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ABSTRACT 44 

Background: Diesel exhaust particles (DEP) are associated with the prevalence and 45 

exacerbation of allergic respiratory diseases, including allergic rhinitis and allergic asthma. 46 

However, DEP-induced mechanistic pathways promoting upper airway disease and their 47 

clinical implications remain unclear 48 

Objective: We sought to investigate the mechanisms by which DEP exposure contributes to 49 

nasal polyposis using human-derived epithelial cells and a murine nasal polyp (NP) model.  50 

Methods: Gene set enrichment and weighted gene co-expression network analyses were 51 

performed. Cytotoxicity, epithelial-to-mesenchymal transition (EMT) markers, and nasal 52 

polyposis were assessed. Effects of DEP exposure on EMT were determined using epithelial 53 

cells from normal or CRS patients with or without NPs. BALB/c mice were exposed to DEP 54 

through either a nose-only exposure system or nasal instillation, with or without house dust 55 

mite (HDM), followed by ZEB2 shRNA delivery. 56 

Results: Bioinformatics analyses revealed that DEP exposure triggered EMT features in 57 

airway epithelial cells (AECs). Similarly, DEP-exposed human nasal epithelial cells (hNECs) 58 

exhibited EMT characteristics, which were dependent on ZEB2 expression. hNEC-derived 59 

from chronic rhinosinusitis (CRS) patients presented more prominent EMT features after 60 

DEP treatment, when compared to those from control subjects and NP patients. Co-exposure 61 

to DEP and HDM synergistically increased the number of NPs, epithelial disruptions, and 62 

ZEB2 expression. Most importantly, ZEB2 inhibition prevented DEP-induced EMT, thereby 63 

alleviating NP formation in mice.  64 

Conclusions: Our data show that DEP facilitated NP formation, possibly via the promotion 65 

of ZEB2-induced EMT. ZEB2 may be a therapeutic target for DEP-induced epithelial damage 66 
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and related airway diseases, including NPs. 67 

 68 

Clinical Implications: The results of the present work highlight ZEB2 as a potential 69 

molecular target for the expansion of the options available for DEP-induced airway disease 70 

therapy, including NPs. 71 

 72 

Capsule summary: Diesel exhaust particles (DEP) induce ZEB2-dependent epithelial-to-73 

mesenchymal transition in human nasal epithelial cells. Exposure to DEP may exacerbate 74 

chronic rhinosinusitis and potentially facilitate nasal polyp formation. 75 

 76 

Key words: Diesel exhaust particles, upper airway inflammatory diseases, nasal polyps, 77 

epithelial-to-mesenchymal transition, ZEB2 78 

 79 

Abbreviations used: 80 

AA: Allergic asthma 81 

AEC: Airway epithelial cell 82 

AR: Allergy rhinitis 83 

ALI: Air liquid interface  84 

CFA: Complete freund’s adjuvant 85 

CRS: Chronic rhinosinusitis 86 
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CRSsNP: Chronic rhinosinusitis without nasal polyps 87 

CRSwNP: Chronic rhinosinusitis with nasal polyps 88 

DE: Diesel exhaust 89 

DEP: Diesel exhaust particles 90 

EMT: Epithelial to mesenchymal transition  91 

GSEA: Gene set enrichment analysis 92 

hNECs: human nasal epithelial cells 93 

HDM: House dust mite 94 

IF: Immunofluorescence 95 

IHC: Immunohistochemistry 96 

IN: Intra-nasal 97 

IT: Intra-tracheal 98 

LDH: Lactate dehydrogenase 99 

NAC: N-acetyl-L-cysteine 100 

PAH: Polycyclic aromatic hydrocarbon 101 

PM: Particulate matter 102 

PI: Propidium iodide 103 

SRM: Standard reference material  104 

TEER: Trans-epithelial electrical resistance 105 
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WGCNA: Weighted gene co-expression network analysis 106 

ZEB2: Zinc finger E-box-binding homeobox 2 107 

 108 
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Introduction 125 

The global incidence of allergic diseases has markedly increased since the 1960s
1
. This 126 

increase is associated with increase in environmental factors such as air pollutants, allergens 127 

in the air, smoke, and varied genetic background
2
. Among these, the influence of air pollution 128 

on human health has become a major global environmental concern impacting the 129 

development of allergic diseases
3-6

. Particulate matter (PM), a major component of air 130 

pollutants, was the 9
th

 risk factor among attributable burdens of disease globally and the 4
th

 131 

risk factor in East Asia
7
. Based on previous reports, diesel exhaust particles (DEP) derived 132 

from traffic and industrial activities significantly contribute to urban PM
8
. The exposure to 133 

DEP is associated with the exacerbation of respiratory diseases, particularly in larger cities 134 

with considerable traffic pollution
9
.  135 

DEP are composed of a fine carbon core (PM2.5; aerodynamic diameter < 2.5 m), a 136 

mixture of organic compounds, e.g., polycyclic aromatic hydrocarbons (PAH), quinones, 137 

aldehydes, nitroarenes, and absorbed metals
10

. The effects of DEP at cellular level have been 138 

extensively studied and it has been reported that DEP can upregulate various cytokines and 139 

chemokines in airway epithelial cells (AECs) such as IL-6, IL-8, RANTES, and GM-CSF
11, 

140 

12
. DEP exposure activates cell cycle progression in A549 cells

13
 and induces epithelial-141 

derived innate cytokines (IL-33 and TSLP) at both transcriptional and translational levels in 142 

the human bronchial epithelial cells (HBECs)
14, 15

. In experimental animal studies, 143 

administration of DEP along with an allergen increased Th2 inflammation and IgE secretion 144 

specific to the allergen
16

. The adjuvant effect of DEP on IgE production has also been 145 

revealed
17

. Recently, Fukuoka et al. demonstrated that DEP aggravate allergic rhinitis (AR) 146 

by disrupting tight junction (TJ) protein
18

. Bioinformatics studies showed that the genes 147 

changed by the DEP treatment in HBECs are involved in inflammatory response and 148 
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epithelial-to-mesenchymal transition (EMT)
19, 20

. Epidemiological studies exhibited the 149 

positive correlation between traffic-related air pollution and AR symptoms
21-23

. 150 

EMT is characterized by progressive loss of epithelial features, including apico-basal 151 

polarity disruption, cell-to-cell junctional loss, and epithelial layer integrity impairment, and 152 

finally, trans-differentiation into mesenchymal cells by continuous gain of mesenchymal 153 

features, such as acquisition of front-back polarity, activation of EMT-triggering transcription 154 

factors, and expression of mesenchymal markers
24

. Three types of EMT have been reported, 155 

which are associated with embryonic gastrulation, wound healing and repair, and cancer cell 156 

metastasis, respectively
25

. In particular, repetitive occurrence of type 2 EMT, which is 157 

associated with tissue regeneration and fibrosis by inflammation-inducing injuries, is 158 

considered an important feature that is observed in respiratory airway diseases, including 159 

asthma and CRS with or without NP
26, 27

. Multiple types of transcripts, such as CDH1, 160 

CDH2, ACTA2, and VIM, are required for EMT progression via transcriptional 161 

reprogramming mediated by the ZEB family (ZEB1 and ZEB2/SIP1), Snail family (Snail1, 162 

Snail2/Slug, and Snail3), and TWIST family (Twist1 and Twist2). Although ZEB2, a master 163 

regulator of EMT, has been extensively studied in various types of disease
28-30

, our 164 

understanding of the clinical importance of ZEB2 in terms of airway disease remains poor. 165 

Although many of these studies have reported that DEP exposure could influence the 166 

prevalence of upper airway diseases, the molecular mechanisms responsible for the DEP-167 

induced upper airway diseases, to our knowledge, still remain unclear. Additionally, most 168 

studies using DEP have been limited to animals or performed in vitro using cell cultures, 169 

indicating the necessity of further investigation, which could link the effect of DEP and 170 

clinical implications.  171 

 In the present study, we investigated the effect of DEP exposure on hNECs using 172 

bioinformatics analyses, various in vitro and in vivo experiments, and explored ZEB2-173 
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induced EMT in the context of nasal polyp (NP) formation, a chronic upper airway disease, 174 

to understand and elucidate the clinical implications for potential therapeutic avenues. 175 

 176 

 177 

 178 

 179 

 180 

 181 

 182 

 183 

 184 

 185 

 186 

 187 

 188 

 189 

 190 

 191 

 192 

 193 

 194 

 195 

 196 

 197 
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Methods  198 

Study participants and characteristics 199 

The Institutional Review Board (IRB) of Seoul National University Hospital (SNUH) 200 

approved this study (approval C-1902-098-1011), and all subjects provided written informed 201 

consent. Subjects with control, CRSsNP and CRSwNP were recruited from the Department of 202 

Otolaryngology clinics at the Seoul National University school of medicine. Details of the 203 

participant characteristics are summarized in Table 1. The diagnosis of sinusitis or nasal 204 

polyposis was determined in subject with CRS by personal medical history, physical 205 

examination, nasal endoscopy, and computed tomography (CT) findings of the sinuses 206 

following the European position paper on rhinosinusitis and nasal polyps (EPOS) 2012 207 

guidelines
31

. Uncinate process (UP) tissues and nasal polyp tissues were collected at the time 208 

of routine endoscopic sinus surgery (ESS) from patients with CRS with or without nasal 209 

polyps. Normal inferior turbinate mucosa tissues were used as control, which were obtained 210 

from the patients who underwent nasal septoplasty surgery. All control subjects had no 211 

history of sinonasal inflammation, asthma or use of steroid. We excluded the patients with 212 

any of followings: 1) younger than 18 years of age; 2) unstable asthma symptoms, asthmatics 213 

or aspirin-sensitive patients; 3) use of antibiotics, inhaled systemic or topical corticosteroids, 214 

or other immune-modulating drugs up to four weeks before surgery; and 4) suffered from 215 

conditions such as unilateral rhinosinusitis or unilateral nasal polyps, antrochoanal polyps, 216 

cystic fibrosis, immotile ciliary disease, a systemic coagulation disorder, and 217 

immunodeficiency. The atopic status of study patients and the diagnosis of asthma were 218 

evaluated as previously described 
32

. Lund-Mackay CT scores were obtained before surgery.  219 

 220 

Cell line and cell culture 221 
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The LA4 cell line was purchased from the Korean Cell Line Bank (Seoul, South Korea) and 222 

maintained in RPMI-1640 medium (Welgene, Seoul, South Korea) supplemented with 10% 223 

heat-inactivated FBS and 1% penicillin-streptomycin in a 5% CO2 humidified incubator at 224 

37°C following the supplier's recommendations.  225 

 226 

Isolation and culture of primary human nasal epithelial cells 227 

Primary hNECs of normal donors were purchased from PromoCell (Heidelberg, Germany). 228 

Cells were incubated as monolayers in an airway epithelial cell growth medium (PromoCell, 229 

Heidelberg, Germany) supplemented with the SupplementMix (PromoCell, Heidelberg, 230 

Germany), cultured in a 75-cm2 T-flask in a humidified incubator at 37 °C in 5% CO2. For 231 

air-liquid interface (ALI) culture, primary hNECs were isolated from tissue specimens of 232 

control subjects, CRS patients, and patients with CRSwNP. Nasal samples were obtained 233 

from the inferior turbinate (InfTub) of control subjects and from the uncinated process and 234 

accessible polyp tissues in subjects with CRSsNP and CRSwNP during surgery. The tissues 235 

were digested enzymatically by incubating overnight in a 1:1 mixture of Dulbecco's modified 236 

Eagle's medium, Ham's nutrient Fl2 (DMEM/F12) added with penicillin (200 U/mL) and 237 

streptomycin (200 g/mL) containing 0.1% Pronase (type XIV protease) (Sigma-Aldrich, 238 

MO, USA). After incubation, nasal epithelial cells were detached from the stroma by gentle 239 

agitation and mechanical injury using a yellow pipette tip, and were centrifuged at 200g for 5 240 

min. The pellet was suspended in Dubecco’s modified Eagle’s Medium (DMEM) (Lonza, 241 

MD, USA) containing 10% FBS and was centrifuged again. The second pellet was 242 

resuspended with Bronchial Epithelium Basal Medium (BEBM) (Lonza, MD, USA) 243 

supplemented with BEGM SingleQuot
® 

Kit Supplements (Lonza, MD, USA) and plated on 244 

plastic culture dishes. The culture media was refreshed on day 1 after seeding, and every 245 
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second day thereafter until cells reached 60~70% confluence in a humidified atmosphere of 246 

5% CO2 at 37 °C. Cells were detached with trypsin-ethylenediamine-tetraacetic acid (EDTA) 247 

0.05% (Gibco, CA, USA). Then, cell numbers were decided by hematocytometer. The 248 

detailed culture methods have previously been described 
2

.   249 

 250 

ALI culture system 251 

hNECs, expanded one or twice with growth medium, were seeded onto 0.4 µm, 0.33 cm
2
 252 

polyester Transwell inserts (Corning, NY, USA) at a density of 1 × 10
5
 cells per well. Cells 253 

were grown submerged for 5-7 days to complete confluence using a 1:1 mixture of Bronchial 254 

Epithelial Growth Medium (BEGM) (Lonza, MD, USA) supplemented with BEGM 255 

SingleQuot
® 

Kit Supplements (Lonza, MD, USA) and Dulbecco’s modified Eagles’ medium 256 

(Lonza, MD, USA). The culture medium was replaced on day 1 and refreshed every other 257 

day. Once the cells have reached confluence (usually 5–7 days), the ALI was created by 258 

removing the medium from the apical compartment. Cells were maintained for another three 259 

weeks by changing medium at the basal compartment with DMEM:BEGM (1:1) medium. 260 

Fresh all-trans retinoic acid (Sigma-Aldrich, Mo, USA) was added at a concentration of 100 261 

ng/ml baso-laterally to differentiate cells. Medium was replaced every other day. 262 

Differentiated state of the epithelial cells was evaluated by performing immunofluorescence 263 

staining of Ac-tubulin (ciliated cell marker), mucin 5 AC (MUC5AC) (goblet cell marker) 264 

and E-cadherin (Junctional marker) in ALI cultures at day 21 as previously presented
32

. ALI-265 

cultured epithelial cells were used for in vitro DEP exposure studies on day 21. 266 

 267 

Preparation and exposure of DEP 268 

We used two types of DEP which were commercially available from the National Institute of 269 
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Standards and Technology (NIST, MD, USA); Diesel particulate matter SRM 1650b and 270 

SRM 2975. DEP were weighed and dispersed in DMSO (Sigma-Aldrich, MO, USA) to a 271 

concentration of 50 mg DEP/ml. Dissolved DEP were stored at -20 °C until biological 272 

analysis. DEP aliquots were thawed and re-suspended in an airway epithelial cell growth 273 

medium or DMEM:BEGM (1:1) medium. The suspension was sonicated for 10 min at 4 °C 274 

with amplitude 30% and no pulse (Model VCX 130; Sonics & Materials Inc., CT, USA) 275 

before exposure to hNECs. Particle suspension solutions were prepared freshly. Then, the 276 

medium was treated to either submerged-cultured epithelial cells or ALI-cultured epithelial 277 

cells. For the submerged condition, we delivered two doses of DEP (20 g/mL; 2.08 g/cm
2
 278 

or 50 g/mL; 5.21 g/cm
2
). For the ALI condition, we directly added 150-L of DEP 279 

suspension to the apical side of the transmembrane (50 g/mL; 26.3 g/cm
2
), which was 280 

maintained for up to 72 h. The medium mixed with DMSO was used as a mock control. To 281 

evaluate the effects of signaling of NF-B and ERK on DEP-induced ZEB2 expression, 282 

hNECs were pre-incubated with vehicle or inhibitor (BAY 11-7085 and PD 98059 283 

respectively) for 1 h, and then treated with DEP. Similarly, hNECs were exposed to the the 284 

antioxidant N-acetyl-l-cysteine (NAC) for 1 h followed by DEP treatment. For in vivo 285 

experiments, suspensions were prepared in PBS in a similar manner, as mentioned above, and 286 

20 g of DEP suspension was instilled intranasally to induce nasal polyps in the mice nasal 287 

cavities. At each administration, 10 g of the same suspension was applied to both nostrils; 288 

hence, a total of 20 g was delivered to each mouse. In some experiments, BALB/c mice 289 

were exposed to DEP for 7 consecutive days using a nose-only exposure system following 290 

the manufacturer’s instructions. Briefly, The DEP solution (1 mg/ml, SRM 2975) was 291 

prepared as described above. The control vehicle group received sterile PBS containing 292 

DMSO. Nebulizer (Scireq, Montreal, Canada) was used to aerosolize the nanotubes at a 293 
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constant rate of 0.0835 ml/min (rneb) and diluted with compressed room air using an external 294 

pump at a flow rate of 3 liters/min. Safety factor for calculation of bias flow (Vbias) was set to 295 

2.5. The nebulizer was connected to the top part of the central tower from which the created 296 

aerosol flowed down to the peripherally settled mice. Each mouse was held in a soft 297 

restrainer such that only the nose was exposed to the aerosol cloud (Figure 7B). Delivered 298 

dose of DEP (Ddel) was calculated following the manufacturer’s recommendations (12.5 g/g 299 

of mice). 300 

 301 

Murine nasal polyp model and DEP administration 302 

Wild-type four-week-old BALB/c (20-25g) mice were purchased from Central Laboratory 303 

Animal (Seoul, South Korea) and maintained in specific pathogen-free conditions. All animal 304 

experimental protocols were approved by the IACUC of Seoul National University (SNU-305 

160808-7-6 and SNU-191211-2-2) and complied with the governmental and international 306 

guidelines of animal experiment. The methods to induce nasal polyps in nasal cavity were 307 

generated from allergic rhinosinusitis model, in mice with slight modifications as described 308 

previously 
32, 33

. Briefly, the mice were categorized into a control group (group A; n=10) and 309 

four experimental groups (group B, C, D and E; n=10 each). HDM extract from species Der f 310 

(Greer laboratories, NC, USA) was used in this study. For sensitization, control group mice 311 

were immunized with an intraperitoneal injection of phosphate-buffered saline (PBS; Sigma-312 

Aldrich, Mo, USA) plus 100 l complete freund’s adjuvant (CFA; Sigma-Aldrich, Mo, USA) 313 

at day 0 and then boosted at day 5. The mice in experimental groups (B-E) were systemically 314 

sensitized by intraperitoneal injection with 100 g of HDM extract in the presence of 100 l 315 

CFA. One week after the last immunization, mice were challenged by intranasal 316 

administration of 40 l PBS (group A) or 20 g HDM extract dissolved in 40 l PBS (group 317 
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B-E) for 7 consecutive days. Prolonged inflammation was maintained in the experimental 318 

groups by the subsequent nasal administration with 20 g HDM extract three times a week 319 

for four consecutive weeks. To investigate the effect of DEP, HDM-sensitized mice received 320 

either vehicle (group B) or DEP (group C, dose of 20 g per instillation), HDM extracts 321 

(group D, dose of 20 g per instillation), or both (group E) administered intra-nasally three 322 

times a week for eight weeks, and were sacrificed 1 day after the last exposure (Figure 4). 323 

PBS was applied for both systemic and local stimulation in group A. To evaluate the effect of 324 

ZEB2, HDM plus DEP-treated mice were used as a NP control group. The experimental 325 

groups were challenged with lentiviral vectors (shCont-GFP or shZEB2-GFP; see Figure 6 326 

and Figure 7 for detailed schedule). In some experiments, mice were exposed to DEP using a 327 

nose-only exposure system as described above. 328 

 329 

Immunofluorescence (IF) and confocal microscopy 330 

ALI-cultured hNECs immunostainings were directly performed on trans-well membranes. 331 

hNECs were incubated with the vehicle, DEP 1650b and DEP 2975 (0, 50 g/ml) for 48 h 332 

respectively. Then, hNECs were fixed in 4% paraformaldehyde (PFA; Biosesang, Seoul, 333 

South Korea) for 20 min at RT, washed 3 x 10 min in PBS, permeabilized with 0.25% Triton 334 

X-100 in PBS (PBST) for 30 min, blocked in PBST containing 5% BSA (BSA-PBST) for 2 335 

h, incubated with primary antibodies diluted in BSA-PBST overnight at 4℃, washed 3 x 10 336 

min with PBST, counterstained in secondary antibodies in BSA-PBST for 1 h in the dark at 337 

room temperature, washed 3 x 10 min with PBST, stained with 4′,6-Diamidino-2-338 

phenylindole (DAPI; Sigma-Aldrich, Mo, USA) for 10 min at room temperature, mounted to 339 

glass slides using mounting medium (Dako, CA, USA). The primary antibodies used are 340 

summarized in Table S1. For mounting on slides, membranes were cut with a razor blade and 341 
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mounted. The F-actin cytoskeleton was stained with rhodamine-conjugated phalloidin 342 

(Invitrogen, CA, USA) according to the manufacturer’s recommendations. Fluorescent 343 

images were collected on a confocal microscope (LSM 700; Carl Zeiss Microscopy, 344 

Göttingen, Germany), with ×40 objective. Scale bars were added, and images were processed 345 

utilizing Zen Blue software (Zeiss, Germany) and photoshop CS5 (Adobe Systems Inc., CA, 346 

USA).  347 

 348 

Histology and Immunohistochemistry of animal tissues 349 

Detailed experimental protocols for processing the sino-nasal tissue specimens and 350 

immunohistochemistry were described previously
32, 34

. Briefly, the skin on the head was 351 

removed and the mandibles were excised. The heads of the mice were fixed in 4% PFA for 1 352 

day, decalcified in 5% nitric acid (Sigma-Aldrich, Mo, USA) for 3 days at 4 ℃, paraffin 353 

embedded, and cut into 4 m sections. Sections were stained with hematoxylin (Vector Labs, 354 

CA, USA) & eosin (Sigma-Aldrich, Mo, USA) for evaluating polyp-like lesions and 355 

epithelial disruptions, Sirius red (Polysciences Inc., PA, USA) for evaluating eosinophils, 356 

Masson’s trichrome (Sigma-Aldrich, Mo, USA) for measuring collagen depositions, periodic 357 

acid-schiff (Sigma-Aldrich, Mo, USA) for counting goblet cells, according to the 358 

manufacturer’s instructions. For immunohistochemistry, sections were stained with E-359 

cadherin, ZEB2, neutrophil elastase, and PCNA antibodies. Detailed information is delineated 360 

in Table S1. Five randomly selected high-power fields (HPFs) per mouse were evaluated by 361 

two independent experienced examiners blinded to the groups. The criteria for nasal polyps 362 

and epithelial disruptions were described previously 
32, 34

. The number of nasal polyps and 363 

epithelial disruptions were quantified microscopically from five coronal sections, and 364 

presented as a total number. The number of eosinophils, neutrophils, goblet cells and PCNA 365 
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positive cells were expressed as the average numbers from five HPFs. E-cadherin negative 366 

spots were counted as described previously 
35

. 367 

 368 

Western blot analysis 369 

Protein concentrations were measured using BCA protein assay kit (Pierce, Bonn, Germany) 370 

according to the manufacturer’s protocol. Equal amount of protein from each cell lysates 371 

were loaded on a 815% sodium dodecyl sulfate (SDS)-polyacrylamide gels, separated by 372 

SDS-PAGE, and transferred to Immobilon-P membranes (Millipore, MA, USA). The 373 

membranes were blocked with 5% skim milk in TBS-T (Tris-buffered saline with 0.05% 374 

Tween-20) for 1h at RT, incubated with the appropriate primary antibodies overnight at 4℃ 375 

and horseradish peroxidase (HRP)-conjugated secondary antibodies (1:5000) for 1 h at room 376 

temperature. The antibodies used are described in Table S1. Blots were visualized using 377 

Luminata western HRP chemiluminescence substrates (Millipore, MA, USA), ECL Plus or 378 

ECL Select detection reagents (GE Healthcare, CA, USA). Immunoblotting for -tubulin or 379 

-tubulin served as a protein loading control. Scanned images of western blots were 380 

quantified using ImageJ software (NIH Image processing analysis, http://rsb.info.nih.gov/ij/). 381 

 382 

Small interfering RNAs (siRNAs) transfection and small hairpin RNAs (shRNAs) 383 

lentiviral vector transduction 384 

Small interfering RNAs were purchased from IDT (IO, USA). The nucleotide sequences (5’ 385 

to 3’) of siRNAs are shown in Table S2. For transient gene silencing, cells at 60% confluence 386 

were transfected with siRNAs using Mirus TransIT-X2 Dynamic Delivery System 387 

(Mirus Bio, WI, USA) according to the manufacture’s protocol. Stealth RNAi negative 388 

control duplex (Invitrogen, CA, USA) was used as control. To deliver the RNA interference 389 
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oligonucleotides targeting ZEB2 to differentiated epithelial cells in vitro, we transfected with 390 

ZEB2 siRNA complexed with lipofectamine RNAiMAX (Invitrogen, CA, USA) following 391 

the previous reports 
36

. For transduction, pGFP-C-shLenti-ZEB2 and pGFP-C-shLenti vectors 392 

(for negative controls) were obtained from OriGene (MD, USA). The viral vectors were 393 

cotransfected with pMD2-VSVG, pRSV-RRE, and pMDLg/pRRE helper DNA into 394 

HEK293T cells, and the viral supernatant was collected. Dilutions of virus in culture medium 395 

with Polybrene (Sigma-Aldrich, Mo, USA; 5 ug/ml) were added to each well. Viral 396 

supernatants were concentrated by ultracentrifugation (20,000 RPM for 1 h), and treated to 397 

mice nasal cavity. 398 

 399 

GSEA 400 

Enrichment analysis was performed using the GSEA software v4.0.3 and a formatted GCT 401 

file was used as input for the GSEA algorithm (available from: 402 

http://www.broadinstitute.org/gsea). The normalized data sets (GSE 107481, E-MTAB-5157 403 

and GSE63962) used for GSEA analysis were imported from gene expression omnibus (GEO) 404 

and European Bioinformatics Institute (EMBL-EBL) respectively. Enrichment analysis for 405 

RNA-sequencing data (E-MTAB-5157) was conducted using the pre-ranked tool of GSEA. 406 

In the analysis, the gene sets of the Hallmarks collection (i.e., 50 gene sets representing well-407 

defined biological processes) and Gene Ontology collection (GO) from v7.1 molecular 408 

signature database (mSigDB c5 category; http://software.broadinstitute.org/gsea/msigdb) 409 

were used, and the number of permutations was set to 1000.  410 

 411 

RNA sequencing and WGCNA analysis 412 

Total RNA was prepared following the standard TRIzol manufacturer’s protocol (Invitrogen, 413 
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CA, USA). Three biological replicates, treated with either vehicle or DEP, were used for 414 

RNA-sequencing. RNA quality was checked by an Agilent 2100 bioanalyzer using a RNA 415 

6000 Nano chip (Agilent Technologies, Amstelveen, Netherlands), and RNA quantification 416 

was validated using ND-2000 spectrophotometer (Thermo Inc., DE, USA). Sequentially, 417 

rRNA was eliminated from each 5 g samples of total RNA using Ribo-Zero Magnetic kit 418 

(Illumina Inc., CA, USA). Library preparation was performed by E-Biogen (E-Biogen Inc., 419 

Seoul, South Korea) using a SMARTer Stranded RNA-Seq Kit (Clontech lab Inc., CA, USA) 420 

following the manufacturer’s instructions. Briefly, a strand for cDNA library is synthesized 421 

based on a modified N6 primer. When the SMARTScribe Reverse Transcriptase approaches 422 

the 5′ end of the RNA fragment, the enzyme’s terminal transferase activity adds nucleotides 423 

to the 3′ end of the cDNA. The SMARTer Stranded Oligo base pairs, with non-templated 424 

nucleotides, creates an extended template to facilitate the SMARTScribe RT to continue 425 

replication to the end of the oligonucleotide. The cDNA, which has full-length, single-426 

stranded, includes the complete 5′ end of the mRNA, as well as sequences that are 427 

complementary to the SMARTer Stranded Oligo. cDNA is produced to release the library, 428 

and the library is amplified. Then, we introduced barcodes to the library. High throughput 429 

sequencing was conducted as paired-end sequencing using HiSeq 2500 (Illumina Inc., CA, 430 

USA), 101-bp-long reads to minimum of 40 million reads per sample. mRNA-Seq reads were 431 

mapped using TopHat software tool in order to obtain the alignment file
37

. Differentially 432 

expressed gene was determined based on counts from unique and multiple alignments using 433 

coverage in Bedtools
38

.
 
The RT (Read Count) data were processed based on Quantile 434 

normalization method using EdgeR within R (R development Core Team, 2016) using 435 

Bioconductor
39

. The alignment files were also used for assembling transcripts, estimating 436 

their abundances and detecting differential expression of genes or isoforms using cufflinks. 437 
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We used the FPKM (fragments per kilobase of exon per million fragments) as the method of 438 

determining the expression level of the gene regions. The weighted gene co-expression 439 

network analysis (WGCNA) was performed using WGCNA package in R software
40

. 440 

WGCNA determines modules using a hierarchical clustering of gene expression values. The 441 

networks were computed at the smallest power that exceeds the scale-free topology fit index 442 

> 0.90 (a soft power = 10). We identified a total of 37 significant modules. Then we 443 

conducted gene ontology (GO) annotations for human using org.Hs.eg.db package in R 444 

software and examined the ‘biological processes’ category. Among the biological processes, 445 

Bonferoni-based p-values less 0.05 were considered significant. 446 

 447 

Lactate dehydrogenase (LDH) assay 448 

Cytotoxicity at each time points was calculated following the manufacturer’s instructions 449 

provided by the EZ-LDH Cytotoxicity Assay Kit (DoGEN, Seoul, South Korea). Briefly, 450 

hNECs were grown in 96-well culture plates at a density of 5 × 10
4 

cells per well in 200 l of 451 

culture medium. Cells were maintained at 37°C in a 5% CO2 humidified environment for 16 452 

h in an airway epithelial cell growth medium (PromoCell, Heidelberg, Germany). Then, the 453 

culture medium was replaced with 200 l of the fresh culture medium containing DMSO for 454 

mock control, or DEP (DEP1650b and DEP 2975) at concentrations of 10 g/ml, 20 g/ml 455 

and 50 g/ml. Hydrogen peroxide (H2O2; 1 mM) was added to the cultured cells for 24 h as a 456 

positive control. At the end of incubation, absorbance was measured at 450 nm and 600 nm 457 

as a reference wavelength using a microplate reader (Varioskan; Thermo Electron Co, MA, 458 

USA). All assays were performed in triplicates. LDH release was calculated by the 459 

manufacturer's recommendation. 460 

 461 
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FACS analysis of cell death  462 

Effect of DEP on cell death such as apoptosis and necrosis was determined by the 463 

combined application of Annexin V-FITC apoptosis detection kits (BD Pharmingen, 464 

Heidelberg, Germany) and propidium iodide (PI; Sigma-Aldrich, Mo, USA), followed by 465 

flow cytometric analysis according to the manufacturer’s protocol. Briefly, vehicle or 466 

DEP-treated cells at each time points were washed with PBS and removed from the plates 467 

by trypsinization. The cells were resuspended in a binding buffer, and then stained with 468 

FITC-conjugated annexin V antibody for 15 min in the dark at room temperature. 469 

Sequentially, cells were treated with PI. Hydrogen peroxide (H2O2; 1mM) was added on the 470 

cultured cells for 24 h for positive controls. Flow cytometric analysis was immediately 471 

performed in a BD FACS Canto Flow Cytometer (BD Biosciences, CA, USA). 472 

 473 

Measurement of TEER and permeability of dextran 474 

hNECs (1 × 10
5
 cells per well) were seeded onto transwell 0.4-m-pore-size filters (Costar, 475 

NY, USA) in 24-well plates. After confluence, monolayer cells were exposed to ALI 476 

conditions, and induced differentiation by removing the medium in the apical compartment as 477 

described previously
32

. TEER measurements were performed at 0, 24, 48, and 72 h after 478 

exposure to either vehicle or DEP (50 g/ml; 26.3 g/cm
2
), epithelial integrity was 479 

determined by utilizing an EVOM/Endohm chamber (WPI, FL, USA), and corrected by 480 

subtracting the background in order to the blank transwell inserts and medium. For TEER 481 

measurements, 0.2 ml and 1.0 ml of pre-equilibrated medium were added to the apical and 482 

baso-lateral reservoirs respectively. Wells not building up sufficiently (TEER> 3000  x 483 

Cm
2
) were not included in experiments. Para-cellular flux measurements were conducted 484 
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after TEER experiments. Para-cellular permeability was evaluated at 72 h after apical 485 

addition of fluorescein isothiocyanate (FITC)-dextran (2 mg/ml) (Sigma-Aldrich, Mo, USA) 486 

for 3 h based on the intensity of FITC in the basal compartment medium (100 l), as 487 

measured with an ELISA reader at 480nm (Varioskan; Thermo Electron Co, MA, USA). The 488 

value of TEER and permeability in ALI-cultured hNECs transfected with ZEB2 siRNA 489 

complexed with RNAiMAX following the previous reports
36

 were evaluated similarly as 490 

described above. Each experiments were performed in triplicate. 491 

 492 

RNA extraction and real-time quantitative PCR 493 

Total RNA was isolated using QIAshredder and RNeasy Plus Mini kit (both Qiagen, CA, 494 

USA) following the manufacturer’s instructions. cDNA synthesis was carried out from 1 g 495 

of RNA using Tetro cDNA-synthesis kit (Bioline, London, UK) following the manufacturer’s 496 

recommendations. Polymerase chain reaction was done with SYBR Green Polymerase Chain 497 

Reaction Master Mix as a ready-to-use reaction mixture (Enzynomics, Daejeon, South Korea) 498 

in 96-well optical plates using the CFX Connect Real-Time Polymerase Chain Reaction 499 

Detection System (Bio-Rad Laboratories Inc., CA, USA). Cycling conditions were 95°C for 500 

10 min, followed by 40 cycles at 95°C for 10 s, 60°C for 1 min, and 72°C for 30 s. All genes 501 

were normalized to reference genes (GAPD for human genes and ACTB for mouse genes), 502 

and the results are presented as relative fold changes using the comparative 2
-ΔΔCq

 method. 503 

cDNA was amplified by using the primers described in Table S3. 504 

 505 

Serum IgE by ELISA 506 

Mice serum levels of total-IgE were measured using an ELISA MAX
TM

 Set Deluxe kit 507 

(Biolegend, CA, USA) following the manufacturer’s protocol.  508 
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 509 

Statistical analysis 510 

All analyses were performed using SPSS 25.0 software (SPSS, Chicago, IL, USA). Statistical 511 

significance was assessed by unpaired two-tailed student's t-test, Kruskal-Wallis tests, Mann-512 

Whitney U test, Wilcoxon matched-pairs test or Spearman’s correlation test and indicated as 513 

follow: n.s., not significant; 
*
P<0.05; 

**
P<0.01. Data are presented as means ± s.e.m. 514 

Number of biological replicates is indicated in the figure legends. Sample sizes were 515 

estimated empirically. Illustrative figures were generated using Prism version 8.0 (GraphPad 516 

Software Inc., CA, USA) and SigmaPlot version 10.0 (Systat Software Inc., CA, USA). 517 

 518 

Study approval 519 

All human subjects studied were enrolled after providing written informed consent under the 520 

internal review board of SNUH-approved protocol (IRB No. C-1902-098-1011). Animal 521 

experiments were performed under an animal protocol approved by the Institutional Animal 522 

Care and Use Committee (IACUC) of Seoul National University (SNU-160808-7-6 and 523 

SNU-191211-2-2). 524 

 525 

 526 

 527 

 528 

 529 

 530 
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 531 

 532 

 533 

Results 534 

DEP treatment promotes EMT and cell migration potential in airway epithelial cells  535 

We first applied the Gene set enrichment analysis (GSEA) to hallmark gene sets and 536 

gene ontology (GO) gene sets to decipher the cellular consequences of DEP exposure. In this 537 

process, we utilized three publicly available gene expression databases (GSE 107481, E-538 

MTAB-5157, and GSE 63962). We observed several gene sets that were enriched in the DEP-539 

treated group (293, 880, and 523 gene sets for GSE 107481, E-MTAB-5157, and GSE 63962, 540 

respectively) compared to the vehicle-treated group (P < 0.05, FDR < 0.30). We then 541 

searched for the gene sets commonly upregulated in the three different data sets. The EMT 542 

gene set was ranked number 1 among the subset of gene sets (Figure 1A, 1B). Representative 543 

enrichment plots are shown in Figure 1C. To compare the cellular consequences of DEP 544 

administration on the upper and lower airway epithelial cells (AECs), we treated air-liquid 545 

interface (ALI)-cultured hNECs (upper AECs) with DEP following the previous reports
32

, 546 

and conducted RNA sequencing (Figure 1D). A study has reported that the transcriptome has 547 

a reproducible co-expression configuration that offers a framework for speculating disease 548 

biology
41

. Therefore, we performed weighted gene co-expression network analysis 549 

(WGCNA) to investigate modules of genes that change with similar patterns following DEP 550 

exposure in ALI-cultured hNECs
42

. WGCNA identified 37 gene modules correlated with DEP 551 

exposure (Figure 1E). Color label identifiers represent each module and each color shows a 552 

cluster of genes with a similar expression pattern across samples. Turquoise and blue modules 553 

showed the most intense association (modSize > 1000 and Bonferroni-corrected P-values < 554 
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0.05). After GO analysis using the genes included in turquoise and blue modules, we ranked 555 

the enriched GO terms based on biological process (BP) following the Bonferroni-corrected 556 

P-values. Among the 14 GO terms, 7 GO terms (50%) were related to cytoskeleton 557 

remodeling and cell migration (Figure 1F). Collectively, these results support the speculation 558 

that DEP exposure could induce EMT in hNECs. 559 

 560 

DEP exposure induces EMT in hNECs  561 

Considering that EMT and cytoskeleton remodeling are the pre-requisite processes for 562 

cell migration
43, 44

, we examined whether DEP exposure was responsible for the EMT in 563 

hNECs. hNECs were exposed to Standard Reference material (SRM) DEP 1650b and SRM 564 

DEP 2975 in a concentration dependent manner. In these concentrations, we could not 565 

observe the effects of DEP in terms of cell toxicity, apoptosis, and necrosis as confirmed by 566 

lactate dehydrogenase (LDH) assay, Annexin V/PI assay, or additional immunoblot assay 567 

respectively (Figures S1A-S1C). Although hNECs cultured with vehicle possess an epithelial 568 

morphology, hNECs exposed to DEP showed a larger, more spindle/fibroblasts-like shape 569 

(Figure 2A, left panel). Consistently, hNECs developed lamellipodia after DEP treatment 570 

(Figure 2A, right panel). To assess the EMT phenomenon under physiological conditions, we 571 

delivered DEP to ALI-cultured hNECs. DEP exposure reduced the E-cadherin expression 572 

(Figure 2B). Additionally, DEP increased the protein levels of mesenchymal markers (N-573 

cadherin and -SMA), but decreased those of epithelial markers (E-cadherin and ZO-1) 574 

(Figures 2C, 2D). Barrier dysfunction is strongly associated with the progression of EMT and 575 

features of CRS 
45, 46

. We therefore checked whether the barrier function of epithelial cells 576 

could be impaired by DEP treatment. As surrogate markers of barrier function in ALI-577 

cultured hNECs, trans-epithelial electrical resistance (TEER) and para-cellular diffusion of 578 
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FITC-dextran assays were used. DEP reduced the TEER levels until 72 h (Figure 2E), 579 

whereas the permeability of FITC-dextran through DEP-treated epithelial cells was higher 580 

than that of the vehicle-treated cells (Figure 2F). These data indicate that exposure to DEP 581 

disrupts epithelial barrier and promotes EMT in hNECs. Next, we focused on previously 582 

known EMT-regulating transcription factors to investigate mechanisms through which EMT 583 

occurs. We noted that normal hNECs isolated from six different control subjects possess 584 

similar mRNA expression levels of EMT-regulating genes except SLUG, ZEB1, and TWIST2 585 

(Figure 2G). To determine the factors that were commonly increased by DEP exposure, we 586 

treated hNECs with either DEP 1650b or DEP 2975 and assessed their mRNA expressions 587 

(Figure 2H). Although both ZEB2 and SLUG mRNA levels were significantly increased by 588 

the DEP treatment (Figure 2H), we could confirm only ZEB2 induction at the protein level in 589 

hNECs (Figure 2I). We then investigated which molecular signaling pathways are attributed 590 

to ZEB2 upregulation in response to DEP treatment. Among the key signaling pathways, we 591 

observed significant activation of NF-B and ERK by DEP exposure (Figure S2A). However, 592 

only NF-B inhibition consistently reduced DEP-induced ZEB2 expression (Figure S2B). 593 

Considering that DEP can induce oxidative stress in cells, we also tested the effect of N-594 

acetyl-L-cysteine (NAC) on DEP-treated cells. As expected, NAC treatment slightly reduced 595 

the DEP-induced ZEB2 levels (Figure S2C). We further determined whether DEP-induced 596 

ZEB2 was attributable to DEP extracts or particles themselves. Thus, we treated hNECs with 597 

polystyrene-based micro-particles (0.1 m, 0.5 m, and 1.0 m) and compared ZEB2 598 

expression. However, micro-particles induced modest ZEB2 expression as compared to DEP 599 

(Figure S3A). When hNECs were incubated with two types of non-PM2.5 fine dust (PM10-600 

like), which contain PAHs or trace elements, as well as HDM, as an environmentally 601 

exposable allergen, the PM10 fine dust induced ZEB2 expression as much as DEP did. 602 
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(Figure S3B). Together, the results suggest a contribution of ZEB2 to DEP-induced EMT, and 603 

the increase could result from the DEP extracts rather than from the particles themselves. 604 

 605 

DEP-induced EMT is dependent on ZEB2 expression  606 

To directly address this hypothesis, we used a small interfering RNA (siRNA) to target 607 

ZEB2 followed by DEP treatment. As shown in Figures 3A and S4, ZEB2 knock-down 608 

restored DEP-induced EMT as evidenced by an increase in epithelial markers (E-cadherin 609 

and ZO-1) and a decrease in mesenchymal markers (N-cadherin and -SMA). Consistently, 610 

knock-down of ZEB2 reduced the numbers of DEP-induced F-actin stained with phalloidin 611 

(Figure 3B). We also performed TEER analysis and measured the amount of para-cellular 612 

flux after DEP exposure in a time dependent manner until 72 h. Consistently, TEER 613 

decreased by DEP administration after 48 h of exposure. Additionally, para-cellular flux 614 

markedly increased in ALI-cultured hNECs after 72 h of exposure to DEP, confirming the 615 

previous results. However, knock-down of ZEB2 followed by DEP exposure restored TEER 616 

values and decreased the levels of para-cellular flux (Figures 3C, 3D). These results reveal 617 

that DEP exposure induced EMT via ZEB2 expression in hNECs. 618 

 619 

Effects of DEP on polyp formation in a murine NP model 620 

Next, we would like to investigate the potential pathophysiological relevance of ZEB2-621 

induced EMT with regard to respiratory airway diseases. EMT is a feature of CRS disease 622 

and has been implicated as a possible mechanism in the pathogenesis of CRSwNP. We 623 

previously reported that EMT contributes to the formation of NPs
32, 34, 47

. Therefore, we 624 

tested whether DEP exposure could induce NPs. To determine the effect of DEP on NP 625 
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formation, we employed an experimental NP model based on previous reports with some 626 

modifications
33, 34, 48

. BALB/c mice were sensitized intraperitoneally with either phosphate 627 

buffered saline (PBS) or house dust mite (HDM) twice. After prolonged inflammation by 628 

HDM administration, mice were exposed intranasally to PBS (vehicle), DEP, HDM, and 629 

HDM plus DEP three times a week over an eight-week period (Figure 4A). Interestingly, we 630 

found a synergistic increase in NP numbers and the number of epithelial disruptions in mice 631 

exposed to HDM plus DEP compared with that observed in either DEP- or HDM- exposed 632 

mice. DEP exposure alone did not promote NP formation (Figure 4B-4D). Figure S5 shows 633 

the representative photographs of NPs counted in Figure 4C. Next, we checked whether DEP-634 

induced EMT weakened epithelial integrity and promoted epithelial remodeling in vivo by 635 

analyzing E-cadherin expression, collagen amount, cell proliferation rate, and goblet cell 636 

hyperplasia. We counted the E-cadherin negative spots as mentioned in previous reports
34, 35

 637 

and the results are shown in Figure 4E. Exposure to either DEP or HDM sufficiently reduced 638 

the levels of E-cadherin. This effect was more prominent in HDM plus DEP-delivered group 639 

(Figure 4E). In contrast, sub-epithelial collagen thickness was detected the most in HDM plus 640 

DEP-administered mice (Figure 4F). Treatment with HDM plus DEP synergistically 641 

increased the percentage of PCNA positive cells as well as enhanced the ZEB2 mRNA levels 642 

(Figure 4G, 4H). Representative images are shown in Figure S6. In addition to HDM 643 

treatment, DEP exposure further attenuated the mRNA levels of E-cadherin (epithelial 644 

marker), but upregulated -SMA (mesenchymal marker) in mice nasal mucosa tissues 645 

(Figure 4I, 4J). These results from an in vivo system are in agreement with those of the in 646 

vitro experiments, confirming the effects of DEP on hNECs. 647 

 648 

Co-exposure to HDM and DEP had minor effects on inflammatory response in vivo 649 
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Previous studies used various kinds of immunization protocols and addressed an 650 

adjuvant effect of DEP that enhanced Th2-related cytokines and IgE production
17, 49

. We 651 

therefore examined whether DEP affected inflammatory cytokine secretion or immune cell 652 

infiltration. HDM/DEP exposure did not further increase the number of eosinophils and Th2-653 

related cytokines, such as IL-4 and IL-13, which were induced by HDM treatment. Similarly, 654 

repeated DEP exposure over an eight-week period did not result in a marked increase in total 655 

IgE plasma levels compared with those observed in the vehicle-administered mice. Exposure 656 

to both HDM and DEP also did not enhance total IgE levels compared with those treated with 657 

HDM alone However, the numbers of neutrophils and goblet cells were slightly upregulated 658 

following HDM/DEP treatment (Figures S7A-S7F). Furthermore, the mRNA levels of 659 

CXCL1 and CXCL2, but not CXCL5, increased in the HDM+HDM/DEP-treated group when 660 

compared to those in the HDM + HDM-treated mice (Figure S8). This result suggests that co-661 

exposure to HDM and DEP had modest effects on allergic inflammation. Collectively, 662 

epithelial remodeling might be causing NP formation in mouse nasal cavity rather than the 663 

inflammatory adjuvant effect of DEP. 664 

 665 

DEP exposure exacerbates EMT in CRS patient-derived epithelial cells and shows 666 

negative correlation between E-cadherin and ZEB2 ex vivo 667 

Our data showed that DEP promoted EMT in hNECs, whereas DEP-exposed mice did 668 

not exhibit significant induction of NP formation (p=0.136). However, co-exposure of HDM 669 

and DEP induced NPs in mice. These discrepant results led us to hypothesize that during CRS 670 

progression, primed epithelial cells respond more strongly to extrinsic cues such as DEP than 671 

the normal epithelial cells and resulted in NP formation. A previous report showing that 672 

human respiratory epithelial cells have allergic inflammatory memory also supports our 673 
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hypothesis
50

. To test this hypothesis, we seeded hNECs from control subjects, CRSsNP 674 

patients, and patients with CRSwNP into ALI cultures for three weeks ex vivo. After treating 675 

ALI-cultured epithelial cells with DEP for 72 h, we performed immunoblot assay and 676 

compared the levels of E-cadherin and ZEB2. First, we observed that the baseline ZEB2 677 

levels were already increased in the cells in CRS patients and upregulated more in NP 678 

patients. However, the expression of E-cadherin exhibited opposite trends. Considering 679 

CRSwNP revealed more severe forms of EMT characteristics compared to CRSsNP and 680 

normal tissues, upregulation of endogenous ZEB2 levels in NP-derived epithelial cells is 681 

reasonable. Western blot analysis revealed that ZEB2 expression was markedly induced by 682 

DEP treatment, but E-cadherin levels decreased mostly in CRS patient-derived epithelial cells 683 

(Figures 5A-5D). However, DEP exposure to the cells derived from either normal subjects or 684 

NP patients presented mild changes in terms of ZEB2 and E-cadherin levels. The fold-change 685 

of ZEB2 expression was negatively correlated with that of E-cadherin expression (Figure 686 

5E). These results indicate that defective epithelial cells such as CRS patient-derived 687 

epithelial cells have a greater tendency to induce EMT. 688 

 689 

Tissue-specific ZEB2 knock-down reduces HDM/DEP-induced NPs in mice 690 

To verify the role of ZEB2 in the process of NP formation, we manipulated ZEB2 in a 691 

tissue-specific manner by delivering lentiviral vectors to a HMD/DEP-induced NP murine 692 

model. We firstly tested the transduction efficiency of small hairpin RNA (shRNA) targeting 693 

ZEB2 in a LA4 cell line, and found that LA4 cells transduced with lentiviral-mediated ZEB2-694 

specific shRNAs inhibited ZEB2 expression (Figure 6A, 6B). We then delivered ZEB2 695 

shRNAs to the HDM/DEP-induced NP murine model (Figure 6C). As expected, HDM/DEP-696 

treated mice showed a greater number of NPs, but the intranasal administration of shZEB2 697 
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lentiviral vectors reduced mucosal inflammation with multiple polypoid lesions (Figure 6D, 698 

6E). Immunohistochemical analysis showed the changes of ZEB2 promoted by DEP on nasal 699 

tissues (Figure 6F). E-cadherin expression was also restored by the nasal mucosa-specific 700 

knock-down of ZEB2 in HDM/DEP-treated mice (Figure 6G, 6H). In addition, the number of 701 

PCNA-positive cells decreased following the shZEB2 delivery (Figure S9A). These results 702 

reveal that ZEB2 is required for the EMT process in HDM+DEP-induced NP formation in 703 

mice. 704 

 705 

Tissue-specific ZEB2 inhibition decreases nasal polypoid lesions in a nose-only DEP 706 

exposure system  707 

We next investigated whether ZEB2 induction occurred in an in vivo system using a 708 

nose-only exposure system closer to physiological conditions. Considering that ZEB2 is a 709 

transcription factor, we checked ZEB2 expression at early time-points (day 1 and day 5) after 710 

DEP exposure (Figure 7A). BALB/c mice were strained inside nose-only exposure tubes and 711 

exposed to either vehicle or DEP for 1 h a day, resulting in the specific delivery of DEP to 712 

nasal cavity (Figure 7B). Notably, ZEB2 mRNA levels increased even after 1 h exposure to 713 

DEP, and were further upregulated in the 5 days of DEP exposure (Figure 7C). Finally, we 714 

also validated the effects of ZEB2 inhibition by exploiting a nose-only inhalation system 715 

(Figure 7D). Similarly, intranasal delivery of shZEB2 lentiviral vectors decreased the number 716 

of NPs (Figure 7E, 7F), diminished ZEB2 expression levels (Figure 7G), but restored E-717 

cadherin levels (Figure 7H, 7I). In terms of PCNA numbers, similar findings were observed, 718 

as shown in Figure S8A (Figure S9B). Overall, there results indicate that both intranasal 719 

delivery of DEP and DEP exposure using a nose-only system enhance NP formation in an 720 

HDM-sensitized AR murine model, and that ZEB2 contributes to DEP-mediated nasal 721 
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polypogenesis. 722 

 723 

 724 

 725 

 726 

 727 

 728 

Discussion 729 

The present study suggests that exposure to DEP induces EMT in hNECs and increases 730 

the number of NPs in mice (Figures 2 and 4). Further, DEP delivery to CRS patient-derived 731 

epithelial cells triggers potent EMT features as compared to those from control subjects 732 

(Figure 5). We found that DEP-mediated EMT was attributed to ZEB2, a master regulator of 733 

the EMT, among other key EMT-regulating transcription factors such as SNAI and TWIST 734 

(Figures 2 and 3). Knock-down of ZEB2 sufficiently restored DEP-induced EMT in hNECs 735 

(Figure 3). ZEB2 blockade in mice prevented HDM+DEP-induced NP formation (Figures 6 736 

and 7). The effects of DEP have been implicated in respiratory allergic diseases such as AR 737 

and AA; however, the mechanisms of DEP-induced upper airway diseases have not been 738 

studied. Our data provide the first evidence that DEP-induced ZEB2 contributes to NP 739 

formation by promoting EMT in hNECs. Additionally, we observed that epithelial cells 740 

derived from CRS patients might have primed memory and might have experienced extensive 741 

epithelial remodeling towards NP formation owing to DEP treatment (Figure 5). Collectively, 742 

approaches targeting inhibition of ZEB2 can be potential therapeutic strategies for NP 743 

patients who reside in high DEP-exposed areas. 744 
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EMT is a reversible process and is a marked characteristic of CRS with or without NPs
35

. 745 

We previously demonstrated several times that inhibition of EMT progression based on their 746 

mechanism sufficiently blocked NP formation
32, 34, 47

. In this study, we suggest that DEP 747 

exposure promotes EMT as evidenced by the WGCNA in ALI-cultured hNECs and various 748 

kinds of in vitro experiments (Figure 1-5). Despite the lack of relevant studies, a few reports 749 

support our observations. Recently, Rynning et al. demonstrated that DEP-treated HBECs 750 

showed increase in EMT-related genes, but reduced migration potential as compared to the 751 

vehicle-treated HBECs
51

. Some studies also reported that DEP exposure to HBECs could 752 

induce the expression of EMT-related genes
19, 20

. Additionally, human lung epithelial cells 753 

(Beas-2B) treated with PM 2.5 derived from Yangtze river delta region in China enhanced 754 

invasion ability and induced the expression of EMT markers
52

. The airway epithelia in the rat 755 

COPD model administered with motor vehicle exhaust for 7 months presented a reduction in 756 

E-cadherin expression, but increase in vimentin expression
53

. However, these studies did not 757 

show the clear EMT phenotype, related mechanisms, and also did not suggest the clinical 758 

implications of DEP exposure. Our study elucidated the specific mechanism regarding the 759 

effect of DEP on the upper AEC and examined this mechanism in the possible upper airway 760 

diseases. We exposed cells to DEPs in vitro, in vivo and ex vivo, and confirmed the 761 

contribution of ZEB2-induced EMT in terms of nasal polypogenesis. 762 

The carcinogenic effects of DEP are controversial, underscoring the need for further 763 

studies comparing the effects of DEP extracts and intact particles on hNECs separately. As 764 

DEP comprise of fine particles (mainly 0.1 m–2.5 m), we treated the cells with 765 

polystyrene-based micro-particles (0.1 m, 0.5 m, and 1.0 m) in a concentration-dependent 766 

manner, and compared them with DEP-treated hNECs. However, we hardly observed 767 

increase in ZEB2 expression (Figure S3A). Additionally, we could not detect any 768 
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morphological changes in micro-particles-treated hNECs (data not shown). These results 769 

suggest that DEP-induced EMT might be affected by the DEP extracts rather than the micro-770 

particles. However, our present study has certain limitations. Polystyrene-based micro-771 

particles may somewhat differ from micro-particles presented in DEP. In this regard, various 772 

types of micro-particles, which could mimic micro-particles in DEP need to be tested in the 773 

future. Another limitation is that our study did not compare the effects of DEP and other air 774 

pollutants in terms of EMT in hNECs. Considering that respiratory allergic diseases are a 775 

result of air pollution, which is also caused by other pollutants such as Asian sand dust and 776 

exhaust particles from gasoline
54

, future studies will be required. 777 

To evaluate the physiological relevance of DEP, we replicated the real-life exposure 778 

conditions as closely as possible. A number of studies have examined PM2.5 concentrations 779 

in several urbanized countries, and reported that the annual means of PM2.5 were 10–30 780 

g/m
3 

(depending on the countries)
55-57

. Especially, exposure to DEP in occupational settings 781 

can be more extensive. Therefore, the concentrations used in our study (20–50 g/ml for in 782 

vitro studies and 10 g/20 l for in vivo studies) are biologically relevant. These 783 

concentrations have also been frequently utilized in other studies
18, 58, 59

. 784 

The relationship between animal model systems and target pathophysiology is crucial 785 

for a comprehensive understanding of many human diseases. Intraperitoneal (IP) injection, 786 

since 1980s, has been the most traditional route of inducing sensitization. However, one of 787 

the major criticisms of animal models for airway diseases, including asthma and CRS with or 788 

without NP, is that they do not mimic the real routes when triggering allergic responses. 789 

Therefore, using the airways for sensitization, such as via intra-nasal (IN) or intra-tracheal 790 

(IT) administration, has recently been applied to mimic human airway diseases, instead of IP 791 

or subcutaneous (SC) routes
60-62

. Multiple studies have reported delivering DEP with HDM 792 
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or OVA via the intranasal route for sensitization, and they observed adjuvant activity of DEP 793 

on IgE and IgG1 antibody productions
17, 49, 63, 64

 It has also been reported that inhaled HDM 794 

challenge induces a classical Th2 inflammatory mediator profile in the airway (like 795 

ovalbumin). Based on such results, we speculate that HDM+DEP sensitization through the 796 

intranasal route followed by HDM treatment could trigger rhinosinusitis characteristics in 797 

mice. Furthermore, it could facilitate nasal polyp formation when mice are exposed to HDM 798 

or DEP over a long period. 799 

Notably, DEP-exposed hNECs exhibited EMT phenotypes, whereas DEP or HDM alone 800 

did not induce NPs significantly in mice (Figure 2 and Figure 4). However, co-exposure to 801 

HDM and DEP could induce NP formation. Our hypothesis is that either DEP or HDM 802 

exposure impairs epithelial cells and potentially promotes EMT in vivo; however, the 803 

threshold required to generate nasal polyps consistently cannot be achieved. Nevertheless, the 804 

delivery of HDM+DEP mixture after HDM sensitization might damage the cells in an 805 

additive and/or synergistic manner, in turn, allowing nasal polyp formation in mice. From 806 

these observations, we hypothesized that defective epithelial cells from CRS patients possibly 807 

respond more strongly to air pollutants such as DEP rather than normal epithelial cells. To 808 

resolve this, we collected epithelial cells from normal subjects, CRS patients, and patients 809 

with CRSwNP. Cells were cultured under ALI conditions followed by DEP treatment, and the 810 

levels of ZEB2 and E-cadherin were evaluated. The epithelial cells derived from CRS 811 

patients showed significantly higher ZEB2 expression levels than those from normal subjects 812 

and CRSwNP patients. We believe that CRS-derived hNECs were already primed cells, 813 

which made the cells more vulnerable to potential environmental cues, such as DEP, when 814 

compared to normal cells. Considering NP-derived epithelial cells already exhibited distinct 815 

mesenchymal features, our observation that additive DEP treatment barely affected ZEB2 and 816 
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E-cadherin levels is quite reasonable. One or two samples did not display the general trends. 817 

Disease backgrounds of subjects could affect cell status, suggesting that endogenous levels of 818 

ZEB2 or E-cadherin could vary across subjects, even within a group. Consequently, we 819 

contend that it could be the source of the differences in responses to the DEP across the 820 

samples. 821 

Indeed, the association between ZEB2 expression and poor prognosis in colorectal 822 

cancer patients has been reported severally
65, 66

. Another study also supports the importance 823 

of ZEB2 with respect to colonic tumor metastasis
67

. Considering gastrointestinal (GI) polyps, 824 

including colonic tumors, are another type of polyps, as observed in the nasal mucosa, 825 

exploration of the role of ZEB2 in the GI tract is valuable. DEP can be delivered to the 826 

intestinal tract via the esophagus and might affect GI epithelial cells. Consequently, DEP 827 

inhalation could induce ZEB2 expression in GI epithelial cells. However, DEP itself may not 828 

trigger intestinal polyps, as observed in the nasal spaces (Figure 4). Because the AOM/DSS 829 

murine model showed activation of multiple key signaling pathway such as Wnt/-catenin 830 

signaling, which is a critical pathway in GI tumorigenesis including polyposis
68, 69

, DEP 831 

delivery based on an AOM/DSS model should be explored for use in the evaluation of GI 832 

polyps in the future. 833 

Although our data clearly showed that a traffic-related air pollutant (DEP) promotes 834 

EMT, especially in CRS-driven epithelial cells, implying that DEP might trigger NP 835 

formation among patients with CRS, there is little epidemiological data to support our 836 

conclusion. Nevertheless, this is the first report, to the best of our knowledge, exploring the 837 

role of DEP in nasal polypogenesis. Despite the lack of related studies, a few related reports 838 

support our findings. For example, for each unit increase in PM2.5 exposure, there was a 839 

1.89-fold upregulation in the proportion of CRSsNP patients that required further surgery, 840 
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indicating that air pollutants are potential environmental risk factors for CRS disease 841 

exacerbationc
70

. In addition, PM10 particles were associated with increased risk of CRS 842 

based on the Korea National Health and Nutrition Examination Survey data
71

. PM2.5 (10 843 

mg/m3) exposure is associated with increased prevalence of allergic rhinitis (AR) in Chinese 844 

children and worsened Rhinoconjunctivitis Quality of Life in Peruvian children
72, 73

. 845 

Furthermore, numerous recent studies have demonstrated a positive correlation between the 846 

frequency of AR episodes and traffic-related air pollution
74-76

. However, in the studies, the 847 

levels of exposure to DEP or PM between CRSsNP and CRSwNP patients have not been 848 

studied. Therefore, well-controlled prospective studies are required in future. 849 

In summary, we found that ZEB2-mediated EMT has a crucial role in DEP-induced 850 

nasal polypogenesis, and that ZEB2 loss apparently mitigates NP formation as well as 851 

sinonasal mucosa inflammation (Figures 4-7). Therefore, controlling ZEB2-induced EMT 852 

may be an effective target for treating nasal polypogenesis in mucosal epithelium. 853 

Furthermore, modulating ZEB2 may have a therapeutic advantage for the treatment of upper 854 

airway diseases caused by particulate-related air pollution such as that caused by DEP. 855 
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 1091 

Table 1. Patient characteristics and methodologies used 1092 

 Control CRSsNP CRSwNP 

Total no. of subjects N = 10 N = 7 N=7 

Tissue used  InfTurb  InfTurb NP 

Age (yr), mean (SD) 51.7 (17.1) 42.4 (18.8) 53.7(14.6) 

Asthma, N 0 0 0 

Aspirin intolerance, N 0 0 0 

Nasal steroid, N 0 1 0 
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Oral steroid, N 0 0 0 

Lund-Mackay CT score 1.4 (2.06) 10.14 (4.4) 12.42 (4.6) 

Blood eosinophils (%) (SD) 2.4 (1.4) 3.7 (3.3) 2 (1.76) 

Methodologies used    

RNA sequencing N= 3 N= 0 N= 0 

ALI epithelial culture N= 7 N= 7 N= 7 

Abbreviations: InfTurb, inferior turbinate; CRSsNP, chronic rhinosinusitis without nasal 1093 

polyp; CRSwNP, chronic rhinosinusitis with nasal polyp; NP, nasal polyp; CT, computed 1094 

tomography; ALI, air-liquid interface. 1095 

 1096 

 1097 

 1098 

 1099 

Figure legends 1100 

Figure 1. DEP increase EMT and cell migratory potential in airway epithelial cells 1101 

(AEC).  1102 

(A, B) GSEA. Venn diagrams show 17 commonly upregulated gene sets (P < 0.05 and FDR < 1103 

0.30) by DEP treatment . Among them, top 10 gene sets are listed. (C) Enrichment plots for 1104 

top 1 ranked gene set of the GSEA analysis in the data set of GSE 107481, E-MTAB-5157, 1105 

and GSE 63962. (D) Schematic diagram of DEP exposure and RNA sequencing in ALI-1106 

cultured hNECs (n=6). (E) WGCNA dendrogram, which detects genes with similar 1107 

expression patterns and classifies them into modules (represented by colors) (scale-free 1108 

topology fit index > 0.90, a soft power = 10) (n=6). (F) Enriched GO terms in the turquoise 1109 
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and blue modules were ranked by the Bonferroni P-values. GO terms based on BP with 1110 

modSize > 1000 and Bonferroni-corrected P-values < 0.05 are shown. Similar BP terms are 1111 

highlighted in red colors. 1112 

 1113 

Figure 2. DEP induce EMT in hNECs.  1114 

(A) Representative phase contrast images and F-actin structures of hNECs. Scale bars = 200 1115 

m (100, left) and 50 m (400, right). Arrows indicate lamellipodia. Scale bar = 20 m. 1116 

(B) Representative immunofluorescence images of ALI-cultured hNECs exposed to DEP. E-1117 

cadherin (green) and DAPI (blue). Scale bar = 20 m. (C, D) Representative immunoblots of 1118 

EMT markers in hNECs after DEP exposure. (E) TEER was measured after DEP exposure in 1119 

ALI-cultured hNECs. (F) Para-cellular flux (PF) in response to DEP exposure in ALI-1120 

cultured hNECs. (G) mRNA expression of EMT-regulating transcription factors were 1121 

assessed in ALI-cultured hNECs (n=6). (H) hNECs cultured with DEP were examined for the 1122 

expression of EMT-regulating transcription factors. Black dashed line (- -) indicates vehicle-1123 

treated cells normalized to 1-fold. Heat maps were generated from normalized data. (I) 1124 

Representative immunoblots and quantification of ZEB2 protein expression in hNECs (n=3). 1125 

In all immunoblot analysis, protein intensities were quantified by ImageJ software; 1126 

normalized to -tubulin. All results are presented as means ± s.e.m. Individual values are 1127 

indicated by dots (F, G, I). Statistical significance was determined by Student’s t-test (H, I) 1128 

and Wilcoxon matched-pairs test (E, F). **P<0.01.  1129 

 1130 

Figure 3. DEP promote EMT through ZEB2 expression.  1131 

(A, B) hNECs were transfected with si-Cont (60 nM) or si-ZEB2 (60 nM) followed by DEP 1132 

treatment for 48 h. Representative EMT markers were traced and presented as immunoblots, 1133 
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and stained with rhodamine phalloidin (red) and DAPI (blue). Scale bar = 20 m. (C, D) DEP 1134 

exposure decreased TEER and increased PF in ALI-cultured hNECs. siRNA knock down 1135 

targeting ZEB2 restored the TEER and decreased PF (n=3). All the results are presented as 1136 

means ± s.e.m. Individual values are indicated by dots (D). Statistical significance was 1137 

determined by Wilcoxon matched-pairs test (C, D). **P<0.01. 1138 

 1139 

Figure 4. DEP trigger NPs and epithelial remodeling in HDM-sensitized AR murine 1140 

model.  1141 

(A) Schematic illustration of the murine NP model. (B) Representative hematoxylin and eosin 1142 

(H&E)-stained images of sino-nasal spaces and polypoid lesions from indicated groups (scale 1143 

bar = 200 m). Asterisk denotes the NP lesions. Areas indicated with squares are shown as 1144 

magnified images (scale bar = 50 m). (C, D) The numbers of NPs and epithelial disruptions 1145 

(E) The numbers of E-cadherin (-) spots per HPFs were counted and compared. (F) Sub-1146 

epithelial collagen thickness. (G) The ratio of nuclear positive PCNA. (H) ZEB2 mRNA 1147 

levels (I, J) CDH1 and ACTA2 mRNA levels. All results are presented as means ± s.e.m (n=5, 1148 

respectively). Individual values are indicated by dots (C-J). Statistical significance was 1149 

determined by Kruskal-Wallis tests (P<0.01), followed by Mann–Whitney U-test for pairwise 1150 

comparisons (C-J). *P<0.05; **P<0.01. 1151 

 1152 

Figure 5. DEP exposure aggravates EMT characteristics in epithelial cells derived from 1153 

CRS patients ex vivo. 1154 

Representative immunoblots (A, B) and quantification (C, D) of E-cadherin and ZEB2 1155 

expressions in ALI-cultured hNECs from healthy control subjects (n=4), CRSsNP patients 1156 

(n=7), and patients with CRSwNP (n=7), exposed for 72 h or unexposed to DEP (DEP 1650b 1157 
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or DEP 2975) at concentration of 50 g/ml. In all immunoblot analysis, protein intensities 1158 

were quantified by ImageJ software; normalized to -tubulin and pooled control. (E) 1159 

Correlation of ZEB2 fold change and E-cadherin fold change in each group of subjects. 1160 

Statistical significance was determined by Wilcoxon matched-pairs test (C, D) and 1161 

Spearman’s correlation test (E). Spearman’s r values and the corresponding P-values were 1162 

calculated. *P<0.05; **P<0.01. 1163 

 1164 

Figure 6. Tissue specific knock-down of ZEB2 diminishes HDM/DEP-induced nasal 1165 

polypoid lesions. 1166 

(A, B) LA4 cells transduced with either shCont-GFP or shZEB2-GFP for 8 h in polybrene (5 1167 

µg/mL) containing medium were analyzed using FACS (left) and qRT-PCR (right) (n=3). (C) 1168 

Protocol for the murine NP model. BALB/c mice were treated with HDM, DEP, and shCont-1169 

GFP or shZEB2-GFP lentiviral vectors. i.p., intraperitoneal; i.n., intranasal. (D) Photographs 1170 

of representative nasal polypoid lesions stained with hematoxylin and eosin (H&E) in the 1171 

indicated groups (scale bar = 200 m). Asterisk denotes NP lesions. Areas indicated with 1172 

squares are shown as magnified images (scale bar = 50 m). (E) Number of nasal polyps 1173 

were counted and compared. (F) Representative photographs of immunohistochemical 1174 

staining images against ZEB2. Scale bar = 50 m. (G) Representative images of E-cadherin. 1175 

Scale bar = 50 m (H) Number of E-cadherin (-) spots per HPFs were counted and compared. 1176 

Results are presented as means ± s.e.m (n=8, respectively), unless otherwise indicated. 1177 

Individual values are indicated by dots (B, E, H). Statistical significance was determined by 1178 

Student’s t-test (B) and Kruskal-Wallis tests (P<0.01), followed by Mann–Whitney U-test for 1179 

pairwise comparisons (E, H). *P<0.05; **P<0.01. 1180 
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 1181 

Figure 7. Tissue-specific inhibition of ZEB2 alleviates HDM/DEP-induced nasal polyps 1182 

in a nose-only exposure system. 1183 

(A) Schematic illustration of DEP delivery to mice using a nose-only exposure system. (B) 1184 

Representative photographs of mice strained inside a nose-only exposure tube (left). Mice 1185 

were exposed to DEP (bottom). Aggregation of DEP was identified in the mouse nasal cavity 1186 

(right). Arrow indicates DEP. (C) ZEB2 mRNA expressions from the WT control mice and 1187 

DEP-challenged mice (n=6). (D) Protocol for the murine NP model. (E) Photographs of 1188 

representative nasal polypoid lesions stained with hematoxylin and eosin (H&E) in the 1189 

indicated groups (scale bar = 200 m). Asterisk denotes NP lesions. Areas indicated with 1190 

squares are shown as magnified images (scale bar = 50 m). (F) Number of nasal polyps 1191 

were counted and compared. (G) Representative photographs of immunohistochemical 1192 

staining images against ZEB2. Scale bar = 50 m. (H) Representative images of E-cadherin. 1193 

Scale bar = 50 m. (I) Number of E-cadherin (-) spots per HPFs. Results are presented as 1194 

means ± s.e.m, Individual values are indicated by dots (C, F, I). Statistical significance was 1195 

determined by Kruskal-Wallis tests (P<0.01), followed by Mann–Whitney U-test for pairwise 1196 

comparisons (C, F, I). *P<0.05; **P<0.01. 1197 
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