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Abstract

:

Allergic diseases are a major health concern worldwide. Pollens are important triggers for allergic rhinitis, conjunctivitis and asthma. Proteases released upon pollen grain hydration appear to play a major role in the typical immunological and inflammatory responses that occur in patients with allergic disorders. In this study, we aimed to identify specific proteolytic activity in a set of pollens with diverse allergenic potential. Diffusates from Chenopodium album, Plantago lanceolata and Eucalyptus globulus were added to a confluent monolayer of Calu-3 cells grown in an air-liquid interface system. We identified serine proteases and metalloproteinases in all pollen diffusates investigated. Proteases found in these pollen diffusates were shown to compromise the integrity of the lung epithelial barrier by disrupting transmembrane adhesion proteins E-cadherin, claudin-1 and Occludin, as well as, the cytosolic complex zonula occludens-1 (ZO-1) resulting in a time-dependent increase in transepithelial permeability. Tight junction disruption and increased transepithelial permeability facilitates allergen exposure to epithelial sub-layers contributing to the sensitization to a wide range of allergens. These pollen extracts also induced an increase in the release of interleukin 6 (IL-6) and interleukin 8 (IL-8) cytokines measured by flow cytometry possibly as a result of the activation of protease-activated receptors 2 (PAR-2).
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1. Introduction


Pollen allergy has a clinical impact all over the world. Allergic diseases, which include seasonal rhinitis and asthma, are recognized as inflammatory disorders of the airway mucosa typically driven by a immunoglobulin E (IgE) mediated response [1]. During recent decades, the prevalence and severity of respiratory allergic reactions induced by pollens have increased [2,3,4,5,6,7]. The majority of patients display adverse reactions upon contact with pollen allergens fostering the need for further studies of different types of pollens. The most clinically relevant allergenic pollens in Europe are grass pollen followed by Betula alba, Alnus incana, Corylus avellana, Platanus vulgaris, Cupressus sempervirens, Olea europaea, Artemisia vulgaris, Ambrosia artemisiifolia and Parietaria Judaica [8]. We previously showed that the proteolytic activity of pollen diffusates from Olea europea, Dactylis glomerata, Cupressus sempervirens and Pinus sylvestris compromise the airway epithelial barrier, an effect that is reversed by serine proteases specific inhibitors [9].



This study focused on three pollen species that have different IgE mediated allergenic capacities, Chenopodium album (moderate allergenicity), Plantago lanceolata (moderate allergenicity) and Eucalyptus globulus (low allergenicity) [10]. These species are widespread throughout southern Europe and have pollination peaks that overlap [11]. Chenopodium album as well as Salsola kali, both from the Chenopodiaceae-Amaranthaceae family, are perennial plants of the Chenopodiaceae family and have been reported to be responsible for hay fever in dry areas [12,13]. Pollinosis and allergic sensitization to the pollen of this weed have been reported in different European countries, mostly in Spain and also in North America, Australia and in Middle Eastern countries where it is recognized as one major trigger for rhinitis and asthma [14,15,16,17]. The allergenicity of Chenopodium album has been reported among atopic patients. The antigenicity of the protein fractions was confirmed by the interaction of patients’ sera on the immunoblot with IgE antibodies [18]. The Plantago genus of the Plantaginaceae family includes approximately 250 species. These species grow in humid meadows and on roadsides, invade lawns, spread steadily and are considered one of the most important dicotyledons that cause allergic diseases in Europe [19]. Weed pollen allergic patients are often polysensitized. Based on molecular diagnosis it was possible to have an accurate identification of patients sensitized to Plantago lanceolata that recognized Pla l 1 besides other cross reactive allergens [20,21]. Eucalyptus belongs to the Myrtaceae family and the allergens present in Eucalyptus globulus are considered to have low allergenic potential [10].



Pollen grains carry a variety of molecules that are released upon hydration, including nicotinamide adenine dinucleotide phosphate reduced form (NADPH) oxidases, substances that act as inflammatory mediators, such as prostaglandin E2 (PGE2) and leukotriene B4 (LTB4), and many proteins, including proteases [22,23]. Proteases have been involved in airway epithelium barrier degradation by increasing epithelial permeability [7,9]. This activity ultimately facilitates the activation of the immune system by contact with allergens; this process can initiate or exacerbate allergic responses, specific IgE production and perpetuate type 2 inflammation [22,24,25,26,27,28].



The loss of epithelial barrier integrity may also occur via the activation of protease-activated receptors 2 (PAR-2), which are widely expressed on epithelial cells, endothelial cells, airway smooth muscle and fibroblasts [29]. Allergens that possess proteolytic activity can activate PARs on the surface of cells promoting the release of chemokines, cytokines and growth factors leading to the activation of epithelial cells and other immune cells. PAR-2 is widely expressed on the apical surfaces of Calu-3 epithelial cells [30]. All of the classical second messengers that are produced subsequent to PAR-2 activation, namely Ca2+, cyclic adenosine monophosphate (cAMP), guanine nucleotide-binding proteins (G proteins) and protein kinase C (PKC) have been reported to influence the properties of tight junction complexes. PAR-2 activation appears to promote the opening of calcium channels and the influx of calcium into the cytoplasm [24,31,32]. The proteolytic activation of PAR-2 could indirectly act in the degradation of the epithelium through the activation of internal inflammatory signaling cascades [24,29].



This study aimed to characterize the major pollen proteases of C. album, P. lanceolata and E. globulus, to identify possible targets that compromise lung epithelial barrier integrity and to explore the effect of proteases present in these pollen diffusates on the inflammatory response by the quantification of cytokine release.




2. Results


2.1. Hydration of Pollen Grains from Chenopodium Album, Plantago Lanceolata and Eucalyptus Globulus Leads to the Release of Serine Proteases and Metalloproteinases


Pollen diffusates were obtained by hydration in 50 mM Tris-HCl pH 7.4 (~20 mg of pollen/ml) for 2 h at room temperature. Different pollens exhibited distinct abilities to release their solutes once hydrated. Specifically, the quantity of total protein released by E. globulus, which had a low allergenic potential and a larger pollen grain size, was superior (0.75 ± 0.18 mg/ml) in comparison to pollen extracts from C. album and P. lanceolata, (0.26 ± 0.06 mg/ml and 0.18 ± 0.03 mg/ml, respectively), which had moderate allergenic potentials and small pollen grain dimensions. Pollen grains were hydrated in vitro to mimic the process that occurs in the respiratory airways when an individual is exposed to pollen inhalation. We used the same initial proportion of pollen mass per volume of buffer to prepare the three diffusates.



In order to obtain a rapid proteolytic profile, each pollen diffusate was analyzed by two-dimensional gelatin zymography. All pollen diffusates contained gelatin degrading proteases which were of high molecular weight and acidic pI (Figure SI1–3). Enzymatic assays using 7-amino-4-methylcoumarin (AMC) synthetic substrates and class-specific protease inhibitors were performed to characterize the proteolytic activity present in the pollen diffusates. All pollen diffusates exhibited proteolytic activity against a variety of AMC-coupled substrates (Figure 1A), primarily AMC linked to phenylalanine (Phe-AMC), AMC linked to leucine (Leu-AMC) and AMC linked to methionine (Met-AMC). E. globulus exhibited higher specific enzymatic activity than C. album and P. lanceolata pollen diffusates, which were quite similar to each other. As Phe-AMC was the preferred substrate for all pollen diffusates, this substrate was used to evaluate pollen protease specificity.



The high inhibition of 4-(2-aminoethyl) benzene-sulfonyl fluoride hydrochloride (AEBSF), a serine protease inhibitor, and ethylenediaminetetraacetic acid (EDTA) suggests the existence of a preferential serine and metalloproteinase activity in the three pollen species (Figure 1B). We observed a statistically significant inhibition of C. album by tosyl phenylalanyl chloromethyl ketone (TPCK) which is a class-specific inhibitor of serine-type chymotrypsin-like proteases. P. lanceolata was also significantly inhibited by tosyl-L-lysine chloromethyl ketone (TLCK), class-specific inhibitor of serine-type trypsin-like proteases. Both C. album and E. globulus pollen diffusates also contain cysteine activity as indicated by partial inhibition by the proteinase inhibitor E-64 (Figure 1B).




2.2. Pollen Proteases Increase Transepithelial Permeability by Disrupting Protein Intercellular Complexes


The precise mechanism by which allergens overcome the epithelial barrier has not yet been fully understood. Pollen proteases have been suggested to cleave intercellular protein junctions, increasing transepithelial permeability promoting contact with antigen-presenting cells (APCs) in subepithelial layers ultimately leading to allergic responses [9,26,27,28]. The effect of pollen proteases on the paracellular integrity of the epithelial barrier was evaluated using Calu-3 cells grown in air-liquid interface culture [33]. The Calu-3 cell line is one of the airway epithelial cell lines that form functional tight junctions in vitro, resulting in high transepithelial resistance [34]. This system provides a functional model for airway epithelial barrier studies [33]. We observed that all pollen diffusates induced an increase in transepithelial permeability, in a time-dependent manner (Figure 2A). C. album induced a statistically significant increase in the transepithelial flux of rhodamine B isothiocyanate dextran conjugated (RITC-dextran). P. lanceolata and E. globulus have a weaker effect but still significant.



To determine whether the observed increase in transepithelial permeability was related to the presence of proteases, pollen diffusates were pre-treated with 1 mM AEBSF and then incubated with Calu-3 cells for 12 h. AEBSF, serine protease inhibitor, completely inhibited the effects of P. lanceolata and E. globulus pollen diffusates while for C. album the inhibition was partial (Figure 2B).



To understand the mechanism that leads to an increase in transepithelial permeability and cell detachment, potential protein targets for disruption [28,35,36] were identified using immunoblot (Figure 3) and immunocytochemistry (Figure SI4). All pollen diffusates caused extensive and significant degradation of E-cadherin, claudin-1, occludin and the cytosolic protein zonula occludens-1 (ZO-1) (Figure 3). C. album had a more drastic effect when compared to P. lanceolata and E. globulus. The protease degradation was inhibited after treatment with AEBSF. Regarding P. lanceolata and E. globulus, there was complete inhibition while only partial inhibition was observed for C. album (Figure 3). These results suggest that the presence of other non-serine proteases was capable of inducing the degradation of intercellular junction proteins.



The effect of pollen diffusates on intercellular protein complexes were further evaluated by immunocytochemistry. Microscopy detection of disrupted protein junctions could be easily observed by evident interruptions in the continuous ring at the epithelial cell apices, caused by the disassembly of macromolecular protein complexes. As expected, all pollen diffusates induced interruptions in the epithelial cell apices when labeled for E-cadherin, claudin-1, occludin and ZO-1 (Figure SI4). Noteworthy, is the fact that C. album was used in this assay at a 1:20 dilution as this pollen diffusate induced a high degree of cell detachment.




2.3. Pollen Proteases may Activate PAR-2 and Induce IL6 and IL8 Release


The variations in [Ca2+]i at the single-cell level were analyzed after exposure to different pollen diffusates. Interestingly, Calu-3 cells exhibited an increase in [Ca2+]i in response to pollen diffusates from C. album but not after exposure to denatured C. album extracts (95 °C for 30 min), suggesting a possible role of proteases in PAR-2 activation (Figure 4B, C). It is worth noting that the effect of C. album diffusates was so drastic that the cells were unable to return to basal conditions after exposure to this pollen extract. The effect of E. globulus pollen diffusates on [Ca2+]i levels was less prominent than that of C. album, although this effect remained significant (Figure 4C). P. lanceolata diffusates were incapable of increasing [Ca2+]i levels possibly due to the low amount of proteases present in this pollen extract.



Flow cytometry was used to quantify the interleukin 6 (IL-6) and interleukin 8 (IL-8) released by Calu-3 cells after a 6 h exposure to pollen diffusates or denatured pollen diffusates (95 °C for 30 min). All pollen diffusates induced the release of IL-6 and IL-8. Moreover, this effect was not observed with denatured diffusates supporting the relevance of pollen proteases for the initial steps of the allergic inflammatory response (Figure 5).





3. Discussion


Pollen proteases are important triggers of allergic disorders, containing a large number of allergens and proteolytic enzymes. Previous studies demonstrated that the most important sensitizing pollens in southern Europe (i.e., Olea europaea, Dactylis glomerata and Parietaria judaica) release proteases that cause the detachment of human epithelial cells by degrading intercellular adhesion proteins and facilitate allergen delivery across the epithelium [9,27]. However, little information is available concerning other relevant allergenic pollens, such as, C. album, P. lanceolata and E. globulus, which are common causes of pollinosis in the Mediterranean area.



The healthy bronchial epithelium is an impermeable barrier that provides resistance against the paracellular flow of macromolecules and infectious agents due to specialized cell junctions [34]. Many recent studies focused on the identification and characterization of the proteolytic activity present in allergic sources, such as dust mites, fungus and pollens [6,24,26,37]. This enzymatic activity has been suggested to be responsible for triggering allergic responses as a result of altering the integrity of the lung epithelium which allows allergens to gain access to and contact APCs to induce IgE production [26]. After inhaled, pollen is hydrated on the surface of the respiratory epithelium, which leads to the rapid release of its contents, including allergens, proteases, NADH oxidases, lipoproteins, polysaccharides, lipids and phenolics [9,26]. High quantities of pollen solutes can be concentrated in the airway epithelium mucosa, depending on the type of pollen, the individual’s intensity of exposure to the pollen, the geographic location and time of year [9,26]. In this work, the concentration of protein released by an equal mass of pollen ranged from 0.18 mg/ml to 0.75 mg/ml. This variation in protein concentration among the analyzed pollens was taken into account in all experiments. The characterization of pollen proteolytic activity revealed a prevalence of serine and metalloproteinases in all three pollen diffusates. Moreover, cysteine activity was observed in C. album and E. globulus pollen diffusates. These hydrolytic specificities are observed for the majority of aeroallergen proteases [6].



Epithelial damage has been recognized as key in driving airway inflammation and remodeling. The integrity of the barrier formed by the epithelium that lines the airways is dependent upon the continuity of the superficial columnar cell layer and the effectiveness of the adherent and tight junctions [28]. Tight junctions located on the apical surface of epithelial cells form a diffusion barrier that regulates the flux of ions and hydrophilic molecules through the paracellular pathway [35,36]. Our study suggests that pollen proteases alter the barrier function of polarized epithelia, which was demonstrated both by significant increases in transepithelial permeability and by the degradation of intercellular protein complexes. Immunoblotting and immunofluorescence studies revealed a dramatic disruption of E-cadherin, claudin-1, occludin and the cytosolic complex ZO-1, suggesting that the observed increase in permeability may be due in part to the proteolysis of these proteins. Of the studied proteins, E-cadherin, which has long been known to contribute to the assembly of other specialized cell-cell junctions [38], was the most extensively degraded by pollen diffusates. This effect was most drastic for C. album, suggesting a link between cysteine and serine proteolytic activity and intercellular protein complex disruption and cell detachment. The effects of pollen proteases on cell detachment and barrier impairment may cause a localized increase in epithelial permeability, which may result in a higher probability of pollen allergen detection by antigen-presenting dendritic cells and the exposure of respiratory nervous endings [39].



Epithelial cells typically express multiple protease-activated receptors, and physiological responses depend on cross talk between these different receptors [40]. Studies using mite allergens, such as Dermatophagoides pteronyssinus, that possess endogenous proteases such as cysteine (Der p 1) and serine proteases (Der p 3, 6 and 9), revealed a capacity to activate PARs leading to inflammation through epithelial cell detachment with IgE and cytokine production [41,42,43,44]. In addition, several allergens are able to trigger a type 2 immune response in the absence of specific IgE antibodies, by activating airway epithelial cells via PAR [45].



Recent studies demonstrated that the activation of PAR-2 receptors can induce the release of matrix metalloproteinase-9 (MMP-9), granulocyte-monocyte colony-stimulating factor, eotaxin, PGE2, IL-6 and IL-8. These findings suggest that PAR activation may mediate the stimulation of airway epithelial cells and promote the development of type 2 inflammation associated to allergic disorders [42,43,46,47,48]. Moreover, previous studies demonstrated that the hydrolytic activation of PAR-2 leads to phospholipase Cβ activation via the Gq/11α protein, which is a common pathway for G protein-coupled receptors. The activation of this pathway induces the production of inositol triphosphate, followed by Ca2+ mobilization [49,50].



In the present study, stimulation with C. album and E. globulus induced an increase in [Ca2+]i in Calu-3 cells. Although both pollen diffusates induced an [Ca2+]i, increase, the response was different for each pollen diffusate. When exposed to C. album, the effect on [Ca2+]i was higher, and the cells were unable to return to basal conditions suggesting that C. album induced cell detachment even after exposure for short periods of time.



The effect of aeroallergen proteases, which act via PAR-2, is also implicated in the regulation of proinflammatory cytokine release by epithelial cells, such as IL-6 and IL-8, during nonallergic inflammatory responses [24,42,51]. Although IL-6 and IL-8 release can occur via a mechanism that is independent of Ca2+ mobilization and PAR activation, our results point toward a pathway in which serine and/or cysteine pollen proteases activate PAR-2 in the airways and induce IL-6 and IL-8 release. These results are consistent with those obtained with house dust mite and fungi extracts, which contain serine proteases and have been shown to directly induce airway inflammation characterized by IL-6 and IL-8 release in the airway epithelium [24,52,53,54]. This investigation shows for the first time that pollen proteases from C. album, P. lanceolata and E. globulus induced proinflammatory IL-6 and IL-8 cytokine production by Calu-3 human airway epithelial cells, likely mediated by PAR-2 activation. These effects were dependent on the proteolytic activity released by pollen grains.



Based on our results, we propose that the protease activity released by pollen grains compromise the barrier integrity of the lung epithelium, thereby facilitating the passage of allergens through the epithelium leading to sensitization and the initiation of an inflammatory response. This study provides additional pathophysiological insights into common allergic disorders, which may prove useful in the search for possible therapeutic targets for the treatment of respiratory diseases.




4. Materials and Methods


4.1. Preparation of Pollen Diffusates


The protein extracts from C. album, P. lanceolata and E. globulus (Allergon, Ängelhom, Sweden) were prepared by stirring 400 mg of pollen grains in 20 ml of 50 mM Tris-HCl buffer pH 7.4 for 2 h at room temperature. The homogenized samples were centrifuged at 12,000 g for 10 min at 4 °C. The supernatant was collected, filtered using a 0.45 µm filter (Orange Scientific, Braine-l’Alleud, Belgium) and stored in aliquots at −20 °C. Protein concentration was determined using the Bio-Rad Protein Assay with bovine serum albumin (BSA, Bio-Rad, Hercules, California, CA, USA) as a standard.




4.2. Enzymatic Activity Assay


The proteolytic activity of the pollen diffusates was determined using peptide substrates coupled to 7-amino-4-methylcoumarin (AMC). For this enzymatic assay, 200 µl of pollen diffusates (protein concentration ranging between 40–160 μg/ml) was incubated with 100 µM of fluorescent substrate. The hydrolysis and release of AMC was monitored every 15 s for 20 min at 37 °C using a SpectraMAX-GeminiEM fluorimeter (Molecular Devices, Sunnyvale, CA, USA).



The specific protease inhibitors required a 20 min pre-incubation period with the pollen diffusates before monitoring enzymatic activity. The enzymatic activity in this assay was assessed using the preferential AMC-substrate of each pollen diffusate in the same manner as described previously.




4.3. Cell Culture


Calu-3(ATCC ® HTB-55™) cells were purchased from the American Type Culture Collection (Manassas, Virginia, VA, USA). Calu-3 cells were grown using an air-liquid interface culture (AIC) in which epithelium cell polarization occurs [33]. The cells were cultured in Dulbecco’s modified Eagle´s medium (Sigma, St. Louis, MO, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Gibco, Barcelona, Spain), 100 U/ml of penicillin and 100 µg/ml of streptomycin (Gibco). Cell cultures were grown at 37 °C in a humidified atmosphere with 5% CO2/95% air.




4.4. Transepithelial Permeability Measurement


Calu-3 cells were seeded on transwell filter inserts with a 0.4 μm pore size and placed into 12-well tissue culture plates (Corning, Bath, UK). The cells were grown using an air-liquid interface culture [9]. The chambers, termed inserts, were washed daily with PBS and the culture medium was renewed. The cells were maintained in culture under these conditions until they reached confluency. Cells were washed with PBS and incubated for 2 h with serum-free culture medium. Then, each pollen diffusate was added to the apical chamber for different incubation times ranging from 1 h to 12 h at 37 °C. Calu-3 cells were also exposed to pollen diffusates that were pre-treated for 20 min with a 1 mM solution of the 4-(2-aminoethyl) benzenesulfonyl fluoride (AEBSF) inhibitor.



Time points 1, 3, 6 and 12 h were chosen for the stimulation period. 50 µl of 100 μM rhodamine isothiocyanate (RITC)-dextran (70-kDa) (Sigma) was added to the apical insert of each chamber of the transwell plate at a final concentration of 10 μM. The fluorescence of the basolateral medium samples was quantified using a SpectraMAX-GeminiEM fluorimeter (Molecular Devices, Sunnyvale, CA, USA) with an excitation wavelength of 530 ± 25 nm and an emission wavelength of 590 ± 35 nm (SoftMax Pro v5 software, Molecular Devices, Sunnyvale, CA, USA). Epithelial permeability was calculated as the percentage of RITC-Dextran 70S present in the medium from the bottom chamber in comparison to the amount added to the top chamber solution per filter surface area (cm2) per unit of time (s).




4.5. Electrophoresis and Immunoblotting


To evaluate the integrity of tight junction integral proteins, cells were washed with serum-free medium and incubated for 6 h with each pollen diffusate. Cells were also exposed to pollen diffusates that were pre-treated with 1 mM AEBSF. After incubation, Calu-3 cells were washed twice with PBS containing protease inhibitors (1 μg/ml of chymostatin, leupeptin, antipain and pepstatin (CLAP); 1 mM DTT; and 0.1 mM PMSF), scraped into tubes and centrifuged (14,000 rpm for 5 min at 4 °C). Denaturing sample buffer (100 mM Tris-Bicine, 6 M urea, 4% SDS, 4% 2-β-mercaptoethanol, and 0.002% bromophenol blue) was added to the cell extracts which were then sonicated and newly centrifuged (14,000 rpm for 5 min at 4 °C). The supernatants were collected. After SDS-PAGE the proteins were transferred electrophoretically to PVDF membranes (Millipore) and immunoblotting was performed according to a standard protocol [55]. The following primary antibodies were used: mouse monoclonal anti–E-cadherin (1:500), rabbit monoclonal anti-claudin (1:250), mouse polyclonal anti-occludin (1:250) and mouse polyclonal anti-ZO-1 (1:250) (Zymed Laboratories, Barcelona, Spain). The secondary antibodies were alkaline phosphatase-conjugated anti-rabbit or anti-mouse IgG (GE Healthcare, Buckinghamshire, UK). After incubating the membrane with ECF reagent, detection was performed via enhanced chemifluorescence (GE Healthcare, Buckinghamshire, UK). The immunoblots were normalized to β-actin (1:5000) (mouse monoclonal anti-actin, Sigma, St. Louis, MO, USA).




4.6. Single-Cell Calcium Imaging


Calu-3 cells were grown on 12 mm glass coverslips and maintained in culture until confluency. Cells were loaded with 5 µM Fura-2/AM (Molecular Probes, UK), 0.1% fatty acid-free BSA and 0.02% pluronic acid F-127 (Molecular Probes) in Krebs solution with calcium (132 mM NaCl, 4 mM KCl, 1.4 mM MgCl2, 1 mM CaCl2, 6 mM glucose, and 10 mM HEPES, pH 7.4) for 60 min in an incubator with 5% CO2/95 % air at 37 °C. To achieve complete hydrolysis of the probe, cells were then incubated in Krebs solution for 10 min. The glass coverslip was mounted on an RC-20 chamber in a PH3 platform (Warner Instruments, Hamden, CT, USA) on the stage of an Axiovert 200 inverted fluorescence microscope (Carl Zeiss, Jena, Germany). The microscope was equipped with a lambda DG4 apparatus that used 340/20 nm and 380/20 nm excitation filters and a 510/30 nm band-pass emission filter (Chrona TechCorporation, Vermont, VT, USA). Images were acquired using a Plan Neofenar 40×/0.75 objective (Carl Zeiss, Oberkochen, Germany) and a CoolSNAP digital camera (Roper Scientific, Trenton, NJ, USA). Variations in [Ca2+]i were evaluated by quantifying the ratio of the fluorescence emitted by Fura-2 at 510 nm after excitation at 340 and 380 nm. The acquired values were processed using the MetaFluor software (Universal Imaging Corp., West Chester, PA, USA). As PAR-2 is selectively activated by trypsin and trypsin-like enzymes, the effect of a trypsin solution (0.25%) on [Ca2+]i was used as a positive control.




4.7. Cytokine Quantification by Flow Cytometry


Cytokine levels were measured using the Human Basic FlowCytomix Multiplex kit (Bender MedSystem GmbH, Vienna, Austria) according to the manufacturer’s instructions. The assay is based on a mixture of beads of different sizes that are coated with capture antibodies specific for each cytokine to be analyzed. A biotin-conjugated secondary antibody mixture was used to detect the cytokine of interest. After washing to remove unbound antibody, a streptavidin-phycoerythrin reagent was added. After removal of unbound material by washing, the bead suspension was analyzed using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA). Bead size and bead fluorescence identify the type of cytokine, and phycoerythrin fluorescence was used as a measure of cytokine concentration based on standards of known concentrations. The results were analyzed using the FlowCytomix Pro 2.4 Software (Bender MedSystem GMbH) and expressed in pg/ml for each cytokine.




4.8. Statistical Analysis


The results are presented as the mean ± SEM. Statistical analysis was performed using one-way ANOVA followed by Dunnett’s post-test (inhibition assays) or two-way ANOVA followed by Bonferroni´s post-test (permeability assays, immunoblot studies, single-cell calcium imaging and cytometric bead array studies). Differences were considered significant when p-values were <0.05.





5. Conclusions


This work demonstrated for the first time that pollen diffusates from C. album, P. lanceolata and E. globulus release proteases with a significant in vitro effect on the paracellular permeability of epithelial cells and induced major degradation of cell junction proteins: E-cadherin, claudin-1, occludin and ZO-1. Moreover, our data suggests that the loss of effectiveness of the epithelium barrier may also occur via activation of PAR-2 followed by an immune response characterized by an increase in the release of IL-6 and IL-8.








Supplementary Materials


Supplementary materials can be found at https://www.mdpi.com/1422-0067/21/10/3578/s1.





Author Contributions


R.G. and M.R.d.M. performed all cell culture and biochemical experiments. L.C. performed and supervised the microscopy experiments. I.N.C. performed and supervised the flow cytometry experiments. R.G., M.R.M., L.C., I.N.-C., A.T.-B. and P.V. analyzed and interpreted data. R.G., M.R.M. and P.V. wrote the manuscript with contribution from all co-authors. P.V. and E.P. conceptualized the study. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Portuguese Foundation for Science and Technology (FCT), Portugal (PTDC/SAU-ESA/72571/2006 and PEst-C/SAU/LA0001/2013-2014) and also project UIDB/04539/2020.




Acknowledgments


We thank the Bioimaging Facility and Flow cytometry Facility at CNC for excellent technical support.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Skiepko, R.; Zietkowski, Z.; Tomasiak-Lozowska, M.M.; Tomasiak, M.; Bodzenta-Lukaszyk, A. Bronchial hyperresponsiveness and airway inflammation in patients with seasonal allergic rhinitis. J. Investig. Allergol. Clin. Immunol. 2011, 21, 532–539. [Google Scholar]

	



Burney, P.; Malmberg, E.; Chinn, S.; Jarvis, D.; Luczynska, C.; Lai, E. The distribution of total and specific serum IgE in the european community respiratory health survey. J. Allergy Clin. Immunol. 1997, 99, 314–322. [Google Scholar] [CrossRef]

	



D’Amato, G. Urban air pollution and plant-derived respiratory allergy. Clin. Exp. Allergy 2000, 30, 628–636. [Google Scholar] [CrossRef]

	



Behrendt, H.; Ring, J. Climate change, environment and allergy. Chem. Immunol. Allergy 2012, 96, 7–14. [Google Scholar]

	



Höllbacher, B.; Schmitt, A.O.; Hofer, H.; Ferreira, F.; Lackner, P. Identification of proteases and protease inhibitors in allergenic and non-allergenic pollen. Int. J. Mol. Sci. 2017, 18, 1199. [Google Scholar] [CrossRef] [PubMed]

	



Groeme, R.; Airouche, S.; Kopečný, D.; Jaekel, J.; Savko, M.; Berjont, N.; Bussieres, L.; Le Mignon, M.; Jagi, F.; Zieglmayer, P.; et al. Structural and functional characterization of the major allergen amb a 11 from short ragweed pollen. J. Biol. Chem. 2016, 291, 13076–13087. [Google Scholar] [CrossRef] [PubMed]

	



Van Cleemput, J.; Poelaert, K.C.K.; Laval, K.; Impens, F.; Van den Broeck, W.; Gevaert, K.; Nauwynck, H.J. Pollens destroy respiratory epithelial cell anchors and drive alphaherpesvirus infection. Sci. Rep. 2019, 9, 1–15. [Google Scholar] [CrossRef] [PubMed]

	



Burbach, G.J.; Heinzerling, L.M.; Edenharter, G.; Bachert, C.; Bindslev-Jensen, C.; Bonini, S.; Bousquet, J.; Bousquet-Rouanet, L.; Bousquet, P.J.; Bresciani, M.; et al. GA2LEN skin test study II: Clinical relevance of inhalant allergen sensitizations in Europe. Allergy Eur. J. Allergy Clin. Immunol. 2009, 64, 1507–1515. [Google Scholar] [CrossRef]

	



Vinhas, R.; Cortes, L.; Cardoso, I.; Mendes, V.M.; Manadas, B.; Todo-Bom, A.; Pires, E.; Veríssimo, P. Pollen proteases compromise the airway epithelial barrier through degradation of transmembrane adhesion proteins and lung bioactive peptides. Allergy Eur. J. Allergy Clin. Immunol. 2011, 66, 1088–1098. [Google Scholar] [CrossRef]

	



IMS Health Pollen Library Website. Available online: http://www.pollenlibrary.com/ (accessed on 30 April 2020).

	



Rede Portuguesa de Aerobiologia RPA (Rede Portuguesa de Aerobiologia). Available online: http://www.rpaerobiologia.com (accessed on 30 April 2020).

	



Fernández, J.; Emilio, F.; Montserrat, V.; Victor, S.; Purificación, G. Evolution of the incidence of pollen grains and sensitivity to pollen in the city of elche (Spain). Asian Pacific J. Allergy Immunol. 2015, 33, 196–202. [Google Scholar]

	



Elvira-Rendueles, B.; Zapata, J.J.; Miralles, J.C.; Moreno, J.M.; García-Sánchez, A.; Negral, L.; Moreno-Grau, S. Aerobiological importance and allergic sensitization to Amaranthaceae under arid climate conditions. Sci. Total Environ. 2017, 583, 478–486. [Google Scholar] [CrossRef] [PubMed]

	



Barderas, R.; Villalba, M.; Pascual, C.Y.; Batanero, E.; Rodríguez, R. Profilin (Che a 2) and polcalcin (Che a 3) are relevant allergens of Chenopodium album pollen: Isolation, amino acid sequences, and immunologic properties. J. Allergy Clin. Immunol. 2004, 113, 1192–1198. [Google Scholar] [CrossRef] [PubMed]

	



Gadermaier, G.; Dedic, A.; Obermeyer, G.; Frank, S.; Himly, M.; Ferreira, F. Biology of weed pollen allergens. Curr. Allergy Asthma Rep. 2004, 4, 391–400. [Google Scholar] [CrossRef] [PubMed]

	



Nouri, H.R.; Sankian, M.; Vahedi, F.; Afsharzadeh, D.; Rouzbeh, L.; Moghadam, M.; Varasteh, A. Diagnosis of Chenopodium album allergy with a cocktail of recombinant allergens as a tool for component-resolved diagnosis. Mol. Biol. Rep. 2012, 39, 3169–3178. [Google Scholar] [CrossRef] [PubMed]

	



Farrokhi, S.; Gheybi, M.K.; Movahed, A.; Tahmasebi, R.; Iranpour, D.; Fatemi, A.; Etemadan, R.; Gooya, M.; Zandi, S.; Ashourinejad, H.; et al. Common aeroallergens in patients with asthma and allergic rhinitis living in southwestern part of Iran: Based on skin prick test reactivity. Iran. J. Allergy, Asthma Immunol. 2015, 14, 133–138. [Google Scholar]

	



El-Aziz, A.A.; Shaaban, M.; Atwa, A.; El-Maksuod, A.A. Evaluation of Chenopodium album allergenicity in atopic asthmatics. Curr. Trends Immunol. 2016, 17, 55–63. [Google Scholar]

	



Mehta, V.; Wheeler, A.W. IgE-mediated sensitization to english plantain pollen in seasonal respiratory allergy: Identification and partial characterisation of its allergenic components. Int. Arch. Allergy Immunol. 1991, 96, 211–217. [Google Scholar] [CrossRef]

	



Til-Pérez, G.; Carnevale, C.; Sarría-Echegaray, P.L.; Arancibia-Tagle, D.; Chugo-Gordillo, S.; Tomás-Barberán, M.D. Sensitization profile in patients with respiratory allergic diseases: Differences between conventional and molecular diagnosis (a cross-sectional study). Clin. Mol. Allergy 2019, 17, 1–9. [Google Scholar] [CrossRef]

	



Stemeseder, T.; Metz-Favre, C.; De Blay, F.; Pauli, G.; Gadermaier, G. Do Plantago lanceolata Skin Prick Test-Positive Patients Display IgE to Genuine Plantain Pollen Allergens? Investigation of Pollen Allergic Patients from the North-East of France. Int. Arch. Allergy Immunol. 2018, 177, 97–106. [Google Scholar] [CrossRef]

	



Raftery, M.J.; Saldanha, R.G.; Geczy, C.L.; Kumar, R.K. Mass spectrometric analysis of electrophoretically separated allergens and proteases in grass pollen diffusates. Respir. Res. 2003, 4, 10. [Google Scholar] [CrossRef]

	



Radłowski, M. Proteolytic enzymes from generative organs of flowering plants (Angiospermae). J. Appl. Genet. 2005, 46, 247–257. [Google Scholar] [PubMed]

	



Li, B.; Zou, Z.; Meng, F.; Raz, E.; Huang, Y.; Tao, A.; Ai, Y. Dust mite-derived Der f 3 activates a pro-inflammatory program in airway epithelial cells via PAR-1 and PAR-2. Mol. Immunol. 2019, 109, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Takai, T.; Ikeda, S. Barrier dysfunction caused by environmental proteases in the pathogenesis of allergic diseases. Allergol. Int. 2011, 60, 25–35. [Google Scholar] [CrossRef] [PubMed]

	



Hassim, Z.; Maronese, S.E.; Kumar, R.K. Injury to murine airway epithelial cells by pollen enzymes. Thorax 1998, 53, 368–371. [Google Scholar] [CrossRef] [PubMed]

	



Cortes, L.; Carvalho, A.L.; Todo-Bom, A.; Faro, C.; Pires, E.; Veríssimo, P. Purification of a novel aminopeptidase from the pollen of Parietaria judaica that alters epithelial integrity and degrades neuropeptides. J. Allergy Clin. Immunol. 2006, 118, 878–884. [Google Scholar] [CrossRef]

	



Runswick, S.; Mitchell, T.; Davies, P.; Robinson, C.; Garrod, D.R. Pollen proteolytic enzymes degrade tight junctions. Respirology 2007, 12, 834–842. [Google Scholar] [CrossRef]

	



Cocks, T.M.; Moffatt, J.D. Protease-activated receptor-2 (PAR2) in the airways. Pulm. Pharmacol. Ther. 2001, 14, 183–191. [Google Scholar] [CrossRef]

	



Palmer, M.L.; So, Y.L.; Maniak, P.J.; Carlson, D.; Fahrenkrug, S.C.; O’Grady, S.M. Protease-activated receptor regulation of Cl- secretion in Calu-3 cells requires prostaglandin release and CFTR activation. Am. J. Physiol. Cell Physiol. 2006, 290, C1189–C1198. [Google Scholar] [CrossRef]

	



Berger, P.; Perng, D.W.; Thabrew, H.; Compton, S.J.; Cairns, J.A.; McEuen, A.R.; Marthan, R.; Tunon De Lara, J.M.; Walls, A.F. Tryptase and agonists of PAR-2 induce the proliferation of human airway smooth muscle cells. J. Appl. Physiol. 2001, 91, 1372–1379. [Google Scholar] [CrossRef]

	



Ubl, J.J.; Grishina, Z.V.; Sukhomlin, T.K.; Welte, T.; Sedehizade, F.; Reiser, G. Human bronchial epithelial cells express PAR-2 with different sensitivity to thermolysin. Am. J. Physiol. Lung Cell. Mol. Physiol. 2002, 282, L1339–L1348. [Google Scholar] [CrossRef]

	



Grainger, C.I.; Greenwell, L.L.; Lockley, D.J.; Martin, G.P.; Forbes, B. Culture of Calu-3 cells at the air interface provides a representative model of the airway epithelial barrier. Pharm. Res. 2006, 23, 1482. [Google Scholar] [CrossRef] [PubMed]

	



Winton, H.L.; Wan, H.; Cannell, M.B.; Gruenert, D.C.; Thompson, P.J.; Garrod, D.R.; Stewart, G.A.; Robinson, C. Cell lines of pulmonary and non-pulmonary origin as tools to study the effects of house dust mite proteinases on the regulation of epithelial permeability. Clin. Exp. Allergy 1998, 28, 1273–1285. [Google Scholar] [CrossRef] [PubMed]

	



Collares-Buzato, C.B.; Jepson, M.A.; Simmons, N.L.; Hirst, B.H. Increased tyrosine phosphorylation causes redistribution of adherens junction and tight junction proteins and perturbs paracellular barrier function in MDCK epithelia. Eur. J. Cell Biol. 1998, 76, 85–92. [Google Scholar] [CrossRef]

	



Goto, Y.; Uchida, Y.; Nomura, A.; Sakamoto, T.; Ishii, Y.; Morishima, Y.; Masuyama, K.; Sekizawa, K. Dislocation of E-cadherin in the airway epithelium during an antigen-induced asthmatic response. Am. J. Respir. Cell Mol. Biol. 2000, 23, 712–718. [Google Scholar] [CrossRef]

	



Puc, M. Characterisation of pollen allergens. Ann. Agric. Environ. Med. 2003, 10, 143–149. [Google Scholar]

	



Gumbiner, B. Structure, biochemistry, and assembly of epithelial tight junctions. Am. J. Physiol. Cell Physiol. 1987, 253, C749–C758. [Google Scholar] [CrossRef]

	



Baker, S.F.; Yin, Y.; Runswick, S.K.; Stewart, G.A.; Thompson, P.J.; Garrod, D.R.; Robinson, C. Peptidase allergen Der p 1 initiates apoptosis of epithelial cells independently of tight junction proteolysis. Mol. Membr. Biol. 2003, 20, 71–81. [Google Scholar] [CrossRef]

	



Shi, X.; Gangadharan, B.; Brass, L.F.; Ruf, W.; Mueller, B.M. Protease-activated receptors (PAR1 and PAR2) contribute to tumor cell motility and metastasis. Mol. Cancer Res. 2004, 2, 395–402. [Google Scholar]

	



Reed, C.E.; Kita, H. The role of protease activation of inflammation in allergic respiratory diseases. J. Allergy Clin. Immunol. 2004, 114, 997–1008. [Google Scholar] [CrossRef]

	



Asokananthan, N.; Graham, P.T.; Stewart, D.J.; Bakker, A.J.; Eidne, K.A.; Thompson, P.J.; Stewart, G.A. House Dust Mite Allergens Induce Proinflammatory Cytokines from Respiratory Epithelial Cells: The Cysteine Protease Allergen, Der p 1, Activates Protease-Activated Receptor (PAR)-2 and Inactivates PAR-1. J. Immunol. 2002, 169, 4572–4578. [Google Scholar] [CrossRef]

	



Sun, G.; Stacey, M.A.; Schmidt, M.; Mori, L.; Mattoli, S. Interaction of Mite Allergens Der P3 and Der P9 with Protease-Activated Receptor-2 Expressed by Lung Epithelial Cells. J. Immunol. 2001, 167, 1014–1021. [Google Scholar] [CrossRef] [PubMed]

	



Adam, E.; Hansen, K.K.; Astudillo, O.F.; Coulon, L.; Bex, F.; Duhant, X.; Jaumotte, E.; Hollenberg, M.D.; Jacquet, A. The house dust mite allergen Der p 1, unlike Der p 3, stimulates the expression of interleukin-8 in human airway epithelial cells via a proteinase-activated receptor-2-independent mechanism. J. Biol. Chem. 2006, 281, 6910–6923. [Google Scholar] [CrossRef]

	



Caminati, M.; Le Pham, D.; Bagnasco, D.; Canonica, G.W. World Allergy Organization Journal. World Allergy Organ. J. 2018, 11, 1–10. [Google Scholar]

	



Vliagoftis, H.; Schwingshackl, A.; Milne, C.D.; Duszyk, M.; Hollenberg, M.D.; Wallace, J.L.; Befus, A.D.; Moqbel, R. Proteinase-activated receptor-2-mediated matrix metalloproteinase-9 release from airway epithelial cells. J. Allergy Clin. Immunol. 2000, 106, 537–545. [Google Scholar] [CrossRef] [PubMed]

	



Gao, P. Sensitization to Cockroach allergen: Immune regulation and genetic determinants. Clin. Dev. Immunol. 2012, 2012, 631847. [Google Scholar] [CrossRef]

	



Vliagoftis, H.; Befus, A.D.; Hollenberg, M.D.; Moqbel, R. Airway epithelial cells release eosinophil survival-promoting factors (GM-CSF) after stimulation of proteinase-activated receptor 2. J. Allergy Clin. Immunol. 2001, 107, 679–685. [Google Scholar] [CrossRef]

	



Kawabata, A.; Kawao, N. Physiology and pathophysiology of proteinase-activated receptors (PARs): PARs in the respiratory system: Cellular signaling and physiological/ pathological roles. J. Pharmacol. Sci. 2005, 97, 20–24. [Google Scholar] [CrossRef]

	



Berridge, M.J.; Bootman, M.D.; Lipp, P. Calcium - A life and death signal. Nature 1998, 395, 645–648. [Google Scholar] [CrossRef]

	



Chiu, L.-L.; Perng, D.-W.; Yu, C.-H.; Su, S.-N.; Chow, L.-P. Mold Allergen, Pen c 13, Induces IL-8 Expression in Human Airway Epithelial Cells by Activating Protease-Activated Receptor 1 and 2. J. Immunol. 2007, 178, 5237–5244. [Google Scholar] [CrossRef]

	



Kauffman, H.F.; Christomee, J.F.; Van De Riet, M.A.; Timmerman, A.J.B.; Borger, P. Protease-dependent activation of epithelial cells by fungal allergens leads to morphologic changes and cytokine production. J. Allergy Clin. Immunol. 2000, 105, 1185–1193. [Google Scholar] [CrossRef]

	



King, C.; Brennan, S.; Thompson, P.J.; Stewart, G.A. Dust mite proteolytic allergens induce cytokine release from cultured airway epithelium. J. Immunol. 1998, 161, 3645–3651. [Google Scholar] [PubMed]

	



Cho, H.J.; Choi, J.Y.; Yang, Y.M.; Hong, J.H.; Kim, C.H.; Gee, H.Y.; Lee, H.J.; Shin, D.M.; Yoon, J.H. House dust mite extract activates apical Cl- channels through protease-activated receptor 2 in human airway epithelia. J. Cell. Biochem. 2010, 109, 1254–1263. [Google Scholar] [CrossRef] [PubMed]

	



Mozdzanowski, J.; Hembach, P.; Speicher, D.W. High yield electroblotting onto polyvinylidene difluoride membranes from polyacrylamide gels. Electrophoresis 1992, 13, 59–64. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 21 03578 g001 550] 





Figure 1. Specificity of pollen proteases from Chenopodium album, Plantago lanceolata and Eucalyptus globulus diffusates. (A) Substrate specificity of pollen proteolytic activity. The extracts were incubated for 20 min at 37 °C with 100 µM peptide-AMC. The black bars indicate the preferred substrate for each pollen diffusate, which was also the substrate used in the inhibition experiments. (B) Effect of class-specific inhibitors on the proteolytic activity of the pollen diffusates. The results represent the percentage of residual activity in comparison to the control condition (without inhibitor). The grey bars indicate statistically significant inhibition results. Dunnett’s post-test: *** p < 0.001; ** p < 0.01(n = 3). 1 unit of activity (U) = pmol AMC released/min/mg of protein. 
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Figure 2. Effect of pollen proteases from Chenopodium album (0.26 ± 0.06 mg/ml), Plantago lanceolata (0.18 ± 0.03 mg/ml) and Eucalyptus globulus (0.75 ± 0.18 mg/ml) on the paracellular permeability of epithelial cells. (A) Time-course effect of pollen diffusates on Calu-3 cells. (B) Effect of untreated pollen diffusates (black bars) and diffusates treated with 1 mM AEBSF (white bars) on the transepithelial permeability of Calu-3 cells. Cells incubated with culture medium were used as a control for this assay. Bonferroni post-test: *** p < 0.001; ** p < 0.01; * p < 0.05 (n = 3) in comparison to the control condition, and ### p < 0.001; ## p < 0.01 (n = 3) for comparisons between treated and untreated conditions. 
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Figure 3. Effect of pollen diffusates on intercellular junction integrity. Calu-3 cells were exposed to pollen diffusates from Chenopodium album (0.26 ± 0.06 mg/ml), Plantago lanceolata (0.18 ± 0.03 mg/ml) and Eucalyptus globulus (0.75 ± 0.18 mg/ml) (black bars) for 6 h. The cells were also incubated with pollen diffusates that were pre-treated with 1 mM AEBSF (white bars). The degradation of the transmembrane proteins E-cadherin (A) claudin-1 (B) occludin (C) and the cytosolic complex ZO-1 (D) was analyzed by immunoblotting. Cells incubated with culture medium were used as a control. The data were normalized and expressed as a percentage relative to each control. Representative blots are shown for each stimulus. Bonferroni post-test: *** p < 0.001 (n = 5) in comparison to the control condition, and ### p < 0.001; ## p < 0.01 (n = 5) for comparisons between treated and untreated conditions. 
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Figure 4. Functional characterization of the effect of pollen proteases from Chenopodium album (0.26 ± 0.06 mg/ml), Plantago lanceolata (0.18 ± 0.03 mg/ml) and Eucalyptus globulus (0.75 ± 0.18 mg/ml) on Calu-3 cells. (A) Calu-3 cultures were incubated for 240 s with Krebs solution and stimulated for 120 s with denatured pollen diffusates followed by 120 s incubation with pollen diffusates. (B) [Ca2+]i variations in Calu-3 cells after exposure to C. album (left graph), P. lanceolata (middle graph) and E. globulus (right graph). Arrows in each panel indicate the time of addition of the pollen diffusate. The fluorescence profiles are representative of 10 cells. (C) The bar graph shows the maximal changes in [Ca2+]i after stimulation with each pollen diffusate. Changes in [Ca2+]i are depicted by the F340/F380 fluorescence ratios of Fura-2-loaded Calu-3 cells. The black bars correspond to each pollen diffusate, while the white bars correspond to denatured pollen diffusates (95 °C for 30 min). The positive control for this assay was a 0.25% trypsin solution. The data are expressed as the mean ±SEM values of at least 30 representative cell traces using Bonferroni’s post-test: *** p < 0.001; * p < 0.05 (n = 4) in comparison to the control condition and for comparisons between treated and untreated conditions ### p < 0.001 (n = 4). 
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Figure 5. Effect of pollen proteases from Chenopodium album (0.26 ± 0.06 mg/ml), Plantago lanceolata (0.18 ± 0.03 mg/ml) and Eucalyptus globulus (0.75 ± 0.18 mg/ml) on IL-6 (A) and IL-8 (B) release. The black bars correspond to stimulation with each pollen diffusate, while the white bars correspond to the denatured pollen diffusates (95 °C for 30 min). Cells incubated with culture medium were used as the control condition for this assay. The data are expressed as the mean ± SEM values and were analyzed statistically using Bonferroni´s post-test: *** p < 0.001 (n = 3) in comparison to the control condition, and ### p < 0.001 for comparisons between treated and untreated conditions (n = 3). 
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