures in the inserts are apparently shown in xz planes with the indications of the
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arrows for the top, bottom cell layer, and the porous membrane (pore size: 0.4 um). Scale
bar =20 um.
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Fig. 3.
Variations in the morphological parameters of three different human lung epithelial cells

((A) NHBE, (B) NL-20, (C) Calu-3) in different days of cultures under the ALI conditions.
Cell area (um?), height (um), and volume (um3) on days 3, 6, 8, and 10 (D3, D6, D8, D10)
are displayed for top (T) or bottom (B) cell layers in NHBE or NL-20 and the Calu-3 cell
monolayer after image analyses by Metamorph software. Box-whisker plots showing
median and interquartile range with whisker ends are depicted after the post-hoc multiple
mean comparison (Tukey’s test, p<0.05). Statistical analyses were performed with Tukey’s
multiple comparison tests with the 5% significance level. n.s.=not significant, *p<0.05,
**p<0.001, ***p<0.0001.
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Fluorescence intensity measurements of probes staining suborganelles in three different
human lung epithelial cell-types ((A) NHBE, (B) NL-20, (C) Calu-3) on different days of
cultures under the ALI conditions. Integrated intensity values of LysoTracker® Green
DND-26 (LTG) and MitoTracker® Red (MTR) were measured for top or bottom cell layers
in NHBE or NL-20 and the Calu-3 cell monolayer on days 3, 6, 8, and 10 by the
Metamorph. Box-whisker plots showing median and interquartile range with whisker ends
are depicted after the post-hoc multiple mean comparison (Tukey’s test, p<0.05). Statistical
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analyses were performed with Tukey’s multiple comparison test with the 5% significance
level. n.s.=not significant, *p<0.05, **p<0.001, ***p<0.0001.
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