
Alternaria induces airway epithelial cytokine expression 
independent of protease-activated receptor 2 (PAR2)

Michael Daines1,3, Lingxiang Zhu2, Rhea Pereira1, Xu Zhou2, Cheryl Bondy2, Barry Pryor4, 
Jin Zhou5, Yin Chen2,3,*

1Department of Internal Medicine, School of Medicine, University of Arizona, Tucson, AZ.

2Department of Pharmacology and Toxicology, School of Pharmacy, University of Arizona, 
Tucson, AZ.

3Asthma & Airway Disease Research Center, University of Arizona, Tucson, AZ.

4School of Plant Science, University of Arizona, Tucson, AZ.

5Department of Epidemiology and Biostatistics, School of Public Health, University of Arizona, 
Tucson, AZ.

Abstract

Background and objective—A novel fungal allergen- Alternaria (Alt) has been previously 

shown to associate with the pathogenesis of allergic rhinitis and bronchial asthma, particularly 

in arid and semi-arid regions. Airway epithelial cells are among the first to encounter Alt, 

and epithelial cytokine production and subsequent airway inflammation are early events in the 

response to Alt exposure. However, the underlying mechanism is unclear. As PAR2 has been 

implicated in most of Alt-induced biological events, we investigated the regulation of airway 

inflammation and epithelial cytokine expression by PAR2.

Methods—Wild-type (WT) and Par2 knockout (Par2-KO) mice were used to evaluate in vivo 
role of PAR2. Primary human and mouse airway epithelial cells were used to examine the 

mechanistic basis of epithelial cytokine regulation in vitro.

Results—Surprisingly, Par2 deficiency had no negative impact on the change of lung function, 

inflammation and cytokine production in the mouse model of Alt-induced asthma. Alt-induced 

cytokine production in murine airway epithelial cells from Par2KO mice was not significantly 

different from the WT cells. Consistently, PAR2 knockdown in human cells also had no effect 

on cytokine expression. In contrast, the cytokine expressions induced by synthetic PAR2 agonist 

or other asthma related allergens (e.g. cockroach extracts) were indeed mediated via a PAR2

depndent mechanism. Finally, we found that EGFR pathway was responsible for Alt-induced 

epithelial cytokine expression.

Conclusion—The activation of EGFR, but not PAR2, was likely to drive the airway 

inflammation and epithelial cytokine production induced by Alt.
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INTRODUCTION:

Asthma is characterized by a reversible airway obstruction as the results of predominantly 

Th2-driven airway inflammation and pulmonary remodeling. The development of asthma 

usually starts from a repeated environmental allergen exposure and sensitization (1, 2). To 

date, a couple of allergens (e.g. cockroach(5), house dust mite(5) and Alternaria(6)) have 

been found to closely associate with asthma.

Alternaria (Alt) is a common fungus found in the soil and decaying vegetables(7). Alt was 

first found to be the major asthmagenic allergen in children raised in arid and semiarid 

regions (6). Subsequent European community respiratory health survey has found that 

sensitization to fungi (Alt or Cladosporium) was a powerful risk for severe asthma in adults 

(8). A recent NIEHS study has indicated that Alt exposure in homes throughout the United 

States was associated with active asthma symptoms (9). Thus, Alt exposure appears to be 

closely associated with asthma in both children and adults across different demographic 

regions. However, underlying molecular mechanisms are unclear.

Airway epithelium has emerged as one of the major components in asthma pathogenesis 

by regulating airway inflammation and immunity (10-12). Since airway epithelial cells are 

among the first to encounter Alt exposure, epithelial responses may represent early events 

that ultimately lead to asthmatic phenotypes. In previous studies that primarily utilized 

cancerous or immortalized cell line models, Alt was found to induce a variety airway 

epithelial responses including cytokine expression (13, 14), secretion (15), ATP release (16) 

and calcium flux(15-17). Notably, PAR2 appears to be the sole sensor of Alt exposure 

and to directly mediate all these downstream effects. However, Denis O et.al has recently 

demonstrated that the protease activity of Alt was dispensable for its effect on airway 

immune response (18). Most interestingly, the same group who first discovered the role of 

PAR2 in Alt-induced airway response(13-15) reported an updated finding indicating that 

PAR2 was not involved in regulating Ca2+ flux and ATP release from airway epithelial cells 

in response to Alt exposure (16). Thus, whether or not PAR2 mediates Alt-induced airway 

response remains elusive. Therefore, we seek to investigate the role of PAR2 using both in 
vivo and in vitro models of Alt exposure.

METHODS:

1. Chemicals, Antibodies and other reagents

Lyophilized cake of Alternaria filtrates (GREER, Lenoir, NC) was dissolved in HBSS to 

make a 100X stock solution. Antibodies targeting total and phosphorylated (p)-EGFR were 

from Cell signaling technology (Danvers, MA). Human and mouse PAR2 antibodies were 

from Thermo Fisher (Waltham, MA) and Abcam (Cambridge, MA). Anti-actin antibodies 

were from Santa Cruz Biotechnology (Santa Cruz, CA).
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2. Mice Exposures:

5 week old adult C57BL/6 WT and C57BL/6 PAR2-KO mice were briefly anesthetized 

with 3% isofluorane and intranasally administered 10ug Alternaria filtrates every other day 

for total three times. Control mice were administered with the same volume of HBSS (the 

solvent of the filtrates). 8 animals were used for each group.

3. Airway Hyperresponsiveness (AHR):

Mice were inhalationally challenged with different doses of methacholine. AHR was 

measured by the FlexiVent® system. Peak resistance values at each dose were plotted against 

the corresponding methacholine dose.

4. Bronchoalveolar Lavage (BAL), differential cell count and Cytokine ELISA:

Lungs were instilled twice with 1mL HBSS to collect BAL. The cells in the BAL were 

cytocentrifuged, air-dried, stained with HEMA 3 stain set (Thermo Scientific, Gilbert, 

AZ) and the number of macrophages, neutrophils, eosinophils, and lymphocytes were 

then counted in a blinded manner using light microscopy by at least two researchers to 

ensure an objective evaluation. Differential cell counts (macrophage, neutrophil, eosinophil, 

lymphocyte and monocytes) were presented as percentage of each cell type. ELISA Assays 

(R&D Systems, Minneapolis, MN) were used for BAL cytokine measurements.

5. Primary mouse tracheal epithelial (MTE) cell culture:

The protocol was performed as described previously (19). Briefly, at the time of necropsy, 

a small puncture was placed in the proximal trachea to allow cannulation with sterile 0.86 

mm polyethylene tubing and was secured in place with a 3.0 silk suture. The trachea was 

dissected free and immediately placed in DMEM at 4°C. And MTE cells were dissociated 

with 0.2% protease and gently harvested by washing out of the trachea. MTE cells from 

all tracheas were pooled and re-suspended in cell culture media prior to plating on the 

Transwell® chambers (Corning, Corning, New York) coated with Purcol© (Advanced 

cBiomatrix, San Diego, CA).

6. Primary human bronchial epithelial (HBE) cell culture

Human bronchial tissues were obtained with patients’ informed consent from the National 

Disease Research Interchange (Philadelphia, PA). Tissues from patients diagnosed with 

lung-related diseases were excluded. Protease-dissociated cells were plated on Transwell® 

chambers and were maintained in immersed culture conditions until they reached 

confluence. At this stage, the cells were deemed as mono-layered cells. For the fully 

differentiated cell culture, confluent cells were changed to an air-liquid interface (ALI) 

culture condition for additional 14 days to achieve mucociliary differentiation (20, 21).

8. Real-time PCR

Real-time PCR was performed as described previously (22). The relative mRNA amount 

in each sample was calculated based on the ΔΔCt method using housekeeping gene Actin. 

Results were usually calculated as fold induction over control as described previously (23), 

except for the RV positive-stranded RNA was presented in relative abundance (20).
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9. Small interference RNA (siRNA) and transient transfection

Control siRNA, siRNA against PAR2 (GGATGTGGAACCTGTTTAA) (24) , and siRNA 

against EGFR (CTCTGGAGGAAAAGAAAGT)(25) were synthesized by Ambion (Austin, 

TX). siRNA was transfected into cells using lipofectamine™ 2000 (ThermoFisher, Waltham, 

MA) based on the manufacturer instructions.

10. Western Blot

Total cellular protein was collected based on the methods described previously (23). All 

experiments were repeated for three times and the representative image was shown. Equal 

protein load for total cellular proteins was confirmed using the staining of anti-actin 

antibody.

11. Statistical analysis

Experimental groups were compared using a two-sided Student's t test, with significance 

level set as P < 0.05. When data were not distributed normally, significance was assessed 

with the Wilcoxon matched-pairs signed-ranks test, and P < 0.05 was considered to be 

significant.

RESULTS:

1. The role of Par2 in the pathogenesis of mouse model of Alt-induced asthma.

We tested the role of Par2 in an established mouse model of Alt-induced asthma. As 

shown in Fig. 1A, Alt induced dose-dependent airway hyperresponsiveness (AHR) to 

inhaled methacholine as compared to the vehicle control (HBSS). However, Alt-induced 

AHR was not affected by Par2 deficiency. In both models, Alt treatment significantly 

increased the number of neutrophil, eosinophil and lymphocyte in BAL (Fig.1B). However, 

the percentages of these cell types were not significantly different between Par2 KO and 

WT. These data suggest that Par2 was not likely to play a significant role in Alt-induced 

lung inflammation and AHR.

2. Alt-induced cytokine production in mouse model was independent of Par2.

Cytokines are critical players in inflammatory diseases such as asthma. We found that 

multiple cytokines were highly elevated in mouse airways in response to Alt exposure 

(Fig.2). They can be categorized as proinflammatory cytokines (G-CSF, IL-1α, IL-6,), 

Th2 cytokines (IL-5, IL-9), Th17 cytokine (IL-17) and chemokines (Eotaxin, KC, MIG). 

Interestingly, Par2 deficiency appeared not to affect any of their productions in BAL 

(Fig.2). Thus, Par2 deficiency appears to have no effect on these common airway cytokine/

chemokine productions induced by Alt.

3. Alt-induced epithelial cytokine expressions were independent of PAR2.

Since airway epithelium produces significant amount of cytokines, we tested the role of 

PAR2 in primary epithelial cell cultures by measuring two major airway epithelial cytokines

IL-6 (Fig.3A, C) and IL-8 (Fig.3B, D). Both cytokines were induced by Alt dose- and 

time-dependently in mono-layered primary HBE cells (Fig.3). Their expression peaked 
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at 6h and decreased later. Interestingly, when the cells were fully differentiated under 

air-liquid interface, much higher dose (50 vs 21.5 μg/ml) of Alt was required to increase 

cytokine expression (Fig.3C-D). Furthermore, Alt exposure from basal side, but not from 

apical surface, induced significant cytokine expression (Fig.3C-D), suggesting that the intact 

airway epithelium is highly resistant to Alt exposure and the breach of tight junction is 

required for Alt-induced epithelial response.

We next tested the role of PAR2 in airway epithelial cell model. Because of the robust 

Alt-induced response, we continued to use mono-layered (but not fully differentiated) cell 

culture. In the first approach, we isolated MTE cells from WT or from Par2-KO mice and 

treated them with Alt. Consistent with the in vivo finding, the lack of Par2 (Fig.4C) had 

no effect on selected cytokines and chemokines including IL-6 (Fig.5A), KC (a functional 

equivalent of human IL-8 in mouse, Fig.5B), MIG (data not shown). We failed to detect any 

expression of IL-5, IL-9 and IL-17 in the epithelial culture, suggesting that these cytokines 

may be secreted by infiltrated inflammatory cells. In the second approach, we used siRNA 

against PAR2 to knock down its expression in HBE cells (Fig.4F). Consistent with the data 

from MTE cells, the knockdown of PAR2 had no effect on the expressions of IL-6 (Fig. 4D) 

and IL-8 (Fig.4E) as well as on the secretory IL-6 (Fig.4G) and IL-8 (Fig.4H).

One possible explanation of this deficiency was that airway epithelial cells might not have 

functional PAR2-mediated signaling despite the presence of PAR2 (Fig.4F). To rule out 

this possibility, we test a specific PAR2 ligand (2-Furoyl-LIGRLO-amide, or 2F)) and two 

documented PAR2-dependent allergens: American cockroach extracts (ACE) and German 

cockroach extracts (GCE). PAR2 knockdown significantly repressed the inductions of IL-6 

(Fig.4I) and IL-8 (Fig.4J) by 2F, ACE and GCE, respectively. Therefore, PAR2 signaling 

pathway is functional in human airway epithelial cells, but it appears not to play a role in the 

Alt-induced epithelial cytokine expression.

4. EGFR signaling was involved in Alt-induced cytokine expression.

To further understand the mechanism underlying Alt-induced epithelial cytokine expression, 

we screened several inhibitors targeting major signaling pathway, and found out that 

EGFR-specific inhibitor (AG1478) dose-dependently repressed Alt-induced IL-6 and IL-8 

expression in HBE cells by as much as 70% (at 10μM) (Fig.5A). The inhibitory activity 

of AG1478 was demonstrated by its effect on repressing EGFR activation (Fig.5E). 

Consistently, EGFR knockdown (Fig.5F) significantly repressed gene expressions (Fig.5B) 

and protein secretions of IL-6 (Fig.5C) and IL-8 (Fig.5D). Thus, Alt-induced airway 

epithelial cytokine expression was at least partially mediated by EGFR pathway.

DISCUSSION:

In response to Alt proteases, airway epithelial cells produce large amounts of 

proinflammatory (e.g. IL-6, IL-8, GM-CSF) (26) or pro-Th2 (e.g. TSLP(13), IL-33(15)) 

cytokines/chemokines to recruit/activate dendritic cells (DCs), Th2 cells and granulocytes 

(eosinophils, neutrophils and basophils), thereby inducing and exacerbating airway Th2 

inflammation. Indeed, proinflammatory, Th2, Th17 cytokines and chemokines were elevated 

by Alt in our mouse model. In contrast to the literature showing that PAR2 signaling was 
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responsible for such effects (13-17, 27), we have found that all these Alt-induced cytokine/

chemokine expressions were independent of Par2. Furthermore, the lack of Par2 did not 

affect differential cell count in BAL and AHR, suggesting that Par2 activation had no 

significant effect on Alt-induced airway inflammation and AHR.

Consistent with the in vivo observation, either the lack of Par2 in MTE or the decrease 

of PAR2 in HBE had no effect on selected cytokine expressions. These results seemingly 

contradict with the existing literature. However, most of the previous reports used non

specific approaches that are less likely to ascertain the role of PAR2. For example, 

PAR2 specific ligands (e.g. 2-Furoyl-LIGRLO-amide) were often used to desensitize PAR2 

(13, 16, 27). However, this desensitization may not be specific due to the possibility of 

heterologous desensitization (i.e. the loss of responsiveness of the related groups of GPCRs) 

(28). In another report, a PAR2 peptide (LSIGKV) was used to block PAR2 (14). However, 

there is no documented antagonistic activity for this peptide (29). We actually found that 

LSIGKV had no effect on PAR2 activation (data not shown).

PAR2 independent mechanisms have been implied in the studies of other protease

containing allergens (30-33), but no mechanistic basis has been defined. One possible 

PAR-independent effector is for Alt proteases to disrupt the epithelial barrier function, 

thereby facilitating the entry of deleterious materials to cause inflammation. The cysteine 

protease activity of HDM extracts was demonstrated to increase the permeability of isolated 

sheets of bronchial mucosa (35). HDM proteases (Der p 1, 3, 6, 9) (36, 37) and fungal Pen 

ch 13 (38) could directly digest major epithelial junctional proteins such as occludin and 

zonula occludens-1 (ZO-1), thereby increasing the permeability of bronchial epithelium and 

facilitating allergen presentation in epithelial or subepithelial tissue(39). This is consistent 

with our study showing that fully differentiated epithelial culture was highly resistant to 

Alt treatment from the apical side. In fact, 100μg/ml Alt (twice as our highest dose) was 

required to disrupt normal epithelial barrier (40). These reports support the notion that Alt 

exposure alone in normal airway may not have significant pathogenic effect, which is in 

line with the fact that thousands of fungal spores are breathed into human lung every day 

without causing any disease. Emerging evidence indicates that airway barrier is defective in 

asthmatic patients(41). Reduced expression of major junctional proteins such as α-catenin, 

ZO-1, and E-cadherin was reported in bronchial biopsy specimens from asthmatic subjects 

(42). In bronchial epithelial cells from asthmatic subjects, the expressions of ZO-1 and 

occludin expression were low and associated with significantly attenuated barrier function 

(43). Indeed, asthmatic epithelial cells tend to be more susceptible to Alt treatment (40). 

Although our study did not explicitly tested epithelial cells from asthmatics, Alt was found 

to induce robust response from basal side, suggesting that putative cellular receptor of Alt 

might be well protected from the environment and likely be exposed due to impaired barrier 

function.

We have serendipitously found that Alt induced robust EGFR activation. The blockade of 

EGFR attenuated at least 70% of the Alt activity in cytokine induction. In the past, HDM has 

been shown to activate EGFR in a PAR2 dependent mechanism (44, 45). The present report 

is the first demonstration that Alt also activated EGFR in a PAR2-independent manner. 

Although the molecular link between Alt and EGFR is unclear, the disruption of junctional 

Daines et al. Page 6

Respirology. Author manuscript; available in PMC 2021 October 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



protein such as E-cadherin could lead to EGFR activation (46). Additionally, it is well 

documented that the EGFR is located at the basolateral region of the fully differentiated 

epithelial cells (47). This is consistent with our observation that basal treatment of Alt was 

required to induce cytokine production.

In summary, we have demonstrated that PAR2 is dispensable for Alt-induced airway 

inflammation and cytokine production. And EGFR activation appears to be responsible for 

the most part of epithelial cytokine expressions induced by Alt. Further understanding of 

the molecular link between Alt and EGFR will advance our knowledge about Alt-induced 

asthma pathogenesis.
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SUMMARY AT A GLANCE

PAR2 mediated signaling pathway has been implicated in most of biological activities 

induced by Alternaria, an allergen associated with allergic rhinitis and bronchial asthma. 

Using both in vivo and in vitro models, we have demonstrated that Alternaria-induced 

airway inflammation and epithelial cytokine expression were independent of PAR2 

signaling.
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Fig.1: 
Alt-induced mouse model of asthma. A) The effect of Par2 deficiency on lung function. 

Peak resistance after methacholine challenge in WT and KO mice exposed to either Alt 

or HBSS was presented as Mean ± SEM, n = 8/group. NS: No significance was observed 

between WT and KO. *: P < 0.05, ALT/ KO vs. HBSS/ KO, or ALT/ WT vs. HBSS/ WT. B) 

Differential cell counts. Different cell types in BAL samples were counted from these mice 

and presented as the percentage of total cells. NS: Not significant.
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Fig.2. 
Effect of Par2 deficiency on cytokine production by ELISA assay. Data represents mean ± 

SEM, n = 8/group;
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Fig.3: 
Alt induced epithelial cytokine expression in HBE cells. Both mono-layered (A-B) or fully

differentiated (C-D) epithelial cells were treated with increasing dose of Alt at 0, 7.5 and 

25ug/ml for 6 hours (h) and 16h, respectively as indicated in the figure. For mono-layered 

epithelial cells, they were treated from apical side. For fully differentiated epithelial cells, 

they were treated on either apical or basal side, separately. RNA was collected at the 

indicated time point and was analyzed by realtime PCR analysis. The expressions of IL-6 

(A, C) and IL-8 (B, D) were determined. *: p< 0.05, n=5.
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Fig.4: 
Epithelial cytokine production was independent of PAR2 signaling. To disrupt PAR2 

signaling, both PAR2 knockout (KO) mice (A-C) and siRNA interference (D-F) were 

used. A-C) primary mouse trachea epithelial cells from either wild-type (WT) or PAR2 

KO mice were cultivated and treated with Alt. The expressions of Il-6 (A) or KC (B) (a 

functional equivalent of human IL-8 in mouse) were determined by real-time PCR. The 

data are presented as the fold inductions comparing the treatment with the solvent control. 

n= 5. Black line: the cells from WT. Grey line: the cells from PAR2 KO. C) Successful 

knockout of mouse Par2 was demonstrated by western blot. D-H) siRNA interference of 

PAR2 signaling in human primary cells. Control siRNA (siC) and PAR2 siRNA (siPAR2) 

were transfected into epithelial cells. 24 hours later, the cells were treated with 21.5ug/ml of 

Alt for the time as indicated in the figure. RNA was then extracted, IL-6 (D) and IL-8 (E) 

were determined by real-time PCR. F) Successful knockdown of PAR2 was demonstrated 
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by western blot. RNA data was confirmed by measuring secretory IL-6 (G) and IL-8 (H) at 

16h using ELISA assay. Black line or bar: the cells transfected with siC. Grey line or bar: 

the cells transfected with siPAR2. I-J) siC and siPAR2 were transfected into epithelial cells. 

24hrs later, the cells were treated with PAR2 ligand (2-Furoyl-LIGRLO-amide, or 2F), or 

American cockroach extracts (ACE), or German cockroach extracts (GCE) for 6 hours. RNA 

was then extracted, and IL-6 (I) and IL-8 (J) were determined by real-time PCR. Black bar: 

the cells transfected with siC. Grey bar: the cells transfected with siPAR2. *: p< 0.05, when 

the treatment groups were compared to the control. $: p< 0.05 when siPAR2 transfected cells 

were compared to siC transfected cells, n= 5.
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Fig.5: 
EGFR pathway was involved in Alt-induced cytokine expression in HBE cells. A) Cells 

were pretreated with increasing dose (0, 2, 10 μM) of AG1478 for 30min, and then were 

treated with Alt for 3hrs. IL-6 and IL-8 were determined by real-time PCR. $: p< 0.05, 

AG1478 treated vs. control. n= 5. B) Cells were transfected with siC and siEGFR for 24hrs, 

and then were treated with Alt for 3 hours. IL-6 and IL-8 were determined by real-time 

PCR. Secretory IL-6 (C) and IL-8 (D) were measured by ELISA assay, respectively. $: p< 

0.05, siEGFR treated vs. siC. n= 5. E) Cells were pretreated with or without AG1478 for 

30min, and then were treated with Alt for 0.5, 1, 3h, respectively. Total cellular protein 

was collected for western blot analysis of phosphorylated (p)-EGFR. Actin was used as the 

loading control. F) Successful knockdown of EGFR was demonstrated by western blot.
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Table.1.

PCR Primers (mPar2: mouse Par2. mActin: mouse actin)

Gene Primers

IL-6 forward ATTGCCTCAAGGACAGGATG

reverse GCTGCAGCTGCTTAATCTCC

IL-8 forward GGACGCCTTGGAAGAGTCACT

reverse AGAAGCCTCAGGTCCCAATTC

ACTIN forward ACTGGAACGGTGAAGGTGACA

reverse ATGGCAAGGGACTTCCTGTAAC

PAR2 forward AACCTTCTGCTTGTGGTGCAT

reverse GGGTAGAGAGGCAGAGGGCTA

mPar2 forward CCCTCAACAGCTGCATAGACC

reverse CTTGTTGGAGCTGAGCGAGAT

mActin forward AGCCATGTACGTAGCCATCC

reverse TAGAAGCACTTGCGGTGCAC
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