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ABSTRACT
Purpose The further characterization of the cell line RPMI 2650
and the evaluation of different culture conditions for an in vitro
model for nasal mucosa.
Methods Cells were cultured in media MEM or A-MEM at air-
liquid (A-L) or liquid-liquid (L-L) interfaces for 1 or 3 weeks.
Different cryopreservation methods and cell culture techniques
were evaluated with immunolabelling of junctional proteins, ultra-
structural analysis using electron microscopy, transepithelial elec-
trical resistance (TEER) measurements, permeation studies with
dextran and jacalin, and gene expression profiling of 84 drug
transporters.
Results Cell proliferation and differentiation depended on the
used medium. The established epithelia expressed occludin,
claudin-1, and E-cadherin under all conditions. Cells grown at
the A-L interface formedmore layers and exhibited a higher TEER
and lower dextran and jacalin permeability than at the L-L inter-
face, where cells morphologically exhibited a more differentiated
phenotype. The expression of ABC and SLC transporters
depended on culture duration and interface.
Conclusions The RPMI 2650 cells form a polarized epithelium
resembling nasal mucosa. However, different culture conditions
have a significant effect on cell ultrastructure, barrier integrity, and

gene expression, and should be considered when using this cell
line as an in vitro model for drug permeability studies and screen-
ing of nasal drug candidates.
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ABBREVIATIONS
A Surface area
ABC ATP-binding cassette
A-L Air-liquid interface
c0 Initial donor concentration
dQ/dt Flux of dextran-FITC or jacalin-fluorescein

across the RPMI 2650 cell barrier
L-L Liquid-liquid interface
Papp Apparent permeability coefficient
SEM Scanning electron microscopy
SLC Solute carrier
TEER Transepithelial electrical resistance
TEM Transmission electron microscopy
TJ Tight junction

INTRODUCTION

The nasal administration of aerosol therapeutics is becoming
an appealing alternative in drug delivery. This non-invasive
method offers higher bioavailability with its avoidance of first-
pass metabolism, intestinal efflux transporters, and degrada-
tion in the digestive system, as well as a large absorptive
surface area, leaky epithelium, and extensive vascularization
of the nasal cavity, which altogether enable rapid direct trans-
port into the systemic circulation (1–3). The mucosal barrier
of the upper respiratory tract includes the nasal cavity, which
is the first exposure site to inhaled substances, and is largely
regulated by the tight junctions (TJs) of epithelial cells (4).
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Because the airway epithelium is a protective interface, its
transepithelial transport properties must be assessed in order
to evaluate its suitability for drug delivery (5).

In vitro models of nasal mucosa have been utilized using
excised tissue, primary cell cultures, or immortalized cell lines
(3). However, excised human tissue is hard to obtain and using
animal tissues introduces problematic species differences (6).
On the other hand, in vitro cell cultures increase the possibility
of using human tissue and reduce time-consuming, expensive,
and ethically controversial animal studies in addition to offer-
ing quick assessment of drug biopharmaceutics (2). Neverthe-
less, primary cell cultures have disadvantages such as limited
access to tissues, complex isolations, short lifespans, consider-
able heterogeneity within and between cultures, and uncertain
reproducibility (3, 6). Additionally, the variations of different
domains and cell types of the nasal cavity create issues in
selecting the precise area of excision (6). Last but not least,
the financial expenditures of human airway epithelial cells
often hinder their use in experimentation (5). On the contrary,
immortalized cell lines exhibit genetic homogeneity, provide
reproducibility of results, and are easily maintained in culture
(3, 7, 8). Epithelial cell lines are the most utilized for drug
transport studies, yet there is a lack of cell lines that mimic
nasal epithelium (9).

So far, the only human cell line used for nasal drug trans-
port studies has been RPMI 2650 (9). This cell line originates
from an anaplastic squamous cell carcinoma of the nasal
septum and has displayed consistent growth and high stability
throughout continued culturing in vitro with no alteration to
the normal diploid karyotype (10, 11). The RPMI 2650 cell
line requires a shorter culture time to reach confluence than
human primary nasal cell cultures and is therefore considered
superior (6). RPMI 2650 cells produce mucoid material on
their cell surfaces similar to normal human nasal epithelium
(10, 12) and form an enzymatic metabolic barrier similar to
that of excised human nasal tissue (13). RPMI 2650 cells also
form polarized epithelium of cells interconnected with the cell
junction proteins ZO-1, occludin, claudin-1, E-cadherin, and
β-catenin (9, 12) and have been shown to develop microvilli
(12, 14, 15). The RPMI 2650 model has exhibited an
organotypic permeation barrier consisting of a tight homoge-
nous cell multilayer with a transepithelial electrical resistance
(TEER) closer to physiological conditions than primary cell
cultures, and permeation coefficients in the same range as
human nasal mucosa (3). Similarly another study demonstrat-
ed that the RPMI 2650 model exhibits permeabilities
comparable to that of excised nasal mucosa (16).

Nevertheless, not enough studies of the characterization of
the cell line have been performed and its suitability as an
in vitro model is still under question. A standardized culturing
system under optimal conditions is necessary to establish a
valid in vitro nasal cell culture model with differentiated cells
and developed TJs to study the permeability and metabolic

barrier of nasal epithelium. For this reason, we have further
characterized and optimized the RPMI 2650 cell line model
using different culturing conditions, immunolabeling of cell
junction protein expression, ultrastructural analysis using
scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM), TEER measurements of barrier
integrity, permeation studies of barrier function, and screen-
ing for the expression of various drug transporters.

MATERIALS AND METHODS

Cell Culture

The RPMI 2650 cells were obtained from the European
Collection of Cell Cultures, Health Protection Agency (Cat.
No. 88031602, Lot No. 10D028) and used from passages 11
to 19. The cells were maintained either in MEM (Eagle’s
Minimum Essential Medium, Gibco, Invitrogen, Life technol-
ogies, Austria) supplemented with 0.11 g/L sodium pyruvate,
4 mMGlutaMAX™, and 10% FBS, or in A-MEM (Advanced
Minimum Essential Medium, Gibco) supplemented with
4 mM GlutaMAX™ and 2.5% FBS. The cell cultures were
maintained at 37°C in a >95% humidified atmosphere of 5%
CO2 in air with media changes on alternate days. Once 80–
100% confluent, the cells were harvested. The cells were
detached with TripLE™ Select (Gibco), collected, and centri-
fuged at 200 g for 5 min at room temperature. The cell pellet
was then resuspended in culture medium, the cells were
counted with a haemocytometer and their viability was
assessed with the Trypan blue method. The cells were seeded
at densities 1×105 cells/cm2

, 2×10
5 cells/cm2, 4×105 cells/

cm2, 6×105 cells/cm2, and 1×106 cells/cm2 onto polystyrene
Tissue Culture Flasks (TPP, Switzerland) and their prolifera-
tion and viability was assessed.

For the evaluation of RPMI 2650 cell models on different
substrates and interfaces, the cells were seeded onto three
different polyethylene terephthalate porous membranes (BD
Falcon Cat. No. 353090, 353180; Corning, HRS Transwell-
24-Systems Cat. No. 3379; and Milipore, Millicell®-24 Cat.
No. PSRP 010 R1) with the established optimal seeding
density of 6×105 cells/cm2. To establish the liquid-
liquid (L-L) interface, an appropriate volume of culture me-
dium was added to both the apical and basal compartments,
whereas for the air-liquid (A-L) interfaces the culture medium
was removed from the apical compartment after the first day of
cell seeding. The RPMI 2650 epithelial models on porous
membranes were maintained in culture for 1 or 3 weeks.

Cryopreservation

When the RPMI 2650 cells reached confluence in a 75 cm2

Tissue Culture Flask (TPP), they were harvested as described
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above and resuspended into a cryovial (TPP) in either FBS:
DMSO (9:1), FBS:medium:DMSO (2:7:1), or glycerol:medium
(1:1). They were then kept for 1 h at 4°C, followed by 3 h
at −20°C, and finally transferred and stored at −80°C or in
liquid nitrogen at −196°C. After 3 weeks the cells were quickly
thawed in a water bath at 37°C, centrifuged at 200 g for 5 min
at room temperature, and resuspended. The cells were count-
ed and their viability was assessed with the Trypan blue
method. They were then seeded onto Tissue Culture Flasks
(TPP) and their proliferation in culture was assessed.

Transepithelial Electrical Resistance Measurements

When the RPMI 2650 cells at the L-L and A-L interfaces
reached confluence on the porous membranes (BD Falcon),
TEER was measured using an epithelial voltohmmeter
(EVOM, WPI) with electrodes (STX2, WPI). To conduct
the measurements, culture media (0.5 mL) was added to the
apical compartment of the A-L interface for 3 min. TEERwas
measured 5 days a week for 1 month. The measured TEER
values were corrected by subtracting the mean resistance of
blank porous membranes [150 Ωcm2].

Transmission Electron Microscopy

RPMI 2650 cells seeded at a density of 6×105 cells/cm2 and
cultured at either interface in either medium on porous mem-
branes (BD Falcon) for 3 weeks were fixed with 4% (w/v)
formaldehyde and 2.5% (v/v) glutaraldehyde in 0.1 M
cacodylate buffer, pH 7.4 for 2 h 45 min. The fixation was
followed by overnight rinsing in 0.33% sucrose in 0.1 M
cacodylate buffer and post-fixation in 1% (w/v) osmium te-
troxide and 3% potassium ferrocyanide for 1 h at 4°C.
Afterwards, the samples were incubated in 0.3%
thiocarbohydrozide for 5 min at room temperature
and in 1% osmium tetroxide for 20 min at 4°C. The samples
were then dehydrated in a graded series of ethanol and
embedded in Epon (Serva Electrophoresis, Heidelberg,
Germany). Epon semithin sections were stained with 1%
toluidine blue and 2% borate in distilled water and observed
with a Nicon Eclipse TE microscope. Ultrathin sections were
contrasted with uranyl acetate and lead citrate and observed
with a transmission electron microscope (Philips CM100).

Scanning Electron Microscopy

RPMI 2650 cells seeded at a density of 6×105 cells/cm2 and
cultured at either interface in either medium on porous mem-
branes (BD Falcon) for 3 weeks were fixed in 2% (w/v) form-
aldehyde and 2.5% (v/v) glutaraldehyde in 0.1 M cacodylate
buffer, pH 7.4 for 3 h at 4°C. The fixation was followed by
overnight rinsing in 0.2 M cacodylate buffer and post-fixation
in 1% (w/v) osmium tetroxide for 1 h at 4°C. After

dehydration, the models were dried at the critical point,
spattered with gold, and examined with a Jeol JSM 840A
scanning electron microscope.

Immunofluorescence

The RPMI 2650 cells seeded at a density of 6×105 cells/cm2

and cultured at either interface in either medium on porous
membranes (BD Falcon) for 3 weeks were fixed in cold (−30°C)
100% ethanol for 25 min at room temperature and then
washed with PBS (phosphate buffered saline) for 15 min. The
cells were first blocked with 1%BSA (bovine serum albumin) in
PBS, and then incubated with the primary antibodies: rabbit
polyclonal anti-occludin (Zymed-Life Technologies, 71–1500),
rabbit polyclonal anti-claudin-1 (Zymed-Life Technologies,
71–7800), or mouse monoclonal anti-E-cadherin (BD Trans-
duction Laboratories, 610182) overnight at 4°C. All pri-
mary antibodies were diluted at 1:20 in 1% BSA in
PBS). This was followed by washing in PBS for 30 min
and incubation with a secondary antibody (goat anti-
rabbit or anti-mouse IgG conjugated to Alexa 488
(Invitrogen)) diluted 1:400 in 1% BSA in PBS. The
samples were then washed in PBS for 30 min, trans-
ferred onto slides and mounted with DAPI-Vectashield
(Vector Laboratories, Burlingame, CA, USA). For the
negative controls primary antibodies were omitted. The
samples were viewed with a fluorescence microscope
AxioImager.Z1 with an Apotome attachment (Carl Zeiss
MicroImaging GmbH, Heidelberg, Germany).

Permeability Studies

RPMI 2650 cells were seeded with a density of 6×105 cells/
cm2 onto porous membranes (Millicell-24 Cell Culture Insert,
1 μm pore size) and cultured at either interface in either
medium. The permeability through all cell layers of the dif-
ferent models was assessed using the markers dextran, conju-
gated to fluorescein isothiocyanate (Invitrogen, Cat. No.
D22910, MW 10000), and jacalin, conjugated to fluorescein
(Vector Laboratories, Cat. No. FL-1151). After 3 weeks in
culture, 200 μL of dextran-FITC [1 mg/mL] or jacalin-
fluorescein [20 μg/mL], diluted in culture medium, were
added to the apical compartment, whilst 800 μL of culture
medium was in the basal compartment. Additionally, perme-
ability studies through porous membranes without cells were
performed. The models were returned to the incubator and
samples were taken from the basal compartment at 30-min
intervals up to 3 h.. The amounts of dextran-FITC and
jacalin-fluorescein in the basal samples were determined using
a microtiter plate reader (Infinite M1000, Tecan). The
amount of diffused marker was calculated from a calibration
curve for each marker. The apparent permeability coefficient
Papp (17) was calculated from the linear plot of marker
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accumulated in the basal compartment, i.e. receiver side versus
time using the following equation:

Papp ¼ dQ
dt

= c0 � Að Þ

where dQ/dt is the flux [μg/s] of dextran-FITC or jacalin-
fluorescein across the RPMI 2650 cell barrier, c0 is the initial
donor concentration [μg/mL], and A is the surface area
[cm2].

Assessment of Fluorescently Labeled Vesicles

After the RPMI 2650 models were incubated for 2 h with
dextran-FITC or jacalin-fluorescein, the models were fixed in
4% paraformaldehyde for 20 min. The samples were then
washed in PBS for 15 min and mounted onto slides with
DAPI-Vectashield (Vector Laboratories, Burlingame, CA,
USA). The RPMI 2650 models were examined with the
AxioImager.ZI microscope with an Apotome attachment
(Zeiss) and optical sections of all samples were made. The
number of fluorescent vesicles was assessed using ImageJ
FociPicker software, using the first 40 optical sections in all
the samples.

qPCR Assay

The Human Drug Transporters RT2Profiler™ PCR array
(PAHN070, SABiosciences, A Qiagen Company) was used
to perform qPCR assays. The array enables the assessment of
84 human drug transporter genes, including 29 ATP-binding
cassette transporters, 46 solute carrier transporters, 9 trans-
porters from other families, as well as the five reference genes
B2M, HPRT1, RPL13A, GAPDH, and ACTB (see Fig. 9 and
Supplemental Table I for a list of all genes).

The RPMI 2650 cells were cultivated on porous mem-
branes (BD Falcon) at either interface in A-MEM medium
for 1 or 3 weeks. The total RNA was isolated using the Qiazol
Lysis Reagent (Qiagen) and the RNA samples were dissolved
in RNase-free water. The RNeasyMini Kit (Qiagen) was used
for RNA purification and the samples were then treated with
RNase-free DNase Set (Qiagen). The purity and quality of
extracted RNA were analyzed with the Agilent 2100
Bioanalyzer using the RNA 600 Nanokit. The RNA samples
had an average RNA Integrity Number of 8.77±0.57, which
demonstrates that the RNA was of good quality. Reverse
transcription was carried out using a RT2 First Strand Kit
(Qiagen). The RT Profiler PCRArray System andRT2qPCR
SYBR Green Master Mix were used for real-time PCR
(40 cycles). All the quality control parameters for genomic
DNA contamination, reverse transcription, and PCR reaction
success were within the recommended limits. The effect of
culturing at different interfaces and culture time were assessed.

Genes that differed more than four-fold were considered
significant. Data analysis was performed using the ΔCq meth-
od, where the ΔCq value is normalized to the geometric mean
of all five reference genes (B2B, HPRT1, RPL13A, GAPDH,
and ACTB).

Statistical Analysis

The results were compared using a Student t-test and
expressed as mean±standard error (SE); p values less than
0.05 were considered statistically significant.

RESULTS

Cell Seeding and Proliferation

The RPMI 2650 cell line is most often cultured in MEM. In
this study, we observed the effect of MEM and A-MEM on
RPMI 2650 cell cultures. A-MEM is a newer medium that
allows normal cell culturing with reduced serum supplemen-
tation, which renders larger reproducibility. Cell cultivation
was successful in both A-MEM and MEM and cell prolifera-
tion was proportional to the seeding density. Several different
seeding densities were tested and the density 6×105 cells/cm2

proved to be most efficient, with fast proliferation and conflu-
ence being reached in 1 week (Fig. 1). Cell proliferation was
faster in A-MEM than in MEM. During cell lifting, RPMI
2650 cells were observed to round and lift quicker (10–15min)
in A-MEM than in MEM (15–20 min), suggesting better cell-
cell contacts inMEM. Cell viability remained very high in both
media MEM and A-MEM (99.3±0.15% and 99.2±0.10%,
respectively) until the third week and then dropped to 96.4% in
MEM and 91.5% in A-MEM. The larger drop in cell viability
in A-MEM might be due to the larger number of cells and
shortage of nutrients. Additionally, different substrates for cul-
turing cells were tested and cell cultivation was demonstrated to
be similar on polystyrene flasks (TPP, BD Falcon) as well as on
polyethylene terephthalate porous membranes (BD Falcon,
Corning, and Millipore), regardless of pore size.

Cell Viability After Cryopreservation

RPMI 2650 cells were cryopreserved for 3 weeks with six
different methods, after which cell viability and proliferation
were assessed in MEM and A-MEM. The cell viabilities after
cryopreservation in FBS:DMSO (9:1) at −80°C or −196°C
did not differ significantly (73% and 78%, respectively) nor
did cell proliferation differ after thawing (Fig. 2). However,
cells cultured in A-MEM proliferated noticeably faster than in
MEM, reaching 90% confluence in A-MEM and only 50%
confluence in MEM after 2 weeks (Fig. 2). The cell viabilities

668 Kreft et al.



after cryopreservation in FBS:medium:DMSO (2:7:1) at −80°C
or −196°C did not differ significantly (75% and 81%,
respectively). However, cell proliferation was better after cryo-
preservation in FBS:medium:DMSO than in FBS:DMSO
(data not shown). Additionally, the suitability of using glycerol
as a cryoprotectant was tested and this method yielded 0%
viability after 3 weeks.

Histology and Ultrastructure of Different RPMI 2650
Models

RPMI 2650 cells successfully adhere, proliferate, and form
multi-layered epithelia on all the porous membranes tested.

Cells at the A-L interface formed an epithelium with
many layers (up to 10 cell layers in MEM and 20 in
A-MEM) (Fig. 3). The established epithelium resembled
a squamous carcinoma as well as a nasal papilloma in A-
MEM. Cells cultured at the L-L interface also formed a
multi-layered epithelium, but consisting of only 5–7 cell
layers, regardless of the media used. Additionally, necrot-
ic cells in the superficial layers of epithelia were ob-
served, most abundantly in A-MEM at the A-L interface.
The models cultured at the L-L interface exhibited a
more differentiated phenotype than when cultured at
the A-L interface (Fig. 4) and resembled a stratified
squamous epithelium.

Fig. 1 RPMI 2650 cell cultures in
media MEM and A-MEM seeded
with a density of 6×105 cells/cm2

on day 1 (a, b) and 7 (c, d). Scale
bars: 100 μm.

Fig. 2 RPMI 2650 cell proliferation inmedia MEM (a, b, e, f) and A-MEM (c, d, g, h) after 3 weeks cryopreservation in FBS:DMSO (9:1) at−80°C or−196°C.
Cell seeding density was 2×105 cells/cm2. Note the faster cell proliferation in A-MEM. Scale bars: 100 μm.
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In all four models the cells exhibited large intercellular
spaces in the superficial layers, whereas the basal layers were
tighter (Fig. 5). After 3 weeks at the L-L interface, some of the
superficial cells cultured in A-MEM exhibited developed mi-
crovilli and cilia-like structures, whereas superficial cells cul-
tured in MEM exhibited less microvilli, but formed more
developed cell junctions, which was confirmed with higher
mean TER values.

Immunofluorescence of Cell Junction Proteins

The RPMI 2650 models at the L-L interface in both media
MEM and A-MEM expressed the TJ proteins occludin and
claudin-1 as well as the adherens junction protein E-cadherin
(Fig. 6). In cultures established in A-MEM at the L-L interface
all three junction proteins were expressed in intermediate and
basal cells, however in superficial cells the expression was
significantly low or lacking, which confirms the observations
with TEM. Occludin was homogenously expressed through-
out the cell culture, whereas claudin-1 and E-cadherin were
only expressed well in regions with more cell layers. The
RPMI 2650 models at the A-L interface in both media
MEM and A-MEM also expressed all three cell junction
proteins (data not shown).

TEER of the RPMI 2650 Models

The TEER of the established RPMI 2650 models was signif-
icantly affected by the culturing conditions. Cultures
established in A-MEM proliferated faster and thus reached
their maximal TEER faster than cultures established inMEM
(in 1 week and 2 to 3 weeks after confluence, respectively).
TEER of the models was significantly higher at the A-L
interface (41.0±0.9 Ωcm2 in MEM and 38.3±0.9 Ωcm2 in
A-MEM) than at the L-L interface (30.4±0.5 Ωcm2 in MEM
and 25.2±0.7 Ωcm2 in A-MEM) (Fig. 7).

Dextran Permeability of the RPMI 2650 Models

To study the integrity of the RPMI 2650 epithelial cell culture
model, we used a high molecular weight dextran (MW
10000). The interface of the models had a significant effect
on dextran permeability (Fig. 8a). The models cultured at the
A-L interface formed the tightest barrier. The tightest barrier was
demonstrated to be formed in the models cultured in A-MEM
(Papp 6.08×10−7 cm/s), compared to MEM (Papp 8.90×
10−7 cm/s). Whereas the Papp of the cell cultures at the L-L
interface were higher than at the A-L interface and similar in
both media (9.44×10−7 cm/s in A-MEM and 10.0×
10−7 cm/s in MEM). Permeability of dextran through the

Fig. 3 RPMI 2650 epithelia in
media MEM and A-MEM at the A-L
and L-L interface after 3 weeks in
culture observed with TEM or light
microscopy. (a, b) The most
layered epithelia were formed
when cells were cultured at the A-L
interface, with the highest number
of layers formed in A-MEM. On B′
the superficial layers of epithelia
cultured in A-MEM at the A-L
interface are shown. Note the
necrotic superficial cells (*). (c, d)
The number of cell layers was
lower when cultured at the L-L
interface, however some necrosis
of superficial cells was still observed
in A-MEM (*). Scale bars: 10 μm.
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porous membranes without cells (Papp 8.83×10−6 cm/s) was
significantly higher than the permeabilities of porous mem-
branes with seeded RPMI 2650 cells (Fig. 8a).

Jacalin Permeability of the RPMI 2650 Models

The lectin jacalin strongly binds to the tumor Thomsen-
Friedenreich disaccharide antigen (Gal beta1-3GalNAc) on
the cell membrane and is thus a useful membrane marker for
adsorptive endocytosis. Overall, the permeability of jacalin
was lower than permeability of dextran. The permeability
for jacalin in RPMI 2650 models cultured in A-MEM was
lower than in MEM, regardless of interface. The RPMI 2650
models cultured at the A-L interface in medium A-MEM
formed the tightest barrier for jacalin (Papp 4.57×10

−7 cm/
s). The Papp of the models cultured in A-MEM at the L-L
interface was similar, but slightly higher 5.72×10−7 cm/s.
The Papp of the models cultured in MEM was higher and
similar at both interfaces (7.20×10−7 cm/s at A-L and 7.36×
10−7 cm/s at L-L) (Fig. 8b). The permeability of jacalin
through the porous membranes without cells (Papp 9.58×
10−6 cm/s) was significantly higher than the permeabilities
of porous membranes with seeded RPMI 2650 cells (Fig. 8b).

Assessment of Fluorescently Labeled Vesicles

After 2 h of incubation, the number of dextran-labeled vesicles
was the lowest in RPMI 2650models cultured in A-MEMat the
A-L interface, which corresponds to the lowest Papp of dextran
being found in cultures in A-MEM at the A-L interface. The
number of dextran-labeled vesicles was lower in models cul-
tured at the A-L interface than at the L-L interface. The
number of jacalin-labeled vesicles was however lower in cultures
maintained in MEM than in A-MEM (Fig. 8c). These results
might indicate a different intracellular fate of jacalin-labeled
vesicles. The lower Papp of jacalin through the models cultured
in A-MEMmight correspond to higher intracellular accumula-
tion of jacalin-labeled vesicles and higher Papp of jacalin through
the models cultured in MEM might correspond to lower intra-
cellular accumulation of jacalin-labeled vesicles in those models.

Drug Transporter Expression

The expression of 84 drug transporters was assessed in the
RPMI 2650 cell line (Fig. 9 and Supplemental Table I). These
transporters play a key role in the absorption, distribution,
metabolism, and excretion of therapeutic compounds as well

Fig. 4 Superficial RPMI 2650 cells cultured in media MEM and A-MEM at the A-L or L-L interface after 3 weeks in culture observed with SEM. (a, b) The RPMI
models cultured at the AL interface exhibit squamous-like superficial cells, which do not exhibit microvilli or cilia-like structures. The cell junctions are more
developed in MEM than in A-MEM. Note the necrotic superficial cells in A-MEM at the A-L interface (*). (c, d) At the L-L interface the cell junctions between the
cells are more developed than at the A-L interface. In MEM the cells again developed little or no microvilli or cilia-like structures. A similar lack of developed
microvilli or cilia-like structures can be seen in cells cultured in A-MEM, however occasionally such structures are visible (D′). Details in large white frames inA-D′

are enlarged images (two-fold) of corresponding smaller frames. Scale bars: 10 μm.
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as in the development of tumour cell resistance to chemother-
apy. In Supplemental Table I we see that there is up to a 3×
105-fold difference in gene expression between individual
genes. The most expressed genes (ΔCq<5) are ABCA4,
ABCC1, ABCD3, ABCF1, ATP6V0C, SLC3A1, SLC3A2,
SLC7A6, SLC7A8, SLC7A11, SLC19A2, SLC25A13, SLC38A2,
SLCO1A2, VDAC1, and VDAC2. Poorly expressed genes
(ΔCq>15) are ABCA9, ABCA13, ABCC12, SLC10A2, SLC15A1,
SLC22A6, SLC22A7, SLC28A1, SLCO1B3, and SLCO2B1.

To evaluate whether culturing conditions significantly af-
fect gene expression, we compared four different culture con-
ditions: the interfaces A-L and L-L and culture duration, i.e. 1
or 3 weeks. Differences larger than four-fold were considered
significant and are seen in Fig. 10 Time in culture was found
to be a more important factor affecting gene expression in the
RPMI 2650 cell line. Prolonged culture time effected the gene

expression of 12 and 7 genes at the A-L and L-L interfaces,
respectively (Fig. 10a, b). Prolonged culture time increased
SLC22A2 and SLC22A3 gene expression more than five-fold,
and increased SLC22A8 at the L-L interface, yet decreased
SLC22A8 at the A-L interface. Culturing at different interfaces
affected two genes after 1 week (AQP9 and SLC22A8, less
expressed at L-L) and four genes after 3 weeks (SLC22A8
was more expressed at L-L, whereas ABCB1, ABCC3, and
ABCB2 were more expressed in A-L (Fig. 10c, d).

DISCUSSION

The RPMI 2650 cell line and its culturing have not been
thoroughly evaluated and so the aim of this study was to

Fig. 5 RPMI 2650 epithelia
cultured in mediaMEM and A-MEM
at the A-L or L-L interface after
3 weeks in culture observed with
TEM. All models exhibit large
intercellular spaces in the superficial
layers (a, b, e, f) and significantly
smaller intercellular spaces in the
basal layers (c, d). Only few or no
microvilli developed in any of the
four models. Cell junctions
between superficial cells are overall
poorly developed. Superficial cells in
MEM at the L-L interface have
developed desmosomes (arrow on
E′); in the other models the cell
junctions developed mostly
between intermediate cells (arrow
on f). Scale bars: a, b, d, e: 5 μm;
c, E′, f: 2 μm.

672 Kreft et al.



Fig. 6 Cell junction proteins of
RPMI 2650 cells cultured at the L-L
interface in MEM and A-MEM after
3 weeks in culture. The RPMI 2650
models at the L-L interface express
occludin (a, b), claudin-1 (c, d), and
E-cadherin (e, f). Scale bars: 10 μm.

Fig. 7 TEER of different RPMI 2650models cultured in A-MEM orMEM at the A-L or L-L interface. (a) The TEERmeasurements started when the cells reached
confluence (i.e. 1 or 2 weeks after seeding). Cell cultures in A-MEM proliferated faster and thus reached confluence faster than cell cultures in MEM.Models at the
A-L interface displayed consistently higher TEER than models at the L-L interface. (b) Mean TEER of RPMI 2650models in media A-MEM or MEM over 1 month.
The models exhibited a significantly higher mean TEER at the A-L interface (*p<0.05) and when cultured in MEM medium (**p<0.05).
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further characterize this cell line and assess appropriate cul-
ture conditions for the optimization and standardization of a
RPMI 2650 epithelial model.

After testing several seeding densities, we demonstrated the
optimal seeding density at which confluence is reached in
1 week to be 6×105 cells/cm2, which is similar to previous
observations (9, 12). A cryopreservation method that yields
maximal viability and retains cell line properties is crucial for a
good standardized cell culture model. We have demonstrated
that storage at both −80°C and −196°C is suitable and that
the RPMI 2650 cell line retains a relatively high viability

(>75%) after cryopreservation in both FBS:DMSO (9:1) and
FBS:culture medium:DMSO (2:7:1). Nonetheless, the cells
displayed better proliferation overall after being stored in
FBS:culture medium:DMSO (2:7:1) and subsequent culture
in A-MEM.

The use of A-MEM yielded higher cell proliferation than
MEM in all cases and cells grown in A–MEM displayed more
microvilli and cilia-like structures than inMEM. The medium
A-MEM contains more amino acids, vitamins, proteins, and
trace elements than MEM and already contains sodium py-
ruvate, which is an energy source for cells, protects against
toxic hydrogen peroxide, and metabolizes amino acids. Addi-
tionally, the use of A-MEMallows the preferable cultivation of
cells in reduced amounts of serum. Whereas most of the
studies performed on RPMI 2650 cells used 5% or 10%
serum (3, 7–9, 12, 14, 16, 18, 19), we have successfully
cultured the RPMI 2650 cell line at a high proliferation rate
using 2.5% FBS and suggest that the use of A-MEM for
RPMI 2650 culture is superior to MEM. Cultivation at min-
imal amounts of serum is desirable, due to the inadequate
standardization of serum. As a result of higher proliferation in
A-MEM, the largest number of cell layers was achieved in
models maintained in A-MEM and they also reached their
highest TEER faster. The most common medium used in
RPMI 2650 cell cultivation is MEM, which we tested as well
and demonstrated good proliferation and viability, though
slightly lower than in A-MEM. Cell viability stayed high in
both media after 3 weeks in culture (>90%), suggesting the
RPMI 2650 model to be most suitable for in vitro studies up to
the third week in culture.

An additional significant factor in cell culture models is the
substrate used, and Reichl and Becker demonstrated that
RPMI 2650 cell cultures formed the tightest barrier on

�Fig. 8 Permeability of the RPMI 2650 epithelial models after 3 weeks in
culture. (a) Dextran-FITC permeability of models cultured in A-MEM and
MEM at the A-L and L-L interfaces. Papp of dextran is significantly higher for the
cell cultures established at the L-L interface than the A-L interface. Note
significantly higher Papp through the porous membranes without cells in
comparison to poruous membranes with seeded RPMI 2650 cells. (b)
Jacalin-fluorescein permeability of models cultured in A-MEM and MEM at
the A-L and L-L interfaces. Papp of jacalin is comparable within each media and
is in RPMI 2650 models cultured in A-MEM lower than in models cultured in
MEM. Note significantly higher Papp through the porous membranes without
cells in comparison to poruous membranes with seeded RPMI 2650 cells. (c)
The number of jacalin- and dextran-labeled vesicles after 2 h of incubation
with cells cultured in A-MEM and MEM at the A-L and L-L interfaces. The
number of jacalin-labeled vesicles is significantly lower in cells cultured in MEM
than in A-MEM at either interface. The number of dextran-labeled vesicles is
significantly lower in cells cultured in A-MEM at the A-L interface than in all the
other models (at the L-L interface, as well as in the cells cultured inMEM at the
A-L and L-L interfaces.

�Fig. 9 A list of the drug transporters evaluated and their gene expression in
the RPMI 2650 cell line. A-L, air-liquid interface; L-L, liquid-liquid interface; 1,
1 week in culture; 3, 3 weeks in culture.
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polyethylene terephthalate substrates (16). Therefore we test-
ed polyethylene terephthalate porous membranes of different
manufacturers and different pore size as well as on polystyrene
flasks. Cell proliferation was demonstrated to be similar on all
substrates, on all of which the cells formed a multi-layered
epithelium. Although one study has successfully cultured the
RPMI 2650 cell line as a monolayer (9), our study has dem-
onstrated the RPMI 2650 cell line to grow in multilayers, as
others have reported (3, 12, 14).

One of the key aims of in vitro cell models is to mimic
physiological conditions as closely as possible. As a result,
culturing airway epithelia at the A-L interface is preferred.
To determine optimal culturing conditions for the RPMI
2650 cell line, we evaluated the effect of the A-L and L-L
interface on its ability to differentiate and form a tight barrier.
Unlike previous studies that failed to produce a tight epithe-
lium of RPMI 2650 cells (7, 8), or achieved confluence only at
the A-L interface (3), this study demonstrated the ability of
RPMI 2650 cells to form tight cell barriers at both A-L and L-
L interfaces. Themodels formed amulti-layered epithelium at
both interfaces, with noticeably more layers (10–20) at the A-L

interface, compared to 5–7 at the L-L interface. Culture in L-
L resulted in less cell layers and more developed cell junctions
as well as microvilli, suggesting the L-L interface to be more
suitable for RPMI 2650 culture than the A-L interface. One of
the possible reasons is probably that nutrients were in such a
manner accessible to a multi-layered epithelium also from the
apical side. Our ultrastructural examination of the models
also corresponds with our TEER data, which exhibited higher
mean TEER of models cultured at the A-L (38.3–41.0Ωcm2)
than at the L-L interface (25.2–30.4 Ωcm2). These results
correspond to previous studies, which also demonstrated
higher TEER of cells cultured at the A-L than at the L-L
interface (3, 9). This could be the result of hyperplasia, where
an increase in cell layers causes an increase in TEER (20). The
thickness of the culture model is therefore a crucial factor that
should be considered and controlled when we compare
TEER between the various in vitro models. The nasal epithe-
lium is a leaky epithelium (21–23), and excised human or
animal nasal mucosa have been shown to exhibit TEER
values of 40–120 Ωcm2 (22) or 90–180 Ωcm2 (3) and from
that perspective our RPMI 2650models resemble native nasal

Fig. 10 The effect of time in culture on drug transporter gene expression in the RPMI 2650 cell line at the A-L interface (a) and L-L interface (b). Genes that are >
four-fold more expressed or less expressed after 3 weeks than after 1 week are shown in red and green, respectively. The effect of the A-L or L-L interface on drug
transporter gene expression in the RPMI 2650 cell line after 1 week in culture (c) and 3 weeks in culture (d). Genes that are> four-fold more or less expressed in L-
L than in A-L are shown in red and green, respectively.
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mucosa regarding barrier integrity. Additionally, we have
demonstrated that TEER depends on the medium used, with
higher mean TEER resulting from culture in MEM.

The development of TJs in in vitro epithelial models is
essential for drug transport studies, and so we evaluated the
expression of cell junction proteins. Human nasal mucosa
expresses occludin, claudin-1, −4, and −7 (4), as well as
JAM-1 and ZO-1 (24). Similar to another study (9), we dem-
onstrated the expression of occludin, claudin-1, and E-
cadherin in all the models, cultured in both media A-MEM
and MEM and at both A-L and L-L interfaces. The cell
junction protein expression and TEER of the RPMI 2650
models is similar to that of nasal epithelium in vivo.

To further evaluate the barrier integrity of the RPMI 2650
models, we assessed dextran-FITC and jacalin-fluorescein
permeability through all cell layers in RPMI 2650 models.
In agreement with our morphological and electrophysiologi-
cal evaluation of the models, the tightest barrier was formed at
the A-L interface, where dextran and jacalin Papp were lower
than at the L-L interface. Wengst and Reichl established a
RPMI 2650 model with similar permeability as human nasal
mucosa, with dextran FD-4 Papp between 24.8 and 37.7×
10−7 cm/s (3). One more study demonstrated the 4.4 kDa
dextran Papp to range from 93.0 to 170×10−7 cm/s (12). A
larger 9400 MW dextran was shown to permeate rabbit nasal
mucosa with a Papp of 6.77×10−7 cm/s (25), which corre-
sponds to the permeability of dextran (MW 10000) across our
RPMI 2650 models with Papp ranging from 6.08 to 10.04×
10−7 cm/s. In addition to permeability analyses, we therefore
also evaluated the transcytotic activity of the RPMI 2650
models by examining marker-labeled vesicles in cells. In ac-
cordance with dextran permeability of the models, the lowest
number of dextran vesicles was seen in cells cultured in A-
MEM at the A-L interface. Culture medium had an effect on
vesicle intake and the number of jacalin-labeled vesicles was
significantly lower in models cultured in MEM than in A-
MEM, indicating that RPMI 2650 models respond differently
to different compounds. Furthermore, in animal experiments
the distinct interspecies differences must be considered very
carefully when selecting the proper animal model for the
permeability experiments (26). Similarly, permeability data,
especially for multi-layered structures, is also required to
evaluate the validity and transferability of permeability
values obtained in in vitro experiments to clinical studies. In
this regard, we should be aware that different cell layers in
epithelial tissues have different permeability properties (27)
and the thickness of the culture model or tissue is a crucial
factor that should be considered and controlled when we
compare TEER or permeability values between various in vitro
models.

The multi-layered RPMI 2650 model in this study most
closely resembles native squamous epithelium of the nasal path-
way. With respect to nasal transport and metabolism studies,

respiratory (pseudostratified ciliated cuboidal/columnar) epi-
thelium is most relevant and consists of nonciliated columnar
cells with microvilli, ciliated columnar cells, goblet cells with
mucous granules, and basal cells (6). We have shown that
RPMI 2650 cells develop microvilli, similar to previous
studies (12, 15), however do not form a respiratory
ciliated pseudostratified cuboidal/columnar epithelium,
as has already been suggested (3).

One of the goals of developing an appropriate nasal in vitro
model is its use in screening potential drug candidates in
regard to their permeability (3). Membrane transport proteins
have an important role in drug absorption (28), therefore, we
tested the presence of influx and efflux drug transporters
expressed in the RPMI 2650 cell line aiming to determine
their expression levels and how they are affected by different
culture conditions.

This study included 29 genes that encode ABC trans-
porters. ABCA4 predominated amongst the 7 ABCA genes
investigated. Genes encoding the multi-drug resistant proteins
(ABCB) were moderately expressed; ABCB6 was the most
abundant among them. Among the 9 multi-drug resistance-
associated proteins (MRP/ABCC), ABCC1 expression was the
greatest. Functional expression of ABCC1 was previously
confirmed both in RPMI 2650 cell line and in human nasal
mucosa (29). In the normal human nasal respiratory mucosa
ABCC1 was localized in ciliated epithelial cells and a higher
level of expression was observed in serous glandular cells (30).
The expression of ABCC1 and ABCC4 was also confirmed in
rat nasal respiratory mucosa (31). In the ABCD subfamily,
which includes the half transporters that are located in the
peroxisome, ABCD3 was the most abundant. One of the most
expressed genes was also ABCF1.

Additionally, we investigated the expression of 48 genes
encoding SLC transporters. Among the most abundant SLC
genes were SLC19A2, SLC25A1, and SLC38A2. Moreover,
members of the SLC3 and SLC7 families, which are amino
acid transporters, were concurrently highly expressed
(SLC3A1, SLC3A2, SLC7A6, SLC7A8, and SLC7A11).
SLC15A2 was well expressed in the RPMI 2650 cell line and
its expression was previously confirmed in this cell line as well
as in excised human nasal mucosa (29). Like in our study, the
expression of SLC29A1 and SLC29A2 was relatively high also
in rat nasal epithelia (31). Last but not least, SLCO1A2 was the
most abundant gene among all the organic anion transporters
screened in our study.

Amongst the other transporter genes included in our study,
ATP6V0C was highly expressed. By far the highest expressed
genes were VDAC1 and VDAC2. VDAC proteins in combina-
tion with anti-apoptotic proteins such as Bcl-2 and BclxL
inhibit apoptosis (32), which could also be their role in RPMI
2650 cells.

The expression of some of the transporter genes was time
and culture dependent (Supplemental Table I, Fig. 9). Our
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results demonstrate low expression of ABCB1 in the RPMI
2650 cell line (100-times lower than in Caco-2 cell line (inter-
nal non-published data)); however, it is time and culture
dependent. The expression and functionality of ABCB1 in
the RPMI 2650 cell line has been previously verified (29)
and ABCB1 expression was also confirmed in normal mucosa
of human nasal turbinates (30).

Only the expression of a few SLC genes was time and
culture dependant and, surprisingly, they were all members
of the SLC22A (organic anion transporter) subfamily.
SLC22A1, SLC22A2, and SLC22A3, which were the most
abundant among the seven SLC22A genes investigated, were
upregulated with longer time in culture. The order of their
expression was as follows: SLC22A2 > SLC22A3 > SLC22A1.
The same pattern of a much higher expression of SLC22A2
than SLC22A3 and SLC22A1 was observed in rat nasal epi-
thelia (31). In contrast, Agu et al. reported a different expres-
sion order in cells cultured from normal and polypous human
nasal tissues and concluded that SLC22A2 is not reproducibly
expressed (33). The gene, whose expression was ultimately
time and culture dependent, was SLC22A8. However,
SLC22A8 was very poorly expressed in the RPMI 2650 cell
line and its mRNA levels were elevated after 3 weeks in L-L
culture conditions, and also after 1 week in A-L conditions.
Furthermore, SLCO4A1 and some other SLCO genes were
upregulated after longer time in culture. Aquaporin-9
(AQP9) is an aquaglyceroporin membrane channel that reg-
ulates the flux of water through the membrane (34), so it
is not surprising that it was downregulated in A-L con-
ditions while it was very abundant in L-L conditions in
the RPMI 2650 cell line.

To our knowledge, this is the first study to evaluate the
expression of a wide range of drug transporters in the RPMI
2650 cell line and it has demonstrated that transporters of the
ABC and SLC superfamilies are highly expressed. We have
additionally demonstrated that culture duration significantly
effects gene expression of numerous drug transporter genes. A
somewhat more surprising result is that the interface at which
the cells are cultured has less of an impact on drug transporter
gene expression, only affecting the expression of six genes.
Altered expression of drug transporters could affect the cell
capacity to import and export endogenic compounds and
xenobiotics and should thus be considered when designing a
study using the RPMI 2650 cell line.

CONCLUSION

Culturing RPMI 2650 cells in vitro is simple, fast, and yields
reproducible results. In this study, culture conditions have
been optimized and the effects of variable culture conditions
on the RPMI 2650 cell line have been demonstrated. Never-
theless, the desired characteristics of the nasal RPMI 2650

epithelial in vitro model should be considered when designing
studies, as this study has demonstrated that different culture
conditions affect cell viability, proliferation, and differentia-
tion, epithelial morphology, barrier formation, and drug
transporter expression of the cell line. The RPMI 2650 cell
line is the only cell line currently in use as a nasal model and
yet it still does not mimic nasal epithelium completely. Thus
further research on the correlation between RPMI 2650 per-
meability data and in vivo human nasal absorption data for
selected compounds is necessary to additionally clarify the
suitability of the RPMI 2650 epithelial model for in vitro
studies.
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