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Abstract
Background: The mucosal epithelial barrier, the first line of immune defense, is vulnerable to allergens, pathogens, and inflammatory cytokines, 

contributing to CRS development. Our previous studies found high interleukin-17A(IL-17A) expression correlated with CRS severity and low gluco-

corticoid efficacy. The role of IL-17A in disrupting the nasal mucosal epithelial barrier leading to CRS remains unclear. We aimed to investigate how 

IL-17A promoting epithelial barrier damage and identify new treatment targets for CRS.

Methodology: Nasal tissue samples from 36 CRSwNP, 34 CRSsNP, and 39 controls were examined for the expression of IL-17A and tight junc-

tion (TJ) proteins using qRT-PCR, immunohistochemistry and immunofluorescence. The integrity of TJs and signaling pathways activation were 

observed using western blot, immunofluorescence, TEER and FITC–FD4, transmission electron microscopy before and after IL-17A stimulation in 

human primary nasal epithelial cells (hNECs). Concurrently, studies were also conducted in an CRS mouse model induced by anti-IL-17A neutrali-

zing antibody administration. 

Results: TJs expression in the nasal mucosa of CRS patients was lower than in controls. IL-17A stimulation reduced TJs expression and TEER while 

increasing hNECs permeability. Inhibition of the (ERK/STAT3) pathway reversed the downregulation of TJs and the disruption of the epithelial bar-

rier induced by IL-17A stimulation. In the CRS mouse model, anti-IL-17A antibody treatment rescued the nasal mucosal epithelial barrier. 

Conclusions: IL-17A disrupts the nasal mucosal epithelial barrier by activating the ERK/STAT3 pathway in patients with CRS. 
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Introduction
Chronic rhinosinusitis (CRS) is a prevalent chronic inflammatory 

disease of the upper respiratory tract, affecting approximately 

8% of the population in China (1-3). It is a heterogeneous disease 

characterized by persistent inflammation in the upper respira-

tory tract and nasal sinuses, leading to a significant reduction 

in quality of life (4). The pathogenesis and treatment of CRS are 

currently the major areas of focus in rhinology research (5-7). 

The epithelial barrier serves as the first line of defense in the hu-

man immune system (8). Numerous studies have demonstrated 

that disruption of this barrier plays a vital role in chronic inflam-

matory airway diseases (9). Tight junctions, which are located on 

the most apical side of the lateral membrane of epithelial cells, 

are critical components of the epithelial barrier (10). 

Rogers et al. and Meng et al. found that the expression of tight 

junction (TJ) proteins was downregulated in the nasal polyps of 

patients with chronic rhinosinusitis with nasal polyps (CRSwNP) 

compared to healthy nasal mucosa (11,12). Similarly, Soyka et 

al. found that the mRNA expression levels of claudin-4 and 

occludin were downregulated in the nasal polyps of CRSwNP 

patients compared to those in patients with chronic rhinosi-

nusitis without nasal polyps (CRSsNP) and healthy controls (13). 

They also found that the continuous expression of occludin in 

the apical lateral membrane of epithelial cells was destroyed in 

CRS patients (13). These findings highlight the dysfunction of the 

epithelial barrier in CRS. 

When the epithelial barrier is damaged, pathogens can trans-

locate to interepithelial and deeper subepithelial locations 

through the leaky epithelial barrier, leading to inflammatory 

reactions. Local inflammation reduces the expression of TJs and 

exacerbates damage to the epithelial barrier. This allows more 

pathogens to penetrate the epithelial barrier, promoting persis-

tent inflammation and thereby exacerbating the disease (5,13,14).

Our previous study showed that IL-17A is highly expressed in 

the nasal mucosa of patients with CRS, especially those with 

CRSwNP, and contributes to the resistance of CRS to gluco-

corticoid therapy (15). Recent studies have shown that IL-17A is 

associated with a decrease in claudin-1 and disruption of the 

inherent barrier, leading to bacterial infiltration that induces 

intestinal inflammation (16). IL-17A blocking effectively reduced 

intestinal mucosal epithelial barrier disruption and alleviated 

intestinal mucosal inflammation in a burn mouse model (17). 

However, further investigation is required to determine whether 

IL-17A disrupts the nasal mucosal epithelial barrier in patients 

with CRS, thereby exacerbating nasal mucosal inflammation. 

In this study, we explored the role of IL-17A in regulating the na-

sal mucosal epithelial barrier. These results provide new insights 

into the pathogenesis of CRS and identify potential therapeutic 

targets.

Materials and methods
Subjects and samples

This study was approved by the Ethics Committee of the Third 

Affiliated Hospital of Sun Yat-Sen University (Approval No. 

[2016]2-26). CRSsNP and CRSwNP were diagnosed and classified 

according to the EPOS 2020 guidelines (4). More detailed descrip-

tions on subject characteristics are provided in Supplementary 

Material section, Table S1 and, Table S2. 

Immunohistochemistry and immunofluorescence

The levels of expression of IL-17A, TJs, and signal pathway 

proteins were evaluated by using immunofluorescence and 

immunohistochemistry. For more detail, please see the Supple-

mentary Material section. 

qRT-PCR 

Quantitative real-time PCR (qRT-PCR) assay was conducted as 

previously described (18). Relative gene expression was calcu-

lated using the 2−DDCt method. The primers used for qRT-PCR are 

described in Table S3. 

Air–liquid interface (ALI) culture and treatment of hNECs 

The single-cell suspensions of hNECs prepared from nasal 

polyps, as previously described (15), were resuspended in EX-PLUS 

culture medium (STEMCELL) and seeded into the upper cham-

ber of 24-well Transwell plates at an approximate concentration 

of 2 × 104 cells in 200 μL of EX-PLUS culture medium per well. In 

addition, 500 μL of EX-PLUS culture medium was added to the 

lower chamber. The cells were cultured until they reached nearly 

100% confluence. At this point, the medium in the lower cham-

ber was replaced with 500 μL of ALI culture medium (STEMCELL). 

The medium was changed every other day, and ciliary differenti-

ation of hNECs was observed under an inverted microscope. 

After 14 days of culture, the culture medium in the lower cham-

ber was replaced with ALI culture medium containing 500 ng/

mL of anti-IL-17A neutralizing antibody, 20 μmol/mL of PD98059 

(PD, an ERK inhibitor), or 10 μmol/mL of Cryptotanshinone 

(CRY, a STAT3 inhibitor). After 1 hour, 300 ng/mL of recombinant 

human IL-17A was added to the corresponding lower chamber, 

and the cells were cultured for an additional 24 hours. For the 

control group, the medium was replaced with freshly prepared 

ALI culture medium. In the inhibitor control group, the medium 

was replaced with an ALI culture medium containing a 1:500 

dilution of DMSO.

Measurement of trans-epithelial electrical resistance (TEER) 

and cell permeability 

Cells cultured on Transwell filters for 14 days were subjected 

to different treatments. TEER was measured using a Millicell® 

ERS-2 (Electrical Resistance System). The Millicell® ERS-2 system 

was first calibrated to zero in a freshly prepared ALI medium, 
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and then the positive and negative poles were inserted into the 

upper and lower chambers, respectively, to record the resistance 

value of each well. For measuring epithelial cell permeability, 

both chambers were washed three times with DPBS and then 

were added with 4kDa FITC-FD4 solution (10 mg/mL in 400 μL 

PBS to the upper chamber). After culturing for 180 min, a 100-µL 

aliquot of PBS was collected from the lower chamber for the 

concentration measurement of FITC-dextran by using a micro-

plate reader (Tecan Spark 10M). The cell permeability rate was 

represented as the quality of FITC-dextran per square centime-

ter of the transwell filters per minute.

 

Western blotting 

Western blotting was performed according to previously descri-

bed methods (19).

Transmission electron microscopy 

The prepared hNECs cultured in Transwell filters were fixed in 3% 

glutaraldehyde and incubated at 4°C overnight. The following 

day, the cells were dehydrated using a graded series of ethanol 

concentrations. After dehydration, the cells were embedded in 

Embed 812 resin and cut into 60-nm-thick sections. The sections 

were stained with 2.0% uranyl acetate and 2.0% lead citrate 

solutions. The cells were observed and imaged using a transmis-

sion electron microscope.

Mouse model 

Female BALB/c mice (aged 6–8 weeks, 18–20 g weight) were 

acquired and randomly divided into four groups: control, expe-

rimental chronic rhinosinusitis (ECRS), ECRS + anti-IL-17A neu-

tralization group, and ECRS + IL-17A stimulation (n = 5 in each 

group). The detailed treatments for each group are described in 

our previous study (20). 

Statistical analysis

Statistical analysis was conducted using SPSS version 25.0 (IBM, 

Armonk, NY, USA), and statistical significance was defined as 

p < 0.05. Data are presented as the mean ± standard deviation 

or median ± interquartile range, according to it corresponds 

to normal distribution or not. When comparisons were made 

among groups, the Kruskal-Wallis H test was used to assess 

significant intergroup variability. Mann- Whitney U or Student 

t tests were used for between-group comparisons. Correlation 

analysis was performed using the Pearson correlation test. Bi-

nary data were analyzed using the chi-squared test. All statistical 

figures were generated using GraphPad Prism version 8.02.

Results
Expressions of IL-17A and tight junction proteins in the na-

sal mucosal tissue of patients with chronic rhinosinusitis

As shown in Figures 1A and 1B, IL-17A was expressed in both the 

epithelium and stroma of nasal mucosal, whereas the expres-

sions of claudin-1, occludin, and ZO-1 were mainly observed in 

the epithelial cells. The expression of IL-17A was obviously incre-

ased in the nasal mucosal of patients with CRSwNP and CRSsNP 

compared to controls (p < 0.01 for all), whereas the expressions 

of claudin-1, occludin, and ZO-1 were lower in the nasal mucosal 

from patients with CRSwNP and CRSsNP compared to controls 

(p < 0.01 for all). The expressions of IL-17A and ZO-1 were sig-

nificantly higher in the nasal mucosal of patients with CRSwNP 

compared to those with CRSsNP (p < 0.01). The expressions of 

claudin-1, occludin, and ZO-1 were lower in the nasal mucosal of 

patients with CRSwNP compared to those with CRSsNP, but the 

differences were not statistically significant (p > 0.05). As shown 

in Figure 1C, the mRNA expressions of claudin-1, occludin, and 

ZO-1 were significantly lower in the nasal mucosal of patients 

with CRSwNP compared to controls (p < 0.05 for all). The mRNA 

expression of claudin-1 was also decreased in patients with 

CRSsNP compared to controls, although this difference was 

not statistically significant (p > 0.05). The mRNA expressions of 

occludin and ZO-1 were lower in the nasal mucosal of patients 

with CRSsNP compared to controls (p < 0.05 for both).

Localization and correlation analysis of IL-17A and tight 

junction proteins in nasal mucosal tissues of patients with 

chronic rhinosinusitis

As shown in Figures 2A–2F, it was confirmed that IL-17A was ex-

pressed in both the epithelial cells and sub-epithelial stroma of 

nasal mucosal, while claudin-1, occludin, and ZO-1 were mainly 

expressed in the epithelial cells of the nasal mucosa. The expres-

sion of IL-17A was increased in the epithelial cells from both 

patients with CRSwNP and CRSsNP compared to controls (p < 

0.01 for all), while the expressions of claudin-1, occludin, and 

ZO-1 were lower in nasal mucosal from patients with CRSwNP 

and CRSsNP compared to controls (p < 0.01 for all). The expres-

sion of IL-17A in the nasal mucosal epithelium was negatively 

correlated with the expressions of claudin-1, occludin, and ZO-1 

in all groups, with correlation coefficients of -0.9340, -0.8815, 

and -0.8807, respectively (p < 0.01; Figure 2G). 

IL-17A disrupted the epithelial barrier in hNECs

As demonstrated in Figures 3A–3D, IL-17A stimulation reduced 

the expression of TJs claudin-1, occludin, and ZO-1 in hNECs cul-

tured using an ALI method (p < 0.01 for all). IL-17A stimulation 

combined with anti-IL-17A antibody neutralization could reverse 

the IL-17A-induced decrease in TJs (p < 0.05 for all). Transmission 

electron microscopy revealed that the gap between cells was 

increased in the most apical side of the lateral membrane of the 

IL-17A-stimulated ALI-cultured hNECs. However, these enlarged 

gaps in hNECs treated with IL-17A stimulation combined with 

anti-IL-17A antibody neutralization (Figure 3E). The counts of 

cells with enlarged gaps at the most apical side of the lateral 
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Figure 1. Expressions of IL-17A and tight junction proteins in the nasal mucosal tissues of patients with chronic rhinosinusitis and healthy controls. 

A) Representative immunohistochemistry images of the expressions of IL-17A and tight junction proteins (claudin-1, occludin, and ZO-1) in the nasal 

mucosal tissues of the controls and patients with CRSsNP and CRSwNP. B) Quantitative analysis of the expressions of tight junction proteins and 

IL-17A in the nasal mucosal tissues of the controls and patients with CRSsNP and CRSwNP. Data presented as means ± SEMs.  C) Quantitative analysis 

of mRNA expressions of claudin-1, occludin, and ZO-1 in the nasal mucosal tissues of the controls and patients with CRSsNP and CRSwNP. Mann-

Whitney test. *p < 0.05, **p < 0.01, ***p < 0.001. Immunohistochemistry (400× magnification). Figure 1A and B, 15 nasal tissue sample in each group. 

Figure 1C, control subjects, n = 19-27; patients with CRSsNP, n = 16-22; patients with CRSwNP, n = 18-25.  
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Figure 2. Location and correlation of IL-17A and tight junction proteins in nasal mucosal tissues of patients with CRS and healthy controls. 

A and B) Representative immunofluorescence image and quantitative analysis of the expressions of IL-17A and claudin-1 in nasal mucosal tissues 

of controls and patients with CRSsNP and CRSwNP. C and D) Representative immunofluorescence image and quantitative analysis of the expres-

sions of IL-17A and occludin in nasal mucosal tissues of controls and patients with CRSsNP and CRSwNP. E and F. Representative immunofluores-

cence image and quantitative analysis of the expressions of IL-17A and ZO-1 in nasal mucosal tissues of controls and patients with CRSsNP and 

CRSwNP. G. Correlation analysis of IL-17A with claudin-1, occludin, and ZO-1. Data presented as means ± SEMs. *p < 0.05, **p < 0.01, ***p < 0.001. 

Immunofluorescence (400× magnification). Figure 2A-F, 15 nasal tissue sample in each group. 
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Figure 3. IL-17A downregulated tight junction proteins expression and disrupted epithelial barrier integrity in hNECs. A) Immunofluorescence stain-

ing of tight junction protein expressions in hNECs cultured in ALI after different treatments (confocal microscopy 630×). B–D) Quantitative analysis 

of expressions of claudin-1, occludin, and ZO-1 in hNECs cultured in ALI with different treatments. E and F) Representative transmission electron 

micrographs and quantitative analysis of tight junctions of hNECs with different treatments after 24 hours (5000× magnification) G) TEER and FD4 

permeability experiments to assess transmembrane resistance and permeability in hNECs cultured in ALI with different treatments. Data presented as 

means ± SEMs.   *p < 0.05, **p < 0.01, ***p < 0.001. White arrow indicates the tight junction. Figure 3A-D, and G, 5 biopsy specimens in each group.
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membrane was increased in hNECs treated with IL-17A stimula-

tion compared to the control. These changes could be effecti-

vely reversed by anti-IL-17A antibody neutralization (p < 0.05 

for all; Figure 3F). Moreover, the TEER was decreased while the 

permeability was increased in the hNECs with IL-17A stimula-

tion compared to the controls. These damages were reversed in 

hNECs treated with anti-IL-17A antibody neutralization (Figure 

3G, p < 0.05).

IL-17A disrupted the epithelial barrier through activating 

the ERK/STAT3 signaling pathway in hNECs

As shown in Figures 4A and 4B, IL-17A stimulation increased the 

expression of phosphorylated ERK (p-ERK) and phosphorylated 

STAT3 (p-STAT3) in hNECs (p < 0.01 for both). Treatment with the 

ERK inhibitor PD significantly reversed the increased expression 

of p-ERK in IL-17A-stimulated hNECs. Similarly, STAT3 pathway 

inhibition with CRY reversed the increased expression of p-

STAT3 induced by IL-17A stimulation (p < 0.01 for both; Figures 

4C–4G). As demonstrated in Figures 4H–4K, blocking the ERK 

pathway inhibited IL-17A-induced upregulation of p-ERK and p-

STAT3 (p < 0.05 for both). However, blocking the STAT3 pathway 

only inhibited the IL-17A-induced upregulation of p-STAT3, but 

did not inhibit IL-17A-induced upregulation of p-ERK.

The expressions of claudin-1, occludin, and ZO-1 were decre-

ased in hNECs treated with IL-17A compared to the control 

group (p < 0.01 for all). This decrease in the three TJ proteins was 

reversed in hNECs treated with IL-17A stimulation combined 

with ERK or STAT3 inhibitors (p < 0.05 for all; Figures 5A and 5B). 

Transmission electron microscopy results showed that IL-17A sti-

mulation widened intercellular gaps and disrupted TJ structures 

in hNECs (p < 0.05 for both). The widened intercellular gaps and 

disrupted TJ structures in hNECs treated with IL-17A combined 

with ERK (PD) or STAT3 inhibitor (CRY) were alleviated when 

compared to those in IL-17A-treated hNECs (Figures 5C and 5D). 

In addition, IL-17A stimulation significantly reduced the TEER 

and increased the permeability of hNECs (p < 0.01 for both). 

Both ERK and STAT3 inhibition could reverse the IL-17A-induced 

decrease in transmembrane resistance and increase in permea-

bility of hNECs (p < 0.05 for all; Figures 5E and 5F).

IL-17A disrupted the epithelial barrier in mouse nasal 

mucosal

As shown in Figures 6A and 6B, an increase in IL-17A expres-

sion and a decrease in claudin-1 expression were observed in 

the nasal mucosal epithelium of the ECRS mice when compa-

red to the control mice (p < 0.01 for both). ECRS mice treated 

with IL-17A stimulation (ECRS + IL-17A) showed higher IL-17A 

expression but lower claudin-1 expression in the nasal mucosa 

compared to ECRS mice, while the ECRS mice treated with anti-

IL-17A antibody blocking (ECRS + anti-IL-17A) showed lower 

IL-17A expression but higher claudin-1 expression in the nasal 

mucosal epithelium compared to ECRS mice (p < 0.05 for all). As 

demonstrated in Figures 6C–6F, the expressions of occludin and 

ZO-1 were also lower in the nasal mucosal epithelium of ECRS 

mice compared to control mice. ECRS mice treated with IL-17A 

stimulation (ECRS + IL-17A) showed higher IL-17A expression 

but lower occludin and ZO-1 expressions in the nasal mucosa 

compared to ECRS mice, while the ECRS mice treated with 

anti-IL-17A antibody blocking (ECRS+anti-IL-17A) showed lower 

IL-17A expression but higher occludin and ZO-1 expressions in 

the nasal mucosal epithelium compared to ECRS mice (p < 0.05 

for all).

Discussion
Disruption of the epithelial barrier is a critical characteristic of 

many chronic inflammatory diseases (9,21). Impaired barrier func-

tion leads to increased epithelial permeability, which further 

exacerbates inflammation and epithelial barrier damage (22). 

TJ are the most important structures in the nasal mucosal 

epithelial barrier formation, and are composed of the claudin 

family, occludin, and ZO-1 proteins (23). In this study, we found 

that the expression of TJs was the lowest in the nasal mucosa of 

patients with CRSwNP. This finding is consistent with previous 

studies by Rogers et al. and Meng et al. (11,12). This implies that the 

damage to the nasal epithelial barrier in patients with CRS, espe-

cially those with CRSwNP, may be disrupted by a decrease in TJs.

An increasing number of studies have shown that patients with 

CRSwNP are predominantly characterized by type1/type3 in-

flammation in Asians and that IL-17A plays an important role in 

CRS (18,24,25). Rha et al. conducted a study in Korean patients with 

CRS and found that IL-17A expression was significantly incre-

ased in patients with CRSwNP and correlated with the severity 

of the condition (26). Our previous studies also found an increase 

in IL-17A levels in the nasal mucosa of patients with CRSwNP (19), 

which worsened CRS symptoms (15). Song et al. reported that IL-

17A is associated with intestinal epithelial barrier disruption (17). 

These findings suggest that high IL-17A expression may be 

involved in epithelial barrier disruption and the occurrence of 

CRSwNP. In this study, we found that an increase in IL-17A levels 

negatively correlated with a decrease in TJs in the nasal mucosal 

epithelium. This finding suggests that IL-17A is associated with a 

reduction in the expression of TJs.

Previous studies have reported that when cultured on perme-

able supports in air-liquid interface (ALI) culture, epithelial cells 

can differentiate into pseudostratified epithelia, recapitula-

ting the features of the human airway epithelium in vivo (27-29). 

Consequently, ALI cultures are widely used in airway research 
(5,28). Studies have shown that epithelial cells cultured in ALI can 

form a complete epithelial barrier (30). When the epithelial barrier 

is disrupted, TEER decreases and FD4 permeability increases (30). 

In this study, we found that IL-17A stimulation reduced TEER 

and increased the permeability of ALI-cultured hNECs, along 
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Figure 4. IL-17A activates the ERK/STAT3 signaling pathway. A and B) Western blot analysis and quantitative analysis of p-ERK and p-STAT3 expres-

sion in hNECs with 300 ng/mL IL-17A stimulation at different time points. C) Western blot analysis of p-ERK and ERK expressions in hNECs with and 

without IL-17A stimulation alone, IL-17A combined with PD or DMSO, and western blot analysis of p-STAT3 and STAT3 expressions in hNECs with and 

without IL-17A stimulation, IL-17A combined with CRY or DMSO. D) Quantitative analysis of western blot of p-ERK and p-STAT3 in hNECs with differ-

ent treatments. E) Immunofluorescence staining of p-ERK and ERK expressions in hNECs with and without IL-17A stimulation, IL-17A combined with 

PD or DMSO. F) Immunofluorescence staining of p-STAT3 and STAT3 expressions in hNECs with and without IL-17A stimulation, IL-17A combined with 

CRY or DMSO. G) Quantitative analysis of immunofluorescence staining of p-ERK and p-STAT3 expressions in hNECs with different treatments. H and 

I) Immunofluorescence staining and quantitative analysis of p-ERK and p-STAT3 in control, IL-17A stimulation, IL-17A combined with PD and IL-17A 

combined with CRY. J and K) Western blot analysis and quantitative analysis of p-ERK and p-STAT3 in control, IL-17A stimulation, IL-17A combined 

with PD and IL-17A combined with CRY. PD: inhibitor of ERK pathway. CRY: inhibitor of STAT3 pathway. Data presented as means ± SEMs. *p < 0.05, **p 

< 0.01, ***p < 0.001 Figure 4A-K, 5 biopsy specimens in each group.
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signaling pathway in ALI-cultured hNECs. A and B) Immunofluorescence staining and quantitative analysis of tight junction proteins (claudin-1, occlu-

din, ZO-1) in hNECs cultured with ALI after different treatments (confocal microscopy; 630× magnification). C) Representative transmission electron 

micrographs of hNECs cultured with ALI after different treatments for 24 hours. (5000× magnification). D) Quantitative analysis of tight junction in 

hNECs cultured with ALI after different treatments for 24 hours under transmission electron micrographs. E) TEER measurement in ALI-cultured hNECs 

with different treatments. F) FD4 permeability assay to assess permeability in ALI-cultured hNECs with different treatment. Data presented as means 

± SEMs. *p < 0.05, **p < 0.01, ***p < 0.001. White arrow indicates the tight junction. PD: inhibitor of ERK pathway. CRY: inhibitor of STAT3 pathway. 

Figure 5A-B and E-F, 5 biopsy specimens in each group. 
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Figure 6. IL-17A downregulated the expressions of tight junction proteins in mouse nasal sinus mucosal. A and B) Immunofluorescence staining 

and quantitative analysis of IL-17A and tight junction protein claudin-1 expression in the mouse nasal sinus mucosa in various groups. C and D) 

Immunofluorescence staining and quantitative analysis of IL-17A and tight junction protein occludin in the mouse nasal sinus mucosa in various 

groups. E and F) Immunofluorescence staining and quantitative analysis of IL-17A and tight junction protein ZO-1 in the mouse nasal sinus mucosa in 

various groups. Data presented as means ± SEMs. *p < 0.05, **p < 0.01, ***p < 0.001. Immunofluorescence (400× magnification). Figure 6A-F, control 

subjects, n = 5; ECRS, n = 5; ECRS+anti-IL-17A, n=5; ECRS+ IL-17A, n=5.  
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with the downregulation of TJs in hNECs. Moreover, IL-17A 

stimulation increased the gap between the cells, as detected by 

transmission electron microscopy. However, these effects were 

mitigated by neutralization with an anti-IL-17A antibody. This 

result is consistent with Li et al.’s finding that IL-17A downregu-

lates the expression of TJs in the intestinal mucosa of mice with 

ulcerative colitis (31). Mahnaz et al. found that IL-17A can lead to 

decreased TEER and increased permeability of nasal mucosal 

epithelial cells, as well as discontinuous expression of zonula 

occludens-1 (ZO-1) (32). These findings support the hypothesis 

that IL-17A disrupts the epithelial cell barrier by inhibiting the 

expression. However, the specific mechanism by which IL-17A 

reduces the expression remains unclear.

Recent studies have demonstrated that IL-17A activates the ERK 

signaling pathway, increases skin keratinocyte inflammation, 

and exacerbates psoriasis (33). IL-17A has also been shown to 

activate the STAT3 signaling pathway, disrupt mouse corneal 

epithelium, worsen dry eye symptoms (34). These findings sug-

gest that IL-17A exerts its biological effects by activating both 

ERK and STAT3 signaling pathways. In this study, we observed 

that the expression of p-ERK and p-STAT3 in hNECs significantly 

increased after IL-17A stimulation, indicating activation of the 

ERK and STAT3 signaling pathways. Further experiments revea-

led that IL-17A initially activates the ERK signaling pathway, 

followed by the activation of the STAT3 pathway. Subsequently, 

this process inhibits the expression of TJs and disrupts the nasal 

mucosal epithelial barrier. 

ALI-cultured hNECs are not fully comparable to the pathophy-

siological phenomena in humans due to their lack of interaction 

with the environment in vivo, for example the impacts of inflam-

matory cells, fibroblasts, or other types of cells in the subepi-

thelial stroma, and the influence of pathogens or allergens in 

the airways. Hence, to elucidate whether IL-17A disrupts the 

epithelial barrier in vivo, we established an eosinophilic chronic 

rhinosinusitis (ECRS) mouse model that exhibits typical CRS 

histopathological changes in the nasal cavity and sinuses (35,36). 

We found that IL-17A stimulation decreased the expression in 

mouse nasal mucosa and disrupted its structural integrity. These 

findings were consistent with our results in vitro. Intraperito-

neal injection of IL-17A-neutralizing antibodies in ECRS mice 

increased the expression of nasal mucosal TJs and restored their 

structural integrity. This was supported by the finding that intra-

peritoneal injection of IL-17A-neutralizing antibodies increased 

the expression of the ZO-1 and reversed the disruption of the 

epithelial barrier in the intestinal mucosa and retina of mice (37,38). 

Numerous studies have shown that disruption of the epithelial 

barrier exacerbates chronic inflammation and is closely associa-

ted with the development of various inflammatory diseases (39,40). 

Our previous study showed that the intraperitoneal injection of 

IL-17A-neutralizing antibodies alleviated nasal mucosal inflam-

mation in ECRS mice (20). In this study, we showed that IL-17A 

induces a reduction in the expression of TJs in ECRS mice. Our 

findings suggest that IL-17A leads to nasal epithelial barrier 

dysfunction, which contributes to the pathogenesis of ECRS. 

However, these findings did not support the hypothesis that 

IL-17A exacerbates nasal mucosal inflammation by disrupting 

the epithelial barrier. Further studies involving TJs knockout 

mice or mice overexpressing these proteins are needed to more 

definitively illustrate whether IL-17A worsens nasal mucosal 

inflammation by disrupting the epithelial cell barrier.

IL-17A monoclonal antibodies have been used in clinical prac-

tice for several years and have proven effective in treating disea-

ses. In a comprehensive analysis of 21 clinical trials using the 

IL-17A monoclonal antibody for the treatment of psoriasis, anky-

losing spondylitis, and psoriatic arthritis, the IL-17A monoclonal 

antibody showed a significant therapeutic effect compared to 

the placebo group (41). However, studies have shown that the use 

of IL-17A monoclonal antibodies may cause clinical side effects, 

particularly increasing the risk of infection with long-term use 
(42,43). Hence, we aim to extend our study and detect systemic 

inflammation in mice to test the safety and tolerance of anti-IL-

17A monoclonal antibodies (mAbs) in vivo.

In addition to studying the effects of the type 3 cytokine IL-17A, 

we investigated how the type 1 cytokine interferon-gamma 

IFN-γ and type 2 cytokines (IL-4 and IL-13) impact the epithelial 

barrier. Consistent with previous studies (13,44), we found that 

IFN-γ, IL-4, and IL-13 decreased TEER and TJ expression while 

increasing the permeability of hNECs (Supplement Figure S2). 

In addition to inflammatory factors, physical conditions such 

as atopy are associated with CRS pathogenesis (45). Vijay et al. 

found that increased expression of small proline-rich proteins, 

which are predictors of asthma development, leads to epithelial 

barrier dysfunction in CRS patients with allergic rhinitis (AR) (46). 

However, the limited number of patients with atopic dermatitis 

in our study made statistical analysis difficult. The relationship 

between atopy and the nasal mucosal epithelial barrier thus 

requires further investigation. Lifestyle factors, such as smo-

king, are also associated with CRS development (45). Heijink et al. 

found that cigarette smoke extract reduced epithelial integrity 
(47). However, in this study, nasal mucosal samples from smo-

kers and non-smokers showed no significant differences in TJs 

expression (Supplement Figure S1). This could be due to the 

insufficient number of patients or the need for a more accurate 

sub-classification of daily smoking quantity to reflect its actual 

impact on the epithelial barrier, as Zhang et al. found a correlati-

on between chronic rhinosinusitis incidence and daily cigarette 

consumption (48). 

Conclusion
This study found that IL-17A reduced the expression of TJ 

proteins in the nasal mucosal epithelium both in vitro and in 

vivo, which was associated with the activation of the ERK/STAT3 
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signaling pathway.
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larbio, Beijing, China) at room temperature for 10 minutes and 

blocked with 10% goat serum (Bioss Antibodies, Beijing, China) 

for 60 minutes. The sections were then incubated overnight at 

4°C with anti-IL-17A, anti-claudin-1, anti-occludin, anti-ZO-1 

(Proteintech, Chicago, USA). For immunohistochemistry, the sec-

tions were incubated with horseradish peroxidase-conjugated 

goat anti-rabbit secondary antibody (Immunoway, Jiangsu, Chi-

na) at room temperature for 1 hour. This was followed by incu-

bation with diaminobenzidine (DAB; Zhongshan Golden Bridge, 

Beijing, China) and counterstaining with hematoxylin. The secti-

ons were observed under an optical microscope. For immunof-

luorescence detection, sections were incubated with Alexa Fluor 

488-conjugated goat anti-rabbit secondary antibody or Alexa 

Fluor 594-conjugated goat anti-rabbit secondary antibody (both 

from Invitrogen, Carlsbad, CA, USA) at room temperature for 1 

hour, followed by DAPI nuclear staining. Images were captured 

using an upright fluorescence microscope. Immunofluorescence 

staining of air-liquid interface (ALI)-cultured hNECs followed 

the same procedure, The samples were then incubated with 

anti-claudin-1, anti-occludin, anti-ZO-1 (Proteintech, Chicago, 

USA), anti-p-ERK, anti-p-STAT3, anti-ERK, anti-STAT3 antibody (all 

from Affinity, Jiangsu, China) and images were captured using a 

confocal laser scanning fluorescence microscope. ImageJ soft-

ware was utilized for the quantitative analysis of p-ERK, p-STAT3, 

ERK, STAT3, claudin-1, occludin, and ZO-1 expression in random 

high-power fields. anti-p-ERK, anti-p-STAT3, anti-ERK, anti-STAT3 

antibody (all from Affinity, Jiangsu, China).

Air–liquid interface (ALI) culture and treatment of hNECs 

The air-liquid interface (ALI)-cultured hNECs were cultured ac-

cording to the procedures described in the Methods section of 

the manuscript. After 14 days of culture, the culture medium in 

the lower chamber was replaced with ALI culture medium con-

taining 300 ng/mL of recombinant human IFN-γ, recombinant 

human IL-4, and recombinant human IL-13 were added to the 

corresponding lower chamber. The cells were then cultured for 

an additional 24 hours. For the control group, the medium was 

replaced with a freshly prepared ALI culture medium.

SUPPLEMENTARY MATERIAL

Subjects and evaluation

This study was approved by the Ethics Committee of the Third 

Affiliated Hospital of Sun Yat-sen University (approval no. 

[2016]2-26). Nasal tissue samples were collected from inpatients, 

including 34 patients with CRSsNP, 36 patients with CRSwNP, 

and 39 control subjects who underwent nasal endoscopic 

surgery at the Third Affiliated Hospital of Sun Yat-Sen University. 

CRSsNPs and CRSwNPs were diagnosed and classified according 

to EPOS 2020 guidelines. The nasal mucosa and polyps samples 

were collected from the osteomeatal complexes of patients with 

CRSsNP and CRSwNP, respectively. Nasal mucosa of the inferior 

turbinate was collected from control subjects with nasal septal 

deviations. All patients with CRS discontinued oral cortico-

steroids and antibiotics for at least three months and topical 

corticosteroids for at least one month before surgery. The atopic 

status of the subjects was evaluated using EUROLINE Atopy (Chi-

na) (IgE) detection and total IgE detection kits (EUROIMMUN, 

PerkinElmer). Patients were diagnosed as atopic if their allergen-

specific IgE level was > 3.51 kU/L. Asthma was diagnosed by an 

allergist based on medical history and lung function analysis. 

Patients with autoimmune diseases, severe systemic diseases, 

primary ciliary dyskinesia, cystic fibrosis, acute infections, fungal 

sinusitis, systemic vasculitis, or non-steroidal anti-inflammatory 

drug-exacerbated respiratory disease (N-ERD) were excluded. 

The samples were subdivided into three pieces: one was stored 

at −80°C for subsequent RT-qPCR analysis; another was fixed 

in 4% paraformaldehyde for paraffin embedding for further 

immunohistochemistry and immunofluorescence staining; and 

the remaining tissue was placed in PBS at 4°C for subsequent 

primary human nasal epithelial cell (hNECs) culture. Due to the 

limited amount of tissue available for biopsy, not all samples 

were included in each study method.  The clinical data of the 

patients used in the experiments are summarized in Tables S1 

and S2.

Immunohistochemistry and immunofluorescence 

Paraffin sections of human and mouse nasal mucosal tissues 

were deparaffinized and rehydrated at room temperature. The 

sections were then permeabilized with 2% Triton X-100 (So-
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A

B

Figure S1. Expressions of tight junction proteins in the nasal mucosal tissues of smoking and non-smoking patients with chronic rhinosinusitis and 

healthy controls. A) Quantitative analysis of the immunohistochemical staining of tight junction proteins in the nasal mucosal tissues was conducted 

on samples from smoking and non-smoking patients with chronic rhinosinusitis and healthy controls. Data are presented as means ± SEMs. B) 

Quantitative analysis of mRNA expressions of claudin-1, occludin, and ZO-1 in the nasal mucosal tissues of the controls and patients with CRSsNP and 

CRSwNP. Mann-Whitney test. FigE1A, smoking control subjects, n = 5; non-smoking control subjects, n = 10; smoking CRSsNP patients and smok-

ing CRSwNP patients, both n = 7; non-smoking CRSsNP patients and non-smoking CRSwNP patients, both n = 8. FigE1B, smoking control subjects, 

n = 8-14; non-smoking control subjects, n = 10-13; smoking CRSsNP patients, n = 7-12; non-smoking CRSsNP patients, n = 9-11; smoking CRSwNP 

patients, n = 9-14; non-smoking CRSwNP patients, n = 9-11.
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Figure S2. Type 2 inflammatory cytokines IL-4, IL-13, and type 1 inflammatory cytokine IFN-γ disrupted the epithelial barrier in hNECs. 

A) Immunofluorescence staining of tight junction proteins in hNECs cultured in ALI after different treatments (confocal microscopy 630×). B) 

Quantitative analysis of expressions of claudin-1, occludin, and ZO-1 in hNECs cultured in ALI with different treatments. C) TEER and FD4 permeability 

experiments to assess transmembrane resistance and permeability in hNECs cultured in ALI with different treatments. Data presented as means ± 

SEMs. *p < 0.05, **p < 0.01. 3 biopsy specimens in each group.

Control

B

C

A
IL-4 IFN-γ 

C
la

ud
in

-1
O

cc
lu

di
n

Z
O

-1
IL-13 



IV

Wu et al.

Rhinology Vol 62, No 6, December 2024

Table S1. Demographic characteristics of enrolled subjects for detecting the expressions of TJ proteins

Control CRSsNP CRSwNP

Total subjects enrolled 39 34 36

Methodology used 

Histology study

N 15 15 15

Gender, male (%) 10 (66.6%) 11 (73.3%) 11 (73.3%)

Age, Mean (95%CI) 36 (23, 47) 41 (31, 53) 45 (33, 67)

Atopy, N (%) 3 (20%) 3 (20%) 5(33.3%)

AR, N (%) 3(20%) 3 (20%) 5 (33.3%)

Asthma, N (%) 0 (0%) 0 (0%) 0(0%)

Smoking, N (%) 5 (33.3%) 7 (46.6%) 7 (46.6%)

RT-PCR

N 27 22 25

Gender, male (%) 14 (51.8%) 15 (68.1%) 13 (52%)

Age, Mean (95%CI) 31 (12, 50) 35 (18, 50) 37 (18, 56)

Atopy, N (%) 1 (4%) 2 (9%) 3 (12%)

AR, N (%) 3 (11%) 2(9%) 7 (28%)

Asthma, N (%) 0 (0%) 0 (0%) 0 (0%)

Smoking, N (%) 14 (51.8%) 12 (54.5%) 14 (56%)

Histology study included immunohistochemistry and immunofluorescence.

Table S2. Demographic characteristics of enrolled CRSwNP patients used for hNECs culture.

Immunofluorescence Western Blotting TEER and FD4

N 10 5 10

Gender, male (%)  6 (60%) 3 (60%) 6 (60%) 

Age, Mean (95%CI) 41 (29,51) 37 (29,46) 42 (31,51)

Atopy, N (%) 0 (0) 0 (0) 1 (16.6%)

AR, N (%) 0 (0) 0 (0) 1 (16.6%)

Asthma, N (%) 0 (0) 0 (0) 0 (0)

Primer Sequence Annealing temperature (°C)

Claudin-1     (F) 5’- CAACATACAGTGACGCTTCACA-3’ 60

    (R) 5’- CACTATTGACGTTTCCCCACTC-3’

Occludin     (F) 5’-ACAAGCGGTTTTATCCAGAGTC-3’ 60

    (R) 5’- GTCATCCACAGGCGAAGTTAAT-3’

ZO-1     (F) 5’- CAACATACAGTGACGCTTCACA-3’ 60

    (R) 5’- CACTATTGACGTTTCCCCACTC-3’

Table S3. Primers used for quantitative RT-PCR analysis


