
RESEARCH PAPER

Optimization of an oral mucosa in vitro model based on cell line TR146
Grace C. Lina, Tamara Leitgeba, Alexandra Vladetica, Heinz-Peter Friedla, Nadine Rhodesb, Angela Rossib,
Eva Robleggc, and Winfried Neuhausa

aCompetence Unit Molecular Diagnostics, Center for Health and Bioresources, Austrian Institute of Technology (AIT) GmbH, Vienna, Austria;
bFraunhofer Institute for Silicate Research (ISC), Translational Center Regenerative Therapies, Würzburg, Germany; cInstitute of
Pharmaceutical Sciences, Pharmaceutical Technology and Biopharmacy, University of Graz, Graz, Austria

ABSTRACT
During the last years, the popularity of saliva has been increasing for its applicability as a diagnostic fluid.
Blood biomarker molecules have to cross the blood-saliva barrier (BSB) in order to appear in saliva. The
BSB consists of all oral and salivary gland epithelial barriers. Within this context, the optimization of
in vitro models for mechanistic studies about the transport of molecules across the oral mucosa is an
important task. Here, we describe the optimization and comprehensive characterization of a Transwell
model of the oral mucosa based on the epithelial cell line TR146. Through systematic media optimiza-
tion investigating 12 different set-ups, a significant increase of barrier integrity upon airlift cultivation
was achieved for TR146 cell layers. The distinct improvement of the paracellular barrier was shown by
measurements of transepithelial electrical resistance (TEER) and carboxyfluorescein permeability assays.
Histological characterization supported TEER data and showed a stratified, non-keratinizedmultilayer of
the optimized TR146 model. High-Throughput qPCR using 96 selected markers for keratinization,
cornification, epithelial–mesenchymal transition, aquaporins, mucins, tight junctions, receptors, and
transporter proteins was applied to comprehensively characterize the systematic optimization of the
cellular model and validate against human biopsy samples. Data revealed the expression of several
genes in the oral mucosa epithelium for the first time and elucidated novel regulations dependent on
culture conditions. Moreover, functional activity of ABC transporters ABCB1 and ABCC4 was shown
indicating the applicability of the model for drug transport studies. In conclusion, a Transwell model of
the oral mucosa epithelium was optimized being suitable for transport studies.
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1. Introduction

Themouth, often referred as themirror of the body, is
a well-organized system that reflects and supports
human health. It is continuously bathed in saliva,
communicates with the external environment and
fosters characteristic microorganisms. The mouth is
organized into different kinds of tissues, each per-
forming a unique function, and multiple structures
that work in concert. Overall, the tissues comprise
a stratified squamous epithelium that serves as
a protective layer, prevents the passage of foreign
particulate matter, deleterious molecules, viruses, bac-
teria, and irritants and allows exchange of gases and
nutrients.1 The epithelium is coated with saliva that
consists of water (99.5%), salts, enzymes, and proteins.
Saliva is produced in the salivary glands by acinus
cells, collected in the duct network and expelled into

the mouth. Due to its viscoelastic properties, saliva
retains on the surface and provides lubrication of the
inner lining. The salivary glands are highly permeable
and allow free entrance of blood derived-molecules
via transcellular or paracellular routes.2 Thus, also
biomarkers of local or systemic disorders can be
absorbed and detected in this highly relevant physio-
logical liquid.3 Compared to blood, which is currently
the most frequently used diagnostic medium, saliva
shows the advantage that the collection of samples is
noninvasive, procurement is painless, and samples
can be safely handled and easily stored.4 For example,
Jasim et al. (2018) showed that the glutamate level,
which plays an important role in the pathophysiology
of chronic pain conditions, determined in stimulated
whole saliva correlated with plasma.5 Besides saliva
also the oral mucosa can be used for potential bio-
marker diagnosis. Studies with regard to Alzheimer's
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Disease (AD) demonstrated that potential biomarkers
(e.g., Tau protein, CK14 expression) for early diagno-
sis of AD were detectable in the buccal mucosa.6,7 In
addition to its function for biomarker diagnosis, the
epithelium also provides an interesting target site for
local and systemic drug delivery. Thereby, drug per-
meability is higher in the non-keratinized tissues (i.e.,
buccal, sublingual) than in the keratinized tissues (i.e.,
gingival, palatal) and strongly depends on the com-
pound´s physicochemical properties such as molecu-
lar weight, hydrophobicity, or level of ionization.
Methods commonly used to study drug interactions
with molecules or their transport across the oral
mucosa include in vivo and in vitro systems.
Although the usage of animal models is still perceived
as the “gold standard” (and also not to be excluded),
the development and implementation of 3Rmodels to
Replace, Reduce, and Refine animal models have
gained increased attention. To mimic the lining
mucosa, Transwell systems are usually to be used,
where TR146 cells are cultured on filters. The TR146
cells, which originate from a neck node metastasis of
human buccal carcinoma, have been reported to be
appropriate to study the transport of selected markers
and drugs.8 Jacobson et al. (1995) showed that TR146
cells present ultrastructural similarity to the normal
human buccal epithelium, resulting in four to eight
cell layers and exhibit the formation of desmosomes
during prolonged incubation time.9 The maximum
integrity is obtained after 30 days. Stratification and
the formation of a tight permeability barrier are
reached after submerged culture for 23 days. The
cells express keratins, involucrin, plasma membrane-
associated transglutaminase, and EGF receptor and
enzyme activity is comparable between porcine and
human epithelium.10 Upon culturing at air-liquid
interface, no differences with regard to differentiation
markers were found for the two cultivation
methods.11 Permeability studies revealed that for spe-
cific drugs (e.g., adrenoceptive drugs) the results cor-
related for both models.12 However, still there is
a factor of difference in the transport of other sub-
stances. In order to clarify this, investigations are
necessary that provide more detailed information
about the physical barrier.

Here, we carefully studied the physical barrier of
TR146 cells at the functional level bymeasuring trans-
epithelial electrical resistance (TEER) and the

permeability of paracellular marker carboxyfluores-
cein. To this end, cells were treated on airlift and
submerged cultivation. The medium was comple-
mented with supplements to create optimum condi-
tions which resulted in a strong paracellular barrier
showing significant effects of air-lift conditions for
this cell line. High-Throughput qPCR was performed
with selected markers to study keratinization, cornifi-
cation, epithelial–mesenchymal transition, aquapor-
ins, mucins, cell junctions, receptors, and transporter
proteins and results were compared to human biop-
sies to select culture conditions nearest to the human
in vivo situation. Moreover, activity of ABC transpor-
ters was proven indicating the applicability of the
buccal epithelial model for drug transport studies.

2. Materials and methods

2.1. Cell culture

The buccal carcinoma cell line TR146 (Sigma-
Aldrich, #10032305) was cultivated in T25 or T75 TC-
treated cell culture flasks (Greiner, CELLSTAR,
#690175, #658175) at 37°C, 5% CO2 and 95% humid-
ity in Dulbecco´s Modified Eagle Medium (DMEM,
Sigma-Aldrich, #D5796) supplemented with 1%
Penicillin/Streptomycin (P/S, Merck, #A2213) and
10% Fetal Calf Serum (FCS, Sigma-Aldrich, #F9665),
in the following termed as DMEM media. Cells were
also cultivated in EpiLife (Gibco, #M-EPI-500-CA)
supplemented with 1% Human Keratinocytes
Growth Supplements (HKGS, Gibco, #S0015) and
1% P/S, termed as EpiLife media (E1). Cells were
seeded at a concentration of 9.33 × 104 cells/cm2 for
subcultivation once a week. Media change was per-
formed every 2–3 days.

2.2. Transepithelial electrical resistance (TEER)
measurements

ThinCert Inserts (Greiner, #662610) with
a membrane (PET) area of 0.336 cm2 and 0.4 µm
pore diameter were selected for 24-well experi-
ments. The cells were seeded at a concentration
of 4.29 × 104 cells/cm2 in 300 µL, the basolateral
side was provided with 900 µL media at all times.
For Transwell experiments, TR146 from passage
11–38 were used. EpiLife media (E1) additionally
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contained 1.44 mM CaCl2 (Sigma-Aldrich,
#C7902) for seeding, whereby upon confluency
on the inserts the media was additionally supple-
mented with 10 ng/mL Keratinocytes Growth
Factor (KGF, Sigma-Aldrich, #K1757) and
252 nM Ascorbate-2-Phosphate (A2P, Sigma-
Aldrich, #A8960), described as the final EpiLife
media (E3). Cells seeded in DMEM media were
supplemented with a variety of growth factors
such as HKGS, KGF, A2P (applied at the same
concentration as EpiLife) or hydrocortisone (HC,
10 nM, 100 nM or 1000 nM) or retinoic acid (RA,
3 µM or 10 µM) upon reaching confluency. Media
change was performed every 2–3 days. The cells
were either cultivated under submerged conditions
for the entire time period or switched to airlift
condition on the fifth day. First TEER measure-
ments took place on day 5 upon seeding and were
performed every 2–3 days until reaching the max-
imum of TEER values. Prior to measurement,
media of the 24-well plates was exchanged and
equilibrated for at least 30 min at room tempera-
ture under sterile conditions. The chopstick elec-
trode (WPI, #STX2) was disinfected for
a maximum of 10 min in 70% EtOH and subse-
quently equilibrated in media for at least 10 min.
Ohmic resistance values were displayed as Ω upon
measurement with Millicell ERS-1 Voltohmeter
(Merck, #MERS00001) and multiplied with the
surface area of the membrane for data analysis
after subtraction of mean values from blanks with-
out cells to obtain TEER values (Ω x cm2).

2.3. Permeability studies

To examine the paracellular barrier with a second
parameter, transport assays with carboxyfluores-
cein (Fluka, #21877) were performed. The apical
media was replaced with 300 µL DMEM media or
final EpiLife media (E3) containing 10 µM
carboxyfluorescein. After incubation for 2 h at
37°C the apical and basolateral media was col-
lected and the carboxyfluorescein content was
given as relative fluorescence units (RFU) upon
measurement at 488–520 nm with the Enspire
Multimode Plate Reader (PerkinElmer). Media
without carboxyfluorescein were used as negative
controls and stock solutions were used to deter-
mine the permeated content of carboxyfluorescein.

Through linear regression analysis, the slope of the
cleared volume against time was estimated and
calculated with a factor considering the growth
surface area of 0.336 cm2. The permeability coeffi-
cient was calculated as the inverse of the perme-
ability [µm/min] after subtraction of the
permeability of the blank as shown in the follow-
ing equation, whereby PEall refers to the overall
permeability, PEblank to the permeability of the
blank and PEcell gives the permeability coefficient
of the cell layer as described recently.13,14

1
PEcell

¼ 1
PEall

� 1
PEblank

2.4. RNA isolation and cDNA synthesis

The NucleoSpin RNA kit (Machery Nagel,
#740955.250) was used according to manufacturer
´s instruction and RNA was eluted with 40 µL nucle-
ase-free water (Invitrogen, #AM9937). The RNA
concentration [ng/µL] and the 260/280, 260/230
ratio were determined with a Nanodrop 2000 C
(Thermo Scientific Peqlab) using 1 µL sample.
Subsequent cDNA synthesis was performed with
the Multiscribe Reverse Transcriptase Kit (Applied
Biosystem Thermo Scientific, #4311235) applying
1 µg RNA for 20 µL cDNA. For RNA isolation
after cultivation on 24-well inserts, two inserts culti-
vated under the same conditions were lysed and
pooled as one sample. TR146 cultivated on 6-well
plates (Becton Dickinson, #353502) were seeded at
a density of 10,000 cells/cm2 (passage 12) in 3 mL
DMEM media to obtain samples for PCR primer
evaluation and lysed on day 9 for RNA isolation.

2.5. PCR and qPCR

PCR was performed with 10 ng cDNA per reaction.
One reaction included 5 µM primer pair (Eurofins),
dNTPs (ThermoScientific, #R0181) with a final
concentration of 160 µM, PCR buffer containing
15 mM MgCl2 (QIAGEN, #154040672) and 0.6
units of Hot Star Plus Taq polymerase (QIAGEN,
#154045537, 250 U) or Hot Star Taq Polymerase
(QIAGEN, #1007837). PCR was performed with an
activation time of 5 min for HotStarTaq Plus
Polymerase or 15 min for HotStarTaq Polymerase
at 95°C, continued with 35 cycles at 95°C for 40 s,
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60°C for 40 s, and 72°C for 1 min 20 s. Final
extension was performed at 72°C for 7 min with
a subsequent cooling cycle at 4°C. The PCR pro-
gram was performed with the Thermocycler (VWR
Duocycler) or GeneAmp PCR system 2700
(Applied biosystems). The PCR products were
diluted 1:6 with 6x DNA loading dye (Fermentas,
#R0611) and separated on a 2% agarose gel contain-
ing 0.08% SYBR Safe (Invitrogen, #533102) in 1x
Tris-Borate-EDTA (TBE) buffer for 1 h and 40 min
at 120 V and 120 mA. Images were taken with the
UVP Biospectrum 310 imaging System.

Real-time PCR was performed with 20 ng cDNA
and 3 µM primer pairs as triplicates on white 96-
well PCR plates (Framestar, #4ti-0951). One reac-
tion of 20 µL contained 10 µL PowerUp Sybr Green
Kit (Life technologies, #A25742), 2.8 µL 3 µM pri-
mer pair, 4 µL cDNA and 3.2 µL nuclease-free
water. The qPCR program ran for 20 s at 95°C for
polymerase activation and for 40 cycles for 3 s at
95°C and for 30 s at 60°C, melting stage for one
cycle for 15 s at 95°C, 1 min at 60°C, 15 s at 95°C
continuous using the Light Cycler480 II (Roche).

Prior to the 96.96 High-Throughput qPCR Chip
TR146 cells grown on 6-well plates in DMEMmedia
were compared against biopsy samples on the tran-
scription level by performing PCR or qPCR using
housekeeping genes, tight junction proteins, trans-
porter proteins, receptors, mucins, and aquaporins.
Epithelial–mesenchymal transition markers, cornifi-
cation proteins, and cytokeratin were verified as well.
Table 1 lists targets, which were expressed in TR146
cells as well as in the biopsy samples and were
analyzed by 96.96 High-Throughput qPCR Chip.

2.6. 96.96 high-throughput qPCR-chip

For cDNA synthesis 350 ng RNA of TR146 sam-
ples cultivated on 24-well inserts and 1 µg of eight
biopsy samples were transcribed with the
Multiscribe Reverse Transcription Kit as described
above. The eight biopsy samples were obtained
from five females and three males in the age
range 21–78. Subjects without prior history of
transplanted tissue, tumor, radiation, or diseases
affecting the oral cavity were selected to avoid any
influence of pathologically altered epithelial cells.
Biopsy samples were taken during cystectomies,
removal of metal subjects or tooth and uni/

bimaxillary corrective osteotomies. With regard
to the biopsy samples, all methods were carried
out in accordance with relevant guidelines and
regulations, all experimental protocols were
approved by the ethical committee of the
University of Würzburg (Ethic number AZ-182/
10, University of Würzburg, Germany) and
informed consent was obtained from all subjects.
Each sample was preamplified for 18 cycles as
previously described15 with two different 10x pri-
mer pools containing 500 nM of 43 or 56 primers.
The target list of each primer pool is shown in the
supplementary Table S3 and includes primers
representing nine different target groups (house-
keeping genes as endogenous controls; cytokera-
tins, cornification, and EMT transition markers for
characterization of epithelial cells; mucins and
aquaporins to evaluate mucosal properties; tight
junction proteins for verification of the paracellu-
lar barrier; transporter and receptors to evaluate
the possibility of transcellular transport). The pre-
amplification was performed with 15 min at 95°C
for HotStarTaq Polymerase and 5 min at 95°C for
HotStarTaq Plus Polymerase, 18 cycles with 40 s at
95°C, 40 s at 60°C and 1 min 20 s at 72°C and one
cycle for 7 min at 72°C. Then, 1.5 µL of 1:8 diluted
preamplified cDNA containing preamplified pro-
ducts of both primer pools were mixed with 4.5 µL
DNA Mix, additionally, 10 µM dilutions of 96
selected targets were prepared, whereby 2.7 µL of
each target was mixed with 3.3 µL Assay Mix as
previously described.15 The 96.96 Dynamic Array
IFC for Gene Expression (Fluidigm, BMK-
M-96.96) was prepared according to the manufac-
turer´s instruction and primed with Control Line
Fluid (Fluidigm, #89000021) prior to loading 5 µL
of the prepared sample (as duplicates) and target
solutions on the inlets. The 96.96 Dynamic Array
IFC was accomplished with Biomark System run-
ning the program for 120 s at 50°C, 30 min at 70°C
and 10 min at 25°C for thermal mix, 2 min at 50°C
and 10 min at 95°C for activation, 40 cycles at 95°
C for 15 s and 60 s at 60°C following a melting
cycle at 60°C continuously with 1°C/3 s until 95°C
was reached. Data were collected with the Biomark
and EP1 Systems (Fluidigm) and mean values of
ΔCt were normalized to the endogenous control
(PPIA) using the 2ΔCt method and referred to
a standardized condition for each experiment.
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2.7. Western blot

Western blotting was performed as recently described
in Gerhartl et al. (2019).16 In brief 20 µg protein was
loaded on 10% SDS gels upon determining the protein
concentration using the BCA assay. Primary antibo-
dies [P-gp (ABCB1, clone C219, ENZO, #ALX-801-
002, mouse, 1:30), MRP4 (ABCC4, clone M4I-80,
ENZO, #ALX-801-039, rat, 1:100), BCRP (ABCG2,
clone BXP-53, Abcam, #ab24115, rat, 1:100)] and
secondary antibodies [anti-mouse IgG HRP-linked
(Cell signaling, #7076, goat, 1:5000) or anti-rat IgG
HRP-linked (Invitrogen, #61-9520, rabbit 1:5000)]
were diluted in 5% dry milk. For the loading control,
an anti-β-actin−peroxidase antibody was used
(Sigma-Aldrich, #A3584, mouse, 1:25,000).
Incubation with antibodies was described in detail
previously.17 Images were recorded with the
ChemiDoc Touch Imaging System (170–8370, Bio-
Rad Laboratories Ges.m.b.H), analysis was performed
with the Imagelab 5.2.1 software.

2.8. ABC transporter uptake assays

Functionality of P-glycoprotein (P-gp, ABCB1 –
ATP-binding cassette sub-family B member 1),

Multidrug Resistance-Associated Protein 4 (MRP4,
ABCC4), and Breast Cancer Resistance Protein
(BCRP, ABCG2) in TR146 were assessed by measur-
ing the uptake of specific transporter substrates. For
that, the cells were either cultivated in DMEM media
and E1 on transparent 96-well plates (Greiner,
#655180) until reaching confluency (day 9–11) after
seeding at a density of 9.33 × 103 cells/cm2. Media
exchange was performed every 2–3 days. The cells
were washed twice with 200 µL Hank´s Balanced
Salt Solution (HBSS, Sigma-Aldrich, #H6648) per
well and incubated with 100 µL serum-free DMEM
media or EpiLife media (E1) containing specific inhi-
bitors (P-gp: 10 µM and 100 µM verapamil (100 mM
stock in DMSO), 5 µM Ko143 (5 mM stock in
DMSO), 10 µM MK571 (10 mM stock in DMSO);
MRP4: 10 µM MK571; BCRP: 5 µM and 10 µM
Ko143) for 15–30 min at 37°C. Stock solution of
substrates (P-gp: 1 mM Calcein-AM in DMSO;
MRP4: 2 mM fluo-cAMP in DMSO; BCRP: 500 µM
Bodipy-FL-Prazosin in DMSO) were thawed in the
dark shortly before usage and diluted in serum-free
media. 100 µL of 2-folded substrate solutions (end
concentrations: 1 µM Calcein-AM, 10 µM fluo-
cAMP, 500 µM Bodipy-FL-Prazosin) were applied

Table 1. Overview of targets expressed by both the TR146 cell line and the biopsy samples upon PCR or real-time PCR showing nine
different categories of markers. Abbreviations are explained below the table (all biopsy samples additionally expressed tight junction
protein CLDN5, 5 out of 8 samples expressed MUC19).
Endogenous controls 18sRNA PPIA GAPDH ß-actin B2M

Claudins CLDN1 CLDN2 CLDN3 CLDN4 CLDN6
CLDN7 CLDN8 CLDN9 CLDN10 tva CLDN10 tvb
CLDN11 CLDN12 tv1 CLDN12 tv2 CLDN12 tv3 CLDN14
CLDN15 CLDN16 CLDN17 CLDN18 tv1b CLDN18 tv2b
CLDN20 CLDN22 CLDN24 CLDN 25

Other Tight Junctions ZO-1 ZO-2 ZO-3 JAM-1 JAM-3
occludin tricellulin

Transporter proteins P-gp (ABCB1) MRP1 (ABCC1) MRP2 (ABCC2) MRP3 (ABCC3) MRP4 (ABCC4)
MRP5 (ABCC5) BCRP (ABCG2) CAT1 (SLC7A1) GLUT1 (SLC2A1) LAT1 (SLC5A7)
MCT1 (SLC16A1) MCT8 (SLC16A2)

Receptors TfR InR LRP1 LRP8
EMT E-cadherin ß-catenin vimentin VEFG-A fibronectin
Cornification filaggrin involucrin loricrin
Cytokeratins CK1 CK4 CK5 CK8 CK10

CK13 tv1 CK13 tv2 CK14 CK16 CK18
CK19

Aquaporins AQP1 AQP3 AQP4 AQP7 AQP9
AQP10 AQP11

Mucins MUC1A MUC1B MUC1 tv9 MUC2 MUC3A
MUC4 MUC7 MUC13 MUC15 tv1,3 MUC15 tv2
MUC16 MUC18 MUC19 MUC20 MUC21

ABC … ATP-binding cassette, AQP … Aquaporin, B2M … β2-Microglobulin, BCRP … Breast Cancer Resistance Protein, CK … Cytokeratin, CLDN …
Claudin, EMT … Epithelial–mesenchymal transition, GAPDH … Glyceraldehyde-3-phosphate dehydrogenase, InR … Insulin receptor, JAM …
Junctional Adhesion Molecule, LRP …Low density lipoprotein (LDL) receptor-related protein, MCT … Monocarboxylate-transporter, MRP …
Multidrug Resistance-Associated Protein, MUC … Mucin, P-gp … P-glycoprotein, PPIA … Peptidylprolyl isomerase A, SLC … Solute carrier, TfR …
Transferrin receptor, tv … transcript variant, VEFG … Vascular endothelial growth factor, ZO … Zonula occludens.
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for uptake and incubated for 45–120 min at 37°C as
described previously.18 For lysis, the cells were washed
twice with 100 µL precooled 1% Triton X-100/HBSS
and incubated for 1 h under agitation. Fluorescence
was measured at 480/522 nm excitation/emission
wavelength with the EnSpire Multimode Plate
Reader (PerkinElmer). Protein content was measured
with the Pierce BCA Protein Assay (ThermoFisher,
#23227) at 562 nm wavelength. Functionality of the
ABC transporters was determined after deducting
control values (serum-free media) by calculating the
ratio of RFU/protein concentration. To assess the
uptake of substrate upon the inhibition, the ratio
without additional inhibitor was set as 100% for
comparison.

2.9. Data analysis

Arithmetic means and standard deviations (SD) or
standard error of the means (SEM) for Figure 1(A,
C) to provide a better overview were plotted using
SigmaPlot Version 14.0 (Systat Software, San Jose,
CA). Heatmaps of the 96 × 96 High-Throughput
Chip were drawn with Qlucore Omics Explorer
3.6. Statistical analysis was performed with
Student’s t-test, and one-way or two-way
ANOVA for comparison of multiple groups
followed by post hoc testing using Tukey’s test,
Holm–Sidak test, or Dunn´s test with SigmaPlot
Version 14.0 or R Core Team (2018) [R:
A language and environment for statistical com-
puting. R Foundation for Statistical Computing,
Vienna, Austria. URL https://www.R-project.org/].
For the data analysis, the post hoc tests upon
ANOVA were chosen as conservative as possible
depending on the suitability of the data set.
Significant values were set as p < 0.05 (*),
p < 0.01 (**), p < 0.001 (***) with α = 5%.

3. Results

3.1. Optimization of paracellular barrier
properties

3.1.1. Effect of airlift cultivation in comparison to
submerged cultivation
As soon as the cells reached confluency in the final
EpiLife media (E3) or DMEM media one part of
the inserts was switched to airlift condition, while

others stayed under submerged cultivation. For
cells cultivated in final EpiLife media (E3) the
highest TEER value for submerged cultivation
was reached on day 43 with 61.94 ± 0.85 Ω

x cm2 (mean ± SEM, n = 3), while airlift cultiva-
tion showed a significantly higher TEER value of
158.14 ± 9.34 Ω x cm2 (mean ± SEM, n = 3) on the
same day in final EpiLife media (E3) (p < 0.001,
shown in Figure 1(A)). In case of cultivation in
DMEM the highest TEER value was measured
on day 10 under submerged cultivation with
51.28 ± 1.18 Ω x cm2 (mean ± SEM, n = 18) and
on day 29 for airlift cultivation with 45.92 ± 0.67 Ω
x cm2 (mean ± SEM, n = 3) (Figure 1(C)).

These figures illustrated that airlift cultivation in
final EpiLife media (E3) showed a steady increase
leading to a maximum of 2.57-fold value on day 44
compared to submerged cultivation (p < 0.05). Airlift
cultivation in DMEM media on the other hand
showed only partly moderate ameliorations over
short time periods compared to submerged condi-
tion reaching a maximum of TEER differences
on day 31, but failed to reach a steady increase.

Measurement of carboxyfluorescein showed
a significant lower permeability coefficient under
airlift conditions in the final EpiLife media (E3)
with 4.18 ± 0.75 µm/min (mean ± SD, n = 9,
p < 0.01) compared to submerged cultivation with
12.12 ± 2.57 µm/min (mean ± SD, three indepen-
dent experiments with n = 8). Under DMEM culti-
vation a permeability coefficient of 16.24 ± 3.26 µm/
min (mean ± SD, five independent experiments
with n = 3) for submerged cultivation and
13.38 ± 4.85 µm/min (mean ± SD, n = 15) for airlift
cultivation was calculated (Figure 1(B,D)).

3.1.2. Effect of supplements in DMEM medium on
barrier properties
As cultivation of TR146 in final EpiLife media (E3)
showed enhancing effects on the paracellular tight-
ness, it was investigated whether supplements for
the final EpiLife media (E3) showed a similar effect
in DMEM media. As soon as the cells seeded in
DMEM media reached confluency, the media was
supplemented with 1% HKGS or HKGS/KGF/
A2P. Hydrocortisone (HC), a compound con-
tained in HKGS was also tested in DMEM media
by supplementing DMEM media with 10, 100 and
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1000 nM HC. All set-ups with additional supple-
ments were carried out under airlift condition and
compared to cells cultivated under submerged and
airlift in DMEM media.

Data showed that HC increased TEER in
a concentration-dependent manner (displayed in
Figure 2(A) as mean ± SD, n = 9). In detail,
10 nM HC led to a maximum increase of 1.82-

Figure 1. (A) TEER value progressions of submerged and airlift cultivation in final EpiLife media (E3) shown as Ω x cm2 (mean ± SEM,
n = 3–12 inserts from four independent experiments). Statistical analysis was performed with two-way ANOVA following post hoc Tukey's
test, with α = 0.05, ***p < 0.001. (B) Permeability coefficient values [µm/min] of carboxyfluorescein on the last day of experiments after
cultivation in final EpiLife media (E3) (mean ± SD, n = 8–9 inserts from three independent experiments). Statistical analysis was performed
with Student’s t-test (airlift vs submerged), α = 0.05, ***p < 0.001. (C) TEER value progressions of submerged and airlift cultivation in DMEM
media shown as Ω x cm2 over time (mean ± SEM, n = 3–18 inserts from six independent experiments). Statistical analysis was performed
with two-way ANOVA following Holm–Sidak as post hoc test, with α = 0.05, *p <0.05, **p < 0.01 ***p < 0.001. (D) Permeability coefficient
values [µm/min] of carboxyfluorescein on the last day of experiments after cultivation in DMEM media under submerged and airlift
condition (mean ± SD, n = 15 inserts from five independent experiments).
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fold (± 0.49, p < 0.001, equivalent to TEER values
of 42.67 ± 6.95 Ω x cm2) on day 22, 100 nM HC
to an increase of 3.47-fold (± 0.84, p < 0.001,
86.39 ± 20.15 Ω x cm2) on day 24 and
1000 nM HC to the highest increase of TEER
value with 3.73-fold (± 1.03, p < 0.001,

99.75 ± 28.61 Ω x cm2) on day 24 in comparison
to submerged cultivation in DMEM (Figure 2
(A)). This concentration-dependent enhancement
of the paracellular barrier by addition of HC was
confirmed by a concentration-dependent decrease
of the permeation of carboxyfluorescein. More

Figure 2. Cultivation of TR146 cells on inserts in DMEM with supplements monitored with TEER and permeability of carboxyfluorescein (A)
Progression of TEER values versus time as x-fold. Ω x cm2 values of submerged cultivation in DMEMmedia (●) was used as reference for airlift
cultivation in DMEMmedia (○), supplemented with 10 (▼), 100 (Δ) or 1000 nM (□) HC. Statistical analysis was performed as two-way ANOVA
with Holm–Sidak test (mean ± SD, n = 9 inserts from three independent experiments, α = 0.05, *p < 0.05, **p < 0.01, ***p < 0.001). (B)
Corresponding permeability coefficients of carboxyfluorescein on the last day of experiments (mean ± SD, n = 9 inserts from three
independent experiments, one-way ANOVA, Tukey test) to 2A. (C) Comparison of submerged cultivation in DMEM (●) to airlift in DMEM
(○), supplemented with 1% HKGS (▼) or HKGS/KGF/A2P (Δ) (mean ± SD, n = 9–12 inserts from three independent experiments, two-way
ANOVA with Holm–Sidak test). (D) Permeability values of carboxyfluorescein on the last day of experiments corresponding to 2C (mean ± SD,
n = 8 inserts from two independent experiments, one-way ANOVA, Dunn´s test).
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precisely, 10 nM HC reduced the permeability
coefficient significantly to 8.83 ± 3.52 µm/min,
100 nM HC to 4.78 ± 1.21 µm/min and
1000 nM HC to 3.80 ± 1.55 µm/min in compar-
ison to the permeability coefficient of airlift and
submerged cultivation of 15.77 ± 4.85 µm/min
and 16.51 ± 2.85 µm/min (Figure 2(B) as mean
± SD, n = 9).

Supplementing DMEM with 1% HKGS led to
a 4.64-fold (± 1.53, n = 12, p < 0.001,
112.17 ± 36.81 Ω x cm2) increase of TEER on day
22 compared to submerged cultivation in DMEM
(23.82 ± 4.95 Ω x cm2, n = 12), while HKGS/KGF/
A2P led to a maximum increase of 2.64-fold (± 0.52,
n = 9, p < 0.001, 62.38 ± 13.50 Ω x cm2). (Figure
2(C)).

The permeation of carboxyfluorescein after cultiva-
tion in DMEM media supplemented with 1% HKGS
was significantly decreased (4.78 ± 1.53 µm/min),
similarly to the permeability coefficient value of
DMEM supplemented with HKGS/KGF/A2P
(3.90 ± 0.69 µm/min). No difference could be detected
between submerged (17.58 ± 2.45 µm/min) and airlift

(17.53 ± 5.02 µm/min) cultivation in DMEM media
(Figure 2(D), shown as mean ± SD, n = 6).

The cultivation duration using DMEM media
supplemented with HKGS was shortened by
approximately 2 weeks and showed a highly sig-
nificant increase in barrier tightness. Hence,
DMEM media supplemented with 1% HKGS was
termed as optimized media.

3.1.3. Effect of serum on paracellular barrier
properties
To determine the influence of serum on the model,
the cells were also cultivated in DMEM media with-
out serum, supplemented with HKGS or HKGS/
KGF/A2P. To visualize the effect of serum depriva-
tion, the respective TEER values were normalized to
cultivation with the optimizedmedia (DMEMmedia
containing 10% serum supplemented with 1%
HKGS) as shown in Figure 3(A) Interestingly,
DMEM without serum supplemented with HKGS/
KGF/A2P reached a 2.74 ± 2.34-fold normalized
TEER value (equivalent to 157.14 ± 84.24 Ω x cm2)
on day 17. The corresponding permeability

Figure 3. (A) Effect of serum deprivation on TEER using corresponding Ω x cm2 values of airlift cultivation in DMEM supplemented
with HKGS (●) containing 10% serum as reference. DMEM without serum (○), supplemented with HKGS (▼) or HKGS/KGF/A2P (Δ)
was tested (mean ± SD, n = 3–6 inserts from three independent experiments, two-way ANOVA with Holm–Sidak test). (B)
Permeability values of carboxyfluorescein on the last day of experiments corresponding to 3A (mean ± SD, n = 3–6 inserts from
three independent experiments, one-way ANOVA).
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coefficient values of carboxyfluorescein seemed to be
in the same range as the optimized media with
4.34 ± 0.90 µm/min for DMEM without serum,
4.93 ± 0.56 µm/min for supplementing with 1%
HKGS and 3.30 ± 1.42 µm/min for supplementing
with HKGS/KGF/A2P (Figure 3(B), mean ±
SD, n = 3–6).

3.2. High-throughput qPCR chip

For further comparison, the expression of selected
markers of TR146 cultured on the Transwell model
using various media supplements was compared
against biopsy samples from the oral mucosa using
a High-Throughput qPCR chip. Ninety-six targets of
9 target groups (endogenous control, tight junctions,
transporter proteins, receptors, cytokeratins, cornifi-
cation markers, epithelial–mesenchymal transition
markers, aquaporins, and mucins) were tested for
47 TR146 samples, whereby for each analyzed sam-
ple cells from two inserts were pooled together.
Twelve different cultivation conditions of TR146
were tested including submerged and airlift cultiva-
tion using DMEM media, airlift cultivation with
DMEM media supplemented with 10, 100, or
1000 nM HC and HKGS or HKGS/KGF/A2P. The
effect of serum-free media was tested under airlift
with DMEM without FCS, supplemented with
HKGS or HKGS/KGF/A2P next to cultivation with
the serum-free final EpiLife media (E3) under airlift
and submerged condition.

First analysis of ΔCt values, referring to PPIA as
endogenous control, indicated most similar
expression patterns of biopsy samples to TR146
samples cultivated under airlift conditions in opti-
mized media (DMEM, supplemented with 10 %
FCS, 1 % HKGS) or in final EpiLife media (E3)
(supplementary Figure S1). Airlift cultivation in
DMEM media supplemented with 10% FCS and
1% P/S was chosen as the reference condition for
further data analysis. For a better overview, the
results are divided into target groups shown in
Figures 4 and 5, using the x-fold values upon
referring to the reference condition. The corre-
sponding values are shown as mean ± SD for the
twelve cultivation conditions in supplementary
Table S1. Expression values of biopsy samples
normalized to reference condition of TR146

cultivated in DMEM media are shown in supple-
mentary Table S2 (mean ± SD).

Thus, airlift cultivation in DMEM media sup-
plemented with 10% FCS and 1% Pen/Strep was
chosen as the reference condition for further data
analysis. For a better overview, the results are
shown divided into target groups in Figure 4,
using the x-fold values upon referring to the refer-
ence condition. The corresponding values are
shown as mean ± SD, in the supplementary file,
Table S1 and the expression values of biopsy sam-
ples are shown in the supplementary Table S2.

Targets showing a significant change in expression
(*p < 0.05, **p < 0.01, ***p < 0.001) were classified in
groups and described in detail below as expression
values normalized to the reference condition.

3.2.1. Tight junctions
Twenty-one different claudins, ZO1-ZO3, JAM1-
JAM3, and tricellulin were tested as tight junction
markers (Figure 4(A)). CLDN19, CLDN21, and
CLDN23 were not tested in this set-up, as TR146
showed no expression in preliminary results.
Cultivation in final EpiLife media (E3) under airlift
resulted in the significant lowest expression of all
three transcript variants of CLDN12 with tv1 showing
a 0.29-fold (± 0.0059, n = 3), tv2 a 0.46-fold (± 0.0045,
n = 3) and tv3 a 0.27-fold (± 0.0038, n = 3) expression
in comparison to other cultivation conditions in
DMEM media (see supplementary file, Table S1).
Airlift cultivation in final EpiLife media (E3) also led
to a significant downregulation of CLDN15
(0.41 ± 0.07, n = 3), CLDN22 (0.34 ± 0.14, n = 3)
and JAM1 (0.47 ± 0.052, n = 3) in comparison to
cultivation in DMEM media but showed a signifi-
cantly increased expression of tricellulin
(1.65 ± 0.13, n = 3). Submerged cultivation in final
EpiLife media (E3) led to a similar regulation by
showing significantly lower expression values of two
transcript variants of CLDN12 (tv2: 0.65 ± 0.12, n = 3
and tv3: 0.48 ± 0.15, n = 3) and by achieving the
significantly highest expression of tricellulin of 2.02-
fold (± 0.12, n = 3) of all 12 tested cultivation
conditions.

Submerged cultivation in DMEM media led to
a significantly increased expression of CLDN11
(4.81 ± 1.94, n = 5), CLDN12 tv1 (1.6 ± 0.54,
n = 5), CLDN15 (2.07 ± 0.9, n = 5) and CLDN24
(2.17 ± 0.69, n = 5). Airlift cultivation in DMEM
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media supplemented with HKGS showed
a decreased expression of CLDN12 tv2 (0.61 ± 0.23,
n = 2), indicating that HKGS is involved in the
downregulation of CLDN12 in final EpiLife media
(E3) and DMEM media. Supplementing DMEM
with 10 nM HC under airlift led to a significantly
increased expression of JAM1 of 1.2-fold (± 0.07,
n = 3), while 100 nM HC even showed a 1.27-fold
increase (± 0.049, n = 3). However, DMEM media
deprived of serum and supplemented with HKGS/
KGF/A2P led to a significantly higher expression of
CLDN12 tv2 of 1.2-fold (± 0.13, n = 2), showing
a supplement dependent regulation of CLDN12 and
its transcript variants.

3.2.2. Transporter proteins
Only few out of the 12 tested transporter proteins
showed a significant cultivation dependent regulation

(Figure 4(B)). Under the reference cultivation condi-
tion, DMEM media (= DMEM, supplemented with
10% FCS, 1% P/S) under airlift, TR146 expressed
MCT8 and GLUT1 significantly higher compared to
other cultivation conditions, indicating that airlift
cultivation in DMEM media induced the expression
of transporter proteins in contrast to airlift cultivation
in the final EpiLife media (E3). In this context, airlift
cultivation in final EpiLifemedia (E3) led to the lowest
expression of LAT1 (0.38 ± 0.045, n = 3) and GLUT1
(0.53 ± 0.21, n = 3) of all cultivation conditions.
Submerged cultivation in final EpiLife media (E3)
on the other hand led to one of the highest expression
values of MCT8 with 0.93-fold (± 0.24, n = 3) as the
transporter protein was weakly expressed by the
majority of the tested conditions. MCT1 was also
significantly upregulated upon submerged cultivation
in E3 with a 2.69-fold (± 0.15, n = 3) expression. Due

Figure 4. Expression values of (A) tight junction proteins, (B) transporter proteins, and (C,) receptors of the High-Throughput qPCR
Chip shown as ΔCt values, referred to PPIA (peptidylprolyl isomerase A) as endogenous control. TR146 samples [Samples 1–39, 1–3:
cultivated in EpiLife media (E3), submerged; 4–6: EpiLife (E3), airlift; 7–11: DMEM media, submerged; 12–16: DMEM media, airlift;
17–19: DMEM media supplemented with 1% HKGS, airlift; 20–22: DMEM media supplemented with HKGS/KGF/A2P, airlift; 23–25:
DMEM media supplemented with 10 nM HC, airlift; 26–28: DMEM media supplemented with 100 nM HC, airlift: 29–31: DMEM media
supplemented with 1000 nM HC, airlift: 32–33: DMEM media w/o serum, airlift; 34–36: DMEM media w/o serum supplemented with
1% HKGS, airlift: 36–39: DMEM media w/o serum supplemented with HKGS/KGF/A2P, airlift] plotted against 8 biopsy samples (B1-8)
of the oral mucosa.
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to the weak expression of MCT8 over all cultivation
conditions, submerged cultivation in DMEM media
showed one of the highest expression values with
0.94-fold (± 0.2, n = 5). Interestingly, cultivation of
TR146 in DMEM media under submerged condition
led to the significantly highest expression of BCRP
(3.13-fold ±1.29, n = 5).

3.2.3. Receptors
Supplement- and media-specific regulation effects
were observed for LRP1, LRP8, and TfR (Figure 4
(C)). Cultivation in final EpiLife media (E3) under
airlift led to the significantly lowest expression of
LRP1 (0.16 ± 0.1, n = 3) and TfR (0.33 ± 0.12,
n = 3) over all tested cultivation conditions. While
neither submerged cultivation in final EpiLife (E3)
or DMEM media showed a significant regulation
of the receptors, DMEM media supplemented with
10 nM HC under airlift showed the highest sig-
nificant expression of TfR (1.37 ± 0.2, n = 3) for all
tested cultivation conditions. Deprivation of serum
in DMEM media, supplemented with HKGS even
led to the highest expression of LRP8 of 2.4-fold (±
0.42, n = 2), whereby supplementing the serum-
free DMEM with HKGS/KGF/A2P also showed
a significant increase of LRP8 (2.23 ± 0.52, n = 2).

3.2.4. Cytokeratins
From the tested cytokeratins, CK1, CK13, and CK18
were significantly regulated dependent on the differ-
ent model set-ups (Figure 5(A)). Airlift cultivation in
final EpiLife media (E3) showed the highest decrease
in CK13 with an expression value of 0.0042-fold (±
0.0023, n = 3). Submerged cultivation in DMEM led
to a lower expression of CK1 (i.e., 0.26 ± 0.15-fold,
n = 5), but showed a highly significant increased
expression of CK18 of 1.93-fold (± 0.44, n = 5).
Interestingly, addition of hydrocortisone revealed
a concentration-dependent inverse regulation.
Supplementing 10 nM HC to DMEM media under
airlift led to a significantly increased expression of
CK18 of 1.35-fold (± 0.43, n = 3), whereby addition
of 100 nM HC only showed a 0.9-fold (± 0.33, n = 3)
and 1000 nM HC a 0.53-fold (± 0.33, n = 3) expres-
sion (see supplementary file, Table S1).

3.2.5. EMT-epithelial mesenchymal transition
Five markers for epithelial and mesenchymal tran-
sition were tested, of which E-cadherin and

vimentin showed a significant regulation (Figure
5(A)). Airlift cultivation in final EpiLife media
(E3) showed the significantly lowest expression of
E-cadherin (0.34 ± 0.055, n = 3). On the other
hand, submerged cultivation in DMEM media led
to the highest expression of vimentin with a 7.79-
fold expression (± 4.88, n = 5) (see supplementary
file, Table S1) in comparison to the airlift cultiva-
tion in DMEM with 10% FBS and 1% P/S.

3.2.6. Mucins
Various mucin markers were tested from which
MUC13, MUC15, and MUC21 showed a significant
regulation upon cultivation in DMEMmedia supple-
mented with hydrocortisone or other supplements
containing hydrocortisone and also upon cultivation
in DMEM media deprived of serum (Figure 5(B)).
Supplementing HKGS/KGF/A2P to DMEM media
under airlift led to one of the highest upregulations
for a marker by 725.6-fold (± 84.07, n = 2) for
MUC21. Addition of 100 nM HC to DMEM media
under airlift showed an upregulation of MUC15
(9.21 ± 3.05, n = 3) and MUC21 (21.63 ± 6.95,
n = 3). Supplementing 1000 nM HC to DMEM
media under airlift showed a similar effect with
a 10.97-fold (± 1.04, n = 3) expression for MUC15
and a 218.85-fold (± 51.66, n = 3) expression for
MUC21. This suggested a correlation between the
concentration of supplemented hydrocortisone and
the expression of MUC21.

Serum-free cultivation in DMEM supplemented
with HKGS also showed a significant upregulation of
MUC15 (10.03 ± 5.38, n = 2) and MUC21
(320.97 ± 28.24, n = 2). Supplementing the serum-
free DMEM media with HKGS/KGF/A2P even
showed higher significant upregulations for
MUC15 (13.06 ± 1.33, n = 2) and MUC21
(1292.78 ± 323.49, n = 2) and also led to an increased
expression of MUC13 of 21.02-fold (± 11.83, n = 2).

3.2.7. Aquaporins
Out of the 10 tested aquaporins, AQP4, AQP8,
and AQP12A showed very weak or no expression
across all cultivation conditions, whereby others
showed a significant regulation (Figure 5(C)).
Submerged cultivation in final EpiLife media (E3)
led to the highest increase of all tested aquaporins
for AQP11 (113.05 ± 33.45-fold, n = 3). On the
other hand, submerged cultivation in DMEM led
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to an increased expression of AQP1 (2.24 ± 0.92-
fold, n = 5). Airlift cultivation in DMEM supple-
mented with 10 nM HC showed a significantly
increased expression of 2.61-fold (± 0.23, n = 3)
for AQP3, whereby a significant downregulation
upon supplementing DMEM with HKGS was
reached for AQP11 (0.22 ± 0.31, n = 2). As the
aquaporins were weakly or irregularly expressed
(see supplementary file, Table S1), no favorable
cultivation condition or supplement could be
defined.

In order to compare the optimized Transwell
TR146 model with the biopsy samples, Table 2
gives an overview of the highest expressed targets
in the respective marker panels. Twelve of 14
targets revealed no significant difference (tight
junction markers: CLDN1, CLDN4, CLDN7,
JAM1; cytokeratins: CK4, CK5, CK10, CK14,
CK18; cornification marker involucrin, aquaporin
AQP3; mucin MUC21) whereas transporter

protein LAT1 was significantly higher and CK13
was significantly lower expressed.

3.3. Functionality of ABC transporters

Since ABC transporters regulate the transport of
a broad range of drugs, and their presence in our
models was confirmed on the mRNA and protein
level (Figures 4(B) and 6), we tested the functionality
of three selected ABC transporters in cell line TR146.
The assays were performed with cell layers cultivated
either in EpiLifemedia (E1) orDMEMmedia to assess
the functionality of P-gp (ABCB1), MRP4 (ABCC4),
or BCRP (ABCG2). The results are shown below in
Table 3 as mean ± SD. Addition of 100 µM P-gp
inhibitor verapamil increased the uptake of the P-gp
substrate Calcein-AM (1.5 ± 0.16, n = 4, p < 0.001 for
DMEM, 1.45 ± 0.26, n = 5, p < 0.001 for EpiLife)
significantly, whereas 10 µM verapamil, 5 µM Ko143
or 10 µM MK571 did not change the uptake of 1 µM

Figure 5. Expression values of (A) cytokeratins, cornification, and EMT (epithelial–mesenchymal transition) markers (B) mucins and
(C) aquaporins of the High-Throughput qPCR Chip shown as ΔCt values, referred to PPIA (peptidylprolyl isomerase A) as endogenous
control. TR146 samples [Samples 1–39, 1–3: cultivated in EpiLife media (E3), submerged; 4–6: EpiLife (E3), airlift; 7–11: DMEM media,
submerged; 12–16: DMEM media, airlift; 17–19: DMEM media supplemented with 1% HKGS, airlift; 20–22: DMEM media supple-
mented with HKGS/KGF/A2P, airlift; 23–25: DMEM media supplemented with 10 nM HC, airlift; 26–28: DMEM media supplemented
with 100 nM HC, airlift: 29–31: DMEM media supplemented with 1000 nM HC, airlift: 32–33: DMEM media w/o serum, airlift; 34–36:
DMEM media w/o serum supplemented with 1% HKGS, airlift: 36–39: DMEM media w/o serum supplemented with HKGS/KGF/A2P,
airlift] plotted against 8 biopsy samples (B1-8) of the oral mucosa.
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Calcein-AM in comparison to the control. With
regard to MRP4, 10 µM MK571 increased the uptake
of MRP4 substrate fluo-cAMP (10 µM) 1.46-fold
(± 0.58, n = 4) in DMEM and 1.35-fold (± 0.24,
p < 0.01, n = 4) in EpiLife media (E1) in comparison
to the control. While 5 µM and 10 µM Ko143 did not
show an inhibitory effect on BCRP in DMEM,
a decreased uptake of Bodipy-FL-Prazosin was mea-
sured upon addition of the inhibitor in EpiLife media
(E1). In summary, efflux activity of P-gp and MRP4
was proven for TR146 cells.

4. Discussion

Even though over 50 tumor-derived cell lines of the
oral mucosa have already been described, the major-
ity of those is used for applications such as cytotoxi-
city testing, drug sensitivity, or migration studies as
reported by Bierbaumer et al. recently.19 The oral
mucosa is built by three different kinds of mucosa
depending on the location (keratinized: gingiva,
non-keratinized: buccal, specialized: tongue).
Several cancer cell lines or immortalized cell lines
from the oral cavity have been decribed previously.
20–24 However, most of the commonly used cell lines
originate from the floor of the mouth or from the
gingival area, and a standardized cell line for the
buccal mucosa is still missing. Even though primary
models of the buccal mucosa are commercially avail-
able, they are mainly used for disease modeling or

viability tests upon short-time exposure of certain
molecules.25,26

EpiSkin commercialized the buccal carcinoma cell
line TR146 as an airlift model described as RHE,
reconstituted human epithelium (SkinEthic).
However, the cultivation conditions are not pub-
lished for how to arrive at the differentiation status
of this model and it has mainly been used for infec-
tion studies with candida strains.27,28 Hence, an
extensive characterization of the model for transport
studies of biomarkers over a longer time period is
missing. Thus, our aim was to develop a human cell-
based model of the oral mucosa based on TR146 and
optimize it for transport studies for biomarkers.
Since most molecules are assumed to pass from
blood to saliva using the paracellular transport
route, paracellular integrity is of high importance
for the model.29,30 In addition, strong tight junctions
enhance cell polarization and transporter localiza-
tion either to the apical or basolateral side.

TR146 has already been described with regards to
its paracellular barrier integrity by TEER measure-
ments and permeability assays with FITC-dextran
previously.8,9,11,31 In those studies, the cells were
cultivated in DMEM with supplements (serum with
P/S or serum with gentamicin and p- hydroxyben-
zoic acid n-butyl) on Transwell inserts in a 6- or 12-
well format (Becton Dickinson (BD) or Corning
Costar). Results of these studies were quite diverse
and not conclusive on which insert type the highest

Table 2. Comparison of highly expressed targets in human oral biopsy samples (n = 8) versus TR146 cells cultivated
under optimized conditions (DMEM media, supplemented with HKGS, airlift, n = 3, final TEER of 115.39 ± 38.48 Ω

x cm2). Ct values were obtained with the 96.96 High-Throughput qPCR-Chip, referred to PPIA (peptidylprolyl
isomerase A) as housekeeping gene, normalized to the expression values of biopsy samples and listed as x-fold
values (mean ± SEM). Statistical analysis was performed using the Student´s t-test with α = 0.05, *p <0.05,
**p < 0.01, ***p < 0.001.
Target groups Targets TR146 Biopsies p-value

Tight Junctions CLDN1 1.69 ± 0.23 1 ± 0.42
CLDN4 0.81 ± 0.08 1 ± 0.22
CLDN7 0.76 ± 0.07 1 ± 0.40
JAM1 1.61 ± 0.22 1 ± 0.16

Transporters LAT1 4.57 ± 0.38 1 ± 0.21 **
Cytokeratin CK4 0.08 ± 0.05 1 ± 0.59

CK5 0.47 ± 0.21 1 ± 0.18
CK10 2.58 ± 1.46 1 ± 0.36
CK13 0.11 ± 0.05 1 ± 0.20 **
CK14 0.52 ± 0.14 1 ± 0.20
CK18 1.42 ± 0.77 1 ± 0.42

Cornification Involucrin 3.99 ± 1.75 1 ± 0.23
Aquaporins AQP3 0.63 ± 0.26 1 ± 0.17
Mucins MUC21 0.003 ± 0.002 1 ± 0.56
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paracellular barrier could be reached. For example,
Portero et al. (2002) published TEER values of
339 ± 89 Ω x cm2 after cultivating for 28–30 days
using inserts from BD in a 12-well format, while
Teubl et al. (2013) only reached TEER values of
50.02 ± 2.87 Ω x cm2 after 27–28 days using inserts
from Corning Costar inserts in the same format.32,33

Therefore, we tested several 24-well inserts from
different companies (BD, Corning Costar,
GreinerBioOne, Brand) during preliminary studies.
Since TR146 layers on Greiner ThinCert showed the
highest TEER values in DMEM media under

submerged cultivation (data not shown), it was
decided to use these for further studies. For the
next experiments, two different media (i.e., EpiLife
and DMEM) and two experimental set-ups (i.e., air-
lift and submerged) were tested. Airlift cultivation of
TR146 in final EpiLife media (E3) showed
a continuous increase of TEER, whereas cultivation
in DMEM media led to a smaller increase of TEER
values. However, even though the HE stainings
showed multilayered cells as a result of airlift cultiva-
tion in DMEM media (supplementary Figure S2C),
the corresponding permeability coefficient for car-
boxyfluorescein did not indicate a tighter paracellu-
lar barrier. These results coincided with Jacobsen
et al. (1999), who showed that airlift cultivation did
not enhance the integrity of the paracellular barrier
of TR146 using DMEM.11 Thus, it was hypothesized
that the supplements of the final EpiLife media (E3)
might be necessary to induce an increase of the
tightness during airlift cultivation.

Supplementing HKGS to DMEM under airlift
showed a twofold higher effect compared to EpiLife
under airlift and reduced the cultivation period by 2
weeks. HKGS contains human epidermal growth fac-
tor (EGF) and hydrocortisone (HC) among other
substances, potentially having an influence on the
differentiation. EGFhas shown to enhance differentia-
tion of other epidermal barriers,34,35 while HC is
known for its promoting effects on the tightness of
brain endothelial cells.36-38 Addition of hydrocorti-
sone alone at a physiological concentration to
DMEM media (supplemented with 10% FCS, 1%
P/S) improved the barrier upon airlift cultivation sig-
nificantly in a concentration-dependent manner.39,40

As further supplement, we tested retinoic acid (RA)
in DMEM without serum as RA is often described to
enhance the barrier.41 However, RA did not show any
enhancement in our model (supplementary Figure
S2). In concordance to this, Reiss et al. (1985) discov-
ered RA to be an inhibitor of terminal differentiation
for cell line SqCC/Y1 derived from a squamous carci-
noma of the buccal mucosa.42

Deprivation of serum and supplementing
DMEM with HKGS, KGF, and A2P under airlift
led to the highest increase of TEER values and
accordingly to the lowest permeability coefficient
of all tested media compositions. However, the
TEER values showed very high variances, probably
caused by the non-stratified morphological

Figure 6. Representative western blots of TR146 cells cultivated
in optimized media under airlift conditions in comparison to
a control sample (immortalized mouse capillary endothelial cell
line cerebEND cultivated as previously published18) showing the
expression of ABC transporters (A) P -gp (ABCB1, 170 kDa), (B)
MRP4 (ABCC4, 140–200 kDa), (C) BCRP (ABCG2, 72-75 kDa);
corresponding ß-actin (42 kDa) was used as loading control.
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phenotype typical for deprivation of serum using
this cell line (see supplementary Figure S3).
Therefore, we have defined the DMEM media
supplemented with 1% HKGS and containing
10% serum as the optimized media.

The 96.96 High-Throughput qPCR Chip data
provided the possibility to investigate the influence
of the different growth media treatments at
a molecular level. Data of TR146 cells cultivated
in different set-ups revealed significant changes in
mRNA expression in the target groups dependent
on the supplements or cultivation conditions (sup-
plementary file, Table 1S).

One major target group included tight junction
proteins that define the integrity of paracellular bar-
riers and are composed of a network of transmem-
brane proteins (claudins, occludin, tricellulin, JAM),
linked to intracellular scaffolding proteins such as
ZO.43-46However, only sparse information is available
about the expression of this target group, e.g. regard-
ing the expression of claudins in oral mucosa epithe-
lial cells. In case of CLDN1, it was shown to be
expressed in squamous cell carcinoma of the oral
cavity and was linked to the advanced disease
stage.47,48 However, no regulation upon supplementa-
tion was detected in our TR146 set-ups. Other tight
junction proteins such as CLDN11 andCLDN24were
higher expressed under submerged conditions in
DMEM media compared to airlift cultivation.
Anyhow, since no data about expression of CLDN11
and CLDN24 are available in the oral epithelium,

further studies are needed to evaluate their role in
the oral mucosa.

Interestingly, cultivation in final EpiLife media
under airlift led to a reduced mRNA expression of
the majority of tested tight junction markers after
normalization to airlift cultivation of TR146 in
DMEM, even though the Epilife media was suc-
cessfully used for a model based on primary cells
or for 3D modeling of oral mucosa constructs.49,50

Results of the High-Throughput qPCR Chip indi-
cated similarity of biopsy samples to TR146 cells
cultivated under airlift conditions in DMEM
media supplemented with HKGS. Using HKGS as
a supplement also showed to be of advantage
regarding the permeability studies as it led to a
significant improvement of the integrity of the
paracellular barrier.

In order to confirm the presence of continuous
tight junctions, the localization of tight junction
marker occludin was morphologically characterized
using immunofluorescent staining on microscope
slides (see supplementary Figure S4A). To confirm
the presence of cytokeratins, differentiation markers
for epithelial cells, at the protein level additionally to
the mRNA level, immunofluorescent staining (K5/
K8) was accomplished on microscope slides and
inserts (see supplementary Figure S4A-B). In gen-
eral, HE stainings showed a stratified non-
keratinized epithelium, which corresponds to the
phenotype of the cell line of the buccal region.
Interestingly, the cornification markers (loricrin >

Table 3. Results of ABC transporter functionality tests in TR146 cells. For each assay at least 6 values were obtained for each
condition (control, control with fluorescent substrate, samples of fluorescent substrate with or without inhibitor). The calculated
ratios of fluorescent signal to protein content were normalized to samples only exposed to the fluorescent substrate (set as 100%).
An active inhibition is noticeable by a significantly increased uptake of the substrate (>100%). Values are shown for both DMEM and
EpiLife media as mean ± SD. Data were analyzed with Student’s t-test or with one-way ANOVA with post hoc comparison using
Dunn´s method and Holm–Sidak test for multigroup comparison, **p < 0.01, ***p < 0.001, SC = statistical significance, n/a = not
analyzed, n.s. = not significant, n = number of independently conducted experiments.

DMEM media EpiLife media

ABC transporter Substrate Inhibitor mean ± SD [%] SC mean ± SD [%] SC

P-gp (ABCB1) Calcein-AM [1 µM] - 100.00 ± 3.95 n/a n = 4 100.00 ± 7.55 n/a n = 5
Calcein-AM [1 µM] Verapamil [100 µM] 150.67 ± 16.26 *** n = 4 144.65 ± 26.26 *** n = 5
Calcein-AM [1 µM] Verapamil [10 µM] 107.84 ± 7.39 n.s. n = 4 Not tested
Calcein-AM [1 µM] Ko143 [5 µM] 99.95 ± 6.80 n.s. n = 2 Not tested
Calcein-AM [1 µM] MK571 [10 µM] 112.63 ± 9.40 n.s. n = 2 Not tested

MRP4 (ABCC4) Fluo-cAMP [10 µM] - 100.00 ± 24.48 n/a n = 4 100.00 ± 4.68 n/a n = 4
Fluo-cAMP [10 µM] MK571 [10 µM] 145.66 ± 57.74 n.s. n = 4 134.84 ± 23.91 ** n = 4

BCRP (ABCG2) Bodipy-FL-Prazosin [0.5 µM] - 100.00 ± 7.31 n/a n = 8 100.00 ± 5.13 n/a n = 8
Bodipy-FL-Prazosin [0.5 µM] Ko143 [5 µM] 96.94 ± 11.53 n.s. n = 4 87.92 ± 7.53 *** n = 4
Bodipy-FL-Prazosin [0.5 µM] Ko143 [10 µM] 96.99 ± 23.03 n.s. n = 3 81.55 ± 10.96 *** n = 3
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filaggrin > involucrin) showed a high upregulation
under the presence of hydrocortisone or other sup-
plement compositions containing hydrocortisone
such as HKGS and HKGS/KGF/A2P. This con-
firmed the enhanced differentiation upon hydrocor-
tisone in epithelial cell layers, which was in
concordance to higher TEER values of the accord-
ingly treated TR146 inserts. In the oral epithelium,
desmosomes play a pivotal role as intercellular
junctions.51 Although one focus of the presented
study is the comprehensive investigation of the
expression of tight junction proteins, the expression
of desmoglein 3, a desmosome formation facilitating
protein, was evaluated with conventional qPCR (see
supplementary Figure S5). Interestingly, DMEM
media supplemented with 1000 nM hydrocortisone,
HKGS (the optimized media) and with HKGS/KGF/
A2P showed an upregulation to a similar scale com-
pared to the biopsy samples of healthy donors.

The defensive role and expression of mucin
glycoproteins in the oral cavity have been
described before.52 High-throughput qPCR data
revealed that some of the mucins (MUC6,
MUC16, and MUC19) were only detected in half
of the TR146 samples, while MUC7 was only
found in four of the tested samples. In this regard,
the oral cavity was described to express MUC7 and
MUC19 in general,53 but MUC19 was not found in
primary oral mucosal epithelial cells54 and MUC7
(important for bacterial clearance in saliva) was
only weakly expressed in mucoepidermoid
carcinoma.55 To our best knowledge, the presence
of MUC6 has not been shown in the oral mucosa
until now, whereby the expression of MUC16 in
saliva samples of healthy patients and patients with
oral squamous carcinoma showed no correlation
to the prognosis as described by Suh et al. (2017).56

On the other hand, all samples expressed MUC1A,
MUC1B, MUC3A, MUC15, MUC18, and MUC20.
The expression of MUC1 in the buccal area and
salivary glands has been described before.57-59

MUC3 has shown to be upregulated in mucosal
tissue (intestine) in a stress response,60 but no data
about expression in the oral mucosa has been
described yet. MUC15 was shown to be expressed
in explants of human oral mucosal epithelial
cells.61 The cell surface glycoprotein MUC18,
also described as MCAM (melanoma cell adhesion
molecule),62 has also shown to correlate with

epithelial carcinoma or bacterial infections in var-
ious epithelial tissues.63,64 Even though MUC20
has been expressed in corneal, respiratory epithelia
and in esophageal squamous cell carcinoma, no
data about the expression in the buccal mucosa
was found.65-67 Interestingly a strong regulation
of MUC21 in correlation with increasing hydro-
cortisone (>300 fold) was shown in our model.
MUC21 was identified in 2008 by Itoh et al. as
a membrane bound protein.68 An upregulation of
over 30-fold of MUC21 was described during sur-
gical wound healing of the gingiva upon a study
with 10 volunteers69 suggesting a similar under-
lying pathway for MUC21 during wound healing
and treatment with hydrocortisone.

Aquaporins (AQP), integral membrane proteins
forming water channels for rapid fluid transport, are
very strongly expressed by, e.g., the salivary glands.
Therefore, characterization of aquaporins is mostly
referred to mouse, rat, or human salivary glands, but
a thorough characterization for the human oral
mucosa is still missing.70 In our oral mucosa
model, we demonstrated the expression of AQP1,
AQP3, AQP6, AQP7, AQP9, AQP10, and AQP11.
The biopsy samples of the human oral mucosa
showed a similar expression pattern as our model.
A consistent expression for AQP1, AQP3, AQP7,
AQP9, AQP10, and AQP11, a weak expression for
AQP4 and no expression for AQP6, AQP8 and
AQP12A was obtained. This confirms the similarity
of our cell line-based model to the human model.
Even though the expression of aquaporins was
mostly described in the salivary glands, AQP3 and
AQP9 were also found in rat buccal mucosa epithe-
lium at the mRNA and protein level. Moreover,
a correlation was suggested between AQP3 localiza-
tion and the differentiation of keratinocytes.71 To
understand the expression of aquaporins in our
human buccal mucosa model, further investigations
on their functionality in the oral mucosa are
necessary.

ABC transporters play a pivotal role in the
transport of physiological substrates and efflux of
drugs.72 From the 48 ABC transporters proteins
nine are involved in multidrug resistance trans-
port (P-glycoprotein, seven multidrug resistance-
associated proteins and Breast Cancer Resistance
Protein) with the ability to extrude a large variety
of xenobiotics.73 For the first time, we were able to
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show the functionality of P-gp and MRP4 in
TR146 cells. The expression of BCRP was con-
firmed at the mRNA level (see Table 1), but no
BCRP efflux activity was detectable in TR146 cells.
This corresponded well with the relatively low
BCRP protein expression compared to the control
cell line (Figure 6). With P-gp being one of the
most investigated efflux transporters,74 the estab-
lished TR146 model could be used to test the role
of this ABC transporter on the pharmacokinetics
of oral drugs, but also for biomarkers. For exam-
ple, P-gp was described to actively transport the
steroid hormone cortisol, a biomarker often used
to evaluate the stress level of patients.75-77 Studies
showed a correlation between the concentrations
of cortisol in serum and saliva, with one-tenth of
the serum concentration detected in saliva.
Assuming that a maximum 1% of blood molecules
can be detected in saliva due to commingling of
saliva with the crevicular gingival fluid, the corti-
sol data suggested a directed transport of cortisol
from blood into saliva via the blood-saliva
barrier.30,78-80 With the uprising use of saliva for
biomarker detection in the past 60 years, several
biomarkers have been investigated and described
in saliva for diagnosis purposes. For example,
C-reactive protein (CRP) has commonly been
used as a marker for systemic inflammation in
serum and there is a significant number of studies
suggesting applying salivary CRP as a noninvasive
biomarker. In this context, Iyengar et al. (2014)
described a correlation between serum and sali-
vary concentration of CRP in neonates, offering
a stress-free detection method of abnormal serum
levels for newborns.81 Especially, high CRP con-
centrations in saliva under disease conditions sug-
gested active transport from blood into saliva by
yet unknown transport mechanisms across the
blood-saliva barrier. But there are also several
studies that did not show sufficient correlations
between serum and salivary CRP underlining the
need for a better understanding of the origin of
the measured CRP in saliva, the degradation, and
clearance half-life of CRP in saliva and the influ-
ence of the oral microenvironment on salivary
CRP concentration.74

In summary, the transport mechanisms of
biomarkers from blood to saliva are often not
understood emphasizing the necessity of

validated and optimized models representing
the blood-saliva barrier in order to elucidate if
and how these biomarkers can permeate from
blood into saliva.

5. Conclusion

We showed that a Transwell model based on
human buccal carcinoma cell line TR146 displayed
improved barrier properties upon airlift cultiva-
tion. Different supplements (hydrocortisone,
HKGS, KGF, A2P, FCS) and their influence on
the barrier properties and morphology were tested
and comprehensively characterized by TEER mea-
surement and the assessment of carboxyfluores-
cein permeation, supported by comprehensive
mRNA expression data and its comparison to the
expression pattern of biopsy samples from the oral
mucosa. Future studies could include the influence
of the microenvironment on the model character-
istics by co-cultivating with other cell types present
in the oral mucosa such as fibroblasts and
endothelial cells.
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