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Purpose: Although differentiated normal human nasal epithelial (NHNE) cells can be used to study the role of human nasal epithelium, there is a
need for effective culture models of nasal epithelium in sinonasal disease status, including allergic rhinitis (AR). We aimed to examine the feasibility
of intranasal brushing for culture of nasal epithelial cells in AR patients and to verify the hypothesis that allergic nasal epithelial (ARNE) cells differ
in histologic and physiologic characteristics. Methods: We established a system for isolating (via intranasal brushing) and culturing (with air-liquid
interface, ALI) nasal epithelial cells from healthy volunteers (n=8) and AR patients (n=8). We used this system to compare the histologic findings
and physiologic characteristics of NHNE and ARNE. Results: The histology results showed that fully differentiated ALl culture was obtained at least
14 days after confluence and that both ciliated and secretory cells were well differentiated in ALI culture using nasal brushing. The histology results
of ARNE culture were significantly different from NHNE. The number of ciliated cells was lower, and secretory cells were more dominant in ARNE
cell culture compared to NHNE cells. We also observed, by electron microscopy, loose tight junctions and short cilia in cultured ARNE cells. In addi-
tion, the mRNA level of TSLP which was one of the epithelial-derived allergic cytokines was significantly higher, and the expressions of genes in-
volved in ciliogenesis were lower in cultured ARNE cells without allergen stimulation. Conclusions: Our findings suggest that ALl culture of ARNE
cells using intranasal brushing may be an alternative method for epithelial cell culture in AR patients and that cultured ARNE cells will be useful for
in vitro studies of the mechanisms at play during AR because they maintain unique allergic characteristics.
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INTRODUCTION tablishing primary airway epithelial cell cultures is usually ob-

tained from transplant lung, or bronchial explants during sur-

Airway epithelial cells not only provide a physical barrier to
potentially harmful insults, but they also play a crucial role in
the first line of immunological defense.! Human nasal epitheli-
al cells are routinely used for clinical diagnostic purposes and
have been shown to be good surrogate models in studies of na-
sal epithelium."? Cultured airway epithelial cells are good re-
search tools for studying airway epithelial physiology and have
been instrumental in increasing our knowledge of the role of
epithelial cells in airway diseases. To date, many kinds of epi-
thelial cell culture methods, such as submerged, suspension,
floating, and air-liquid interface (ALI), have been introduced
and widely utilized for primary human airway epithelial cell
culture. These cultures more closely resemble the physiology of
in vivo conditions than immortalized cell lines."® Tissue for es-
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geries and autopsies.” Fresh tissues yield the greatest quantity
of cells for culture, but obtaining tissues from such sources can
be difficult on subjects, sometimes requiring surgery under
general anesthesia for sampling. In particular, general anesthe-
sia in diseased patients and children can be a high-risk proce-
dure that may cause serious side effects or complications.
Moreover, biopsied and de-epithelialized turbinate or polyp tis-
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sues are widely used for sampling nasal specimens from sub-
jects. However, these tissues may not replicate the physiologic
condition due to the preconditioning process required before
the subculture.

The nasal brushing and culture technique has been intro-
duced for cystic fibrosis patients instead of bronchial lavage
and bronchial brushing.® That technique is less invasive to pa-
tients, less expensive, and easier to perform than others. Also,
intranasal brushing and direct cytology sampling are used to
confirm the pathology of upper airway diseases and provide
the ability to analyze the functional properties of airway cells.
Although this technique does not appear to be widely used in
the epithelial cell culture due to the possibility of contamina-
tion and low cellularity, we hypothesized that intranasal brush-
ing and culture technique can be utilized for nasal epithelial
cell study to determine the molecular phenomena that occur in
diseased nasal epithelium.

In normal nasal epithelium, a delicate and tight balance of
self-renewal and differentiation is regulated by key gene expres-
sion networks and molecular pathways.*'° During inflammato-
ry or environmental stress, the nasal epithelium frequently un-
dergoes injury, followed by a rapid remodeling phase. These re-
sponses can include epithelial hyperplasia, goblet cell metapla-
sia, denudation, cilia loss, fibrosis or even basement membrane
thickening." There is increasing evidence that allergic diseases,
such as allergic rhinitis (AR), are associated with epithelial dis-
orders and, furthermore, that primary abnormality of the air-
way epithelium may be central to causation and progression of
AR."" Chronic inflammation and airway remodeling are the
main characteristics of allergic diseases, and allergy-induced
airway remodeling is characterized by goblet cell hyperplasia,
reduced ciliated cells, mucus hypersecretion, defective repair
and proliferation, increased basal cell number, and impaired
barrier function."*" AR is considered a Th2 cytokine-mediated
nasal inflammation that is accompanied by accumulation of eo-
sinophils and mast cells in the nasal mucosa and increased se-
rum levels of antigen-specific IgE."” The nasal epithelium, which
is the first site of exposure to inhaled antigens, may play an es-
sential role in the pathophysiology of AR, and it is thought that
epithelial cell-derived cytokines, including thymic stromal lym-
phopoietin (TSLP), IL-25, and IL-33, are critical regulators of
Th2 cytokine-mediated inflammation at nasal mucosal sites."® It
is well known that nasal epithelium characteristics and func-
tions may provide an important insight for understanding the
pathogenesis of AR, and the differentiated ALI culture model is
the most appropriate platform with which to conduct in vitro
research about AR.

In the present study, we compared the histologic and physio-
logic profiles of differentiated ALI cultures of nasal epithelial
cells from healthy volunteers and those from AR patients.
Moreover, we aimed to determine whether cultured nasal epi-
thelial cells of AR also maintain allergy-induced disease char-
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acteristics and to assess feasibility for the study of epithelial
functions in AR.

MATERIALS AND METHODS

Intranasal brushing and nasal cytology sampling

Subjects were recruited from outpatient clinics, and AR was
diagnosed by allergic skin tests and the measurement of specif-
ic IgE levels using subjects’ serum. All subjects were free of clin-
ical signs of rhinosinusitis and respiratory infection, and had no
history of other allergic diseases including asthma. Intranasal
brushing was performed in 16 subjects under topical anesthe-
sia, and nasal cytology specimens were obtained. Eight sub-
jects, who tested positive in the allergic skin test and for the al-
lergen-specific IgE, were diagnosed with AR and the other 8
subjects were classified as non-AR healthy subjects (Supple-
ment Table). None of the patients had been on a regimen of in-
tranasal medication, oral steroids, or antibiotic treatment for 3
months prior to the study. The Institutional Review Board of
Yonsei University College of Medicine provided approval for
this study (IRB# 4-2012-0136), and all adult subjects who par-
ticipated in the study provided written informed consent.

A customized nasal brush (Vansco Korea, Daecheon) was in-
serted between the inferior turbinate and nasal septum, and
the brush was gently spun 15-20 times at the middle portion of
the inferior turbinate. The nasal cytology specimen and brush
tips were immersed and transferred to transfer media (Dulbec-
co’s Modified Eagle’s Medium [DMEM]: HAM'’s F12K medium
[F12]+1% Penicillin/Streptomycin) in 15-mL conical tubes. Af-
ter vortexing of the conical tubes, tips were gently removed in a
biological hood, and tubes were centrifuged at 1,200 rpm/min,
4°C for 5 minutes. The supernatant was carefully aspirated, and
the nasal cytology specimen was resuspended in 0.15% pro-
nase solution (F12: 7 mL+pronase: 0.0105 g). Then, tubes were
centrifuged at 1,200 rpm/min, 4°C for 5 minutes, the superna-
tant was aspirated, and the specimen was resuspended in
washing buffer (transfer buffer+10% fetal bovine serum). After
pipetting or inverting several times, tubes were centrifuged at
1,200 rpm/min, 4°C for 5 minutes. After aspirating the superna-
tant, the nasal cytology specimen was resuspended in subcul-
ture media and was plated to p-100 plates (passage 0).

Cell culture

Normal human nasal epithelial (NHNE) cells were cultured as
previously described."® Briefly, passage-2 NHNE cells (1X10°
cells/culture) were seeded in 0.5 mL of culture medium on
Transwell clear culture inserts (24.5-mm, with a 0.45-mm pore
size; Costar Co., Cambridge, MA, USA). Cells were cultured in a
1:1 mixture of basal epithelial growth medium and DMEM con-
taining previously described supplements. Cultures were
grown while submerged for the first 9 days. The culture medi-
um was changed on Day 1, and every other day thereafter. An
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ALI was created on Day 9 by removing the apical medium and
feeding the cultures from the basal compartment only. The cul-
ture medium was changed daily after the initiation of the ALL
We added antibiotics such as 1% penicillin and streptomycin
into the all media for subculture and culture stages and we also
added antifungal agent, fungizone (1 mL/1,000 mL media) (Life
technologies, Grand island, NY, USA) after filtering the media.
All experiments described here used cultured nasal epithelial
cells at 14 days after the creation of the ALL

Real-Time PCR

Total RNA was isolated from nasal epithelial cells at 14 days af-
ter confluence, using TRIzol (Invitrogen, Waltham, MA, USA).
The cDNA was synthesized from 3 mg of RNA with random
hexamer primers, using Moloney Murine Leukemia Virus re-
verse transcriptase (PerkinElmer Life Sciences, Waltham, MA,
USA and Roche Applied Science, Indianapolis, IN, USA). Com-
mercial reagents (TagMan Universal PCR Master Mix; PE Bio-
systems, Foster City, CA, USA) were selected, and conditions
were set according to the manufacturer’s protocols. The total
reaction volume of 12 mL contained 2 mL of cDNA (reverse
transcription mixture), oligonucleotide primers at a final con-
centration of 800 nM, and the TagMan hybridization probe at
200 nM. The real-time PCR probe was labeled at the 5’ end with
carboxylfluorescein, and at the 3’ end with the quencher car-
boxytetramethylrhodamine. Primers for human Foxj1 (Hs00230
964_mL), TEKTI (Hs00364985_mL), TSLP (Hs00263639_mL),
IL-25 (Hs03044841_mL), IL-33 (Hs00369211_mL), E-cadherin
(Hs01023894_mL), and ZO-1 (Hx01551861_mL) were pur-
chased from Applied Biosystems (Foster City, CA, USA). Real-
time PCR was performed using the PE Biosystems ABI Prism
7700 Sequence Detection System. The thermocycler parame-
ters included 50°C for 2 minutes and 95°C for 10 minutes, fol-
lowed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute.
Target mRNA levels were quantified using target-specific prim-
er and probe sets for Foxjl, TEKTIN-1, TSLP, IL-25, IL-33, E-
cadherin, ZO-1, and glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH). All PCR assays were quantitative, and used
plasmids containing the target gene sequences as standards. All
probes were designed to span an intron, and did not react with
genomic DNA. All real-time PCR data were normalized to the
level of GAPDH (1X10° copies) to correct for variations be-
tween samples. All reactions were performed in triplicate, and
the results were normalized against GAPDH as an endogenous
control.

Electromicroscopy

Electron microscopic analysis was performed, as previously
described, with some modifications.* Specimens were fixed
with 2% glutaraldehyde and 2% paraformaldehyde in 0.1 M
phosphate buffer, pH 7.4 at 4°C for 2 hours, were washed, and
were then incubated with 1% osmium tetroxide in 0.1 M PB at
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25°C for 2 hours. For scanning electron microscopy (SEM),
specimens were dehydrated in graded baths to 100% ethanol,
were critical-point-dried under liquid carbon dioxide, gold
sputter-coated, and were visualized on a Hitachi S-800 micro-
scope (Hitachi, Tokyo, Japan). For transmission electron mi-
croscopy (TEM), osmium-stained samples were further fixed in
7% uranyl acetate, were thin-sectioned (70 nm) in Polybed 812
(Polysciences, Warrington, PA), post-stained in uranyl acetate
and lead citrate, and were visualized on a JEM1011 microscope
(JEOL, Tokyo, Japan).

Histologic analysis and immunohistochemistry

De-waxed sections were stained with either hematoxylin and
eosin (H&E), or a periodic acid-Schiff (PAS) kit, according to the
manufacturer’s instructions (Bioptica, Milan, Italy). Immunos-
taining was performed on formalin-fixed paraffin sections (4
pum) of cultured NHNE cells and inferior turbinate specimens.
Formalin-fixed paraffin sections (4 um) were de-waxed in xy-
lene (Sigma Chemicals, St Louis, MO, USA), were rehydrated in
successive ethanol baths, and were subjected to antigen retriev-
al by microwave in 0.01 mol/L sodium citrate buffer (pH 6.0).
Endogenous peroxidase activity was quenched with 3% metha-
nolic hydrogen peroxide for 10 minutes at room temperature.
Nonspecific binding was blocked by incubation with 10% nor-
mal serum from VECTASTAIN Elite ABC Kit (Vector Laborato-
ries, Burlingame, CA, USA) for 30 minutes at room tempera-
ture. Primary antibodies (1:200 dilution) were applied at 4°C for
24 hours. Following washing in TBS, slides were incubated with
peroxidase-conjugated goat anti-mouse/rabbit antibodies
(1:200 dilution, Vector Laboratories) for 30 minutes at room
temperature. Signal was amplified using the indirect immuno-
peroxidase technique using the DAKO Envision kit (Dako,
Kingsgrove, Australia). Tissue sections were counterstained
with Gill's hematoxylin (Sigma Chemicals), were dehydrated,
and were mounted with DPX (ProSciTech, Thuringowa, Aus-
tralia). Staining was visualized using an Olympus UTV0.63XC
microscope with the DP Controller software (Hamburg, Ger-
many). The experiment was performed using NHNE cells and
inferior turbinate specimens from 4 healthy volunteers.

Measurement of transepithelial electric resistance (TEER)

The integrity of junctional proteins of the nasal epithelium
was determined by measuring TEER in NHNE cells at 7, 14, 21,
and 28 days after confluence. TEER is a widely used indicator of
permeability in vitro, and was measured using the EVOM" re-
sistance meter and Endohm® chamber (World Precision In-
struments, Sarasota, USA). The values for cell-covered filters
are expressed in standard units of ohms per square centimeter
after subtracting the resistance of blank filters and are present-
ed as mean+SD. Cells treated with medium alone served as a
control.
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Statistical analysis

The data are expressed as meantSD of the 3 experiments.
Differences in value distribution were statistically validated us-
ing 1-way ANOVA. Statistical analysis was performed using the
program GraphPad Prism 3 for Windows (GraphPad software,
LaJolla, CA, USA).

RESULTS

Morphologic characterization of cultured NHNE cells using
nasal brushes from healthy volunteers

Nasal cytology specimens were obtained from 8 healthy vol-
unteers using intranasal brushing, and ALI culture was success-
fully established. NHNE cells were grown for 14 days in medi-
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um containing retinoic acid to induce mucociliary differentia-
tion. Nasal epithelial cells were cultured on collagen-coated
p100 plates during the subculture period and reached 80% con-
fluence within 7 days. Light microscopic findings showed opti-
mal cell growth and proliferation in the subculture (passages 0
and 1) (Fig. 1A). After subculture, passage 2 cells were seeded at
a mean density of 1X10° cells/well on Transwell clear culture
inserts, and ALI culture was created after 14 days confluence
(Fig. 1A). Confluent NHNE cells were small, polygonal, and
tightly joined; they had the typical cobblestone morphology of
epithelial cells. We measured TEER at 7, 14, 21, and 28 days af-
ter confluence to confirm the formation of intact tight junc-
tions, and normal-ranged TEER values were observed from 7
days after confluence (Fig. 1B).
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500

TEER values (ohm.cm?)

0 1 1 1 1
7 14 21 28

Time (day) e

Fig. 1. Morphology of cultured nasal epithelial cells under light microscope, measurement of transepithelial electric resistance (TEER) and histologic appearance of
ALl cultures of NHNE cells. (A) Primary nasal epithelial cells growing on subculture (left panel) and ALI culture periods (right panel) (original magnification X 20). (B)
TEER of unstimulated NHNE cells cultured for 7, 14, 21, and 28 days. Values are expressed as mean= SD. (C) Cross section (5 um) of NHNE cells, at 14 days after
confluence, stained with H&E (upper panel), PAS (middle panel) and immunofluorescence (lower panel, red color: a-tubulin IV, blue color: DAPI) (original magnifica-
tion X 200).

Fig. 2. Scanning electron microscopic (SEM) and Transmission electron microscopic (TEM) findings of cultured NHNE cells at 14 days after confluence. SEM findings
of cultured NHNE cells showing well-differentiated ciliated and secretory cells (A, original magnification X 100) (B, original magnification X 200). TEM findings of a
ciliated cell at the apical surface of the epithelium and a columnar secretory cell containing electron-lucent secretory granules (C, original magnification X 1,000) (D,
original magnification X 2,000).
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Fig. 3. Histologic appearance of human nasal mucosa from the inferior turbi-
nate with H&E and PAS staining. H&E staining (A) showed the structure of hu-
man nasal epithelium, including ciliated and secretory cells and basement
membrane. Well-stained secretory cells were observed in human nasal epithe-
lium through PAS staining (B).

Nasal Epithelial Culture and Allergic Rhinitis

Histologic findings, including H&E, PAS, and immunofluores-
cence staining for o-tubulin, as a marker of cilia, showed that
ALI cultures at 14 days after confluence were 4 to 5 layers in
thickness. The cells in the ALI cultures were well-differentiated,
stratified, columnar epithelial cells and included secretory and
ciliated cells (Fig. 1C). When viewed using a light microscope at
a higher magnification (X40), it was possible to observe cilia
beating 14 days after confluence.

SEM of apical cells in ALI culture at 14 days after confluence
showed polygonal cells tightly attached to each other, and well-
differentiated cilia and secreted mucus were observed (Fig. 2A,
B). TEM also showed ciliated and secretory cells that were well
differentiated, with intact tight junctions (Fig. 2C, D).

As the next step, we investigated the histologic findings of real
human nasal mucosa to compare the morphologic character-
ization of nasal epithelium with cultured NHNE cells. Histolog-
ic examination using H&E and PAS staining was performed,
and the results demonstrated that a multilayered nasal epitheli-

Fig. 4. Comparison of mean period for proliferation and
differentiation in NHNE and ARNE cells. (A) Compari-
son of mean days taken for subculture in NHNE and
ARNE cells. (B) Comparison of mean days taken for
confluence in ALl culture of NHNE and ARNE cells. The
results are presented here as the mean=+SD (white
bar: NHNE cells, black bar: ARNE cells). (C) Cross sec-
tion (5 um) of ARNE cells at 14 days after confluence
stained with H&E (upper panel), PAS (middle panel) and
G immunofluorescence (lower panel, red color: a-tubulin

IV, blue color: DAPI) (original magnification X 200). (D)
Numbers of secretory cells expressed as a PAS-posi-
tive score 14 days after ALl confluence in NHNE and
ARNE cells. (E) Numbers of ciliated cells per high pow-
er field 14 days after ALl confluence in NHNE and
ARNE cells (white bar: NHNE cells, black bar: ARNE
cells). The mRNA levels of Foxj1 and TEKTIN-1 are con-
siderably lower in ALl culture of ARNE cells. Real-time
PCR showed that Foxj1 (F) and TEKTIN-1 (G) mRNA lev-
els are attenuated in ARNE cells 14 days after conflu-
ence. Results are presented here as the mean+SD
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um was observed including intensely stained ciliated cells and
secretory cells (Fig. 3A, B).

Histologic findings revealed that ALI culture of well-differenti-
ated NHNE cells was achieved using nasal cytology specimens
and that cultured nasal epithelium had the histologic shape of
real epithelium of human nasal mucosa. We estimated that in-
tranasal brushing may be a useful method to perform NHNE
cell culture and may be a very important tool for in vitro study
about nasal epithelium.

Histologic examination of cultured nasal epithelial cells of AR
patients

Intranasal brushings were performed in AR patients, and na-
sal epithelia cells were cultured with the same culture method
and media as the ALI culture of NHNE cells.

We first measured the required period of subculture and con-
fluence of ALI culture in ARNE cells. The mean period of sub-
culture in NHNE cells was 5.9 days and that in ARNE cells was
6.1 days. The mean period from cell seeding of ALI culture to
confluence was not significantly different between NHNE and
ARNE cells culture (Fig. 4A, B). We found no overall differences
in the rate at which the epithelial cells could proliferate and
grow between normal subjects and AR patients, and it took

Volume 8, Number 1, January 2016

about 28 days to obtain fully differentiated human nasal epithe-
lial cells after intranasal brushing was performed.

We then carried out the histologic examination using ALI cul-
ture of ARNE cells at 14 days after confluence. Histologic exam-
ination, including H&E, PAS, and immunofluorescence stain-
ing for a-tubulin, showed significant dissimilar findings com-
pared to the culture results of NHNE cells such as only 2 or 3
layers in thickness, more intense PAS staining, and fewer cilia at
14 days after confluence (Fig. 4C). We also quantified the num-
ber of secretory cells using PAS score and measured the num-
ber of ciliated cells through light microscopic findings. The re-
sults demonstrated that cultured ARNE cells had a higher PAS
score (17.0+3.6 pixels/puM) than NHNE cells (6.0+1.8 pixels/
uM), and a considerably smaller number of ciliated cells were
observed in ARNE cells (ARNE cell culture: 11.6+3.3/HPF vs
NHNE cell culture: 25.0+2.6/HPF). In addition, we measured
the mRNA levels of Foxjl and TEKTIN-I1 in NHNE and ARNE
cells at 14 days after confluence to assess the ciliogenesis and
differentiation of ciliated cells. Interestingly, both mRNA levels
of Foxj1 (ARNE cell culture: 19,332.5+3,464.1 vs NHNE cell cul-
ture: 5,119.5+1,017.2, Fig. 4F) and TEKTIN-1 (ARNE cell culture:
28,296.5+3,871.4 vs NHNE cell culture: 732.5+101.1, Fig. 4G)
were significantly lower in cultured ARNE cells, although
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Fig. 5. Scanning electron microscopic (SEM) and transmission electron microscopic (TEM) findings of cultured ARNE cells at 14 days after confluence. SEM findings
of cultured ARNE cells show smaller numbers of ciliated cells and higher numbers of secretory cells (A, original magnification X 100) (B, original magnification X
200). TEM findings of loose cell-to-cell tight junctions in nasal epithelium and increased number of columnar secretory cells containing electron-lucent secretory
granules (C, original magnification X 1,000) (D, original magnification % 2,000). The mRNA levels of E-cadherin and Z0-1 were measured in ALl culture of NHNE and
ARNE cells 14 days after confluence. Real-time PCR showed that both E-cadherin (E) and Z0-1 (F) mRNA level were significantly attenuated in ALl culture of ARNE
cells (White dot: NHNE cells, Black dot: ARNE cells). Results are presented here as the mean+ SD from eight independent ALI cultures (*P<0.05 compared to
mRNA levels in NHNE cells).
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brushed samples from healthy volunteers and AR patients were
cultured under the same culture conditions and media. These
data suggest that there were significant differences in epithelial
cell cultures from intranasal brushed specimen between NHNE
and ARNE cell culture.

Electronic microscopic findings of cultured ARNE cells

SEM and TEM findings provided more detailed information
about the histologic differences between cultured ARNE cells
and NHNE cells. As expected, SEM findings showed that the
number of ciliated cells was significantly attenuated in ALI cul-
ture of ARNE cells at 14 days after confluence (Fig. 5A), and ab-
normal cilia architectures were observed with more untidy and
shorter cilia structures on the epithelial surface (Fig. 5B). There
were also significantly different findings in TEM findings of
ARNE cells, such as an increased number of secretory cells and
loose tight junctions (Fig. 5C, D). In addition, both mRNA levels
of E-cadherin (ARNE cell culture: 11,549.7+4,428.6 vs NHNE
cell culture: 28,713.5+8,273.4, Fig. 5E) and ZO-1 (ARNE cell cul-
ture: 4,953.5+1,897.7 vs NHNE cell culture: 11,279.2+7,406.6,
Fig. 5F) were significantly attenuated in cultured ARNE cells at
14 days after confluence under the same culture conditions.
These findings suggest that loose tight junctions, a smaller
number of ciliated cells, and less dense and shorter cilia were
distinct characteristics of the nasal epithelium in AR patients
and ALI culture of ARNE cells from nasal cytology specimens
clearly showed different histologic features when compared to
cultured NHNE cells.

The characterization of AR in ARNE cell culture

The allergic airway is characterized by the secretion of Th2 cy-
tokines, which has been shown to be highly involved in the
pathogenesis of allergic inflammation. In particular, TSLP, IL-
25, and IL-33 can initiate allergic inflammation and are pro-
duced by several epithelial cell lines, keratinocyte, and respira-
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tory epithelial cells. To evaluate if cultured ARNE cells, which
had different histologic findings from NHNE cells, possessed al-
lergic characteristics without any stimulation, we measured the
gene expression of TSLP, IL-25, and IL-33. NHNE cells from
healthy volunteers (n=8) and ARNE cells from AR patients
(n=8) were cultured, and cell lysates were obtained at 14 days
after confluence. The results of real-time PCR showed that the
mean mRNA levels of TSLP from ARNE cells were considerably
higher than that of NHNE cells, although there was not any al-
lergic stimulation to either type of nasal epithelial cells (NHNE
cell culture: 1,637.2+815.1 vs ARNE cell culture: 4,115.4+708.5,
Fig. 6A). However, mRNA levels of IL-25 and IL-33 were not ele-
vated in ALI culture of ARNE cells (Fig. 6B, C). These results
demonstrate that cultured ARNE cells from AR patients may
have higher levels of Th2-initiating epithelium-derived cyto-
kines, such as TSLP, and ALI culture of AHNE cells, acquired
using intranasal brushing, preserved the Th2-related immune
response resulting in the appearance of AR-related histologic
characteristics.

DISCUSSION

Culturing NHNE cells and understanding the method of pri-
mary epithelial cell culture is not only critical for elucidating
epithelial physiologic function, but also helps unravel the
pathophysiology of numerous related diseases. The limitations
imposed by the use of nasal epithelial cells are: the limited
amount of specimens available from one donor; the possibility
of contamination by pathogens; and their accessibility, which
requires anesthesia and intubation. To date, it remains unclear
whether differentiated nasal ALI cultures can be achieved using
nasal brushing and whether ALI cultures from nasal cytology
specimens maintain the disease-specific characteristics after
full differentiation, especially AR.

In the present study, we used intranasal brushing to collect

(A)

(5] [C]

Fig. 6. The gene expression of epithelium-derived cytokines in ALI culture of NHNE and ARNE cells. The mRNA levels of TSLP, IL-25, and IL-33 were measured in ALl
culture of NHNE and ARNE cells 14 days after confluence. (A) Real-time PCR showed that the TSLP mRNA level was significantly higher in ALI culture of ARNE cells.
However, IL-25 (B) and IL-33 (C) mRNA levels were not significantly different between NHNE and ARNE cells (White dot, NHNE cells; Black dot, ARNE cells). Results
are presented here as the mean = SD from eight independent ALI cultures (*P<0.05 compared to mRNA levels in NHNE cells).

Allergy Asthma Immunol Res. 2016 January;8(1):69-78. http://dx.doi.org/10.4168/aair.2016.8.1.69

http://e-aairorg 75



Park etal.

nasal specimens for ALI culture of nasal epithelial cells under
topical anesthesia. We found that culturing nasal epithelium
using nasal cytology specimen produced a typical epithelial cell
phenotype when examined under light and electron micro-
scopes, including histologic or immunofluorescence staining.
Intranasal brushing may be a useful source for airway epithelial
cell culture compared to the more aggressive bronchial brush-
ing and tissue sampling from intranasal turbinate mucosa or
nasal polyp; there was no discomfort experienced by the volun-
teers during or after brushing. Primary human cell cultures are
sometimes preferred over immortalized cell lines since they are
physiologically more similar to in vivo tissues, but challenges
are associated with growing primary cells including limitation
of sample accessibility, difficulty in cell isolation, contamina-
tion and side effects in volunteers that undergo the procedure.
We found that nasal epithelial cell culture using nasal-brushed
specimens was relatively simple, safe, and successful. There-
fore, intranasal brushing can substitute for in vitro NHNE cell
culture using nasal mucosa or nasal polyp obtained invasively
during an operation under anesthesia.

Our data demonstrated that fully differentiated nasal epitheli-
um, including ciliated and secretory cells, could be obtained by
ALI culture using nasal cytology specimens and showed the
feasibility of intranasal brushing in experimental research of
the nasal epithelium. The sample contamination is the well-
known limitation of cell culture using intranasal cytology speci-
mens. In the present study, we disinfect all brushes before ob-
taining nasal samples and transferred to sterilized transfer me-
dia and also add antibiotics and antifungal agents after filtering
the media. We think that addition of antibiotics and antifungal
agent to media would be necessary to prevent the contamina-
tion of cultured NHNE cells.

The majority of in vitro studies have been conducted during
the subculture stage or the early stage of ALI culture; however,
the state of differentiation, cell phenotype, and the expression
of genes for mucus production may differ according to the cul-
ture duration or method. Therefore, to obtain more reliable re-
sults, it is critical to investigate the state of cell differentiation,
phenotype, and expression of various genes during the late
stages of the culture. In the present study, the fully differentiat-
ed appearance of the nasal epithelium was observed 14 days af-
ter confluence and such cultures not only mimic the morpho-
logic features of the stratified columnar epithelium, including
secretory cell differentiation, but also retain morphologic char-
acteristics of cilia, which are similar to the histologic findings of
real nasal epithelium in human nasal mucosa.

The nasal epithelium not only serves as a mechanical barrier
to protect against environmental factors, microorganisms, al-
lergens, and toxins, but also participates in both innate and
adaptive immune responses.”'® Indeed, the primary target of
allergens is the nasal epithelium, the functions and integrity of
which are profoundly altered by allergen-induced cytokines in
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AR. In addition, better understanding of the pathophysiological
mechanisms involved in AR requires the analysis of nasal epi-
thelium obtained from human samples and the culture of nasal
epithelial cells provides an attractive alternative for AR re-
search."”

In the present study, we performed intranasal brushing in
healthy volunteers and AR patients under topical anesthesia
and compared the histologic findings of the ALI cultures be-
tween normal and AR epithelia. We found that the speed of cel-
lular proliferation and pace of the differentiation in ALI culture
of ARNE cells were not significantly different from ALI cultures
of NHNE during subculture or culture stages. Fully differentiat-
ed ARNE cells were observed within 14 days after confluence
with a normal growing rate, and culturing ARNE cells took at
least 24 days, including an approximately 7 day subculture pe-
riod.

We obtained fully differentiated ALI culture of ARNE cells at
14 days after confluence. Histological examinations revealed
that a smaller number of cilia on the apical surface of the nasal
epithelium, loose tight junctions, and hyperplasia of secretory
cells were characteristics of cultured ARNE cells. In particular,
the attenuated cilia of ARNE cells was the most outstanding
finding in the ALI culture of ARNE cells and we have further an-
alyzed 2 important genes, Foxjl and TEKTIN-1, which are in-
volved in ciliogenesis to better understand the changes ob-
served in cultured epithelium of AR patients. Both genes are
well known regulators of differentiation of cilia and the forma-
tion of motile cilia, and participate in multiple steps during cilia
formation including centrosome multiplication, docking, and
cilia elongation.” High expression of Foxjl and TEKTIN-1 can
not only induce longer cilia, but also increase the number of cil-
ia per cell. Therefore, down-regulation of both genes can result
in the loss of cilia in the human airway. According to our re-
sults, the mRNA levels of FoxjI and TEKTIN-1 were significant-
ly attenuated in ALI culture of ARNE cells, and this was corre-
lated with the smaller number of cilia in cultured nasal epitheli-
al cells from AR patients. On the basis of our findings, we esti-
mated that the progression of ciliogenesis might be abnormally
down-regulated, and differentiation of secretory cells occurred
more excessively in ALI culture of ARNE. Therefore, these his-
tologically distinctive characteristics of ARNE cells contribute
to dysfunction in mucociliary clearance and mucus hyperse-
cretion in the nasal epithelium of AR patients.

TSLP, IL-25, and IL-33, which are produced by epithelial cells
and other cell types, exert profound downstream effects on var-
ious immune cells.”! A growing body of literature suggests criti-
cal roles for epithelium-derived cytokines TSLP, IL-25, and IL-
33 in the regulation of Th2-type immunity and allergic respons-
es.”” Several recent advances in the biology of these cytokines
point to shared functions as well as distinct characteristics,
which cause allergic immune diseases, including allergic rhini-
tis. The pathophysiology of human TSLP, IL-25, and IL-33 in-
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volves innate allergic immune response with direct influence of
those cytokines on mast cells or immature dendritic cells.
TSLP-, IL-25-, and IL-33-activated mast cells or dendritic cells
initiate adaptive allergic immune responses by triggering differ-
entiation of naive T cells into inflammatory Th2 cells that pro-
duce several traditional Th2 cytokines and large amounts of
type I hypersensitivity-related cytokines."* Importantly, it has
been reported that TSLP, IL-25, and IL-33 mRNA levels are in-
creased in bronchial epithelial cells from severe asthmatic pa-
tients; the cytokines likely play important roles in the initiation,
regulation and persistence of allergic asthma after secretion
from bronchial epithelial cells.”

We presumed that these cytokines might be secreted in the
nasal epithelial cells by biologic factors that are related to AR.
However, to our knowledge, no specific information is available
on the generation of TSLP, IL-25, and IL-33 in cultured nasal
epithelial cells from AR subjects. In the present study, we found
that the TSLP mRNA level was significantly higher in the ALI
culture of ARNE cells compared to cultured NHNE cells, al-
though the cells were not stimulated by any allergic cytokines
after full differentiation. Unstimulated cultured ARNE cells
maintained the distinguishing physiologic responses of secret-
ed epithelium-derived allergic cytokines with TSLP, a key cyto-
kine in the pathogenesis of AR, after ALI culture using nasal cy-
tology specimens from AR patients. A plausible explanation for
this may be that ALI culture of ARNE cells maintains the basic
features of AR. Based on these findings, cultured ARNE cells
from nasal cytology specimens of AR patients had significant
differences from cultured nasal epithelial cells from healthy vol-
unteers, and unique histologic or physiologic characteristics
with AR were preserved. Therefore, it is feasible to study nasal
epithelial function in AR and it will be necessary to investigate
the unique mechanisms of AR in nasal epithelium. Interesting-
ly, we did not observe any significant differences in IL-25 and
IL-33 mRNA levels between ARNE and NHNE cells. The cellu-
lar mechanisms of IL-25 and IL-33 and regulation of both cyto-
kines activities are not totally understood in the present study,
but we presumed that TSLP gene expression in the epithelial
compartments would be constitutively higher and be more
dominant than IL-25 and IL-33 in nasal epithelium of patients
who are diagnosed with AR. Although the tissue microenviron-
ment likely plays a role, transcription of IL-25 and IL-33 and se-
cretion from epithelial cells would be induced after allergen
stimulation. It has been reported that IL-25 and IL-33 appear
functionally similar, and the release of both cytokines may be
dependent upon allergen exposure.* We propose that the
mRNA levels of IL-25 and IL-33 were not relatively higher in
cultured nasal epithelium of AR patients before allergen stimu-
lation, unlike TSLP, but could be released upon allergen stimu-
lation in the cultured nasal epithelial cells. TSLP, IL-25 and IL-
33, which are produced by epithelial cells, have a shared bio-
logical activity to induce Th2 cytokines, suggesting involvement
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in the development of allergic diseases, but play different
pathogenic roles in nasal epithelium depending on allergen ex-
posures.

In conclusion, the present study shows that, by means of min-
imally invasive nasal brushing, it is possible to harvest nasal cy-
tology specimens in sufficient amounts for ALI culture of nasal
epithelial cells in AR patients. ALI culture of ARNE cells showed
distinguishing histologic morphologies and physiologic fea-
tures compared to NHNE cells, and cultured ARNE cells pre-
served the pathologic conditions occurring in the nasal epithe-
lium of AR patients. Such findings will expedite the clinical ap-
plication of in vitro studies to predict the molecular mecha-
nisms of AR and the potential role of the epithelium in allergic
diseases.
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