Defective epithelial barrier in chronic rhinosinusitis:
The regulation of tight junctions by IFN-y and IL-4
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Background: Chronic rhinosinusitis (CRS) is a common disease
with still unclear pathophysiologic mechanisms. Epithelial tight
junctions (TJs) have been shown to be involved in different
chronic disorders, including bronchial asthma, inflammatory
bowel diseases, and skin disorders. The regulation of epithelial
barrier function and TJ expression has not been extensively
studied in patients with CRS and in the paranasal sinus
epithelium thus far.

Objective: We sought to elucidate the TJ expression pattern in
the epithelium of the sinonasal mucosa and its regulation in
patients with CRS.

Methods: Trans-tissue resistance was measured in biopsy
specimens from healthy control subjects and patients with CRS
with and without nasal polyps. TJ protein expression was
determined by using immunofluorescence, Western blotting,
and real-time PCR. Primary epithelial cell cultures from
patients with CRS and control subjects were used in air-liquid
interface (ALI) cultures for the measurement of transepithelial
resistance (TER) and TJ expression. The effect of IFN-y, IL-4,
and IL-17 on ALI cultures was assessed.

Results: A decreased trans-tissue resistance was found in biopsy
specimens from patients with CRS with nasal polyps along with
an irregular, patchy, and decreased expression of the TJ
molecules occludin and zonula occludens 1. TER was reduced in
ALI cultures from patients with CRS with nasal polyps. The
cytokines IFN-y and IL-4 decreased TER, whereas IL-17 did
not have any influence on epithelial integrity.
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Conclusion: A defective epithelial barrier was found in patients
with CRS with nasal polyps along with a decreased expression
of TJ proteins. The disruption of epithelial integrity by IFN-vy
and IL-4 in vitro indicates a possible role for these
proinflammatory cytokines in the pathogenesis of patients with
CRS. (J Allergy Clin Immunol 2012;ums:u8-uEN,)
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Chronic rhinosinusitis (CRS) is characterized by mucosal
inflammation involving both the nasal cavity and paranasal
sinuses, with potentially diverse causes." It affects approximately
15% of the general population, leading to an immense effect on
the quality of life of patients, as well as creating a large financial
burden on health care systems worldwide. According to the
presence or absence of polyps in the sinonasal cavities, 2 clinical
entities are distinguished. These subgroups not only reflect differ-
ent clinical features but also show distinct immunologic patterns.
In the Western population patients with chronic rhinosinusitis
with nasal polyps (CRSwNP) have a Ty2-predominant type of in-
flammation,* whereas patients with chronic rhinosinusitis without
nasal polyps (CRSsNP) display a Tyl type.’ Different disease-
related processes have been identified in patients with CRS, yet
its exact pathogenesis still remains unknown.

Tight junctions (TJs) consist of different transmembrane and
scaffold adaptor proteins. They form the most apical intercel-
lular junction between epithelial cells, providing an apicobaso-
lateral differentiation pattern. On the one hand, they are
responsible for the regulation of paracellular flux and epithelial
impermeability. In addition, they also prevent foreign particles,
such as allergens, from entering the subepithelial layers. On the
other hand, an opening of TJs can lead to drainage of inflam-
matory cells toward the lumen, supporting the resolution of
phlogistic processes. Consequently, they can be considered
gatekeepers that could contribute to both aggravation of
inflammation-related tissue damage or resolution of inflamma-
tion through drainage. Different members of the TJ proteins
have been identified, including occludin, tricellulin, the family
of claudins, and junctional adhesion molecules.® They form in-
tercellular homodimers/heterodimers between neighboring cells.
On the cytoplasmic side, they bind to the actin cytoskeleton
through associated proteins, such as the zonula occludens
(ZO) family and cingulin.

Disturbed TJs can lead to the entrance of pathogens and
environmental antigens, including allergens, into the organism.
Multiple disorders have been linked to defective or altered TJs,
such as seen in patients with inflammatory intestinal diseases,” in-
cluding Crohn disease; skin diseases, such as atopic dermatitis®
and psoriasisg; and bronchial asthma.'® Very recently, a disrupted
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Abbreviations used
ALI: Air-liquid interface
CRS: Chronic rhinosinusitis
CRSsNP: Chronic rhinosinusitis without nasal polyps
CRSwNP: Chronic rhinosinusitis with nasal polyps
ECP: Eosinophil cationic protein
FITC: Fluorescein isothiocyanate
HSEC: Human primary sinonasal epithelial cell
MMP: Matrix metalloproteinase
TER: Transepithelial resistance
TJ: Tight junction
Z0: Zonula occludens

TJ layer in biopsy specimens and increased permeability in vitro
were found in asthmatic patients."’

However, changes in TJ arrangement in the nasal cavity, a
region heavily exposed to environmental antigens, are not
understood in the context of chronic inflammation. A defective
barrier function has been suggested in patients with CRS.'? TJs
have not been studied extensively in the context of the nose and
paranasal sinuses thus far. It is known that in patients with acute
rhinitis involving rhinovirus, transepithelial resistance (TER) is
decreased and ZO-1 is disrupted.’* ZO-1 was also shown to be
downregulated in nasal polyposis along with epithelial dediffer-
entiation.'* Weakened desmosomal junctions were present in pa-
tients with CRSwWNP.'> However, a clear comparison of the 2
disease entities with regard to TJs has been lacking.

This study aims to investigate TJ function, expression, and
regulation in patients with CRSwNP and those with CRSsNP. We
demonstrate that leaky epithelium is present in vivo and in vitro in
patients with CRSwNP along with a downregulation of claudin-4
and occludin mRNA in biopsy specimens from patients with
CRSwNP. In view of the inflammatory processes in patients
with CRS, the regulation by cytokines was assessed.'® TER of
air-liquid interface (ALI) cultures was decreased by the Tyl cy-
tokine IFN-vy and the Ty2 cytokine IL-4, whereas the Ty17 cyto-
kine IL-17A had no effect.

METHODS

Patients

Patients undergoing paranasal sinus surgery because of CRS with and
without nasal polyposis were enrolled as study patients. Patients undergoing
paranasal sinus surgery for noninflammatory reasons (ie, cerebrospinal fluid
leak, bullous middle turbinate, and those undergoing septal surgery) were used
as healthy control subjects. Nasal or systemic corticosteroid administration up
to 4 weeks before surgery was considered an exclusion criterion. Patients with
CRS caused by underlying systemic disorders were not included. Total serum
IgE and specific IgE levels to common aeroallergens were obtained, when
feasible. Patients were considered allergic if total IgE levels exceeded
100 kU/L or the allergen-specific IgE level was greater than 3.51 kU/L in
addition to the patient’s history being suggestive for allergies (see Table E1 in
this article’s Online Repository at www.jacionline.org). The study protocol
was approved by the ethics committee and review board of the canton Zurich
and was conducted according to the latest version of the Declaration of
Helsinki.

Biopsy specimens were taken during paranasal sinus or skull base surgeries
and septo/-septorhinoplasties after achievement of general anesthesia. In patients
with CRSwNP, polypoid tissue was used for all analyses, whereas in patients
with CRSsNP, biopsy specimens were obtained from the affected maxillary/
ethmoidal or sphenoidal mucosae. Biopsy specimens in control subjects were
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obtained from different locations, including the inferior/middle turbinates,
uncinate process, and paranasal sinuses, to minimize the effects of a potential
bias caused by the site of tissue origin. In a subgroup of patients, we decided to
only collect the surface layers of the tissue by means of curettage and scraping.

Ussing chamber and trans-tissue resistance

Tissue samples with a diameter of approximately 7 mm were transported in
0.9% NaCl on ice. They were placed to cover the 4-mm-wide opening of a
CHMS Ussing chamber (World Precision Instruments, Berlin, Germany). Two
percent Agarose (Gibco-BRL, Invitrogen, Basel, Switzerland) in 150 mmol/L
KCl1 (Fluka, Sigma-Aldrich, St Louis, Mo) was used to fill the electrodes, and
PBS (Gibco-BRL, Invitrogen) was used in the chamber bath. Measurements
were obtained in ) X cm? by using a Millicell-ERS volt ohm meter (Milli-
pore, Temecula, Calif).

Human primary sinonasal epithelial cell lines

Tissue samples were cut into pieces of approximately 1 to 2 mm and
trypsinized for 3 hours at 37°C (5% CO,; Trypsin EDTA 0.05%, Invitrogen).
Trypsin was neutralized with TNS (Lonza, Basel, Switzerland), and the tissue
was passed through a 70-wm nylon mesh. The obtained cells were seeded in
75-cm? plastic culture flasks and cultured in bronchial epithelial growth me-
dium including the Single Quot Bullet Kit (Lonza). Medium was changed after
24 hours and every second day from then on. Cells were harvested at a conflu-
ence of 90% by using trypsinization.

Cell purity

Cell purity was determined by using vimentin/cytokeratin staining for all
human primary sinonasal epithelial cells (HSECs) that were isolated in this
study (see Fig El in this article’s Online Repository at www.jacionline.org).
The full methodology is provided in the Methods section in this article’s On-
line Repository at www.jacionline.org.

ALI cultures, cytokine stimulations, and TER

HSECs obtained from healthy subjects and patients with CRS in passages 2
or 3 were seeded onto 6.5-mm-diameter polyester membranes with a pore size
of 0.4 wm (Costar; Corning, Corning, NY) at a density of 110,000 cells per
well. Dulbecco modified Eagle medium (Gibco-BRL, Invitrogen) with fresh
retinoic acid was mixed 1:1 with bronchial epithelium basal medium (BEBM,
Lonza) supplemented with the Single Quot kit except for triiodothyronine and
retinoic acid (Lonza) and used as the medium in ALI cultures. Experiments
were conducted with cells from different donors. Each donor culture was
measured in a minimum of duplicates in multiple well systems to minimize
variation within 1 experiment, and average numbers were used for analyses.
Cell cultures were performed with primary cell lines from comparable passage
numbers. Passage 2 was used in 16 experiments, and third-passage HSECs
were used in 4 different cultures (2 control subjects and 2 patients with
CRSwNP, respectively). Medium was changed every second day. Once the
cells grew to complete confluence, the apical compartment was freed of any
medium to allow further cell differentiation at the ALI to take place. TER was
measured daily in Q0 X cm? by using a Millicell ERS Volt-Ohm Meter (Milli-
pore). The highest measurement in the time course was used for comparison
between different cell lines. Wells not building up sufficient TER (<200
Q X cm?) were not used in experiments. Hematoxylin and eosin staining of
ALI culture cross-sections can be seen in Fig E2 in this article’s Online Repos-
itory at www.jacionline.org.

Stimulation experiments were initiated 2 days after reaching maximal
TER. All ALI cultures from control subjects, patients with CRSWNP, and
patients with CRSsNP were used for experiments. The abovementioned
medium without the addition of corticosteroids was used from then on. ALI
cultures were stimulated by adding different cytokines to the basolateral
compartment: IFN-y, 10 ng/mL (R&D Systems, Abingdon, United Kingdom);
IL-4, 10 ng/mL (R&D Systems); and IL-17A, 10 ng/mL (eBioscience, San
Diego, Calif). Measurements were done at 0, 12, 24, 36, and 48 hours after


http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org

J ALLERGY CLIN IMMUNOL
VOLUME mmm, NUMBER um

stimulation. The choice of concentrations for the different experiments was
based on preceding dose titration experiments in ALI cultures and monolayers
from bronchial and sinonasal epithelial cell cultures. For the use of ALI
cultures in immunofluorescence, cells were fixed with paraformaldehyde 4%
(Fluka). For mRNA isolation, cells were stored in RNeasy lysis buffer (RLT;
Qiagen, Basel, Switzerland) plus B-mercaptoethanol (Sigma-Aldrich).

Paracellular flux measurements

Epithelial permeability as a surrogate marker of layer integrity was
measured by using fluorescein isothiocyanate (FITC)-dextran (Sigma-Al-
drich) flux measurements. FITC-dextran (2 mg/mL) was added apically at
given time points. Twelve or 24 hours after addition, the FITC intensity of
basolateral fluids was assessed with an ELISA reader (Mithras LB 940;
Berthold Technologies, Bad Wildbad, Germany) at 480 nm.

Immunofluorescence staining of TJs

Biopsy specimens were directly frozen in OCT compound Tissue Tek
(Sakura, Finetek, The Netherlands). Sections were cut to a thickness of 8 wm
on a cryomicrotome (Microm; Carl Zeiss, Feldbach, Switzerland) at —25°C
and fixed with 4% paraformaldehyde (Fluka). The staining procedure was the
same for cryosections and ALI cultures. Permeabilization and blocking were
accomplished by means of incubation with a mixture of 10% goat serum
(DakoCytomation, Glostrup, Denmark), PBS containing 0.2% Triton X
(Acros Organics, Geel, Belgium), and 1% BSA (Sigma-Aldrich) in PBS.
Specimens were then incubated with Alexa Fluor 488-labeled anti-occludin
mAb (Invitrogen) 1:100 in 0.2% Triton X and 1% BSA in PBS, followed by
incubation with polyclonal rabbit anti ZO-1 (Invitrogen) and Alexa Fluor 546—
labeled goat anti-rabbit antibody. 4'-6-Diamidino-2-phenylindole dihydro-
chloride was premixed in the mounting medium. Slides were mounted with
ProLong-Gold containing 4',6-diamidino-2-phenylindol (Prolong-Gold
DAPI, Invitrogen) and analyzed with a Leica TCS SPE confocal microscope
(Leica Microsystems, Heerbrugg, Switzerland).

Western blotting

Samples were stored in C/D Buffer containing 140 mmol/L. NaCl (Fluka),
1.5 mmol/L MgCl, (Fluka), 1 mmol/L dithiothreitol (Fermentas, Glen Burnie,
Md), 20 mmol/L. Hepes (Fluka), 0.2 mmol/L EDTA (Sigma-Aldrich), 0.1%
NP-40 (Biochemika, Sigma-Aldrich), and proteinase inhibitor (Roche, Basel,
Switzerland). Samples were sonicated on ice for protein extraction. SDS-
PAGE was performed on 10% gels by using a Mini-Protean Electrophoresis
system (Bio-Rad Laboratories, Hercules, Calif) and blotted onto a Hybond-P
polyvinylidene difluoride membrane (GE Healthcare, Fairfield, Conn) in
the same device. Membranes were blocked with 10% FCS (Sigma-Aldrich)
in TBS-T (50 mmol/L Tris [pH 7.6; Calbiochem, San Diego, Calif], 150
mmol/L NaCl, and 0.1% Tween-20 [Sigma-Aldrich]) and incubated overnight
at 4°C with mouse anti-occludin mAb (Invitrogen) or glyceraldehyde-3-
phosphate dehydrogenase antibodies (Ambion, Life Technologies, Carlsbad,
Calif) in 10% FCS in TBS-T. Membranes were incubated with horseradish per-
oxidase—conjugated secondary antibodies (anti-mouse; Cell Signalling, Dan-
vers, Mass) for 1 hour at room temperature. Proteins were visualized with a
chemiluminescent reagent (ECL-Plus agent, GE Healthcare) with Image
Reader LAS-1000 Pro version 2.5 software.

mRNA isolation and RT-PCR

The methods for mRNA isolation and RT-PCR have been reported
previously.'” Details and primer sequences can be found in the Methods sec-
tion and Table E2 in this article’s Online Repository.

Statistics

Data analysis was performed with Prism Version 5 software (GraphPad
Software, La Jolla, Calif). Differences between independent variables were
computed by using the Mann-Whitney U test. In paired values the Wilcoxon
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matched pairs test was applied. For correlations, the Spearman coefficient was
used. The significance level a was set to .05.

RESULTS
Disrupted epithelial integrity and TJs in patients
with CRS

We first investigated whether there is any difference in tissue
resistance in patients with CRS. Large and intact biopsy speci-
mens were used for resistance assessments in an Ussing chamber
to quantify the epithelial integrity directly in affected tissues. The
measurement revealed significantly (P = .03) higher trans-tissue
resistances in control subjects (105.8 + 6.4 Q x cm?®) compared
with that seen in patients with CRSWNP (48.8 + 9.6 () X cmz).
Samples from patients with CRSsNP (81.5 = 7.9 Q X cm?)
also showed a trend toward a lower trans-tissue resistance com-
pared with that seen in control subjects (P =.1; Fig 1, A). Support-
ing these finding, the TER of ALI cultures from patients with
CRSWNP (958 + 384 Q) X cm?) was significantly lower com-
pared with that of control subjects (2547 *= 580 ) X cm?,
P = .05). Patients with CRSsNP (2143 * 496 Q) X cm?) exerted
higher resistances than patients with CRSwNP but lower than that
seen in control subjects without reaching significance (Fig 1, B).

Immunofluorescence of the TJ proteins occludin and ZO-1 of
frozen biopsy specimens revealed an intact TJ layer in healthy
mucosa. This layer was disrupted more severely in patients with
CRSwNP than in patients with CRSsNP along with an irregular
TJ protein expression (Fig 1, C, and see Fig E3 in this article’s On-
line Repository at www.jacionline.org). In accordance with these
findings, ALI cultures from control cell lines showed regular and
strong expression of occludin and ZO-1. A similar but less clear
picture was observed in patients with CRSsNP. However, patients
with CRSwNP had a patchy, disturbed, and less dense arrange-
ment of TJs with a reduced expression of occludin and ZO-
1 (Fig 1, D). Taken together, a disrupted epithelial barrier was
found directly in vivo and in vitro in ALI cultures of epithelia
from patients with CRS with an altered expression pattern in
TJs. This observation was more prominent in patients with
CRSwNP.

Decreased claudin-4 and occludin TJ mRNA and
protein expression in patients with CRS

The next step was to investigate the whole junctional network
of sinus epithelia. A screening for 62 different junctional
proteins was performed with a TagMan Micro Fluidic Card
(Applied Biosystems, Foster City, Calif) system, a customized
PCR-based mRNA expression profiling system. Biopsy speci-
mens from patients and control subjects were obtained, and
mRNA expression was assessed (see Fig E4 in this article’s On-
line Repository at www.jacionline.org) as described in the
Methods section in this article’s Online Repository. Only those
mRNAs with intermediate and high expression levels were con-
sidered. According to previous reports,'*'#2% we decided to
choose the TJ proteins claudin-1, claudin-4, and occludin, as
well as the associated proteins ZO-1 and ZO-2, for further anal-
yses. Tissues from patients with CRSwWNP had 2.2-fold lower
claudin-4 and 1.6-fold lower occludin mRNA expression levels
compared with control tissues (P = .04 and P = .02, respec-
tively). Claudin-4 mRNA expression was also 2.1 times lower
in patients with CRSsNP than in control subjects (P = .04;


http://www.jacionline.org
http://www.jacionline.org

4 SOYKAET AL

J ALLERGY CLIN IMMUNOL
mmm 2012

A -
6000 — P
150+ ‘ * . p=0.06 .
' H 5000
- g °
.- 4000
Ng 100{ s 5
a . — S 3000
- A o~ A
o~ %o
E so 4+ E 2000 .
AA i ®
1000 %
(1] 3
0 - - - 0 T T T
& & c;§ &o\
& (_,QS_J & P
control CRSwNP
C

control

CRSwNP

CRSsNP

FIG 1. TJ integrity and barrier function is disturbed in patients with CRSwWNP: A and B, Trans-tissue resis-
tance (TTR) measured with an Ussing chamber in biopsy specimens (Fig 1, A) and TER measured in ALI cul-
tures from control subjects and patients with CRS (Fig 1, B; mean = SEM). C and D, Immunohistochemistry
for occludin and ZO-1 in biopsy specimens (Fig 1, C) and ALI cultures (Fig 1, D) from control subjects and
patients with CRS. Fig 1, A and C, Same effects for at least 4 biopsy specimens in each group. Fig 1, B
and D, control subjects, n = 9; patients with CRSwWNP, n = 6; and patients with CRSsNP, n = 5 cultures.
DAPI, 4'-6-Diamidino-2-phenylindole dihydrochloride. *P < .05.

Fig 2, A). A less pronounced trend toward the same direction
was observed in claudin-1, ZO-1, and ZO-2 expression. An in-
traoperative surface scraping/curettage was taken in a subgroup
of patients and analyzed the same way to exclude potentially
misleading results by TJ protein—bearing cells from the subepi-
thelial layer. In this way the experiments were focused only on
the epithelium. Again, a trend toward a lower expression of
TJ] mRNA of claudin-1, claudin-4, occludin, and ZO-2 was
found in patients with CRS (see Fig ES5 in this article’s Online
Repository at www.jacionline.org), confirming that changes in
TJ mRNA expression directly involve changes in the epithelium
but not cells from subepithelial tissue. For a better description
of the effects by the different disease types on TJ protein ex-
pression, Western blot analysis for occludin was performed in
lysates of biopsy specimens. Very low levels or no expression
of occludin were observed in tissues from patients with CRS
compared with control subjects (Fig 2, B). In conclusion, a sig-
nificant downregulation of TJ proteins and their mRNA levels
was observed in patients with CRS.

TJ mRNA expression negatively correlates with
eosinophil cationic protein and IFN-y levels in
sinonasal biopsy specimens

Eosinophil cationic protein (ECP) represents the level of
eosinophilic inflammation and correlates with severity in patients
with CRSWNP.?' TJ mRNA showed significant negative correla-
tion with ECP mRNA determined in biopsy specimens, suggest-
ing that eosinophilic inflammation has a negative regulatory
effect on epithelial TJ expression. Similarly, a trend toward a neg-
ative correlation was also seen between IFN-y and claudin-
1 mRNA (see Fig E6 in this article’s Online Repository at
www.jacionline.org). There was no correlation of IFN-y mRNA
and occludin/ZO-2 mRNA.

TJ mRNA upregulation in ALI cultures from patients
with CRS

An interesting finding was observed when primary epithelial
cells were put into ALI cultures. In contrast to the findings in
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FIG 2. Low expression of TJ mRNA and proteins in patients with CRSwWNP: A, mRNA expression for
claudin-1, claudin-4, occludin, ZO-1, and ZO-2 in biopsy specimens reveals a significantly higher expression
of claudin-4 and occludin in control subjects than in patients with CRS (control subjects, n = 17; patients with
CRSwWNP, n = 14; patients with CRSsNP, n = 15). B, Western blot showing a specific occludin band or cleaved
occludinin all control biopsy specimens and in 1 patient with CRSsNP, whereas itis not detectable in patients
with CRSWNP (n = 4 per group). GAPDH, Glyceraldehyde-3-phosphate dehydrogenase. *P < .05.

biopsy specimens, cells taken out of their inflammatory
conditions showed relatively increased TJ expression (Fig 3,
A). Claudin-4 mRNA expression in patients with CRSwNP
was 2.3-fold higher in ALI cultures from patients with
CRSwWNP compared with that seen in control subjects
(P = .01). On the other hand, claudin-1 expression was de-
creased in patients with CRSsNP by a factor of 1.7 compared
with that seen in control subjects (P = .03). Cell proliferation
measured in a subgroup of 9 ALI cultures based on Ki67
mRNA expression did not show any statistically significant dif-
ference (Fig 3, B).

Downregulation of epithelial integrity and TJs by
IFN-y and IL-4 in ALI cultures

We hypothesized that the decreased TJ expression in patients
with CRS is due to cytokines released from inflammatory cells.
Although many different cytokines can be related to epithelial

cell TJs, we focused on prototype T-cell cytokines and chose
IFN-y as a Tyl, IL-4 as a Ty2, and IL-17A as a Ty17 cytokine to
stimulate ALI cultures that have been developed by using cells
from control subjects and patients with CRS. Significantly de-
creased TER was measured during 48 hours in IFN-y— and
IL-4—stimulated cultures, whereas IL-17 showed no influence
on TER (Fig 4, A). When comparing the different effects of
the cytokines on ALI cultures from patients with CRS and con-
trol subjects, similar responses are observed independently of
HSEC origin. Therefore the obtained results are not disease spe-
cific and can be induced in any sinonasal epithelial cell culture
(see Fig E7 in this article’s Online Repository at www.
jacionline.org).

The effects of the cytokines were also demonstrated on the
protein expression level of junctional molecules by using confo-
cal microscopy (Fig 4, B). The IFN-y—stimulated ALI cultures
showed an opening of the TJs between neighboring cells by strat-
ification compared with control ALI cultures. Similarly, a
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FIG 3. TJ mRNA expression is increased in ALl cultures of patients with CRSwWNP: A, Relative mRNA expres-
sion for claudin-1, claudin-4, occludin, ZO-1, and Z0O-2 in ALI cultures shows higher levels in patients with
CRSwNP compared with that seen in control subjects, with a significant difference for claudin-4 (control
subjects, n = 6; patients with CRSwWNP, n = 4; and patients with CRSsNP, n = 3). B, Cell proliferation was
measured based on Ki67 mRNA expression in a subgroup of ALI cultures (control subjects, n = 5; patients
with CRS, n = 4). EFla, Elongation factor 1a. *P < .05.

disruption of the TJs and an irregular expression pattern was ob-
served in the IL-4—stimulated ALI cultures.

Paracellular flux was measure based on FITC-dextran passage
across the epithelial layer to confirm the negative correlation
between permeability and TER. Measurements were performed in
a group of 5 ALI cultures (2 from healthy subjects, 2 from patients
with CRSsNP, and 1 from a patient with CRSwNP). In general,
TER negatively correlated with FITC-dextran permeability
levels, as shown in Fig 4, C. IL-4 (+9.6%, P = .02) and IFN-vy
(+5.0%, P = .4) stimulations increased flux, whereas IL-17
(0% change, P = .7) had no effect (data not shown in figures).

Increased claudin-4 and ZO-2 mRNA expression was induced
on stimulation with IFN-vy in ALI cultures (Fig 5, A). IL-4 and IL-
17 showed no effect. Individual analysis of the different patient
groups revealed that TJ mRNA expression in ALI cultures from
control subjects was not affected, whereas the CRS cultures in-
creased TJ mRNA expression by IFN-vy stimulation (Fig 5, B).
These results show that proinflammatory cytokines regulate the
barrier function in epithelial cells from patients with CRS.

DISCUSSION

The present study analyzes the function and expression of TJs
in patients with CRS. We provide direct in vivo evidence for a de-
fective barrier function in patients with CRSwNP in conjunction
with a decreased expression of TJ proteins and mRNA levels com-
pared with that seen in control subjects. Thus far, most of the re-
search has focused on the inflammatory pathomechanisms and
identification of proinflammatory mediators in patients with
CRS rather than on the effects on the nasal/paranasal sinus epithe-
lial integrity.** Therefore the goal of our study was to investigate
an essential component of epithelial barrier function, namely TJ
expression in the nasal and paranasal sinus mucosa. Epithelial
TJ integrity is decisive for the barrier function of the epithelium.*
TJs are able to form homodimer bands that are too tight for cells
and proteins to pass through while selectively regulating the para-
cellular water permeability. The pathogenesis of cholera-induced
diarrhea and TJ regulation by Vibrio cholerae toxins emphasizes
the importance of a correct molecular arrangement of TJs in the
maintenance of a tight barrier function.”* An intact mucosal



J ALLERGY CLIN IMMUNOL
VOLUME mmm, NUMBER um

SOYKAETAL 7

1.5 0.07 * " i - NS 15 * 006 007 - NS 1.5 UG
e - IFNyy & - IL4 & - IL-17
= = =
g 1.0 g 1.0 g 1.0
E E £
4 4 4
205 205 2os
2 2 :

0.0 0.0 0.0

0 12 24 36 48 0 12 36 48 0 12 24 36 48
time [hours] time [hours] time [hours]

B unstimulated

5000

4000 4 [ ] =

3000

2000

1000

FITC-dextran diffusion

IFN-y IL-4

P LR

—e— 12h <{)R(}l -0.63
24h <0.0001 -0.57

T T T
2000 3000 4000

TER Q x cm?

T
0 1000

1
5000

FIG 4. Proinflammatory cytokines regulate TER in ALI cultures: A, Relative TER in ALI cultures during 48
hours after stimulation compared with the starting point. Significantly decreased TER by IFN-y and IL-4
but not by IL-17 was shown. B, Immunofluorescence staining for occludin and ZO-1 in stimulated ALI cul-
tures. IFN-vy leads to epithelial stratification (white arrows). The IL-4-stimulated culture shows disruption
of the TJ stands. DAPI, 4’-6-Diamidino-2-phenylindole dihydrochloride. C, TER negatively correlates with
FITC-dextran permeability in ALl cultures (12 and 24 hours’ incubation of FITC-dextran). *P < .05.

barrier function is required as the first-line defense mechanisms
against pathogens and antigens.?

It appears that inflammation downregulates TJ integrity. Expres-
sion of TJ mRNA, namely claudin-1, occludin, ZO-1, and ZO-2,
negatively correlates with expression of ECP, one of the markers of
eosinophilic inflammation and disease severity in patients with
CRSwNP. A decreased epithelial barrier could cause a higher
absorbance of Staphylococcus aureus endotoxins, which might
play a central role in the pathogenesis of patients with CRS, as dis-
cussed below. In addition, a deliberate opening of TJs might help to
resolve ongoing subepithelial inflammatory processes and drainage
toward the mucosal lumen, as has been observed in neutrophils, rep-
resenting a second very important hypothesis in the function of
TJs.%° A better understanding of this pathophysiologic aspect in pa-
tients with CRS is required to improve therapeutic effects.

A defective barrier function could be shown in patients with
CRS, and all of the observed effects on TJ and barrier function

were more pronounced in patients with CRSwNP than in patients
with CRSsNP. The fact that patients with CRSsNP are usually
operated on in an oligosymptomatic interval might play a role in
the appearance of less pronounced differences in this subgroup.
TJs play arole in different mucosal disorders. Recently, several
studies highlighted defective TJs in asthmatic patients.m’“’lg’27
Reduced TER measurements in ALI cultures from asthmatic pa-
tients corresponded with a decreased expression in biopsy speci-
mens.'' A common pathophysiologic pathway between the lower
and upper respiratory tract diseases has been suggested. Patients
with CRSwWNP are most notably associated with nonatopic
asthma.”® In 1997, Bernstein et al®® made the first description
of TER measurements in patients with CRSwNP. In a later study
in which TER was measured in ALI cultures, no difference was
observed between cell cultures from healthy subjects and those
derived from patients with CRS. However, no distinction between
patients with CRSsNP and patients with CRSwNP was



8 SOYKA ET AL

J ALLERGY CLIN IMMUNOL
mmm 2012

A
claudin-1 claudin-4 occludin
§ 5 g 15 g
2 . 2 2 -
£ 4 E e E
5 5 10 - 5
3
< . < < .
2 0 2 2
2 E . 5 i :
R — %‘ o 2 2 A
5 ek = v =
S A X < S A M QO S A M O
Yo Yy T Yy T Y
Z70-1 70-2
g 8 . 5 10
£ 6 £ 8
5 5 6
< 4 <
2 -
n
L 2 A4 2 2 % A
k=1 n 4] v B=| [] .
I e Lo N
S A ) Q S A he S
~ \Qé <5 {ﬁ AN
B
IFN-y IL-4
1049 10
1) E (5]
o0 £ en
= A 1 =
< < =
= = T A
S A T+ 914 E E I I ;-
5] o A
2 2
= =
E El
0.1 T T T 0.1 T T T
N _ ~ N < N 5
R G S
& I & & & 2
1L-17
104
g
ED ® control
<
= A A B CRSwNP
Q B -+ A
e ! §:’ E E E Il CRSsNP
]
e

0.1 T T T
N v
> > & 3 1
s & & PP
o\§ o\<§ &

FIG 5. IFN-y upregulates claudin-4 and ZO-2 mRNA expression in ALI cultures: A, Relative mRNA expres-

sion of claudin-1, claudin-4, occludin, ZO-1, and Z0O-2

compared with that seen in nonstimulated (NS) ALI

cultures. IFN-y leading to a significant upregulation of claudin-4 and ZO-2 mRNAs is shown (n = 11). B, Di-
vided according to the disease, no changes in TJ mRNA expression for IL-4- and IL-17-stimulated ALI cul-
tures were found. IFN-y-stimulated ALI cultures from patients with CRSWNP seem to have higher TJ mRNA
expression than those of control subjects. *P <.05, **P <.01.

performed.*® Desmosomal proteins were found to be reduced in
patients with CRSWNP." This study did not show any difference
in claudin-1 or ZO-1 protein expression between control subjects
and systemically steroid-treated patients with CRSwNP.'>
Dexamethasone suppresses an IL-13— and TNF-a—dependent

claudin-1 upregulation in human smooth muscle cells.>' In line
with our findings, the TJ-associated protein ZO-1 has been de-
scribed to be downregulated in parallel to the worsening of epithe-
lial dedifferentiation in patients with CRSwWNP by means of
immunohistochemistry. 14



J ALLERGY CLIN IMMUNOL
VOLUME mmm, NUMBER um

A broad screening analysis with the use of a microfluidic card
PCR of 62 TJs and associated proteins was performed in biopsy
specimens to find the TJ genes and proteins of interest that are
involved in barrier function of the sinonasal epithelium. This
approach not only helped to identify the 5 junctional proteins
analyzed in this study but also showed mRNA expression levels
specific for this type of tissue. Knowledge about the different
expression levels of junctional molecules in nasal and paranasal
sinus epithelium will support the choice of investigational targets
in further studies.

The causative agent or condition that drives the epithelium to
become leaky remains unknown. Differences in proliferation and
cell density of the different cultures depending on their disease
origin could be partially responsible. The repeatedly observed
lower numbers of nuclei found in staining of ALI cultures from
patients with CRSWNP compared with the other cultures in Fig 1
might represent differences in the epithelial turnover but could
also be due to different planes of the section, in which all nuclei
could not be captured. Furthermore, a moderate interindividual
variation of donors could be the cause of the different cell num-
bers, despite the use of a unified study protocol. Genetic causes
or epigenetic changes could be responsible because epithelial
cells from patients with CRS taken out of their inflammatory
condition and surrounding tissue did not change the profile of
their ill-functioning barrier to a certain extent. Apart from the
proinflammatory milieu discussed in this part, viral infections
have been shown to be present in sinonasal tissues®> and are
also known to directly disrupt epithelial TJs in patients with rhi-
nitis.'® Therefore infective agents could also be the cause of bar-
rier dysfunction in patients with CRS.

Different cytokines and matrix metalloproteinases (MMPs) are
dysregulated in patients with CRS.** MMP-9 levels are increased
in patients with both types of CRS, and MMP-7 levels are in-
creased in patients with CRSwNP, whereas levels of the tissue in-
hibitor of MMP-1 protein is decreased in patients with CRS
compared with control subjects.** MMPs are involved in the reg-
ulation of TJs and can promote leakiness in the bronchial epithe-
lium.* Occludin is cleaved by MMP-2 in cerebral endothelium
under pathologic conditions.”® Macrolides are known to suppress
MMPs.?” Azithromycin, an antibiotic of the group of macrolides
that is frequently used in the long-term therapy of CRS, has been
shown to increase epithelial resistance and influence TJ regula-
tion in airway epithelial cells.'®

Cytokines are known to influence the integrity and expression
of TJs in different tissues.>® ECP, the marker of eosinophilic in-
flammation, and, to lesser extent, IFN-vy, representing a Ty1 en-
vironment, show negative correlation with TJ mRNA in our
human sinonasal biopsy specimens. This provides evidence for
lower mRNA expression of TJs in both proinflammatory condi-
tions. According to the predominant inflammatory cell types in
the CRS subgroups, we chose IFN-y, IL-4, and IL-17 as typical
Tul, Ty2, and Ty17 cytokines to stimulate ALI cultures. Al-
though a consistent decrease in TER by IFN-y and IL-4 along
with changes in the expression of TJ protein expression in im-
munofluorescent staining was observed, the differences in
mRNA expression were inconsistent. The results underline the
importance of other non—-mRNA-related factors in the regulation
of the epithelial barrier in patients with CRS. A trend toward
higher expression of TJ] mRNA was observed in cultures from
patients with CRS that can also confound mRNA expression
levels in stimulated ALI cultures. This finding was in
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accordance with the overall higher expression of TJ] mRNA in
unstimulated ALI cultures from patients with CRSwNP. From
previous studies, we know that activated T cells lead to the ac-
tivation and induction of proinflammatory functions of epithelial
cells and their apoptotic death.>*! 1t appears that IFN-y shows
a 3-dimensional effect on the epithelium, which sequentially in-
duces activation and increased cell turnover together with cyto-
kine and chemokine production. This is followed by an opening
of TJs, which extends to epithelial apoptosis and severe tissue
damage.

S aureus and its enterotoxins have been suggested as one pos-
sible cause of CRSWNP.*? Leaky epithelium could contribute to
the invasion of the pathogen into deeper tissue layers in patients
with CRS. A similar mechanism could be implicated in pollens
that were shown to be capable of disrupting TJs.* It is not known
whether genetic differences exist in TJs between patients with
CRS and healthy subjects. However, we observed a dysregulation
of TJs not only in biopsy specimens but also in vitro when the ep-
ithelium was cultured in the absence of any inflammatory stimu-
lus for several weeks. This either suggests an intrinsic defect in
the production or degradation of TJs in paranasal sinus epithelium
or a certain “memory” effect of the previously inflamed epithe-
lium. The fact that ALI cultures from patients with CRSwNP
had low TERs despite high TJ] mRNA levels supports the idea
of an ineffective TJ production, yet it remains unclear whether
dysfunctional TJs are the cause or a result of underlying inflam-
mation in patients with CRS.

Key messages

o A defective epithelial barrier was found in patients with
CRSwNP.

o Knowledge about the dysregulation of TJs in patients

with CRS will
pathophysiology.

help wus better understand its

REFERENCES

1. Marple BF, Stankiewicz JA, Baroody FM, Chow JM, Conley DB, Corey JP, et al.
Diagnosis and management of chronic rhinosinusitis in adults. Postgrad Med 2009;
121:121-39.

2. Fokkens W, Lund V, Mullol J. EP30S 2007: European position paper on rhinosi-
nusitis and nasal polyps 2007. A summary for otorhinolaryngologists. Rhinology
2007;45:97-101.

3. Van Cauwenberge P, Watelet JB. Epidemiology of chronic rhinosinusitis. Thorax
2000;55(suppl 2):S20-1.

4. Van Bruaene N, Pérez-Novo C, Basinski TM, Van Zele T, Holtappels G, De Ruyck
N, et al. T-cell regulation in chronic paranasal sinus disease. J Allergy Clin Immu-
nol 2008;121:1435-41, el-3.

5. Van Zele T, Claeys S, Gevaert P, Van Maele G, Holtappels G, Van Cauwenberge P,
et al. Differentiation of chronic sinus diseases by measurement of inflammatory
mediators. Allergy 2006;61:1280-9.

6. Chiba H, Osanai M, Murata M, Kojima T, Sawada N. Transmembrane proteins of
tight junctions. Biochim Biophys Acta 2008;1778:588-600.

7. Schulzke JD, Ploeger S, Amasheh M, Fromm A, Zeissig S, Troeger H, et al.
Epithelial tight junctions in intestinal inflammation. Ann N Y Acad Sci 2009;
1165:294-300.

8. De Benedetto A, Rafaels NM, McGirt LY, Ivanaov Al, Georas SN, Cheadle C,
et al. Tight junction defects in patients with atopic dermatitis. J Allergy Clin Im-
munol 2011;127:773-86, el-7.

9. Kirschner N, Houdek P, Fromm M, Moll I, Brandner J. Tight junctions form a bar-
rier in human epidermis. Eur J Cell Biol 2010;89:839-42.

10. Holgate S. Epithelium dysfunction in asthma. J Allergy Clin Immunol 2007;120:
1233-46.



10

20.

21.

22.

23.

24.

25.

26.

SOYKA ET AL

. Xiao C, Puddicombe SM, Field S, Haywood J, Broughton-Head V, Puxeddu I, et al.

Defective epithelial barrier function in asthma. J Allergy Clin Immunol 2011;128:
549-56, el-12.

. Tieu DD, Kern RC, Schleimer RP. Alterations in epithelial barrier function and host

defense responses in chronic rhinosinusitis. J Allergy Clin Immunol 2009;124:37-42.

. Sajjan U, Wang Q, Zhao Y, Gruenert DC, Hershenson MB. Rhinovirus disrupts the

barrier function of polarized airway epithelial cells. Am J Respir Crit Care Med
2008;178:1271-81.

. Jang YJ, Kim HG, Koo TW, Chung PS. Localization of ZO-1 and E-cadherin in the

nasal polyp epithelium. Eur Arch Otorhinolaryngol 2002;259:465-9.

. Zuckerman JD, Lee WY, DelGaudio JM, Moore CE, Nava P, Nusrat A, et al. Path-

ophysiology of nasal polyposis: the role of desmosomal junctions. Am J Rhinol
2008;22:589-97.

. Akdis M, Burgler S, Crameri R, Eiwegger T, Fujita H, Gomez E, et al. Interleukins,

from 1 to 37, and interferon-gamma: receptors, functions, and roles in diseases.
J Allergy Clin Immunol 2011;127:701-21, e1-70.

. Klunker S, Chong MM, Mantel PY, Palomares O, Bassin C, Ziegler M, et al. Tran-

scription factors RUNX1 and RUNX3 in the induction and suppressive function of
Foxp3+ inducible regulatory T cells. J Exp Med 2009;206:2701-15.

. Asgrimsson V, Gudjonsson T, Gudmundsson GH, Baldursson O. Novel effects of

azithromycin on tight junction proteins in human airway epithelia. Antimicrob
Agents Chemother 2006;50:1805-12.

. de Boer W, Sharma H, Baelemans S, Hoogsteden H, Lambrecht B, Braunstahl G.

Altered expression of epithelial junctional proteins in atopic asthma: possible role
in inflammation. Can J Physiol Pharmacol 2008;86:105-12.

Koizumi J, Kojima T, Kamekura R, Kurose M, Harimaya A, Murata M, et al.
Changes of gap and tight junctions during differentiation of human nasal epithelial
cells using primary human nasal epithelial cells and primary human nasal fibroblast
cells in a noncontact coculture system. J] Membr Biol 2007;218:1-7.

Sun DI, Joo YH, Auo HJ, Kang JM. Clinical significance of eosinophilic cationic
protein levels in nasal secretions of patients with nasal polyposis. Eur Arch Otorhi-
nolaryngol 2009;266:981-6.

Bachert C, Bruaene NV, Toskala E, Zhang N, Olze H, Scadding G, et al. Important
research questions in allergy and related diseases: 3-chronic rhinosinusitis and na-
sal polyposis—a GA’LEN study. Allergy 2009;64:520-33.

Marchiando AM, Graham WYV, Turner JR. Epithelial barriers in homeostasis and
disease. Annu Rev Pathol 2010;5:119-44.

Guttman JA, Finlay BB. Tight junctions as targets of infectious agents. Biochim
Biophys Acta 2009;1788:832-41.

Masaki T, Kojima T, Okabayashi T, Ogasawara N, Ohkuni T, Obata K, et al. A nu-
clear factor-kappaB signaling pathway via protein kinase C delta regulates replica-
tion of respiratory syncytial virus in polarized normal human nasal epithelial cells.
Mol Biol Cell 2011;22:2144-56.

Nash S, Stafford J, Madara JL. Effects of polymorphonuclear leukocyte transmi-
gration on the barrier function of cultured intestinal epithelial monolayers. J Clin
Invest 1987;80:1104-13.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

J ALLERGY CLIN IMMUNOL
mmm 2012

Holgate ST, Arshad HS, Roberts GC, Howarth PH, Thurner P, Davies DE. A new
look at the pathogenesis of asthma. Clin Sci (Lond) 2010;118:439-50.

Settipane GA. Epidemiology of nasal polyps. Allergy Asthma Proc 1996;17:231-6.
Bernstein JM, Gorfien J, Noble B, Yankaskas JR. Nasal polyposis: immunohisto-
chemistry and bioelectrical findings (a hypothesis for the development of nasal
polyps). J Allergy Clin Immunol 1997;99:165-75.

Dejima K, Randell SH, Stutts MJ, Senior BA, Boucher RC. Potential role of abnor-
mal ion transport in the pathogenesis of chronic sinusitis. Arch Otolaryngol Head
Neck Surg 2006;132:1352-62.

Fujita H, Chalubinski M, Rhyner C, Indermitte P, Meyer N, Ferstl R, et al.
Claudin-1 expression in airway smooth muscle exacerbates airway remodeling in
asthmatic subjects. J Allergy Clin Immunol 2011;127:1612-21, e8.

Zhang XH, Zhang YN, Li HB, Hu CY, Wang N, Cao PP, et al. Overexpression of
miR-125b, a novel regulator of innate immunity, in eosinophilic chronic rhinosi-
nusitis with nasal polyps. Am J Respir Crit Care Med 2012;185:140-51.
Naclerio RM, Bachert C, Baraniuk JN. Pathophysiology of nasal congestion. Int J
Gen Med 2010;3:47-57.

Watelet JB, Bachert C, Claeys C, Van Cauwenberge P. Matrix metalloproteinases
MMP-7, MMP-9 and their tissue inhibitor TIMP-1: expression in chronic sinusitis
vs nasal polyposis. Allergy 2004;59:54-60.

Vermeer PD, Denker J, Estin M, Moninger TO, Keshavjee S, Karp P, et al. MMP9
modulates tight junction integrity and cell viability in human airway epithelia. Am
J Physiol Lung Cell Mol Physiol 2009;296:L751-62.

Lischper M, Beuck S, Thanabalasundaram G, Pieper C, Galla HJ. Metalloprotei-
nase mediated occludin cleavage in the cerebral microcapillary endothelium under
pathological conditions. Brain Res 2010;1326:114-27.

Kanai K, Asano K, Hisamitsu T, Suzaki H. Suppression of matrix metalloprotei-
nase production from nasal fibroblasts by macrolide antibiotics in vitro. Eur Respir
J2004;23:671-8.

Capaldo CT, Nusrat A. Cytokine regulation of tight junctions. Biochim Biophys
Acta 2009;1788:864-71.

Basinski TM, Holzmann D, Eiwegger T, Zimmermann M, Klunker S, Meyer N,
et al. Dual nature of T cell-epithelium interaction in chronic rhinosinusitis.
J Allergy Clin Immunol 2009;124:74-80, el-8.

Meyer N, Zimmermann M, Burgler S, Bassin C, Woehri S, Mortiz K, et al. IL-32 is
expressed by human primary keratinocytes and modulates keratinocyte apoptosis
in atopic dermatitis. J Allergy Clin Immunol 2010;125:858-65, e10.
Zimmermann M, Koreck A, Meyer N, Basinski T, Meiler F, Simone B, et al.
TNF-like weak inducer of apoptosis (TWEAK) and TNF-alpha cooperate in
the induction of keratinocyte apoptosis. J Allergy Clin Immunol 2011;127:
200-7, el-10.

Sachse F, Becker K, von Eiff C, Metze D, Rudack C. Staphylococcus aureus in-
vades the epithelium in nasal polyposis and induces IL-6 in nasal epithelial cells
in vitro. Allergy 2010;65:1430-7.

Runswick S, Mitchell T, Davies P, Robinson C, Garrod DR. Pollen proteolytic en-
zymes degrade tight junctions. Respirology 2007;12:834-42.



J ALLERGY CLIN IMMUNOL
VOLUME mmm, NUMBER um

METHODS
Cell purity

HSECs were grown to 85% to 90% confluence on glass slides. Human
smooth muscle cells grown on cover slips were used as a positive control for
mesenchymal cells. Cells were fixed with 4% paraformaldehyde in PBS
(Fluka) and stained with anti-cytokeratin mAbs (DakoCytomation) and anti-
vimentin mAb (DakoCytomation) according to the immunofluorescent stain-
ing procedure provided later in the Methods section. Alexa Fluor 488 and 546
goat anti-mouse antibodies (Invitrogen) were used as secondary antibodies.
Appropriate isotype controls were applied (DakoCytomation). A purity of
greater than 95% could be proven in all samples based on cytokeratin
positivity and the absence of vimentin (Fig E1).

Furthermore, biopsy specimens were screened for the presence of rhino-
virus, respiratory syncytial virus, and influenza types A and B according to the
method of Zhang et al*' using real-time PCR. However, despite their presence
in a positive control subject, we have not found these viruses in any of our
samples.

mRNA isolation and RT-PCR

Tissue samples were immediately put into RNAlater (Qiagen) and stored
for later use. Biopsy specimens were then shredded with ceramic beads
(Precellys; LabForce, Nunningen, Switzerland), and mRNA was subse-
quently extracted with the RNeasy mini kit (Qiagen), according to the
manufacturer’s instructions. Reverse transcription was accomplished with the
use of reverse transcription reagents containing random hexamers
(Fermentas).

SOYKA ET AL 10.e1

TaqMan low-density array Micro Fluidic Card PCR

A TagMan PCR-based screening was performed to identify the expressed
genes in sinonasal tissue. Sixty-two genes (Fig E4) were chosen for analysis from
the manufacturer’s database, and ready-to-use plates were provided by the com-
pany. From the 23 measured claudins, there was a high expression level in clau-
dins 1, 3,4,5,7, 10, 11, 12, 25, and 27 in paranasal sinus tissues. Desmosomal,
adherens, and gap junctional mRNAs were highest for E-cadherin, nectin-2, and
connexin 43. In associated proteins all ZO proteins, 3-catenin, cingulin, plako-
globin, and desmoplakin, have highly expressed mRNAs.

From these genes, we decided to analyze the collected samples with the
following different primer pairs that were designed to flank or cross intron-
exon boarders. The used sequences can be found in Table E2.

In fluidic card PCR glyceraldehyde-3-phosphate dehydrogenase was used
as the reference housekeeping gene, and in all others elongation factor la was
used as the reference housekeeping gene. Relative quantification was done on
an ABI PRISM 7000 Sequence Detection System (Applied Biosystems) with
the 22T formula. Because only 4 control biopsy specimens and 3 from
each disease group were used in this analysis, the differences between groups
are not statistically comparable and should only represent general expression
levels. Comparison between groups was done by using conventional real-time
PCR, as shown in Fig 2.
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HSEC cytokeratin-vimentin HSEC isotype control SMC cytokeratin-vimentin

FIG E1. Cell purity of HSECs was confirmed by using cytokeratin and vimentin costaining: HSEC monolayer
staining for vimentin and cytokeratin was performed for all isolated epithelial cell lines. Purity was found to
be greater than 95% in all HSEC cell lines based on cytokeratin positivity and the absence of vimentin.
Isotype and positive controls for vimentin with human bronchial smooth muscle cells are provided. DAPI,
4'-6-Diamidino-2-phenylindole dihydrochloride.
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FIG E2. ALl cultures from healthy control subjects and patients with CRSWNP show the same thickness and
are able to develop cilia: ALI cultures were embedded in paraffin and cut perpendicularly into 10-pm
sections on a microtome. Hematoxylin and eosin staining of ALl culture cross-sections shows the same
height for cultures from patients with CRSwWNP and healthy control subjects, confirming the similar
assembly of cells in both cultures. Ciliation is detectable on some parts of the ALI cultures.
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control CRSsNP
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FIG E3. TJ expression is altered in biopsy specimens from patients with CRS: Immunohistochemistry for
the TJ protein occludin and the associated protein ZO-1 in biopsy specimens from healthy control subjects
and patients with CRS from Fig 1, B, is shown. Single-color staining for occludin and ZO-1, including isotype
controls and hematoxylin and eosin (HE) staining, is provided. In the control biopsy specimen both occludin
and ZO-1 are regularly expressed and show a tight pattern. In both CRS samples, the expression is disrupted
and less intense for occludin, especially in patients with CRSwWNP. The results represent the faulty TJ ar-
rangement in patients with CRS, indicating leaky epithelium. Hematoxylin and eosin staining shows a pre-
served epithelium in all samples. DAPI, 4’-6-Diamidino-2-phenylindole dihydrochloride.
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FIG E4. Specific mRNA expression pattern in biopsy specimens from patients with CRS of TJs, desmo-
somes, adherens, and gap junctions, as well as associated proteins: Microfluidic card PCR was performed in
biopsy specimens from patients with CRS for a total of 62 TJs and related genes. A, Different expression
patterns for TJ mRNA. B, Desmosomal, adherens, and gap junctional mRNA expression. C, Associated pro-
tein gene expression. The differences between disease subtypes were quantified by using RT-PCR for a se-
lection of genes and are shown in the main text. Control subjects, n = 4; patients with CRSWNP, n = 3; and
patients with CRSsNP, n = 3.
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FIG E5. TJ mRNA expression tends to be decreased in patients with CRS compared with that seen in healthy
control subjects in epithelial scrapings/curettage: mRNA analysis by using real-time PCR of epithelial
scrapings/curettage of patients with CRS and control subjects shows a trend toward lower expression levels
of claudin-1, claudin-4, occludin, and ZO-2 in patients with CRS compared with those seen in control
subjects. Because of the low number of samples of epithelium only, statistical significance could not be
reached. In analogy to the results from Fig 2, A, this indicates that TJ mRNA expression shows the same
results in full-thickness biopsy specimens and samples of epithelial only. Therefore it is not the subepithelial
TJ-carrying cells that influence our measurements. Healthy control subjects, n = 5; patients with CRS, n = 3.
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FIG E6. ECP and IFN-y mRNAs negatively correlate with TJ mRNA in biopsy specimens: ECP shows a
significant negative correlation with expression of measured TJ mRNAs, and IFN-y demonstrates a trend-
wise negative connection with TJ mRNA expression in whole-tissue biopsy specimens. Therefore the level
of inflammation negatively correlates with TJ expression on mRNA level. N = 15; control subjects, n = 6;
patients with CRSWNP, n = 5; and patients with CRSsNP, n = 4.
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FIG E7. Proinflammatory cytokines influence the tightness of ALI cultures:
The TER data from Fig 4, A, were analyzed according to the disease type of
the originating cell line used in the ALI cultures after 48 hours of stimulation
with either IFN-vy, IL-4, or IL-17. TER is indicated as a percentage of the non-
stimulated ALI cultures. Again, decrease in TER by IFN-y and IL-4 is seen
without any relevant differences among the 3 groups. In IL-17 the cultures
from patients with CRSwWNP exerted the highest TER. Therefore the ob-
tained results are not disease specific and can be induced in any sinonasal
epithelial cell culture. Control subjects, n = 4; patients with CRSwWNP, n = 2;
and patients with CRSsNP, n = 2.
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TABLE E1. Demographics of patients and use of biopsy specimens in different experiments

SOYKA ET AL 10.e9

Patient group Mean age (y) Allergy Asthma Aspirin intolerance PCR ALl Ussing chamber WB
Control subjects (n = 29) 41 11 (38%) 1 3%) 1 3%) 17 9 4 6
Patients with CRSwNP (n = 23) 44 8 (35%) 7 (30%) 2 (10%) 14 5 4 8
Patients with CRSsNP (n = 20) 45 6 (30%) 1 (5%) 0 (0%) 15 5 4 6
Total (n = 72) 43 25 (35%) 9 (13%) 3 (4%) 46 19 12 20

Mean ages and numbers of patients affected by allergies, asthma, or aspirin hypersensitivity are provided in the first 4 columns, including percentages. Samples were used for

different analyses indicated in the last 4 columns (in number of patients).
WB, Western blot.
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TABLE E2. Primer sequences used for PCR (indicated as 5’-3')
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Gene Forward primer Reverse primer

EFla CTG AAC CAT CCA GGC CAA AT GCC GTG TGG CAA TCC AAT

Claudin-1 CAG TCA ATG CCA GGT ACG AAT TT AAG TAG GGC ACC TCC CAG AAG
Claudin-4 TGT ACC AAC TGC CTG GAG GAT GAC ACC GGC ACT ATC ACC ATA A
Occludin GAT GAG CAG CCC CCC AAT GGT GAA GGC ACG TCC TGT GT

Z0-1 ACA GTG CCT AAA GCT ATT CCT GTG A TCG GGA ATG GCT CCT TGA G

70-2 CGG TTA AAT ACC GTG AGG CAA A GGG AAC CAC TGG GTG TAATTC A
IFN-y TCT CGG AAA CGA TGAA ATA TAC AAG TTAT GTA ACA GCC AAG AGA ACC CAA AA
ECP AGT AGA TTC CGG GTG CCT TT AGG TGA ACT GGA ACC ACA GG
Picornavirus CGG ACA CCC AAA GTA G GCA CTT CTG TTT CCC C

Influenza A AAG GGC TTT CAC CGA AGA GG CCC ATT CTC ATT ACT GCT TC
Influenza B ATG GCC ATC GGA TCC TCA AC TGT CAG CTA TTA TGG AGC TG

RSV GCG ATG TCT AGG TTA GGA AGA A GCT ATG TCC TTG GGT AGT AAG CCT

EFIea, Elongation factor 1; RSV, respiratory syncytial virus.
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