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ABSTRACT 

 

Allergic sensitivity to the aeroallergen, Alternaria, has been linked to the development 

and persistence of asthma. Sensitivity to an allergen, like Alternaria, is classically 

thought to be regulated via an IgE mediated pathway and IgE itself has been shown to be 

associated with asthma. This link between asthma and IgE is not always evident; hence, it 

is possible that the activation of inflammatory responses due to allergen exposure in 

susceptible individuals occurs via a non-IgE mediated pathway. The capacity of 

Alternaria to activate innate immune response directly from airway epithelial cells is not 

well characterized. In addition, proteases associated with allergens have been suggested 

as contributors to asthma pathogenesis. Hence, this study hypothesizes that Alternaria 

alternata directly activates inflammatory mediators from human airway epithelial cells 

via a mechanism that is independent of IgE and involves Alternaria-derived proteases. 

Alternaria was shown to contain measurable protease activity and capable of dose-

dependently inducing an early inflammatory mediator response from airway epithelial 

cells (16HBE14o-). Mediators that were induced included IL-6, IL-8, TNF-α, IL-1α, 

FGF-basic, GMCSF, GCSF, IL-1ra and VEGF. Overall, these responses were shown to 

be driven by heat-labile protein constituents of Alternaria with some of the mediators 

being inhibited in the presence of a serine specific protease inhibitor, AEBSF. Protease 

constituents of Alternaria were also shown to have direct inhibitory effects on (cell-free) 

ENA-78 and RANTES. Furthermore, Alternaria was shown to be capable of cleaving the 

PAR-2 receptor which is abundantly expressed on 16HBE14o- cells. This cleavage was 

partially inhibited using AEBSF and abolished by heat-inactivating Alternaria. 
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Supporting the involvement of PAR-2 in these Alternaria-induced responses, PAR-2 

agonist, SLIGRL-NH2, also elicited a response which was impressively similar to that of 

Alternaria stimulation. PAR-2 antagonist, FSLLRY-NH2 was able to antagonize some 

Alt-induced responses but the efficacy of this antagonist is questionable.  The use of low 

PAR-2 expressing HeLa cells, also demonstrated that minimal PAR-2 expression is 

necessary to induce a PAR-2 linked inflammatory response. Overall, Alternaria- induced 

inflammatory responses from human airway epithelial cells is due to heat-labile 

constituents at least some of which have protease activity that acts via a PAR-2 

mechanism.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



16 

 

CHAPTER-1 

INTRODUCTION 

Asthma Prevalence and Pathogenesis 

Asthma, a common chronic disease, afflicts both children and adults with a 

worldwide prevalence of approximately 5%. According to the Center of Disease Control 

(CDC), in 2001, 20.3 million individuals of all ages suffer from Asthma. The prevalence 

is much higher in children than adults and among African Americans over any other 

races. In 1998, the United States reported over 2 million emergency department visits, 

approximately 423,000 hospitalizations and 5,438 deaths that were associated with 

asthma. Children with asthma, on average, miss twice as many days of school than 

children without the disease. In 1998, it was estimated direct and indirect monetary costs 

for asthma was $12.7 billion. With its prevalence, asthma has a clinical and 

socioeconomic impact despite efforts to treat pharmacologically.  

This disease has been considered a good example of gene-environment 

interactions with no single gene or environmental factor that alone has been shown (at 

least as yet) to account for the disease(Holgate 2008; Rogers, Brasch-Andersen et al. 

2009; Vercelli 2010). According to the National Heart Blood and Lung Institute, the 

exact cause of asthma is not known. Many researchers agree that it appears likely that a 

combination of factors, including genetic and environmental interact to cause asthma to 

develop but the precise nature of either the genetic or environmental factors have not as 

yet been established.  Separate from the process of asthma development, researchers also 

seek to identify causes of and factors that induce asthma symptomatic episodes or attacks.  
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Among these factors, allergens, irritants, viral or sinus infections, exercise, 

gastroesophageal reflux disease, medication, foods and emotional anxiety, can all lead to 

an asthma attack. Common asthma symptoms include, coughing, wheezing, shortness of 

breath, chest tightness which might be accompanied by pain and/or pressure. It should be 

noted that these symptoms vary from one individual to another, that is, symptoms that 

accompany one asthma attack may also be different from a subsequent attack.  

 The pathogenesis of the chronic state of asthma has been classically regarded as 

an allergic disease. Asthma was initially proposed to develop  as an immune deviation 

involving complex cell interactions: activation of T cells, mast cells, eosinophils and to a 

lesser extent, neutrophils (Meyer, DeKruyff et al. 2008). Asthma also involves the release 

of many important inflammatory mediators which are important in both the acute and 

chronic phases of allergic inflammation. Some researchers have suggested that effects of 

these mediators may result in the injury and activation of epithelial cells and this injury 

might have a role in asthma.  We suggest here a reverse scenario:  that the epithelial cells 

may be the initial cell activating the process of asthma and the other cells are drawn in 

only secondarily.  

Therapeutic regimens for asthma 

 The recommended course of treatment for asthma is the use of inhaled 

corticosteroids (ICSs) and inhaled long-acting β2 agonists (LABAs) which have distinctly 

different mechanisms of action. ICSs are an effective anti-inflammatory medication 

which are able to control and maintain persistent asthma through the improvement of 

lung function and the reduction of symptoms. LABAs on the other hand are 
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bronchodilators and in many cases used in combination with ICSs (Frois, Wu et al. 

2009). 

 Corticosteroids in general are thought to suppress Th2-cell-mediated 

inflammation by inhibiting the expression of cytokines, chemokines and adhesion 

molecules. Corticosteroids diffuse across the cell membrane where interaction with 

cytoplasmic glucocorticoid receptors (GRs) occurs and the receptors are activated. The 

receptors are then translocated to the nucleus which leads to the regulation of target genes 

(Holgate and Polosa 2008). Activated GRs are able to interact directly with the 

transcription factors activator protein-1 (AP-1) and nuclear factor-κ-B (NF- κ-B) which 

are important in altering gene transcription in response to inflammatory stimuli such as 

cytokines. Steroids, when used as an asthmatic therapy, inhibit cytokine gene 

transcription of IL-3, IL-4, IL-5, may inhibit eosinophilic inflammation and the survival 

of mast cells. Airway epithelial cells which are important sources of cytokines such as 

GMCSF, RANTES and eotaxin may also be affected by the use of steroids (Barnes 

1998). 

 β2 agonists used as asthma treatments include both inhaled short acting (SABA) 

and long acting agonists (LABA). Agonists bind β2-adrenoceptor which leads to 

adenylate cyclase stimulation by the signal-transducing stimulatory G-protein (Gs), 

increasing cyclic adenosine 3'5'-monophosphate (cAMP) and activating protein kinase A. 

These signaling events mediate smooth-muscle relaxation which relieves 

bronchoconstriction in asthma (Holgate and Polosa 2008). As mentioned above β2 

agonists are used as a supplementary therapy for patients not able to control their asthma 
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by using only inhaled corticosteroids. Studies have also shown that LABAs increase the 

efficacy of inhaled corticosteroids. It is not recommended that LABA’s be taken as a 

monotherapy as it could mask worsening inflammation which could be problematic 

(Holgate and Polosa 2008). 

 Phosphodiesterase inhibitors, such as theophyline have been used to treat 

asthmatic brochoconstriction but, due to cardiac and central-nervous-system side effects, 

use has been reduced. In terms of allergy associated with asthma, H1-antihistamines have 

been used to treat allergic reactions. Also falling in this class are leukotriene modifiers 

and inhibitors which are effective against allergic rhinoconjunctivitis (Holgate and Polosa 

2008). 

 To date the main goal of asthma therapies is to achieve and maintain control of 

asthma symptoms in order to maintain normal activity levels of patients including 

exercise. Therapeutics function to prevent asthma exacerbations and prevent asthma 

mortality while avoiding adverse effects but there is little evidence that they function to 

maintain (or slow a chronic loss of) pulmonary function that often accompanies chronic 

asthma. Unfortunately, therapeutic agents have not been developed to cure or prevent 

asthma as they address controlling asthma attacks rather than its developmental process. 

Link between asthma and allergy 

Allergy has long been regarded as a major risk factor for asthma, given that 

exposure to allergens in allergy-prone subjects evokes a biphasic response comprised of 

acute-and late-phase reactions that are separated in time by several hours (Galli and Costa 

1995; O'Byrne 1997; Barnes, Chung et al. 1998). Airflow obstruction is considered to be 
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the defining clinical feature of both the acute-and late-phase reactions. Airflow 

obstruction is regarded as a combination of smooth muscle contraction and airway 

inflammation.  The smooth muscle contraction portion is usually reversible 

spontaneously or with treatment (Holt, Macaubas et al. 1999) whereas the airway 

inflammation is regarded as a chronic condition that begins to develop early in life and is 

thought to persist as long as the condition is active.  The inflammation in many (but not 

all) asthmatics is closely related to allergy and thus is regarded as allergic airway 

inflammation with a predominant presence of eosinophils and increases in Th2 cytokines 

and IgE levels.  However, recent studies have shown that the inflammation in some 

asthmatics shows a stronger presence of neutrophils in the airways (Douwes, Gibson et 

al. 2002; Kikuchi, Kikuchi et al. 2009) .  The work described here focuses on possible 

events that might operate at the very initiation of airway inflammation which may 

contribute to allergic and/or non-allergic type. 

Classic model of allergen induced IgE 

 Classically, allergic sensitization to an antigen occurs via an antigen-specific T 

cell response. As we breathe, the airways are constantly exposed to antigens from the 

environment. Some investigators have suggested that dendritic cells (DC) may act as an 

initiating cell as they are located under the airway epithelium and are known to sample 

antigens that come in contact with the airway mucosa. Thymic stromal lymphopoietin 

(TSLP) and granulocyte-macrophage colony-stimulating factor (GM-CSF) signal the 

activation and maturation of DCs which were initially thought to determine whether an 

inflammatory response of the Th2-type would occur. Upon maturation of DCs, migration 
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to the draining lymphoid tissue occurs where DCs are able to activate antigen-specific T 

cells, which leads to the “sensitization” of the individual to that particular antigen. This 

response involves memory Th2-cells which are allergen-specific and are capable of 

migrating into the airways where they reside long term (Medoff, Thomas, & Luster, 

2008). 

 In the early phase of allergen response in humans, antigen specific IgE plays a 

major role in contributing to bronchoconstriction and is a major component of immediate 

hypersensitivity. In an individual in whom signals from antigen presenting cells (APC) 

cause differentiation of Th2 cells, these cells produce IL-4 and IL-13 which drive B cell 

class-switch to IgE production and secretion of allergen-specific IgE (Rindsjo and 

Scheynius 2010). IgE binds to high affinity receptor for IgE (FcεRI) on a variety of cells 

including mast cells. Exposure to the allergen leads to the cross-linking of Fc receptor-

bound IgE. This process results in mast cell or basophil degranulation. Mediators are then 

secreted by mast cells which have been reported to directly contribute to 

bronchoconstriction (Burchella, Stricklandb, & Stumbles, 2010). When the same allergen 

is encountered for the second time, the mast cells are activated and release inflammatory 

mediators such as histamine and proteases (Rindsjo and Scheynius 2010). These 

processes represent the classical immediate-type hypersensitivity. Mast cells also release 

a variety of mediators which contribute to the recruitment and activation of secondary 

effectors such as eosinophils which are considered the hallmark of the late phase of 

allergic reactions  (Holt, Macaubas et al. 1999). As part of this late phase response, the 
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inflammatory infiltrate may include monocytes, neutrophils, platelets as well as 

eosinophils (Barnes, Chung et al. 1998) .  

Role of IgE in Asthma 

 Atopic conditions such as asthma, allergic rhinitis, and atopic dermatitis all share 

the common trait of occurring in individuals with high levels of IgE antibodies. Among 

asthmatic patients, bronchial hyperresponsiveness (BHR), enhanced tendency toward 

bronchial smooth muscle contraction, also correlates with high IgE levels according to 

pedigree analysis (Sears, Burrows et al. 1991; van Herwerden, Harrap et al. 1995). It has 

also been shown that IgE levels are associated with physician diagnosed asthma and 

physiological BHR (Sears, Burrows et al. 1991). The correlation between high levels of 

IgE and asthma has not only been noted in adults but children as well (Burrows, Martinez 

et al. 1989; Sears, Burrows et al. 1991; Freidhoff and Marsh 1993; Sunyer, Anto et al. 

1996). Burrows et al., independent of skin test reactivity, demonstrated an association 

between high total serum IgE and asthma prevalence in a population of 2657 children and 

adults (Burrows, Martinez et al. 1989). Studies have demonstrated that a family which 

has been classified as atopic, following exposure to an allergen, produce IgE which in 

turn is associated with the increased likelihood of asthma (Platts-Mills, Rakes et al. 

2000). IgE levels also play a role in modulating the severity of the disease, where high 

IgE levels have been shown to be associated with greater asthma severity but the 

direction of causality has not been established. (Annesi, Oryszczyn et al. 1992; Siroux, 

Oryszczyn et al. 2003; Borish, Chipps et al. 2005; Limb, Brown et al. 2005).  Looking at 

the above evidence collectively, IgE is considered by some to be a key trigger for allergic 
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inflammation in the airways but whether IgE or (chronic) asthma precedes the other has 

not been established. The evidence has led to the use of anti-IgE treatment as a 

pharmacologic therapy (Oettgen and Geha 2001) that might reduce the number of 

asthmatic episodes whether such therapy can impact the prevalence of asthma per se is 

not known.    

 Animal models have shown that IgE is not required for the generation of marked 

allergic airway inflammation in response to an inhaled allergen (Mehlhop, van de Rijn et 

al. 1997). Mehlop et al. conducted a study comparing mice with a targeted deletion of the 

IgE heavy chain locus and wild-type mice with an identical genetic background. These 

models were used to facilitate the study of comparing an asthmatic pathology in the 

absence and presence of IgE (Mehlhop, van de Rijn et al. 1997). Study demonstrated that 

IgE-deficient mice despite the absence of elevated IgE, an intense airway eosinophilia 

occurred which was determined to be of the same magnitude as measured in the BAL of 

wild-type animals (Mehlhop, van de Rijn et al. 1997). Surprisingly the Mehlop study also 

demonstrated that IgE-deficient animals had higher baseline BHR when compared to 

wild-type animals with no challenge. It should also be noted that this study used fungal 

allergen, Aspergillus fumigates to challenge via intranasal administration. Supporting the 

Mehlop study, Oettgen et al. were able to demonstrate that non-IgE pathways exist for the 

development of hypersensitivity in mice (Oettgen, Martin et al. 1994). There have been 

other murine models which used nebulized ovalbumin (OVA) to elicit specific IgE 

responses and BHR in mice (Renz, Smith et al. 1992). It has also been shown that using 

anti-IgE antibodies attenuated both eosinophilic airway inflammation, as well as BHR in 
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mice (Coyle, Wagner et al. 1996). Accounting for the contradicting results in the above 

mouse models, it is possible that differences may be due to the nature of the immunizing 

allergen, route of administration and the influences of independent background genes 

(Drazen, Arm et al. 1996). It is also reasonable to think that IgE might be a required 

accessory for pathogenesis in some circumstances (or models) but a regulatory factor in 

other cases (Mehlhop, van de Rijn et al. 1997).   

 Although subjects with asthma as a group show elevations in IgE, not all 

populations with high levels of IgE develop asthma and not everyone with asthma has 

high measured IgE levels. IgE levels have been found to be associated with asthma 

independent of specific reactivity to common allergens or symptoms of allergy; this 

finding supports the concept of intrinsic asthma (Burrows, Martinez et al. 1989). These 

findings were later supported by a study conducted with a sample of 16,884 subjects; 

aged 20-44 selected randomly from the general population in five areas in Spain using 

reported symptoms in addition to bronchial responsiveness (Sunyer, Anto et al. 1996). 

Sunyer et al. explained that the association between total IgE and asthma in non-atopic 

individuals could be due to non-tested environmental allergens although major allergens 

such as mites, pets and molds were tested in this study. Further, the synthesis of human 

IgE may be directly regulated by basophils and mast cells, independently of allergen 

specific T-cell/B-cell interaction which would lead to the production of nonspecific IgE 

production (Sunyer, Anto et al. 1996). Another possibility is that total IgE is actually a 

consequence of asthma,  as speculated by Burrows et al. in study conducted in 

1995(Burrows, Martinez et al. 1995).  
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 Asthma shows a strong familial inheritance pattern and IgE levels shows strong 

familial inheritance patterns but parental IgE levels do not provide increased risk for 

asthma (Burrows, Martinez et al. 1995). Burrows et al. conducted a study of 591 nuclear 

families which contained 1,777 children in Tucson, AZ. Subjects provided information 

on whether they had physician-diagnosed asthma or not. Within the tested families 

containing 468 children had serum IgE levels measured. The study showed a strong 

tendency for asthmatic parents to have asthmatic children. On the other hand, an 

asthmatic child with high total IgE levels was not predicted by parents’ IgE levels alone. 

IgE as a sole variable in predicting the likelihood of a child developing asthma is limited, 

therefore, IgE levels is only one factor related to the inheritance of asthma (Burrows, 

Martinez et al. 1995). This concept has since been verified in a separate population, i.e., 

that parental IgE did not predict asthma in the child (Halonen, Stern et al. 1999). 

As previously mentioned, the generation of allergic symptoms to a specific 

allergen is facilitated by high affinity receptor FcεRI on mast cells bearing IgE directed 

against the allergen. FcεRI expression has also been demonstrated on other cells such as 

eosinophils (Gounni, Lamkhioued et al. 1994) and antigen presenting cells (Stingl and 

Maurer 1997) at the time of an allergic response. It has been reported that there is a 

significant increase in the number of FcεRI-bearing dendritic cells in the airways of 

atopic asthmatic subjects when compared with the airways of healthy subjects (Semper, 

Hartley et al. 1995; Tunon-De-Lara, Redington et al. 1996). Holloway et al. later did a 

study to understand how FcεRI expression by dendritic cells is regulated in atopic asthma 

by investigating how peripheral blood dendritic cells are regulated at the stage 
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immediately preceding recruitment into the lung. It was shown that the total expression of 

FcεRI on the surface of dendritic cells from healthy and asthmatic subjects was not 

significantly different (Holloway, Holgate et al. 2001). However, the in vivo studies 

demonstrated that dendritic cells from atopic asthmatics had higher levels of receptor 

occupancy by IgE and also bound exogenous IgE in vitro more efficiently than dendritic 

cells from healthy subjects (Holloway, Holgate et al. 2001). Holloway et al. concluded 

that the results suggested that the local environment in the airways of asthmatics is 

responsible for the upregulation of surface FcεRI and that the functional ability of FcεRI 

to bind IgE is differentially controlled in the atopic state (Holloway, Holgate et al. 2001). 

Thus it is possible that a primary defect of airway epithelial cells (or other structural 

airway cells) may set conditions that only secondarily facilitate IgE.  This could thus 

explain why IgE has not been shown to precede asthma, why parental IgE does not 

predict asthma in the child, why animal models devoid of IgE can be induced to develop 

airway inflammation, and why asthma can occur without allergy.  

The airway epithelium 

 The conducting airway epithelium in its normal differentiated state is pseudo 

stratified consisting of a columnar layer of ciliated and secretory cells. These cells also 

have a polarized structure which is maintained by intercellular tight junctions and 

separate a distinct apical and basolateral plasma membrane (Eastburn and Mostov 2010). 

The polarized structure protects the lung’s internal milieu from inhaled particles, 

infectious agents and other matter. The epithelium is engaged in defense by secreting 

mucus and cytoprotective molecules (Knight and Holgate 2003). Molecules are then 
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trapped and inactivated which are then removed through ciliary beat activity (Davies and 

Holgate 2002). 

As suggested above, the epithelium acts as a physical barrier to the environment 

and a modulator of local airway inflammation (King, Brennan et al. 1998). Studies 

indicate that airway epithelial cells produce a variety of soluble protein mediators which 

might be involved in asthma pathogenesis. Following a stimulus, it has been suggested 

that airway epithelial cells may be activated and promote eosinophilic infiltration, 

increased blood vessel formation, edema, lymphocyte infiltration, increased smooth 

muscle mass, and/or collagen deposited below the basement membrane of the airway 

wall. But documentation that such epithelial cell activation occurs in response to asthma-

related allergens is limited and only a few mediators have been shown to be produced by 

any one allergen and whether asthma-related allergens might have different effects 

compared to allergens not associated with asthma is not known.   

Inflammation of the airways 

Putting together many studies carried out under a variety of conditions and in 

cells from different origins and species, the airway epithelium can be claimed to be 

capable of synthesizing mediators including cytokines, prostanoids, leukotrienes, nitric 

oxide, antioxidants and complement proteins. These mediators have the potential to 

activate and facilitate movement of inflammatory cells, affect smooth muscle tone or lead 

to the mucosal repair (King, Brennan et al. 1998). Since airway epithelial cells are able to 

produce cytokines which possess proinflammatory properties, these cells might be 

viewed as cells that signal the inflammatory and immune system that disruption of the 
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airway mucosa has occurred. (Marini, Vittori et al. 1992). These functions indicate that 

airway cells may play a significant role in the development and persistence of bronchial 

inflammation (Marini, Vittori et al. 1992) but whether the cells must be disrupted to 

produce these substances or whether these processes directly involve specific cell 

receptors is not clear. 

 A variety of factors that underlie the release of cytokines from the airway have 

been identified. Some of these factors include eosinophil granule proteins, ozone, 

isocyanates, other cytokines such as IL-1 and TNF-α, viruses and bacteria. (King, 

Brennan et al. 1998). Studies have also shown that endogenous proteases such as those 

from neutrophils, mast cells and cytotoxic T cells are capable of stimulating the release of 

the cytokines from airway cells (King, Brennan et al. 1998; Margulis, Nocka et al. 2009) 

Tryptase, a serine protease is found in concentrated levels in the secretory granules of 

human mast cells. After an allergen is encountered tryptase is released in parallel with 

histamine from human mast cells. Tryptase has been found to be a mitogen for epithelial 

cells resulting in the stimulation of IL-8 and also leading to the upregulation of the 

adhesion molecule ICAM-1 (Cairns and Walls 1996). This process, though, is dependent 

upon an immune response having previously occurred.  We seek to determine if epithelial 

cell responses occur directly in response to exposure to asthma-related allergen 

components (prior to initiation of an immune response).  

Asthmatic airway: Epithelial dysfunction 

 Through modeling studies, it has been shown that in addition to the chronic 

inflammation which occurs in the airways of an asthmatic there is also a remodeling 



29 

 

response. This remodeling response leads to structural alterations which play a role in 

generating the manifestations of the disorder (Elias, Zhu et al. 1999; Khan, Ellis et al. 

2010), most likely through narrowing airway lumen. In general, airway remodeling could 

be defined as a collective term that describes the alterations in structural cells and tissues 

in the asthmatic that would not necessarily be seen in a normal airway. These alterations 

include but are not limited to wall thickening, subepithelial fibrosis, mucus metaplasia, 

myofibroblast hyperplasia, myocyte hyperplasia and hypertrophy, and epithelial 

hypertrophy (Elias, Zhu et al. 1999). Whether epithelial cells themselves can trigger this 

response in susceptible individuals is not known. 

Desquamation of the airway is considered to be a part of the remodeling process 

and one of the consequences of airway inflammation resulting from the action of 

inflammatory mediators such as eosinophil granule proteins (Laitinen, Heino et al. 1985). 

Observations of epithelial desquamation have been noted in postmortem specimens 

(Dunnill 1960) and also in endobronchial biopsies from patients with asthma (Laitinen, 

Heino et al. 1985). Studies have also demonstrated a correlation between bronchial 

hyperresponsiveness and epithelial cell loss recovered by bronchoalveolar lavage 

(Beasley, Roche et al. 1989). Dysregulation of pathways involved in repair and cell death 

may also occur in an asthmatic airway and contribute to the severity of the disease. This 

may include increased epithelial proliferation and the activation of epidermal growth 

factor receptor pathways (Hamilton, Torres-Lozano et al. 2003). In particular, EGFR 

tyrosine kinase inhibitor (AG1478) has been shown to stop the progression of airway 

remodeling in a mouse asthma model by inhibiting EGFR and HB-EGF expression and 
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EGFR signal pathway (Li and Luan 2010). It is possible that the epithelial damage seen 

in the remodeling process might be due to a bystander effect of the inflammation 

(Montefort, Roberts et al. 1992).  

The studies described here were carried out to explore the potential for suggesting 

that asthma might result from a primary defect in function of the airway epithelial cells; 

that is, whether airway epithelial cells can be shown to respond directly to substances that 

have been classically regarded as asthma allergens and respond with a large spectrum of 

secreted products capable of initiating inflammation irrespective of initiating a classical 

allergy response.  If this is possible, asthma-invoking substances may only act as 

allergens (i.e., inducing IgE and/or Th2 cells) secondarily.   Thus, classical descriptions 

of the function of airway cells to be only that of altering permeability to allow the critical 

entrance of allergens to more easily reach the dendritic cells which then continue the 

process of allergy development is debatable.  In this scenario, allergy plays the major role 

of disease development and given such, the same problems mentioned above exist (i.e., 

that asthma can exist in the absence of allergy etc.). The other possibility is that asthma 

results from an epithelial dysfunction that directly leads to alterations in airway structure, 

a function that does not require the development of allergy.   

As suggested above, the dysfunction of the airway epithelium might result in an 

altered spectrum of inflammatory mediators which leads to the enhancement of mucus 

production, induction of smooth muscle contraction, chemotaxis of inflammatory cells 

and airway remodeling.  The development of allergy may also occur only as a result of 

these alterations and thus may play only an ancillary role acting to induce exacerbations 
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rather than the chronic state of asthma. This is a proposal that avoids the problems 

indicated above under the section describing the relation between IgE and asthma. 

Environmental Allergens 

This proposal suggests that environmental factors that interact with the 

dysfunctional epithelium may do so via components that differs from components 

(allergen epitopes) that drive allergy.  Nonetheless, environmental agents that are capable 

of activating the epithelium and also have allergy producing constituents might be those 

that drive asthma to the greatest degree.  

Airborne allergens are usually classified as being either indoor or outdoor. 

Exposure to indoor allergens usually comes from homes, schools and offices while 

outdoor exposure is due to seasonal allergies, pollens and molds. The most common 

indoor allergens that contribute to asthma include arthropod allergens, mammalian 

allergens (from pets or pests), and fungal allergens (Peden & Reed, 2010). Although it 

appears that aeroallergen levels are staying steady, the prevalence of asthma and allergic 

rhinitis has been increasing (Schoenwetter 2000). The increase in prevalence of asthma 

but steady state in allergen levels has been suggested to be attributable to increased 

exposure to indoor allergens like cockroaches, for example. Another explanation derived 

from the hygiene hypothesis, suggests that when an individual is not exposed to bacteria 

and infections early in life, this scenario makes them more susceptible to developing 

allergic disease later in life (Sublett 2005).   It is suggested that environments in early life 

have been reduced in microbial exposures, especially in urban environments (and the 

relative numbers of people in urban environments has been increasing). 
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Still another explanation might be in order.  Many allergens such as cockroach, 

dust mites, pollens and fungi contain proteases (Donnelly, Dalton et al. 2006; Kukreja, 

Sridhara et al. 2008). An enhanced or otherwise altered susceptibility to proteases may be 

responsible for epithelial dysfunction, thus providing a common basis for the group of 

allergens most closely associated with asthma. The airway epithelium is constantly 

exposed to allergens which contain exogenous proteases including fungal allergens.  

Fungi are typically outdoor allergens but have also been reported as being found indoors 

with varying frequencies. Fungi commonly associated with asthmatic reactions in atopic 

individuals include Alternaria, Cladosporium, Aspergillus, Penicillium and Candida 

groups. (Kurup and Banerjee 2000). These fungi are ubiquitous saphrophytes that 

reproduce by spore formation. These spores are able to enter the airway when inhaled.  

Studies show that sensitization to fungi vary widely with high rates that are comparable 

to house dust mite sensitization. Variation found in these studies might be due to the 

variable level of exposure in different countries, the difference in fungal extracts used in 

skin tests and the age of the population being studied. Studies have shown that a 

sensitization rate in the adult population is less than 5% while it is significantly higher in 

the younger population. (Kauffman, Tomee et al. 2000). Alternaria has been shown in a 

Tucson area study to be the major allergen associated with the development of asthma in 

children raised in a semiarid environment (Halonen, Stern et al. 1997). These existing 

data, however, are all based on the concept of the classical allergic mechanisms and 

“sensitization” (i.e., a positive immediate skin test) is regarded as a measure of 

susceptibility.   
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Alternaria as an asthma-associated allergen 

One of the most common fungi associated with the presence, persistence and 

severity of asthma is Alternaria alternata (Bush and Prochnau 2004; Denning, O'Driscoll 

et al. 2006; Salo, Arbes et al. 2006). Alternaria is a saprophytic fungus which is 

commonly found in soil and plants and in most instances considered to be an outdoor 

allergen but has also been characterized in indoor environments (Salo, Arbes et al. 2006). 

There are over 200 species in the genus that is a natural part of fungal flora. Besides 

being a common allergen, Alternaria is also commonly known as a major plant pathogen 

and considered normal agents of decay and decomposition (Imazaki, Tanaka et al. 2010). 

Diseased plants affected by Alternaria affect both the growth and yield of the crop. 

Alternaria is considered to be a facultative plant parasite causing disease on most of the 

common and economically important crop plants. Well known for containing many 

destructive plant pathogens, Alternaria produces toxins which are responsible for 

lesion(J. S. Chauhan* 2009). 

Exposure to fungal allergens has been shown to be transported by intact spores, 

hyphael fragments, fragmented spores and dust particles (Salo, Arbes et al. 2006). A 

study by the National Survey of Lead and Allergens in Housing (NSLAH) was the first 

population-based study that measured the antigenic and allergenic components of A. 

alternata in US homes. This study used a polyclonal anti-A. alternata antibody assay and 

demonstrated that exposure and sensitization to Alternaria is an important risk factor for 

asthma, particularly among children. Prevalence of active asthma symptoms was 8.4% 

when compared with 6.5% in adults; this observation was not modified by age (Salo, 
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Arbes et al. 2006). Other studies investigating prevalence of active asthma, found that 

among 17,000 US citizens, 3.6% of the population skin test positive for Alternaria. In the 

United States, up to 80% of subjects with asthma have shown a positive reaction to one 

or more fungi. Among patients with fungal allergy, 70% show skin test reactivity to 

Alternaria (Bush and Prochnau 2004). 

Major allergens have been identified and characterized from Alternaria. 90% of 

individuals with Alternaria allergy have IgE antibodies to Alt a1, a major allergen. 

Another allergen, Alt a2, is identified in 60% of individuals with Alternaria sensitivity. 

Many other allergens have been identified in Alternaria, including a 70-kd glycoprotein 

which makes up 13% of the dry weight of Alternaria extracts and 87% of patients with 

Alternaria sensitivity skin test positive for this protein (Bush and Prochnau 2004).  

Dendritic cells have been described as a key player in controlling fungal 

immunity (Romani 2004). Germinating fungal conidia have been shown to induce the 

expression of co-stimulatory molecules and antigen-presenting molecule human 

leukocyte antigen DR (HLA-DR) on human dendritic cells. Germinating conidia have 

also been shown to induce the secretion of inflammatory cytokines and anti-inflammatory 

cytokines, indicating that these conidia are capable of providing maturation-associated 

signals to dendritic cells. Interestingly, dormant conidia do not modify the expression of 

co-stimulatory molecules or secreted cytokines. Upon cell wall disruption, the 

intracellular content of dormant conidia is capable of activating dendritic cells 

(Aimanianda, Bayry et al. 2009). In support of this study, it has been demonstrated that 

germinating spores of Aspergillus fumigates promotes surface expression of β-glucan 
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polymers.  When the germinating spore expresses these polymers, signaling of Dectin-1 

receptor is induced, which leads to an inflammatory response (Hohl, Van Epps et al. 

2005). Alternative to these ideas, proteases are becoming a focus when it comes to the 

idea of connecting the dots between fungal allergens and inducing an inflammatory 

response.  

Involvement of proteases in allergen associated asthma 

Proteases represent a class of enzymes that naturally occur in all organisms and 

demonstrate important roles in physiological processes. These enzymes have been 

implicated in processes such as degradation of dietary proteins, involvement in the blood 

coagulation cascade, cell death and tissue differentiation. Proteases can cleave ligands or 

receptors at the surface of cells which can either lead to the initiation or termination of a 

signaling cascade (Dale and Vergnolle 2008). 

Proteases obtained from fungal allergens and other allergenic sources such as 

house dust mite may directly activate epithelial cells and lead to antigen access 

(Kauffman, Tomee et al. 2000). Studies have shown that house dust mite cysteine 

proteases contain enzymatic activity which contributes to the immunological response 

(Kukreja, Sridhara et al. 2008).  In particular, cysteine protease (Der p1) and a serine 

peptidase (Der p9) from house dust mite Dermatophagoides pteronyssinus have shown to 

facilitate the transepithelial delivery of allergens by breaking down tight junctions(Tai, 

Tam et al. 2006). Der p1 and Der p9 are also capable of enhancing the release of 

cytokines from bronchial epithelial cells (Tai, Tam et al. 2006). Furthermore, Der f1 

(Dermatophagoides farina) has been shown to cleave the latency-associated peptide 



36 

 

(LAP) of transforming growth factor (TGF)-β which is a fibrogenic cytokine that is 

involved in the pathophysiology of asthma. Cleaving LAP leads to the activation of latent 

TGF-β which leads to signaling which promote fibrotic changes in the airway 

contributing to airway remodeling (Nakamura, Miyata et al. 2009). The activity of these 

molecules may lead to further sensitization to allergens as they facilitate presentation of 

non-proteolytic allergens (Kukreja, Sridhara et al. 2008). Allergens with enzymatic 

activity have been found to have a greater impact on allergic disease when compared to 

non-enzymatic allergens (Kukreja, Sridhara et al. 2008).  

To focus on Alternaria, it has been described that the extracellular proteases of 

this fungal allergen can be separated into two groups, alkaline (serine proteases) and 

neutral protease (cysteine proteases). Shastri et al. attempted to purify the enzymes found 

in Alternaria and have been able to describe them as being predominantly endopeptidases 

with the alkaline proteases exhibiting both esterolytic and proteolytic activities (Shastri, 

Patil et al. 1988). It has also been demonstrated that a number of factors could contribute 

to the enzyme composition of an Alternaria culture filtrate including medium 

composition and pH (Saenz-de-Santamaria, Guisantes et al. 2006). 

As previously mentioned, proteases of fungal extracts may facilitate the activation 

of cells as well as increase antigen access to a target tissue. Studies including those 

conducted by Kauffman et. al. (Kauffman, Tomee et al. 2000) have postulated that the 

proteases found in such allergens as Alternaria, may be linked to the protease-dependent 

activation (inflammatory response) and morphologic change in respiratory cells via a 
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Protease-activated receptor type 2 (PAR-2) mechanism (Shin, Lee et al. 2006; Kouzaki, 

O'Grady et al. 2009).  

Knight et al. study investigated the distribution and expression of all members of 

the PAR family in biopsy specimens obtained from airways of nonsmoking, non-

asthmatics normal subjects and well-characterized asthmatic subjects.  In this study it was 

demonstrated that PAR-1, -2, -3 and -4 are expressed in both the epithelium and smooth 

muscle of endo-bronchial biopsy specimens from asthmatic and normal subjects. PAR-2 

and -4 staining were found to be more widespread and diffuse than PAR-1 and -3 

expression. PAR-2 staining in the epithelium was found to be significantly upregulated in 

the biopsy specimens taken form asthmatic subjects. The authors described the major 

finding in this study as being that of the increased PAR-2 staining in epithelium but not in 

the smooth muscle in biopsy specimens that were obtained from both the steroid and non-

steroid treated asthmatics when compared to normal subjects (Lan, Knight et al. 2001). 

This evidence provides a strong link between the expression of the receptor and the 

disease.  

Protease Activated Receptors (PARs) 

 

PAR-2 belongs to a family of G-protein-coupled, seven-trans-membrane-domain 

receptors, which consist of four members, PARs 1 to 4. Unlike conventional G-protein 

coupled receptors which bind free-moving, soluble ligands, PARs are activated by 

proteolytic cleavage of their extracellular NH2-terminal domain. When the receptor is 

cleaved, a new sequence at the NH2-terminus is revealed. This newly revealed sequence 

then acts as a tethered ligand which is able to bind and activate the receptor (see 
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schematic 1) (Ubl, Grishina et al. 2002; Soh, Dores et al. 2010). PAR-1, PAR-3 and 

PAR-4 are known as thrombin receptors since they are activated by the endogenous 

agonist, thrombin. PAR-2 is activated by the same mechanism described above but by a 

variety of proteases including serine, trypsin, mast cell-derived tryptase, coagulation 

factors VIIa and Xa. PARs have been shown to also be activated directly by short 

synthetic peptides which are based on the sequence of the tethered ligand domain (see 

schematic 1) (Kawabata and Kawao 2005; Lin, Chen et al. 2008). These peptides usually 

5-6 amino acids are based on tethered ligand sequences (e.g., SFLLRN-NH2, SLIGKV-

NH2, TFRGAP-NH2, and GYGQV-NH2 for human PAR-1, PAR-2, PAR-3 and PAR-4, 

respectively), are useful pharmacological tools for the identification and characterization 

of receptor function. PARs have been described to have a physiological implication in 

respiratory, nervous, circulatory and gastrointestinal systems, in addition to the skin. 

Here, the focus will be placed in the involvement of PARs in airway disease  

.  Tissues disturbed in the body mount an inflammatory response in a form of 

protection from potential pathogen entry so that there is a healing process. On the other 

hand, when inflammatory responses are inappropriately activated, healing processes act 

in negative nature which leads to chronic inflammatory diseases such as asthma (Cocks 

and Moffatt 2001). A challenge that researchers face today is determining with the 

circumstances of these processes moving from protective to destructive. PARs have been 

implicated in many of these chronic inflammatory diseases but of particular interest to the 

current topic, it has been established that PARs are expressed by airway epithelial, 

smooth muscle cells in the respiratory tract, endothelial and vascular smooth muscle cells 
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(Lan, Stewart et al. 2002; Kawabata and Kawao 2005). These receptors are also 

expressed in the terminal bronchial epithelium, type II pneumocytes of the peripheral 

lung, migratory cells of the airway wall such as macrophages, mast cells, granulocytes 

and lymphocytes (Lan, Stewart et al. 2002). The level of expression of PAR-2 in the 

epithelium is particularly notable and has led many researchers to suggest that PAR-2 

may be involved in the defensive mechanism of barrier cells such as those found in the 

airway. But it should also be noted that PAR2 is expressed in many other cell types found 

in the airway including airway smooth muscle, fibroblasts, human mast cells, endothelial 

cells, macrophages and neutrophils (Cocks and Moffatt 2001).  

 Studies have shown that activation of PAR-2 in the airway leads to the release of 

prostaglandin E2 (PGE2) (Nagataki, Moriyuki et al. 2008; Moriyuki, Sekiguchi et al. 

2009) and matrix metalloproteinase (MMP)-9 (Page, Hughes et al. 2006). In particular, 

studies involving human alveolar epithelial cells (A549), PAR-2 activation led to the 

expression of MMP-9 and granulocyte macrophage colony stimulating factor (GM-CSF), 

which are all important mediators of inflammation. The release of interleukin (IL)-6 and 

IL-8 have also been shown to occur after activation of PAR-2 in primary epithelial cells 

(Kawabata and Kawao 2005). 
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Schematic 1: Alternative activation schemes of Protease activated receptor-2 (PAR-2). 

Pathway 1 demonstrates proteolytic cleavage pathway of activation, where in the 

presence of an enzyme, the NH2-terminus of the receptor is cleaved. Cleavage exposes a 

new NH2-terminus of the receptor which acts as a tethered ligand and binds to the 

extracellular domain of the receptor and leads to activation of the receptor. In pathway 2, 

non-enzymatic activation pathway, the receptor is activated by a synthetic peptide which 

mimics the tethered ligand in pathway 1. The synthetic ligand binds to the extracellular 

domain of the receptor which leads to activation.   

 

PAR-2 signaling and regulation 

 As mentioned earlier, PAR-2 is activated when a serine protease such as trypsin 

cleaves the extracellular domain creating a new N terminus that serves as a tethered 

ligand which then binds to one of the extracellular loops of the receptor and initiates 

signaling (Mackie, Pagel et al. 2002). PAR-2 is not activated by thrombin like other 

members of the GPCR family, PAR-1, PAR-3 and PAR-4. Instead, PAR-2 is activated by 

a broad range of proteases including trypsin and mammalian proteases, mast cell tryptase, 
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serine protease 1, factor Xa and sperm protease acrosin (Mackie, Pagel et al. 2002). In 

addition to enzymatic activation, PAR-2 could also be activated by using a synthetic 

peptide corresponding to the N-terminal tethered ligand sequence.  

 In general the activation of PARs leads to the activation of phospholipase Cβ via 

Gq/11 protein, which produces inositol triphosphate followed by Ca
2+

 mobilization and 

diacylglycerol followed by activation of protein kinase C (Ossovskaya and Bunnett 

2004). In addition to Gq/11 signaling, PAR-2 is also capable of stimulating arachidonic 

acid release and prostanoid formation from enterocytes (Kong, McConalogue et al. 

1997). There is also evidence that PAR-2 signals the activation of MAP kinase cascades 

as well as the trans-activation of EGF receptors which is involved in the cell growth in 

colon cancer cells (Darmoul, Gratio et al. 2004). 

 The regulation and desensitization of PAR-2 has been studied in transfected 

kidney epithelial cells and in a highly differentiated cell line from the intestinal 

epithelium (hBRIE 380 cells) that naturally expresses PAR-2 (Bohm, Khitin et al. 1996). 

From this study it was demonstrated that trypsin can increase [Ca
2+

] i, and with repeated 

exposure to trypsin there was a noted marked desensitization of the response. Authors 

attributed this observation to either the irreversible cleavage of the receptor by trypsin or 

the termination of kinase C-mediated termination of signaling. In this study it was also 

shown that exposure to trypsin results in the internalization of PAR-2 into early 

endosomes and lysosomes where the receptor is degraded. Resensitization of the receptor 

was attenuated by stimulating cells with Brefeldin A and inhibiting protein synthesis 

using cyclohexamide. Authors also provided support that PAR-2 could be resensitized by 
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mobilization of Golgi stores and the synthesis of new receptors (Bohm, Khitin et al. 

1996).  

 In the respiratory system, epithelial and smooth muscle cells express PAR-2 and 

there has been controversial evidence as to whether PAR-2 is involved in relaxation 

versus contraction in the airways. Studies have shown that upon PAR-2 activation, there 

is a prostanoid-dependent smooth muscle relaxation. It has also been demonstrated in 

mouse tracheal tissues that PAR-2 activation lends to prostaglandin E2 release (Lan, 

Knight et al. 2001). Authors of this study using both peptidic and enzymatic activators of 

PAR-2 observed strong relationships between the amount of PGE2 released and the extent 

of smooth muscle relation. This PAR-2 induced PGE2 was inhibited by COX-2 inhibitors 

which also inhibited smooth muscle relaxation. Authors concluded that COX-2-derived 

PGE2 is a key factor in PAR-2-induced relaxations in mouse isolated trachea (Lan, 

Knight et al. 2001). 

  Most recently in the literature, studies have demonstrated that it is possible 

that the PAR family might be working in tangent with the toll-like receptor family 

(Rallabhandi, Nhu et al. 2008). Prasad et. al described PARs as being structurally 

unrelated to TLRs but they function in the context of the innate immune response and 

therefore could be classified as Pattern Recognition Receptors (PRRs). Via signaling 

studies, Prasad et. al demonstrated that co-expression of TLR4/MD-2/CE14 with PAR2 

in Human Embryonic Kidney 293 cells (HE293T cells) resulted in a synergistic increase 

in PAR-2 activating peptide (AP)-induced NF-κ-B activity which was MyD88-dependent 

and required functional TLR4. Authors were also able to demonstrate that there is an AP-
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dependent physical association between PAR-2 and TLR4 through co-

immunoprecipation experiments (Rallabhandi, Nhu et al. 2008). More recently, a study 

was conducted in mucosal epithelial cells (EC) demonstrated that PAR-2 does not only 

interact with TLR4 but possibly interacts with other members of the PAR family (Nhu, 

Shirey et al. 2010).  In contrast to what was shown previously with TLR-4, it was 

demonstrated in this study that PAR-2 negatively regulated TLR3-dependent antiviral 

pathway. PAR-2 negatively regulated TLR/IRF-3 antiviral pathway which lead to 

reduced expression of TLR3-, IRF-3-driven genes such as IFN-β, IP-10, and RANTES. 

Study also showed signaling convergence between PAR2 and TLR2, TLR3, or TLR4 for 

mRNA induction of NF-κB-dependent IL-8 and cooperation between PAR2 and TLR3 

was highly synergistic.  Results from both of the above studies suggest novel ways in 

which PAR-2 interacts both cooperatively and non-cooperatively to signal integration 

between heterologous PRRs of the innate immune system (Nhu, Shirey et al. 2010).  

 In all, much has been done in different systems to understand the regulation of 

PAR-2. Many details of this regulation still remain unclear and there is a need for further 

exploration into the signaling cascades involved in the PAR-2 regulation process. In 

particular, contradictory results from studies showing PAR-2 involvement in 

inflammation whether it is pro-inflammatory or anti-inflammatory certainly needs to be 

resolved. The involvement of PAR-2 in a number disease pathogeneses makes this 

receptor seem like a likely pharmacological target which could only be further explored 

as such if the regulation of this receptor is better understood.  
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Allergen protease activation of PAR-2 on airway cells 

 It has been established that epithelial cells are an important part of innate 

immunity, not only serving as a mechanical barrier but studies have shown that these 

cells express surface receptors which are able to recognize microorganisms and other 

components (Kauffman, Tomee et al. 2000). Epithelial cells have been proven to react to 

proteases in a dose-dependent fashion which leads to the production of cytokines induced 

by low concentrations of fungal extracts. Also resulting from stimulation with fungal 

extracts is morphologic changes and desquamation of airway epithelial cells. There is 

also variation in the extent of changes which occurs with different fungal extracts, for 

instance, Clodosporium herbarum is able to produce cytokines without affecting cell 

morphology while Alternaria alternata causes shrinking of airway epithelial cells 

(Kauffman, Tomee et al. 2000). Kauffman et. al has suggested that proteases present in 

fungal extracts activate epithelial cells through a PAR-2 driven mechanism. Importantly, 

Alternaria has been shown to upregulate TSLP from airway epithelial cells via a PAR-2 

mechanism. TSLP has been described as being an IL-7-like cytokine where its expression 

in airways of patients with asthma has been linked to the severity of the disease 

(Hunninghake, Soto-Quiros et al. 2010). Further, studies in TSLP receptor deficient mice 

show that when these mice are allergen challenged they show a decreased airway 

inflammation.  This evidence has led to the hypothesis that TSLP appears to be both 

necessary and sufficient for the development of Th2-type airway inflammation (Kouzaki, 

O'Grady et al. 2009). Kita et al. were able to show that Alternaria extract induces TSLP 
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mRNA and protein from BEAS-2B and NHBE cells and that this induction depends on 

the proteases-sensing receptor, PAR-2. 

 PAR-2 mediated recognition of fungal proteases has not only been studied in 

airway epithelial cells but in other cell types in the airway including eosinophils 

(Matsuwaki, Wada et al. 2009). It has been shown that a PAR-2 agonist enzyme and 

PAR-2 ligand peptide are capable of desensitizing an Alternaria-induced intracellular 

Ca
2+

 response. Also, contrary to mainstream thinking of Alternaria interaction with PAR-

2, it has been demonstrated that aspartate protease activity, not serine protease activity, 

cleaves and activates human PAR-2. In support of this, aspartate protease inhibitors and 

not serine or cysteine protease inhibitors were shown to reduce Alternaria-induced PAR-

2 activation as well as intracellular calcium release in eosinophils (Matsuwaki, Wada et 

al. 2009).  

Statement of the problem addressed in this study 

Despite being classified as an allergic disease, the development of asthma can 

occur with or without an association with allergy, and no study demonstrates 

unequivocally that allergy critically precedes asthma.  Thus it seems highly likely that the 

association with allergy may occur secondarily and may not be indicative of the major 

causative pathway.  Taking into consideration the IgE and non-IgE mediated 

hypothesized links between allergy and asthma, this study aims to characterize the 

capacity of the airway epithelial cells to act in a way that would make them candidates 

for containing the key to asthma development.  As such, one would first need to 

determine the epithelial cell capacity to produce inflammatory mediators in response to 
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an asthma-associated allergen. If such responses occur, one should assess likely 

constituents of the allergen responsible for the production. If a class of constituents could 

be identified, one could examine possible receptor-related mechanisms in the epithelial 

cells for this to occur then; specificity of the response could be assessed. 

Airway epithelial cells have been long thought to be a passive barrier serving as 

an interface between the internal and external environments of the body.  Current studies, 

like this one, now seek to explore the possibility that the airway has the capacity to act as 

a first defender or reactor to environmental stimuli with various responses. Upon our 

initial results showing inflammatory mediator production, our central hypothesis 

developed: that Alternaria alternata directly activates inflammatory mediators from 

human airway epithelial cells via a mechanism that is independent of IgE and involves 

Alternaria-derived proteases.  This hypothesis, if correct, offers an alternate pathway that 

then can be pursued through additional studies that compare cells from asthmatics and 

nonasthmatics to identify possible differences.  But it is the objective here to establish the 

potential for such a pathway to contribute and to identify one or more mechanisms by 

which that pathway might be capable of being the initial step in inflammation induced by 

asthma-related “allergens” operating independently from allergy.  That is, asthma-related 

allergens might function by pathways quite different from that described for inducing 

allergy, i.e., the classical IgE and/or Th2-related allergic inflammation. 

In addressing these issues, we sought to characterize the inflammatory responses 

that are elicited from human airway epithelial cells when stimulated with Alternaria 

alternata and we found that the fungal allergen is indeed capable of inducing growth 
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factors, cytokines and chemokines in a concentration-dependent manner with an early 

peak response. We then sought to determine whether proteases were involved in this 

inflammatory response, first by characterizing the protease activity and content of 

Alternaria then evaluating the consequence of inhibiting the protease activity on the 

inflammatory response. We found that heat-inactivation and serine protease inhibition 

both affected Alternaria’s ability of inducing a response from human airway epithelial 

cells. We also sought to determine whether PAR-2 was involved in this protease 

dependent inflammatory response which was induced by Alternaria and found that PAR-

2 peptide agonist was able to induce similar inflammatory responses as the Alternaria 

stimulant and a PAR-2 antagonist peptide was able to inhibit at least some of the 

Alternaria induced responses. More importantly, we demonstrated that Alternaria is 

capable of directly cleaving the N-terminal extracellular portion of PAR-2 in a similar 

fashion to that of trypsin (the classically described PAR-2 ligand).  
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CHAPTER-2 

MATERIALS AND METHODS 

Protease Assays  

Quantitative method: Protease Fluorescent Detection Kit 

Protease Fluorescent Detection Kit (Sigma Aldrich, St. Louis, MO) was used for 

detecting the presence of protease activity in samples. The reaction mixture contained 

10µl sample, 20µl assay buffer and 20µl FITC-casein. The assay buffer was 100mM Tris 

buffer, pH 7.8. The reaction was carried out in a 37°C incubator overnight. The reaction 

was stopped by adding 150µl of 0.6 N trichloroacetic acid (TCA) and followed by 

moderate mixing. Reaction was then placed in 37°C incubator for an additional 30 

minutes. After incubation insoluble particulate was sedimented by centrifugation for 10 

minutes at 10,000xg. Diluted supernatant was used for measurement. Fluorescence 

intensity was recorded with excitation at 485nm and the emission wavelength was 

monitored at 535nm.  

Specifically, Alternaria alternata (Greer® Laboratories, Inc, Lenoir, North 

Carolina) was tested at concentrations 2.5, 7.5 and 21.5µg/ml. For protease inhibition 

experiments, all concentrations of Alternaria alternata listed above were heat-inactivated 

for 30 minutes at 70˚C or incubated in the presence of 10% Fetal Bovine Serum (FBS) 

(Gibco by Invitrogen, Carlsbad, CA). Experiments performed with serine specific 

inhibitor, 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF) (Roche 

Diagnostics, Germany), used concentrations of 0.5mM, 1mM and 4mM where Alt was 

pre-incubated for 5 minutes with the inhibitor before running assay.  
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Semi Quantitative method: API ZYM assay  

According to manufacturer’s instructions an incubation box (tray and lid) was 

prepared by distributing 5 mls of distilled water into honeycombed wells of the tray to 

create a humid atmosphere. Strips containing synthetic enzymatic substrates were then 

inoculated with 65µl of Alternaria alternata culture filtrate (21.5µg/ml) heated (70˚C, 

30mins) and non-heated into each cupule. After strips were inoculated, strips were placed 

in incubation box for 4 h at 37˚C. After incubation, 1 drop of ZYM A reagent and 1 drop 

of ZYM B reagent was added to each cupule. Color developed for 5 minutes where 

negative results will be colorless. Results of the reactions were then read and recorded. A 

score (or value) ranging from 0-5 was assigned which corresponds to the intensity of the 

developed color. 0 corresponds to a negative reaction, 5 to a reaction of maximum 

intensity and values 1, 2, 3 or 4 were regarded as intermediate reactions.  
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Table 1: API-ZYM assay reading table. Table shows the enzymes assayed for along with 

its corresponding substrate. Table also shows the expected color change, if sample is 

positive or negative for each of the 19 enzymes. (taken from Manufacturer’s protocol) 

 

Cell Culture: Human Bronchial Epithelial cells (16HBE 14o-) and HeLa 

Two cell lines were used in these studies: 16HBE14o- cells, a SV40 transformed 

human bronchial epithelial cell line (Gruenert, Finkbeiner et al. 1995) obtained through 

the California Pacific Medical Center Research Institute (San Francisco, CA) and HeLa 

cells (American Type Culture Collection (ATCC), Manassas, VA). Cells were grown as a 

monolayer in Minimum Essential Medium (MEM) supplemented with 10% Fetal Bovine 

Serum (FBS), 1% L-glutamine, 1% penicillin/ streptomycin (GIBCO® by Invitrogen, 

Carlsbad, CA) (Gruenert, Finkbeiner et al. 1995).  In the case of 16HBE14o- cells, flasks 
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and 12-well plates were coated initially with matrix coating solution
 
[consisting of: 88% 

LHC basal medium and 10% BSA (from 1 mg/ml
 
stock) (Biosource Int’l, Camarillo, 

CA), 1% bovine collagen type I (from 2.9 mg/ml stock), and
 
1% human fibronectin (from 

1 mg/ml stock solution) (BD Biosciences, San Diego, CA) and incubated for 2h at 37°C 

followed by removal of the coating solution and allowed to dry for at least 1 h. 

16HBE14o- and HeLa cells were plated in 12-well plates at a density of 1 x 10
5
 

cells/cm
2
. Cells were maintained at 37º C in a humidified atmosphere at 5% CO2 and 

medium replaced every other day until cells reached confluence.  

Cell culture stimulations 

For 12-well plate cell culture experiments, when cells reached confluence, 

medium was switched to MEM supplemented as listed above without 10% FBS. Both 

16HBE14o- and HeLa cells after 24 hour serum starvation were stimulated with 

Alternaria alternata at 2.5, 7.5, 21.5 µg/ml and medium alone. After incubation for 3, 6 

and 12 hours, supernatants were harvested and stored at -70°C. Protein synthesis was 

inhibited by the addition of cyclohexamide (10µg/ml) (Sigma, St. Louise, MO) to the 

medium, 30 minutes prior to Alternaria alternata stimulation. Cells were also cultured in 

the same manner, in preparation for stimulation with Protease Activated Receptor-2 

(PAR-2) selective agonist, H-Ser-Leu-Ile-Gly-Arg-Leu-NH2 (SLIGRL) (Anaspec, Inc.). 

Similar to Alternaria alternata stimulations, PAR-2 agonist stimulations were carried out 

for 3, 6 and 12 hours using concentrations of 100 and 200 µM.  Par-2 antagonist, H-Phe-

Ser-Leu-Leu-Arg-Tyr-NH2 (FSLRRY-Amide) was used in a 5 minute pre-incubation at 

300µM before stimulating with Alt (7.5µg/ml). For Alt protease inhibition, Alt was either 
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heat-inactivated (70ºC for 30 minutes) or pre-treated with .5mM AEBSF for 5 minutes. 

For “cell-free” stimulations, 16HBE14o- cells were cultured in serum free media for 24 

hours; media was then removed and re-incubated with Alt (2.5, 7.5, 21.5 µg/ml) for 3, 6 

and 12 hours.  

Cell culture supernatants mediator quantification 

Supernatants were analyzed for cytokine production (IL-8, IL-6, TNF-α, G-MCSF, G-

CSF, IL-1α, IL-1rα, VEGF, FGF-basic, ENA-78 and RANTES) using Multianalyte 

Profiling (MAP) Fluorokine kit (R&D Systems
®
). Assay was performed per 

manufacturer’s instructions.  In brief, 50µl supernatant sample, color-coded 

microparticles and standards are pipette into wells which are pre-coated with analyte 

specific antibodies. Samples are incubated for 3 hours where immobilized antibodies bind 

the analytes of interest. After 3 hour incubation, plates are washed and a biotinylated 

antibody cocktail specific to the analyte of interest is added to each well and incubated 

for 1 hour. Following another wash step to remove unbound biotinylated antibody, 

streptavidin-phycoerythrin conjugate (Streptavidin-PE) is added to each well for 30 

minutes. A final wash step removes unbound streptavidin-PE and the microparticles are 

resuspended in buffer and read on Luminex analyzer.  

For MAP assays, samples were analyzed by luminex using Masterplex® CT v 1.2 

(MaraiBio). One Laser is microparticle-specific and determines which analyte is being 

detected while the second laser in the machine determines the magnitude of the PE-

derived signal which is directly propotional to the amount of analyte bound. Acquired 

data was analyzed using Masterplex® QT v 3.0 (MaraiBio). 
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Cell viability assay 

Cellular viability was assessed with the LIVE/DEAD Viability/Cytotoxicity Kit 

for mammalian cells (Molecular Probes, Inc). After 3 hour incubation with specific 

stimulant, supernatant was removed and cells were washed in Dulbecco’s Modified Eagle 

Medium (DMEM) (GIBCO® by Invitrogen, Carlsbad, CA). After wash, cells incubated 

with
 
calcein-AM and ethidium bromide according to the manufacturer's

 
instruction.  

Cultures were imaged on an
 
Olympus IX 70 microscope in epifluorescence mode with 

appropriate
 
filters. Images were captured by a CoolSnap Camera (Roper Scientific)

 
onto a 

Macintosh G4 computer under Roper software (Tucson, AZ)
 
control. Adobe Photoshop 

(San Jose, CA) was used to compile
 
images into figures. 

Flow cytometry 

For surface staining of PAR-2, cells were dissociated using non-enzymatic 

dissociation buffer (GIBCO
®
) and resuspended in 2mL flow solution (PBS, 10% human 

AB serum, 1% sodium azide). Cells were then washed twice in the solution and 

centrifuge at 1800 rpm for 5 minutes with brake at 4°C. After wash, cells are resuspended 

in 2ml of flow solution. 0.5 x 10
6 

cells were then used for cells only control or isotype 

(R&D Systems
®
Mouse IgG2A Phycoerythrin Isotype Control) staining or antibody 

(R&D Systems
®
, Monoclonal Anti-human PAR-2-Phycoerythrin (PE)) staining. Cells 

were then incubated on ice under control conditions or with antibody for 30 minutes in 

the dark. This was followed by two flow solution washes. Cells stained for surface 

markers were then fixed by adding 250 µl of 1% paraformaldehyde (PFA) in cacodylate 

buffer solution, mixed and read with flow cytometer. The cells were analyzed by Becton 
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Dickinson FACScan
TM

. A total of 10,000 events were acquired and analyzed on Cell 

Quest Pro
TM

 software. Events were gated based on the area of greatest cell density.  

Fluorometric Enzyme Assay using Fluorescence Resonance Energy Transfer (FRET) 

peptide 

FRET lyophilized PAR-2 peptide (Abz-Ser-Lys-Gly-Arg-Ser-Leu-Ile-Gly-

Lys(Dnp)-Asp-OH) was synthesized  by Anaspec, Inc. Experiments were carried out in 

0.1 M HEPES, 0.1 M NaCl, 10 mM CaCl2, 0.2% (w/v) polyethylene glycol (Mr 6000), 

pH 7.4. The substrate solution was allowed to equilibrate to 37ºC for 10 minutes, test 

solution (Alternaria alternata (7.5µg/ml), Trypsin (.000625nM), thrombin (.1nM) or 

Bermuda grass pollen (2.5, 7.5 and 21.5µg/ml) was then added and reaction was allowed 

to run for 10 minutes in a 96 well plate. Protease inhibition of Alternaria alternata and 

trypsin were carried out as previously described in protease assay description. Control 

reactions were carried out using the same reaction mixture without the test compound (no 

inhibition) or without the enzyme (blank). Enzyme activity monitored by continuously 

measuring the fluorescence (λex =355 nm; λem=460 nm) in a Victor™ Multilabel Plate 

Reader (PerkinElmer). An increase in fluorescence is equated to the increase in 

concentration of the cleaved substrate, allowing determination of the kinetic parameters, 

Km and kcat from an analysis of initial velocities obtained at different substrate 

concentrations (Lourbakos, Chinni et al. 1998). 

Determination of kinetic parameters using the FRET peptide. The maximal velocity 

(Vmax), Michaelis–Menten constant (Km) and kcat were calculated using non-linear 
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regression analysis. Plots were performed, and kinetic parameters were calculated, using 

Prism software (Graphpad Software, San Diego, CA). 

Statistical Analysis 

Statistical analyses were performed using Stata 9 (StataCorp. 2005. Stata 

Statistical Software: Release 9. College Station, TX: StataCorp LP) for mixed models 

and Excel for students paired t-test. A p-value of <0.05 was considered significant.  

Mixed models were used to assess differences in log transformed cytokine levels 

by treatment and/or dosage. These models provide fixed effect measures for each 

treatment and for each dosage, while controlling for potential correlation within 

experimental plates through the inclusion of random effects.  
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CHAPTER-3 

 

RESULTS 

 

The studies described have been designed to characterize the interaction of 

Alternaria culture filtrate (Alt) with a human airway epithelial cell line to produce cell 

activation.  They focus especially on the mode of interaction of Alt with cells from the 

cell line 16HBE14o- , including the possible involvement of Alt proteases,  the capacity 

of the epithelial cells to produce and secrete protein products as a result of the activation 

occurring from the interaction, and a role for PAR-2 in the interaction. The data are 

presented as responses to questions for which answers have been sought. 

Does Alt have protease activity? 

Comparative analysis of Alt protease activity by a protease fluorescent assay 

Three concentrations of Alt (2.5µg/ml, 7.5µg/ml and 21.5µg/ml) were evaluated 

to determine whether proteases are constituents of Alt.  As shown in Figure 1, there is a 

concentration-dependent response with respect to protease activity; that is, as the 

concentration of Alt increases, the protease activity increases as well. Alt at 2.5µg/ml  is 

capable of cleaving a casein substrate relative to that of 0.11µg (±0.01)/ml of trypsin, 

while 7.5µg/ml of Alt is capable of cleaving a casein substrate relative to that of 0.26µg 

(±0.03)/ml of trypsin and 21.5µg/ml of Alt is relative to 0.87(±0.06) µg/ml of trypsin.  
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Figure 1: Protease activity of three concentrations of Alt.  A protease fluorescent 

detection assay was used to detect the presence of protease activity (see methods). Data 

are expressed as means ± SEM from n=5 for each concentration of Alt. Presence of 

protease activity is demonstrated as being relative to trypsin concentration (µg/ml).  

 

 

What is the nature of the spectrum of enzymatic activity in Alt?  

API ZYM semi-quantitative analysis of Alt (21.5µg/ml) enzymatic activity  

  Several enzyme activities present in the Alt preparation were documented using a 

commercially available enzyme activity screening method.  Most pertinent for our focus 

are several activities that can be classified as proteases:  trypsin, several arylamidases and  

esterase. The greatest enzyme activity was present for several enzymes with activities 

other than proteases.  Acid phosphatase, α-glucosidase, β-glucosidase and N-acetyl-β-

glucosaminidase were scored above 4 and regarded as reactions of maximum intensity. 

This assay demonstrates that a myriad of enzymes could be detected among the proteins 

present in Alternaria alternata prepared as a culture filtrate.  Lipase (C14), α-

chymotrypsin, β-glucuronidase, α-mannosidase and α-fucosidase were recorded with a 
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score below 1 and considered below what is regarded as an intermediate (i.e., plus/minus) 

reaction.  

 

 

 

Figure 2: Semi-quantitative analysis of Alt enzymatic activities. API ZYM assay system 

was used to evaluate the presence of 19 enzyme activities in 21.5µg/ml Alt (n=5). 

Graphical representation depicts 19 enzymes and control scored on a scale from 0 to 5 as 

indicated on the y-axis.  0 corresponds to a negative reaction, 5 to a reaction of maximum 

intensity, between 0-1 are plus/minus and values between 1 and 4 were regarded as 

intermediate reactions. Below the graph is a photographical representation of Alt (21.5 

µg/ml) being tested on an API ZYM strip. The order of the numbers on strip corresponds 

to labels on bar graph (see methods for further details) 
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Investigating the optimal model for stimulating 16HBE14o- cells with Alt  

Does serum (a common component of cell culture media) affect Alt protease activity? 

Protease fluorescent assay quantitative analysis of Alt (2.5µg/ml, 7.5 µg/ml and 

21.5µg/ml) enzymatic activity in the presence of serum 

Since serum, including fetal bovine serum (FBS), is known to contain anti-

proteases (Lisowska-Myjak, Pachecka et al. 2006), it was necessary to evaluate whether 

the normal 10% supplementation of cell growth media with FBS would interfere with the 

proteases contained in Alt. Figure 3 demonstrates that with the previously tested 

concentrations of Alt, 10% FBS is capable of completely inhibiting protease activity. 

These results indicate that it is necessary to serum starve 16HBE14o- cells before 

stimulating with Alt.  
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Figure 3: Inhibition of Alt protease content by 10% FBS. A protease fluorescent detection 

assay was used to detect protease activity of Alt in the presence and absence of 10% FBS 

(see methods section). Data are expressed as means ± SEM from n=5 for each 

concentration of Alt and each treatment. Presence of protease activity is depicted as being 

relative to trypsin concentration (µg/ml). Alt in the presence of FBS was compared to Alt 

without FBS and significant differences were determined using Student’s t-test (*p<.05).  

 

Does Alt directly stimulate the release of inflammatory mediators from 16HBE14o- 

cells? 

Capacity of Alt to induce cytokine release from human bronchial epithelial cells 

A multiplex assay was established to assay for 11 proteins reported to be secreted 

by epithelial cells under various conditions and stimulations.  The 16HBE14o- cells in 

culture showed (Fig. 4) that there is constitutive production of all measured secreted 

proteins that includes cytokines (IL-1α, IL-6, TNF-α), chemokines (IL-8 (CXCL-8), 

ENA-78 (CXCL-5), RANTES (CCL-5)), growth factors (FGF-basic, GCSF, GMCSF, 

VEGF), and an IL-1 soluble receptor that acts as an endogenous IL-1 inhibitor (IL-1ra). 
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The term “protein mediators” hereafter is used as inclusive of any grouping of these 

expressed molecules.  Statistically significant protein mediator responses above 

background were observed with all three concentrations of Alt for cytokines IL-1α, IL-6, 

and TNF-α, IL-8, FGF-basic, GCSF, GMCSF, VEGF and IL-1ra at 3 h.  RANTES and 

ENA-78 remained unaffected with Alt stimulation at 3h. Time-course experiments 

indicated that all protein mediators increased by Alt were maximally enhanced over 

constitutive production at 3 h. No cytokine was significantly upregulated with the 

2.5µg/ml concentration at 6 and 12 h. In contrast to the Alt-induced increases (which 

remained evident for most mediators at 6 and 12 hr but at a slower rate),  constitutive 

levels of ENA-78 and RANTES actually decreased in the presence of 7.5µg/ml and 

21.5µg/ml of Alt after 3 hr. This inhibition was evident at  all time points for ENA-78 but 

only after 3 hr for RANTES. These decreases are addressed further below. 

Cytokines: 
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IL-1 Antagonist 

 

 
 

 

 

Chemokines: 

 

 
 

1.00

1.50

2.00

2.50

3.00

3.50

4.00

3 6 12

L
o

g
 I

L
-1

ra
(p

g
/m

l)

Time (hours)

Unstimulated

2.5µg/ml Alt

7.5µg/ml Alt

21.5µg/ml Alt

* *

*

*

1.00

1.50

2.00

2.50

3.00

3.50

4.00

3 6 12

L
o
g
 I

L
-8

(p
g
/m

l)

Time (hours)

Unstimulated

2.5µg/ml Alt

7.5µg/ml Alt

21.5µg/ml Alt

*
*

*

* *



64 

 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.00

1.50

2.00

2.50

3.00

3.50

4.00

3 6 12

L
o

g
 R

A
N

T
E

S
 (

p
g

/m
l)

Time (hours)

Unstimulated

2.5µg/ml Alt

7.5µg/ml Alt

21.5µg/ml Alt
* *

*

1.00

1.50

2.00

2.50

3.00

3.50

4.00

3 6 12

L
o

g
 E

N
A

-7
8

 (
p

g
/m

l)

Time (hours)

Unstimulated

2.5µg/ml Alt

7.5µg/ml Alt

21.5µg/ml Alt

**
*

* *



65 

 

Growth Factors: 
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Figure 4: Alt induces cytokine production from 16HBE14o- cells in a concentration- and 

time-dependent manner. Cell monolayers were cultured until 80% confluent and then 

stimulated with increasing concentrations of Alt for 3, 6 and 12 h. The presence of ENA-

78, FGF-basic, GCSF, GMCSF, IL1-α, IL-1ra, IL-6, IL-8, RANTES, TNF-α and VEGF 

were determined using a multiplex cytokine assay (see methods). Data are expressed as 

log means ± SEM per 10
4 

cells from six independent experiments each performed in 

triplicate. The statistical significance of the differences in log means between responses 

at various concentrations was determined by a random effects model (see methods). 

*=p<.05. 
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Does Alt affect viability of 16HBE14o- cells? 

Live/dead viability/cytotoxcity assay assessing the impact of Alt stimulation on the 

viability of 16HBE14o- cells using fluorescent microscopy  

As part of assessing the effects of Alt on 16HBE14o- cells, the viability of cells 

when stimulated was considered. Cells were either not stimulated or stimulated with 2.5, 

7.5 or 21.5µg/ml of Alt. With the addition of ethidium homodimer-1 dyes and calcein, a 

distinction is made between dead and live cells with dead cells staining red and live cells 

staining green. As shown in images of Figure 5, unstimulated cells and those treated with 

the 2.5 and 7.5µg/ml concentrations of Alt appear similar in showing almost no cells 

fluorescing red. Images of the 21.5 µg/ml Alt concentration demonstrate considerably 

greater loss of viability than the before-mentioned stimulations. Areas where there are no 

fluorescing cells are likely to be areas where confluence of cells was not achieved. This 

experiment along with experiments showing the stimulation of inflammatory mediators, 

determined that 7.5µg/ml is the most appropriate concentration for further studies so that 

issues of mediator release related to cell death rather than active secretion could be 

minimized.  
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Unstimulated cells: 

   
 

 

2.5µg/ml Alt 

   
 

7.5µg/ml Alt 
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21.5µg/ml Alt 

   
 

Figure 5: Alt stimulation is capable of affecting the viability of 16HBE14o- cells in a 

concentration- dependent manner. Cell monolayers were cultured until 80% confluent 

and then stimulated with increasing concentrations of Alt for 3 h. The viability of cells 

was determined using a LIVE/DEAD Viability/Cytotoxicity assay (see methods). Shown 

are representative images of triplicate wells (10
4
 cells per well) for each condition.  

 

Are the identified proteins being synthesized and secreted or secreted from pre-existing 

intracellular stores? 

Effect of treating 16HBE14o- cells with cyclohexamide (CHX) 

CHX, at 10µg/ml was pre-incubated with 16HBE14o- cells for 30 minutes to 

inhibit protein synthesis. This pre-incubation was followed by Alt (7.5µg/ml) stimulation 

for 3 h (as previously described). As shown below in Figure 6, CHX significantly 

inhibited the production of GMCSF, IL-6, IL-8 and TNF-α. The inhibition of these 

cytokines caused by pre-incubation with CHX indicates that GMCSF, IL-6, IL-8 and 

TNF-α are stimulated by Alt via de novo synthesis of themselves or of a necessary 

protein in their synthesis/secretion pathway.  CHX did not inhibit the release or alter the 

levels of FGF-basic, GCSF, IL-1α, IL-1ra or VEGF. These cytokines not inhibited by 

CHX but increased in the presence of Alt suggest that Alt might be promoting the 

secretion/release of preformed cytokines. However, it was also found that CHX 
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stimulation alone significantly upregulated FGF-basic, IL1-α and IL-1ra (data not 

shown). This upregulation caused by CHX alone suggests that a protein that is usually 

involved in suppressing the production/secretion of FGF-basic, IL-1α and IL-1ra is not 

synthesized in the presence of CHX and hence could lead to increases in the 

synthesis/secretion, clouding the assignment of “newly formed” vs. “preformed” to the 

mediators affected by CHX. .  

 

 

 

Figure 6: Differential effects of Alt induced inflammatory response from cyclohexamide 

pre-treated 16HBE14o- cells. Cell monolayers were cultured until 80% confluent and 

then stimulated with 10µg/ml CHX for 30 minutes, cells were then stimulated with 

7.5µg/ml Alt then incubated for 3h. The concentrations of the cytokines were determined 

using a multiplex cytokine assay (see methods). Data are expressed as log means ±SEM 

per 10
4 

cells. Data were taken from three independent experiments each performed in 

triplicate for each stimulant. The statistical significance of the differences in log means 

between responses for various treatments was determined by a random effects model (see 

methods)
*
(p<.05(compared to unstimulated)), 

#
 (p<.05(compared to 7.5µg/ml)). 
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Does heat inactivation have an effect on protease activity of Alt? 

Protease fluorescent assay quantitative analysis of heat-inactivated Alt (2.5µg/ml, 7.5 

µg/ml and 21.5µg/ml) enzymatic activity  

Figure 1 (above) showed that Alt contains proteases and the amount of proteases 

present in the filtrate increases with the increase in protein content. Figure 4 (also above) 

demonstrates that Alt is capable of inducing an inflammatory response by stimulating 

cytokines, chemokines and growth factors. Below in Figure 7, Alt heated to a temperature 

of 70ºC for 30 minutes was assayed for protease activity as done in Figure 1. Alt non-

heated and Alt heated were then compared in order to determine whether the heating 

method described above is an adequate method for inactivating Alt of its proteases. As 

shown in Figure 7, the 7.5 and 21.5µg/ml concentrations are significantly inhibited by 

heat inactivation when compared to non-heated samples. This experiment suggests that 

heat inactivating Alt before stimulating 16HBE14o- cells would help in determining 

whether proteases are involved in the increased production/secretion of mediators.  
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Figure 7:  Heat-inactivation of Alt protease activity. A protease fluorescent detection kit 

was used to detect the presence of protease activity (see methods section). Data are 

expressed as means ± SEM from n=5 for each concentration of Alt and heated Alt. 

Presence of protease activity is demonstrated as being relative to trypsin concentration 

(µg/ml).  

 

 

Does heat-inactivation have an effect on enzyme activity of Alt? 

Figure 8 below demonstrates the effect on enzyme activity content when 

21.5µg/ml Alt is heated for 30 minutes at 70 ºC. Heated Alt demonstrates a significant 

decrease when compared to non-heated Alt for enzyme activities that may have protease 

activity: Esterase (C4), Leucine arylamidase, as well as others:  Acid phosphatase, 

Alkaline phosphatase, Esterase Lipase (C8), Lipase (C14), Napthol-AS-BI-

phosphohydrolase, α-galactosidase and α-glucosidase. Most of the other enzyme 

activities (even if decrease was not significant) were below a score of one after heating, 

including trypsin. However β-glucosidase and N-acetyl-β-glucosaminidase which are two 
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of the most prominent enzymes found to be present in Alt do not show significant 

inhibition by heat-inactivation. 

 
 

 

 

 

Figure 8: Semi-quantitative analysis of heated and non-heated Alt enzymatic activity. 

API ZYM assay system was used to evaluate the presence of 19 enzymes in 21.5µg/ml 

Alt (n=5). Graphical representation depicts 19 enzymes and control scored on a scale 
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from 0 to 5 as indicated on the y-axis for both heated and non-heated Alt.  0 corresponds 

to a negative reaction, 5 to a reaction of maximum intensity and values 1, 2, 3 or 4 were 

regarded as intermediate reactions. Below the graphical representation is a 

photographical representation of Alt (21.5 µg/ml) and heated Alt (21.5µg/ml) being 

tested on an API ZYM strip. Numbers on strip correspond to labels on bar graph (see 

method).  

 

 

Does heat inactivation of Alt affect inflammatory mediator release from airway epithelial 

cells? 

To address whether Alt-protease constituents are involved in the Alt-induced 

increases in protein mediators (as in Figure 4),   it is necessary to investigate the effect of 

Alt depleted of its protease activity on inflammatory mediator production. It has been 

shown that heat-inactivation of Alt is capable of significantly reducing the protease 

activity of 7.5 and 21.5µg/ml concentrations of Alt (Figure 6). Due to the negative effect 

that the 21.5µg/ml concentration of Alt has on viability of 16HBE14o-cells (Figure 5), all 

experiments from this point further, have been conducted with the 7.5µg/ml 

concentration of Alt. All protein mediators that are increased with Alt except IL-1ra, 

were produced at essentially constitutive basal expression in the presence of heat-

inactivated Alt. These results along with the results showing heat-inactivation of enzyme 

including protease activity (Figure 7 and 8) provide data to support the hypothesis that 

proteases may be one of the main contributors to Alt-induced inflammation.  
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Figure 9: Heat-inactivated Alt decreases cytokine production from 16HBE14o- cells. Cell 

monolayers were cultured until 80% confluent and then stimulated with 7.5µg/ml of Alt 

non-heated and heated for 3h. The presence of FGF-basic, GCSF, GMCSF, IL1-α, IL-

1ra, IL-6, IL-8, TNF-α and VEGF were determined using a multiplex cytokine assay (see 

methods). Data are expressed as log means ±SEM per 10
4 

cells. Data were taken from six 

independent experiments each performed in triplicate for non heat-inactivated Alt and 

three independent experiments each performed in triplicate for heat-inactivated Alt. The 

statistical significance of the differences in log means between responses for various 

treatments was determined by a random effects model (see methods)*(p<.05(compared to 

unstimulated)), 
#
(p<.05(compared to 7.5µg/ml).  

 

 

Is the serine protease inhibitor 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride 

(AEBSF) effective at inhibiting protease activity of Alt? 

To further analyze the involvement of proteases in the regulation of the Alt-

induced inflammatory responses, Alt was pre-treated with AEBSF, a serine specific 

protease inhibitor.  In Figure 10 below, Alt at 7.5µg/ml was pre-incubated with 0.5, 2 and 

4 mM of AEBSF for 5 minutes prior to assessment in the protease assay. No 

concentration of AEBSF alone demonstrated any protease activity (as expected). There 
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was a concentration-dependent decrease of protease activity of Alt treated with increasing 

concentrations of AEBSF. Although inhibition at all AEBSF concentrations was 

significant when compared to Alt only, inhibition with the highest concentration of 

AEBSF did not appear to be complete suggesting that there are AEBSF insensitive 

proteases present other than serine-type proteases that contribute to Alt protease activity.  

 

 

         Alt (µg/ml)          -            -            -       7.5           7.5         7.5        7.5 

 

     AEBSF (mM)       0.5        2              4       -              0.5          2            4 

 

Figure 10: AEBSF-inactivation of Alt protease activity. A protease fluorescent detection 

assay was used to detect the presence of protease activity (see methods section). Data are 

expressed as means ± SEM from n=5 for Alt and each concentration of AEBSF used to 

treat Alt for 5 min prior to protease assessment. Presence of protease activity is 

demonstrated as being relative to trypsin concentration (µg/ml).  *(p<.05(compared to 

unstimulated)). 
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Does pretreatment of Alt with serine protease inhibitor AEBSF affect inflammatory 

mediator release from epithelial cells? 

To further address whether the Alt increase in mediators (as in Figure 4) is due to 

Alt protease constituents, AEBSF, was used to determine whether inhibition of Alt 

protease activity (as in Figure 9) is still capable of inducing an inflammatory response. 

As previously described, 16HBE14o- cells were stimulated with 7.5µg/ml Alt or with Alt 

pre-treated with 0.5mM AEBSF.  The 0.5mM AEBSF concentration was used in the cell 

culture since it was shown via viability assays to be the safest of the three concentrations 

used in the protease assays. Results in Figure 11 A below compare the effects of 

pretreated and untreated Alt for those mediators that had been shown to induce 

significant increases in Figure 4.  Five cytokines, including GCSF, GMCSF, IL-6, IL-8 

and TNF-α were significantly decreased back to constitutive basal expression in the 

presence of Alt pre-treated with AEBSF. In contrast, it can be noted that FGF-basic, IL-

1α, IL-1ra and VEGF were all significantly increased with the addition of AEBSF-treated 

Alt (when compared with untreated Alt stimulation). These cytokines, with the exception 

of VEGF, were also significantly higher than unstimulated cells with the addition of 

AEBSF only (Figure 11 B). In these cases, AEBSF appears to be inhibiting serine 

proteases being produced by the 16HBE14o- cells that provide at least some suppression 

of constitutive mediator production.  
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Figure 11(A-B): Differential effects of AEBSF pre-treatment of Alt on cytokine 

production from 16HBE14o- cells. Cell monolayers were cultured until 80% confluent 

and then stimulated with A) Alt only or .5mM AEBSF pre-treated Alt and incubated for 

3h or B) AEBSF only. The cytokine concentrations were determined using a multiplex 

cytokine assay (see methods). Data are expressed as log means ±SEM per 10
4 

cells. Data 

were taken from six independent experiments each performed in triplicate for Alt only 

treatments and three independent experiments each performed in triplicate for AEBSF 
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pre-treated Alt. The statistical significance of the differences in log means between 

responses for various treatments was determined by a random effects model (see 

methods)*p<.05(compared to unstimulated), 
#
 p<.05(compared to 7.5µg/ml).  

 

Is Alt capable of cleaving Protease Activated Receptor-2 (PAR-2)? 

It has been shown that Alt is capable of directly inducing an inflammatory 

response from 16HBE14o- cells. From heat-inactivation experiments and AEBSF 

experiments, the data are consistent with the possibility that proteases are involved in the 

Alt-stimulated inflammatory responses. In order to determine the mechanism by which 

such protease driven upregulation of cytokines may occur, a fluorescent quenched 

peptide substrate (Abz-Ser-Lys-Gly-Arg-Ser-Leu-Ile-Gly-Lys(Dnp)-Asp-OH) 

representing the cleavage site of PAR-2 was used to determine whether Alt is able to 

cleave this receptor subunit. Alt’s ability to cleave PAR-2 leads to the possibility that the 

receptor might be involved in the protease driven inflammation elicited by Alt.  

Trypsin (0.000625nM) was used as a positive control in this experiment as it has 

been documented that PAR-2 is susceptible to cleavage via this serine type protease. On 

the other hand, it has been demonstrated that thrombin is not capable of cleaving PAR-2 

and hence was used (at 0.1nM) as a negative control in these experiments.  As shown in 

Figure 12A, both trypsin (positive control) and Alt were capable of cleaving the PAR-2 

substrate representing the cleavage site of the receptor while thrombin did not. From 

Figure 12A, as the concentration of substrate increases the velocity increases and 

approaches saturation for both Alt and trypsin indicating the enzymes are actively 

cleaving the substrate. On the other hand, thrombin did not demonstrate any such activity. 

Calculated Km values were similar for trypsin and Alt. All other kinetic parameters 
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including kcat and kcat/Km were not calculated for Alt due to unknown molecular weight of 

the filtrate. Trypsin’s Km and kcat / Km are consistent with that of an enzyme which has 

high affinity for the substrate and cleaves at an efficient rate which is demonstrated by 

high kcat/Km calculated value (Table 12B).  

It could be assumed based on the similarity of kinetic curves for trypsin and Alt, 

that Alt at the tested concentration shares similar properties in terms of kinetic parameters 

of .000625nM Trypsin.  
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101.5 6.07 8.216e+009 13.5e+008 

Thrombin (.1nM)  0.06 N/A N/A N/A 

Alt (7.5µg/ml) 

 

96.64 7.713 N/A N/A 

 

Figure 12 (A and B): Michaelis-Menten Kinetic curve (A) and parameters (B) of the 

cleavage of a synthetic peptide corresponding to activation sequence of PAR-2 by 

Trypsin, Thrombin and Alt.  A) The fluorogenic PAR-2 peptide substrate, Abz-Ser-Lys-

Gly-Arg-Ser-Leu-Ile-Gly-Lys(Dnp)-Asp-OH, which contains a sequence near the N 

terminus of human PAR-2, was incubated with 0.000625 nM trypsin , Alt (7.5µg/ml) or 

thrombin (.1nM) for 10 mins. Cleavage of the peptide was monitored 

A 

B 
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spectrofluorometrically. Graph shown is representative six experiments. B, table shows 

kinetic parameters of trypsin, Alt and thrombin based on n=6 experiments.  

 

Does protease inhibition interfere with cleavage of PAR-2 by Alt and Trypsin? 

Figure 12 established that both Alt and trypsin are capable of cleaving PAR-2. 

Using previously described methods of protease inhibition (Figure 7 and Figure 10), heat-

activation and AEBSF pre-treatment were used to determine whether protease inhibited 

Alt is capable of cleaving the receptor. Figure 13A demonstrates that all three tested 

doses of AEBSF partially inhibited the cleavage of PAR-2 by Alt while heat-inactivating 

Alt totally eliminated any cleavage (Figure 13B). To ensure that a sufficient 

concentration of AEBSF was being used in combination with Alt, trypsin was pre-treated 

with .5mM of AEBSF. AEBSF pre-treatment of trypsin eliminated the cleavage 

capabilities of the enzymes as shown in Figure 13C. The incomplete inhibition seen with 

Alt pre-treated with AEBSF suggests that in addition to serine proteases there may be 

other proteases which are acting on the receptor to cause cleavage or AEBSF needs to be 

used in higher concentrations to achieve total inhibition. These results support data in 

Figure 10 which demonstrated that AEBSF at 4mM although there was significant 

inhibition of Alt protease activity, inhibition was not complete as seen with heat-

activation in Figure 7. In all, data in Figure 13 demonstrate that a heat-labile protein is 

involved in Alt’s ability to cleave PAR-2; one of these proteins is likely to be a serine-

type protease. 
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Figure 13 (A-C): Michaelis-Menten kinetic curves of the cleavage of a synthetic peptide 

corresponding to activation sequence of PAR-2 by Trypsin, Alt and protease-inactivated 

Trypsin and Alt.  The fluorogenic PAR-2 peptide substrate, Abz-Ser-Lys-Gly-Arg-Ser-

Leu-Ile-Gly-Lys(Dnp)-Asp-OH, which contains a sequence near the N terminus of 

human PAR-2  was incubated 10 mins with A) Alt (7.5µg/ml) (n=6), Alt (7.5µg/ml) 

pretreated with .5mM, 1mM and 4mM AEBSF (n=4), B) Alt (7.5µg/ml) (n=6) and heat 
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in-activated Alt(n=4) and C) Trypsin (.000625nM) (n=6) and trypsin (.000635nM) pre-

treated with .5mM AEBSF.  Cleavage of the peptide was monitored 

spectrofluorometrically.  

 

Is cleavage of PAR-2 by Alt unique when compared with other allergens? 

 In an effort to further characterize cleavage of PAR-2 by Alt, another allergen was 

used in the cleavage assay to determine whether it too can cleave the receptor. Bermuda 

grass pollen extract was used in the same concentration ranges which were previously 

used to characterize the inflammatory response of Alt with 16HBE14o- cells as shown in 

Figure 4. As seen in Figure 14 below, when the Michaelis-Menten curves of Alt is 

compared to that of Bermuda, the curves are drastically different with Bermuda showing 

little or no capacity to cleave the receptor. This evidence demonstrates that Alt might be 

unique in its ability to cleave this airway expressed receptor when compared to other 

allergens.  

0 50 100 150
0

20

40

60

80

100
Alt (7.5 g/ml)

Bermuda (2.5 g/ml)

Bermuda(7.5 g/ml)

Bermuda(21.5 g/ml)

[Substrate,mM]

V
o

[R
F

U
/s

-1
]

 
Figure 14: Bermuda versus Alt Michaelis-Menten kinetic curves of the cleavage of a 

synthetic peptide corresponding to activation sequence of PAR-2.  The fluorogenic PAR-

2 peptide substrate, Abz-Ser-Lys-Gly-Arg-Ser-Leu-Ile-Gly-Lys(Dnp)-Asp-OH, which 

contains a sequence near the N terminus of human PAR-2  was incubated 10 mins with 

Alt (7.5µg/ml) (n=6) and Bermuda (2.5µg/ml, 7.5µg/ml and 21.5µg/ml). Cleavage of the 

peptide was monitored spectrofluorometrically.  
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Does 16HBE14o- cell surface express PAR-2?  

In order to determine whether PAR-2 is expressed on the surface of 16HBE14o- 

cells, a flow cytometric analysis of surface receptor expression was performed. Figure 15 

A is a representative graph (of n=4) depicting the gated region of 16HBE14o- cells which 

was used for analysis chosen based on cell density. Histogram plot (Figure 15 B) is 

representative of n=4 experiments showing unstained control cells (dotted line), isotype 

control (dashed line) and PAR-2 antibody stained cells (solid bolded line). Histogram 

plot demonstrates 16HBE14o- cells are positively stained for PAR-2 indicated by 

rightward shift of peak representing PAR-2 stained cells away from unstained control 

cells and isotype-stained control cells. Dot plot (Figure 15 C), also demonstrates this 

positive PAR-2 stain as shown in rightward shift of cell population. Quantitatively, 

Figure 15 D (n=4), the gated portion of the 16HBE14o- cells are 87.87% (SEM±3.36%) 

positive for PAR-2. Both unstained control cells and isotype control had minimum 

percent positive staining with 1.64% (±1.13%) and 5.58% (±2.31%) respectively.  
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Figure 15(A-D): 16HBE14o- cells express high levels of surface PAR-2. Cells were 

analyzed on a FACScan for surface PAR-2 by labeling with PAR-2 antibody or isotype 

control. The data shown are representative of 4 experiments. Dotted lines represent cells 

with no stain; dashed lines represent cells stained with isotype control and solid lines, 

cells stained with the PAR-2-specific antibody (Figure 13B).  

 

 

How does PAR-2 agonist induced inflammation compare to that of Alt induced 

inflammation? 
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collected at 3, 6 and 12 hours and then assayed for inflammatory mediators (as previously 

described). Figure 14 demonstrates that PAR-2 agonist is capable of upregulating all 

measured cytokines, chemokines and growth factors. Chemokine, IL-8 was significantly 

increased at the earliest time point i.e. 3 hours. Growth factor, FGF-basic was 

significantly increased only at 3 hours while GCSF and GMCSF were significantly 

increased at all three time points. VEGF was only significantly increased at 6 and 12 

hours. Both IL-6 and TNF-α were significantly increased at all three time points while 

IL-1α and IL-1ra were significantly increased only at the 3 hour time point. For 

inflammatory mediators that are significantly increased beyond the 3 hour time point, the 

peak response for most responses is at the 6 hour time point. On the other hand, RANTES 

and VEGF responses peaked at 12 hours.  
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Chemokines: 
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Growth Factors: 
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Figure 16: PAR-2 agonist peptide (SLIGRL) induces cytokine production from 

16HBE14o- cells in a concentration- and time-dependent manner. Cell monolayers were 

cultured until 80% confluent and then stimulated with 100µM and 200µM of SLIGRL for 

3, 6 and 12 h. Cytokine levels were determined using a multiplex cytokine assay (see 

methods). Data are expressed as log means ±SEM per 10
4 

cells from four independent 

experiments each performed in triplicate. The statistical significance of the differences in 

log means between responses at various concentrations was determined by a random 

effects model (see methods). *=p<.05. 

 

 

Does a PAR-2 antagonist block Alt-induced inflammation in 16HBE14o- cells?  

H-Phe-Ser-Leu-Arg-Tyr-NH2 (FSLLRY- NH2, Peptides International) has been 

described as being capable of blocking the trypsin (endogenous ligand of PAR-2) but not 

SLIGRL-NH2 activation of PAR-2 in a normal rat kidney [NRK] cell line transformed by 

Kirsten murine sarcoma virus (KNRK cells) (Al-Ani, Saifeddine et al. 2002; Wilson, 

Greer et al. 2005). Being that the current study hypothesized that serine type proteases 

like trypsin are involved in the Alt- induced inflammatory response from 16HBE14o- 

cells, it was reasonable to think that if PAR-2 is involved in this inflammatory response 

then FSLLRY-NH2 would antagonize the response. To date, there are no studies using 
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FSLLRY-NH2 in an airway epithelial cell in vitro or in vivo model. Based on previous 

studies where 400 µM FSLLRY-NH2 was effective at blocking  1µg/ml trypsin activation 

(cytokine release) of PAR-2 in  human endothelial cells (Niu, Chen et al. 2008) at 400, 

300 µM of FSRLLY-NH2  was used in this study.  

Pre-treatment of 16HBE14o- cells with PAR-2 antagonist FSLLRY-Amide, 

300µM, resulted in significant inhibition of FGF-basic, IL1α and IL1ra from Alt 

stimulated cells. Although the Alt induced production of these cytokines was blocked in 

the presence of the PAR-2 antagonist, it is important to also note that this inhibition was 

not complete. All other mediators were produced in normal amounts (i.e., remained 

unaffected) in the presence of the antagonist. Taken at face value, these results suggest 

that only Alt-induced FGF-basic, IL1α and IL1ra production/secretion is attributable to 

the activation of the PAR-2 receptor and even prevention of these was only partial. And 

thus the part of the response in which all the other mediators are produced /secreted must 

occur by non-PAR-2 mechanisms. However, it is possible that this antagonist is not a full 

antagonist.  Indeed, it’s mechanism of action is not entirely clear in that it was reported as 

not blocking protease cleavage of PAR-2 OR antagonizing the peptide agonist (Al-Ani, 

Saifeddine et al. 2002). Other data in this section suggest that Alt-derived proteases are 

involved in the induction of the Alt induced mediators, including those inhibited. Hence, 

PAR-2 may not be ruled out as being involved (see also discussion).  
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Figure 17: Effect of PAR-2 antagonist on Alt-induced inflammation. Cell monolayers 

were cultured until 80% confluent and then pre-incubated with 300µM of FSLRRY for 

5mins followed by 7.5µg/ml Alt stimulation for 3 hours. The presence of FGFbasic, 

GCSF, GMCSF, IL1-α, IL-1ra, IL-6, IL-8, TNF-α and VEGF were determined using a 

multiplex cytokine assay (see methods). Data are expressed as log means ±SEM per 10
4 

cells from three independent experiments each performed in triplicate. The statistical 

significance of the differences in log means between responses at various concentrations 

was determined by a random effects model (see methods). *=p<.05. 

 

 

Are there Epithelial Cell Lines that do not respond to PAR-2 agonist (to serve as negative 

controls)? 

 

HeLa cell expression of PAR-2 surface protein  

 

HeLa cell PAR-2 expression was determined using a flow cytometric analysis of surface 

receptor expression. Figure 18 A, is a representative graph (n=3) depicting the gated 

region of HeLa cells which was chosen for analysis based on cell density. Histogram plot 

(Figure 18 B) is representative of n=3 experiments showing unstained control cells 

(dotted line), isotype control (dashed line) and PAR-2 antibody stained cells (solid bolded 
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line). Histogram plot demonstrates HeLa cells do not express much PAR-2 on their cell 

surface. Dot plot (Figure 18 C), also demonstrates that there is only a small amount of 

PAR-2 on HeLa cells minimally stains positive for PAR-2. Quantitatively, Figure 12 D 

(n=3), HeLa cells are 9.25% (SEM±3.87%) positive for PAR-2. Both unstained control 

cells and isotype control had minimum percent positive staining with 0.91% (±0.52%) 

and 2.67% (±0.89%) respectively.  

        

 
                                                                      

 

 

 

Figure 18(A-D): HeLa cells express low levels of PAR-2. Cells were analyzed on a 

FACScan for surface PAR-2 by labeling with PAR-2 antibody or isotype control. The 
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data shown are representative of 3 experiments. Dotted lines represent cells with no stain; 

dashed lines represent isotype control and solid lines, the specific antibody (Figure 16B).  

 

Is Alt capable of inducing an inflammatory response from HeLa cells? 

HeLa cells in culture showed that these cells were reduced in constitutive 

cytokine production compared to 16HBE14o- cells.  From Fig. 17, one can see that there 

is constitutive production of FGF-basic, IL-6, IL-8 and VEGF which increases in a time 

dependent manner.  Mediators not shown in Fig 17 did not produce detectable responses 

to Alt in HeLa cells.   Statistically significant cytokine responses above background were 

observed with all three concentrations of Alt at all time points for IL-6.  For FGF-basic, 

IL-8 and VEGF, statistical significant increases with all three concentrations were 

observed at 3 and 6 hours. 2.5µg/ml Alt did not significantly induce FGF-basic, IL-8 or 

VEGF at 12 hours. The peak response time for all before mentioned cytokines appears to 

be at 6 hours.  

 

Cytokines: 
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Chemokines: 
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Figure 19: Alt induces cytokine production from HeLa cells in a concentration- and time-

dependent manner. Cell monolayers were cultured until 80% confluent and then 

stimulated with increasing concentrations of Alt for 3, 6 and 12 h. The presence of ENA-

78, FGF-basic, GCSF, GMCSF, IL1-α, IL-1ra, IL-6, IL-8, RANTES, TNF-α and VEGF 

were determined using a multiplex cytokine assay (see methods). Data are expressed as 

log means ±SEM per 10
4 

cells from three independent experiments each performed in 

triplicate. The statistical significance of the differences in log means between responses 

at various concentrations was determined by a random effects model (see methods). 

*=p<.05. 

 

 

Does heat inactivation of Alt affect inflammatory mediator release from HeLa cells as 

seen with airway epithelial cells? 

To address whether the Alt-induced increase in cytokines (as in Figure 19) is due 

to Alt protease constituents, HeLa cells were stimulated with 7.5µg/ml Alt or with heat-

inactivated Alt. Results below compare those cytokines that showed a significant increase 

in Figure 19. All cytokines except VEGF were significantly decreased in the presence of 

heat-inactivated Alt. These results suggest that although HeLa cells have only a small 
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amount of surface expression of PAR-2, proteases may contribute to Alt-induced 

inflammation similar to that demonstrated with 16HBE14o- cells (Figure 4).  

 

 
 

Figure 20: Heat-inactivated Alt decreases cytokine production from HeLa cells. Cell 

monolayers were cultured until 80% confluent and then stimulated with 7.5µg/ml of Alt 

non-heated and heated for 3h. The presence of FGFbasic, GCSF, GMCSF, IL1-α, IL-1ra, 

IL-6, IL-8, TNF-α and VEGF were determined using a multiplex cytokine assay (see 

methods). Data are expressed as log means ±SEM per 10
4 

cells. Data were taken from 

three independent experiments each performed in triplicate for non heat-inactivated Alt 

and three independent experiments each performed in triplicate for heat-inactivated Alt. 

The statistical significance of the differences in log means between responses for various 

treatments was determined by a random effects model (see methods)*(p<.05(compared to 

unstimulated)), 
#
(p<.05(compared to 7.5µg/ml).  

 

 

Do HeLa cells respond to PAR-2 agonist)? 

 

HeLa cells were cultured and then stimulated with PAR-2 agonist peptide 

(SLIGRL) at 100µM and 200µM. Supernatants from these stimulated cultures were 

collected at 3, 6 and 12 hours and then assayed for inflammatory mediators (see 

Methods):  FGF-basic, IL-6, IL-8 and VEGF were the only detectable constitutive 

1.00

1.50

2.00

2.50

3.00

3.50

4.00

FGF basic IL6 IL8 VEGF

L
o

g
 (

p
g
/m

l)

Unstimulated

7.5µg/ml Alt

Heated 7.5µg/ml Alt
*

*

*
#

#
#



99 

 

cytokines from HeLa cells. Figure 19 demonstrates that PAR-2 agonist was capable of 

inducing FGF-basic, IL-6 and IL-8, but not VEGF.  Growth factor, FGF-basic was 

significantly increased at 3 and 6 hours only with the 200 µM concentration, while IL-6 

was upregulated with 100µM and 200µM stimulation at 3 and 6 hours but only with 

200µM at 12 hour time point. IL-8 response to PAR-2 agonist stimulation at 3 hours was 

significant at concentration 200 µM and a significant response was measured for both 

concentrations at 6 and 12 hours.  

Cytokines: 
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Chemokines: 

 

 
 

 

Growth Factors: 
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Figure 21: PAR-2 agonist peptide (SLIGRL) induces cytokine production from HeLa 

cells in a concentration- and time-dependent manner. Cell monolayers were cultured until 

80% confluent and then stimulated with 100µm and 200µM of SLIGRL for 3, 6 and 12 h. 

The presence of ENA-78, FGF-basic, GCSF, GMCSF, IL1-α, IL-1ra, IL-6, IL-8, 

RANTES, TNF-α and VEGF were determined using a multiplex cytokine assay (see 

methods). Data are expressed as log means ±SEM per 10
4 

cells from three independent 

experiments each performed in triplicate. The statistical significance of the differences in 

log means between responses at various concentrations was determined by a random 

effects model (see methods). *=p<.05. 

 

 

Studies Addressing the Mechanism of the Capacity of Alt to Reduce Levels of ENA-78 

and RANTES in 16HBEo- Cells 

The reduction in levels of ENA-78 and RANTES by Alt (and shown in Figure 4) 

might occur by Alt blocking synthesis or blocking secretion of these cytokines or by 

having a direct effect on the protein once it is secreted by interfering with the 

measurement (i.e., protease digesting the mediator thus altering the epitope for which the 

assay antibody has specificity or by Alt protease simply binding to the epitope and thus 

masking it).  Studies were designed to follow-up on the reduction in levels of ENA-78 

and RANTES in the presence of Alt at all previously tested concentrations.  
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What effect does heat inactivated Alt have on the production of ENA-78 and RANTES in 

16HBE14o- cells? 

To investigate further whether the Alt-induced reduction in ENA-78 and 

RANTES, involved synthesis or secretion, Alt was heat-inactivated (see Methods), and 

the effect on production of ENA-78 and RANTES was determined. As shown below, 

heat-inactivated Alt did not enhance or reduce the concentration of ENA-78 and 

RANTES at any time point. These results showing no change in levels of cytokine 

produced when Alt proteases are inhibited indicates that the presence of Alt proteases 

may contribute to the inhibition of constitutive levels noted in Figure 4.  

 

Chemokines: 
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Figure 22: Heat-inactivated Alt has no effect on ENA-78 and RANTES concentrations. 

Cell monolayers were cultured until 80% confluent and then stimulated with heated Alt 

(2.5µg/ml, 7.5µg/ml and 21.5µg/ml) for 3, 6 and 12h. The presence of ENA-78 and 

RANTES were determined using a multiplex cytokine assay (see methods). Data are 

expressed as log means ±SEM per 10
4 

cells. Data were taken from three independent 

experiments each performed in triplicate. The statistical significance of the differences in 

log means between responses for various treatments was determined by a random effects 

model (see methods).  

 

Does Alt have a direct effect on ENA-78 and RANTES, i.e. when no cells are present?  

 

To test for a role for direct interference (including possible protease digestion) of 

Alt-induced mediator levels, cell supernatants were incubated with Alt at all 

concentrations and all previously tested time points but in the absence of cells. (As a 

source of such cytokine, simply supernatants from unstimulated 16HBE14o- cells were 

used because they were known to contain ENA-78 and RANTES).  In the case of ENA-

78, at 3 hours, all tested concentrations of Alt significantly reduced the concentration of 

cell-free ENA-78. The level of reduction was not greater at 6 and 12 hours.  A reduction 

in RANTES concentration was also observed although not until 6 hr and was significant 
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only at 21.5µg/ml of Alt. Results suggest that Alt appears capable of directly reducing the 

amount of ENA-78 and RANTES that is measurable by antibody based detection assays.   

 
 

 
 

Figure 23: ENA-78 and RANTES are directly reduced in amount by Alt in the absence of 

16HBE14o-cells. Cell monolayers were cultured until 80% confluent. Supernatants were 

removed from (unstimulated) 16HBE14o- cells after 24 hour incubation. Cell free 

supernatants were then incubated with Alt (2.5µg/ml, 7.5µg/ml and 21.5µg/ml) for 3, 6 

and 12h. The presence of ENA-78 and RANTES were determined using a multiplex 

cytokine assay (see methods). Data are expressed as log means ±SEM per 10
4 

cells. Data 

were taken from three independent experiments each performed in triplicate. The 

statistical significance of the differences in log means between responses for various 

treatments was determined by a random effects model (see methods).  
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Does the direct reduction effect of Alt on ENA-78 and RANTES occur with other 

inflammatory cytokines? 

It seemed possible that even those mediators showing increases in the presence of 

Alt might be masking some simultaneous capacity of Alt to reduce directly these proteins 

also. It was thus necessary to determine whether this was also true for at least some of the 

inflammatory cytokines previously shown in Figure 4 to be significantly increased in the 

presence of Alt.  Figure 22, below, shows that Alt significantly inhibits TNF-α but has no 

effect on IL-6 and GMCSF.  Other cytokines previously tested were not inhibited (data 

not shown). In the case of TNF-α, results suggest that although Alt significantly 

upregulates production and/or secretion of TNF-α, there appears to be a reduction 

(consistent with the possibility of proteolytic breakdown) of TNF-α occurring 

simultaneously.  
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Cytokines: 
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Growth Factors: 

 

 
 

 

Figure 24: Direct effect of Alt on various Alt induced inflammatory cytokines. Cell 

monolayers were cultured until 80% confluent. Supernatants were removed from 

16HBE14o- cells after 24 hour incubation. Cell supernatants were then incubated with 

Alt (2.5µg/ml, 7.5µg/ml and 21.5µg/ml) for 3, 6 and 12h. The presence of inflammatory 

cytokines was determined using a multiplex cytokine assay (see methods). Data are 

expressed as log means ±SEM per 10
4 

cells. Data were taken from three independent 

experiments each performed in triplicate. The statistical significance of the differences in 

log means between responses for various treatments was determined by a random effects 

model (see methods).  

 

 

Is the PAR-2 agonist capable of influencing ENA-78 and RANTES concentrations? 

The presumption for Alt-induced reduction in ENA-78 and RANTES levels is 

attributed to the protease activity of Alt.  In this regard the PAR-2 agonist should not 

have the same activity. To test if PAR-2 agonist was able to reduce the concentrations of 

ENA-78 and RANTES, 16HBE14o- cells were stimulated with 100 and 200µM of PAR-

2 agonist (SLIGRL) after which, ENA-78 and RANTES responses were measured. In 

contrast to Alt stimulation, both ENA-78 and RANTES were significantly increased at 6 

and 12 hours with both concentrations of SLIGRL. Since the agonist has no proteolytic 
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activity, the results further implicate Alt proteases as responsible for breaking down both 

ENA-78 and RANTES.  

Chemokines: 

 

 

 
 

Figure 25: PAR-2 agonist peptide (SLIGRL) stimulation of 16 HBE14o- cells induces 

increases in ENA-78 and RANTES levels in a concentration- and time-dependent 

manner. Cell monolayers were cultured until 80% confluent and then stimulated with 

100µM and 200µM of SLIGRL for 3, 6 and 12 h. Cytokine levels were determined using 

a multiplex cytokine assay (see methods). Data are expressed as log means ±SEM per 10
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cells from four independent experiments each performed in triplicate. The statistical 

significance of the differences in log means between responses at various concentrations 

was determined by a random effects model (see methods). *=p<.05. 

 

Summary Tables addressing the involvement of PAR-2 in Alt-induced inflammatory 

responses in 16HBE14o- and HeLa cells 

 

It is necessary to compare the responses induced by PAR-2 agonist (SLIGRL) to 

that of Alt stimulation in both cell types used in experiments, in order to determine 

whether the responses are similar and hence implicating the involvement of PAR-2. All 

data tables were made based on 3 hour time points since Alt responses peak at this time. 

PAR-2 agonist data was taken from 200µM stimulation since most responses peaked at 

this concentration. In order to assess primarily the Alt-induced portion of the mediator 

levels in responses that might be due to the constitutive production of mediators from the 

two cell types, the log (pg/ml) value for each mediator for each replicate was adjusted 

based on the mean unstimulated production for each respective mediator.  

 

Is Alt (7.5µg/ml) stimulation similar to that of PAR-2 agonist (100µM) stimulation in 

16HBE14o- cells? 

 

 Comparing Table 2 (Alt response) and Table 3 (PAR-2 agonist response), within 

which mediators are arranged from highest to lowest log (pg/ml) values; similar trends 

could definitely be noted. The “High” group for both stimulants contains IL-6, IL-8 and 

TNF-α with IL-6 topping the list for Alt simulation and IL-8 for PAR-2 agonist 

stimulation, but the mean levels for the 3 do not differ significantly while the “Low” 

group contains 3 of the 11 mediators. Mediators from agonist stimulation are within the 

same groupings for production as those for Alt. Some apparent differences which do 

stand out are Alt’s ability to stimulate much higher levels of FGF-basic than that of the 
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agonist and also, Alt is capable of significantly inducing VEGF production while the 

PAR-2 agonist does not, but the VEGF concentration for Alt stimulation is small. These 

tables provide evidence that the pathway involved in Alt-induced inflammatory mediator 

production is similar to that of a PAR-2 induced inflammatory mediator pathway and 

thus provides further support that Alt appears to act via PAR-2 as a primary mechanism 

of protein mediator production.  

Mediator Log (pg/ml) Group 

IL-6 0.81 High 

IL-8 0.79 High 

TNF-α 0.68 High 

IL-1α 0.61 Med 

FGF-basic 0.56 Med 

GMCSF 0.48 Med 

GCSF 0.36 Med 

IL-1ra 0.27 Med 

VEGF 0.17 Low 

RANTES
†
 0.08 Low 

ENA-78
†
 -0.04 Low 

    

Table 2: 16HBE14o- cell 7.5µg/ml Alt-stimulated mediator production for 3 hours 

categorized into 3 groups. “High” signifying highest produced mediators, “Med” 

signifying moderately produced mediators and “Low” signifying lowest produced 

mediators. (
†
-not significantly different from unstimulated control) 
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Mediator 

Log 

(pg/ml) Group 

IL-8 0.81 High 

TNF-α 0.60 High 

IL-6 0.50 High 

GCSF 0.49 Med 

GMCSF 0.41 Med 

IL-1α 0.36 Med 

IL-1ra 0.29 Med 

FGF-basic 0.14 Med 

ENA-78
†
 0.05 Low 

VEGF
†
 0.02 Low 

RANTES
†
 -0.01 Low 

 

Table 3: 16HBE14o- cell 200µM PAR-2 agonist (SLIGRL)stimulated mediator 

production for 3 hours in categorized into 3 groups. “High” signifying highest produced 

mediators, “Med” signifying moderately produced mediators and “Low” signifying 

lowest produced mediators. (
†
-not significantly different from unstimulated control 

 

Is Alt (7.5µg/ml) stimulation similar to that of PAR-2 agonist (100µM) stimulation in 

HeLa cells? 

 Both Alt and agonist were capable of inducing only 4 mediators form HeLa cells. 

The major difference between the two stimulations is the mediator levels. It is evident 

that Alt appears to stimulates higher levels of each of the mediators than the PAR-2 

agonist is capable of doing. Although Alt stimulates FGF-basic as its top mediator, this 

mean is not significantly different from that of IL-8.  Also agreeing with the 16HBE14o- 

data is PAR-2 agonists’ inability to stimulate VEGF which is contrary to that seen with 

Alt which is capable of inducing the mediator in both 16HBE14o- and HeLa cells. It is 

somewhat more difficult to group the mediators for HeLa cells as was done with 

16HBE14o- cells due to smaller number of mediators being present in this model. But 

given the similar trends demonstrated with HeLa cells when compared with 16HBE14o- 

cells, it is fair to conclude that the low expressed PAR-2 on HeLa cells is involved in Alt-
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induced stimulation of FGF-basic, IL-6, IL-8 and VEGF. Data provides evidence that 

these 4 mediators might be the only ones that both Alt and agonist are capable of 

inducing in conditions of very low PAR-2 expression levels.  

 

Mediator 

Log 

(pg/ml) Group 

FGF-

basic 1.93 High 

IL-6 1.82 Med 

IL-8 1.69 Med 

VEGF 1.17 Low 

 

Table 4: HeLa cell 7.5µg/ml Alt-stimulated mediator production for 3 hours categorized 

into 3 groups.“High” signifying highest produced mediators, “Med” signifying 

moderately produced mediators and “Low” signifying lowest produced mediators. 

 

Mediator Log(pg/ml) Group 

IL-8 0.67 High 

FGF-

basic 0.48 Med 

IL-6 0.27 Med 

VEGF
†
 -0.12 Low 

 

Table 5: HeLa cell 200µM stimulated mediator production for 3 hours categorized into 3 

groups. “High” signifying highest produced mediators, “Med” signifying moderately 

produced mediators and “Low” signifying lowest produced mediators. (
†
-not significantly 

different from unstimulated control) 
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CHAPTER 4 

 

DISCUSSION 

 

The classical concept of asthma has been to consider it an allergic disease and 

thus allergens are classically regarded as causative factors in asthma.  However, there are 

many allergens that are not associated with altering asthma prevalence (Halonen, Stern et 

al. 1997) and there is no firm evidence that asthma-related allergen sensitization precedes 

the development of asthma. Despite the close association of total IgE with asthma (once 

asthma is ongoing, (e.g.,(Burrows, Martinez et al. 1989)),there is evidence that parental 

IgE does not contribute to the familial inheritance of asthma susceptibility(Burrows, 

Martinez et al. 1995; Halonen, Stern et al. 1999). More recently, attention has been 

directed at the airway epithelium since these are the first cells of the host to interact with 

airborne agents, and exploring the possibility that the epithelium may be dysfunctional in 

asthma and might be part of a causative pathway of asthma development.  The studies 

described here are oriented toward this new focus, and consider that the environmental 

entities classically associated with asthma may have activities in addition to and separate 

from being allergy producing (i.e., inducing Th2 cells and IgE antibodies). Some studies 

so oriented have been done using cells found in the periphery of the lung (A549 cells) or 

in nasal epithelial cells (Kauffman, Tomee et al. 2000; Chiu, Perng et al. 2007; Shin and 

Ye 2009).  The studies described here were designed to focus on a cell line derived from 

bronchial epithelium (16HBE140-) and its interaction with a major asthma- associated 

allergen as it appears that asthma is mainly a disease of the bronchi and thus bronchial 

epithelial cells may have activities unique to this tissue site. A few recent studies have 
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used a bronchial derived cell line different from the one used here (King, Brennan et al. 

1998; Kouzaki, O'Grady et al. 2009). 

The allergens most closely associated with asthma have been identified via their 

IgE-inducing capabilities.  They are a small group but are extremely diverse:  house dust 

mite, fungi, cockroach and pet-related constituents are the most common.  Despite their 

diversity, it has been suggested that they share at least one attribute, that of having 

proteases as constituents.  The studies described here address the capacity of the 

proteases of Alternaria alternata (Alt) to interact with bronchial epithelial cells in such a 

manner as to enhance or suppress the constitutive production of cytokines and other 

messenger proteins.  This allergen is the one significantly associated with asthma in the 

US southwest semi-arid region (Halonen, Stern et al. 1997).  The model also served to 

provide initial assessment of the mechanism behind these interactions at the cell surface. 

This study of the potential of these cells to be activated by Alt is the focus of the studies 

described here. Future studies will be needed to find a way to obtain airway cells from 

young children to determine the degree to which these activities are important in 

development of asthma. 

The studies described here demonstrate that protease activity is evident in Alt and 

the activity can be totally inhibited with heat and partially inhibited with protease-specific 

antagonists, that Alt can initiate enhanced production/secretion of 9 measured protein 

mediators and can reduce constitutive levels of 2 protein mediators from bronchial 

epithelial cells, that the enhanced production mimics that of a peptide agonist with 

specificity for the receptor known as PAR-2, and that Alt is active in cleaving a specific 
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PAR-2 peptide containing the activation site of the PAR-2 receptor. Furthermore, these 

studies also demonstrate that even a minimal amount of PAR-2 expression on a non-

airway epithelial cell type elicits a portion of inflammatory mediator response seen in the 

airway cells indicating the sensitivity of these receptors to both agonist and Alt as stimuli.  

Specifically, quantitative data demonstrated that there is a concentration- 

dependent increase in protease activity as the Alt protein concentration is increased. 

These data verified that Alt does indeed contain protease activity which is comparable to 

that of trypsin (a serine protease) confirming the previous report by Kauffman(Kauffman, 

Tomee et al. 2000). Semi-quantitative data from the API-ZYM assay indicated that there 

were many enzymes in addition to serine proteases present in the Alt (the culture filtrate 

that serves as the test material for determining allergen sensitivity), as it was shown that 

of 19 enzymes tested 14 enzymes were present in Alt (scored at  or above 1). The most 

prominent of these enzymes (acid phosphates, α-glucosidase, β-glucosidase and N-acetyl-

β-glucosaminidase) were not proteases with scores above 4.  Whether these enzymes 

might affect epithelial cells is not known. These results for the four above enzymes were 

similar to that obtained from study done by Sáenz-de-Santamaría et al (Saenz-de-

Santamaria, Guisantes et al. 2006). The current study demonstrated that several enzyme 

activities which could be classified as proteases were also positive.   Both the quantitative 

and semi-quantitative methods described in results established that Alt contained 

measurable protease content.  Further studies to characterize the proteins responsible for 

these activities are needed.  
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 It is well established that anti-protease proteins are contained in serum (Lisowska-

Myjak, Pachecka et al. 2006; Le Magueresse-Battistoni 2007). The quantitative protease 

assay previously done to establish that Alt contained protease activity was repeated in the 

presence of serum (FBS) to determine if Alt protease activity was altered. This 

experiment was needed to determine whether airway epithelial cells for these studies 

could be maintained in typical serum-containing culture media during Alt stimulations. 

Data demonstrated that Alt protease activity was significantly inhibited at all Alt 

concentrations tested in the presence of 10% FBS. These results established the need to 

serum starve human airway epithelial cells (16HBE14o-) prior to stimulation with Alt, in 

order to determine whether Alt-containing proteases are capable of directly inducing an 

inflammatory type of response in the airway cells.  

 With the establishment of Alt protease activity and determining the need 

for serum-free conditions for the in vitro model, extracellular levels of protein mediators 

that have previously been shown to be produced by airway epithelial cells under varying 

conditions and stimuli and that are thought to contribute to inflammatory responses were 

simultaneously measured in each cell supernatant. Cytokines (IL-6, IL-1α, IL-1ra and 

TNF-α), chemokines (IL-8, ENA-78 and RANTES) and growth factors (FGF-basic, 

GCSF, GMCSF and VEGF) were measured under conditions of various doses of Alt and 

at different time points. Overall, experiments established that Alt is capable of directly 

inducing release of mediators which contribute to an inflammatory response in vitro from 

human airway epithelial cells (16HBE140-) as evidenced by the upregulation of all 

cytokines, growth factors and one chemokine (IL-8) assayed.  Mediator responses peaked 
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at the earliest measured time point of three hours where both constitutive and stimulated 

levels of the various inflammatory mediators differed.  Also noted was the differential 

effects Alt has on chemokines, ENA-78 and RANTES when compared to the other 

measured chemokine, IL-8. Further studies using a “cell-free” culture provided evidence 

that the inhibitory effect of Alt on constitutive levels of ENA-78 and RANTES was due 

to a direct effect of Alt’s constituents on these protein mediators. Evidence demonstrated 

that a heat-labile protein was involved in this inhibitory effect.  Leidal et. al. also showed 

a similar effect involving purified bacterial proteases, RANTES and ENA-78 were 

degraded while IL-8 was shown to be more resistant (Leidal, Munson et al. 2003). The 

Alt degradation effect on RANTES and ENA-78 characterizes a potentially different 

effect Alt has on the airway where it is possible that Alt not only induces an 

inflammatory response but has the potential of interfering with responses regulated by 

other proteins.  

One advantage of the current study is the capacity of being able to assess a variety 

of mediators in one culture at the same time, creating a more comprehensive and robust 

view of Alt effects on epithelial cells in regards to inflammation. All measured mediators 

have been linked to various roles in airway inflammation. The majority of the mediators 

measured could be classified as pro-inflammatory and linked to processes such as 

upregulation of adhesion molecules, increased airway hyperresponsiveness and 

promotion of IgE synthesis (Parikh 2002). The growth factor, GMCSF, has been shown 

to be involved in activation of eosinophils as well as the proliferation and maturation of 

haematopoietic cells (Silberstein, Owen et al. 1986). IL-1ra has been classified as an anti-
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inflammatory cytokine and linked to the inhibition of Th2 cell proliferation (Arend 1991; 

Sim, Hilsmeier et al. 1994) while IL-8 and RANTES have been shown to be involved in 

the activation of neutrophils and eosinophils respectively (Schroder 1989; Rot, Krieger et 

al. 1992).    

There are no other known studies demonstrating Alt activation of airway 

epithelium resulting in inflammatory cytokines, chemokines and growth factors release 

nor have other studies used the 16HBE14o- cells. This cell line has been described as 

retaining many features of differentiated bronchial epithelial cells including cobblestone 

appearance in culture and formation of tight junctions (Cozens, Yezzi et al. 1994). There 

are however studies done with other airway epithelial cell models, A549 

(adenocarcinomic human alveolar basal epithelial) cells, BEAS-2B (adenovirus-12 SV40 

hybrid virus transformed, non-tumorigenic human bronchial epithelial) cells and normal 

bronchial epithelial cell line (NHBE) describing an Alt-induced inflammatory response. 

In regards to A549 cells, like 16HBE140- cells, both IL-6 and IL-8 were concentration- 

and time-dependently induced with Alt stimulation (Kauffman, Tomee et al. 2000). 

Kauffmann et. al also established that the Alternaria alternata extract used in their study 

at 100-200µg/ml (much higher concentrations than used here) caused shrinking and at 

400µg/ml led to desquamation where both processes were deemed to be protease 

dependent. Similarly in this study, viability and cytotoxic assays determined that the 

highest concentration of Alt (21.5µg/ml) used for 16HBE14o- cell stimulation, 

compromised the cell viability. The concentrations leading to changes in cell morphology 
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between the Kauffmann study and the current study was on the order of a tenfold 

difference.  

Furthermore, GMCSF has been shown to be activated from nasal epithelium (Shin 

and Lee 2010) while thymic stromal lymphopoietin (TSLP) mRNA and protein, although 

not assayed for in the current study, was found to be potently induced from BEAS-2B 

and normal human bronchial epithelial cells when stimulated with Alt (Kouzaki, O'Grady 

et al. 2009). These findings, like those of the current study, were found to be dependent 

on the proteolytic activity of the extracts.  It is also important to note that cultured 

bronchial and nasal epithelial cells have been shown to share similarities in morphology, 

growth characteristics and ciliary activity (Devalia, Sapsford et al. 1990). 

Cyclohexamide pre-treatment inhibited Alt-induced GMCSF, IL-6, IL-8 and 

TNF-α indicating that Alt does indeed upregulate these inflammatory mediators via 

protein synthesis dependent processes. In other words, when the airway epithelial cells 

are exposed to Alt, translation machinery is necessary to facilitate at least part of the 

above mentioned inflammatory mediators. Further studies are needed to determine if the 

measured mediators themselves are being synthesized or if a protein important in 

facilitating their translation or secretion is inhibited by cyclohexamide. This appears not 

to be the case for other Alt-stimulated mediators, FGF-basic, IL-1α, IL1ra and VEGF.  

However, FGF-basic, IL-1α and IL-1ra were significantly increased in the presence of 

cyclohexamide without Alt stimulation, which provides a plausible explanation for the 

lack of cyclohexamide inhibition of Alt stimulated response as seen with other mediators. 

It is possible that upon stimulation with cyclohexamide, a protein involved in a 



120 

 

constitutive downregulation of FGF-basic, IL-1α and IL-1ra is inhibited and leads to the 

increase production of these mediators.  

Heat-inactivation and AEBSF pre-treatment of Alt both significantly inhibited the 

protease activity of Alt, more so, with heat-inactivation. Stimulating airway cells with 

heat-activated Alt decreases all of the responses that were previously increased in the 

presence of Alt indicating that heat-labile protein is involved in the upregulation of 

mediators tested.  Pre-treatment with serine specific protease inhibitor had less of a global 

effect than was seen with heat-activated Alt.  GCSF, GMCSF, IL-6, IL-8 and TNF-α 

were significantly inhibited by Alt pre-treated with AEBSF indicating that a serine 

protease is involved in the upregulation of these mediators. Interestingly, FGF-basic, IL-

1α, IL-1ra were significantly upregulated above unstimulated and Alt only stimulation 

with pre-treatment of AEBSF only. These data suggest that proteases derived from and 

regulated by airway cells might play a role in reducing the constitutive levels of 

inflammatory mediators tested or directly altering the proteins themselves and thus 

interfer with their measurement. Therefore, further studies on the release of constitutive 

and Alt-induced increases in mediators need to be studied in a system that limits the 

protease inhibition to Alt.  There was no decrease or potentiated response in VEGF.  

It was of interest to find that Alt-induced mediators not inhibited by 

cyclohexamide pre-treatment are the same mediators either upregulated with AEBSF pre-

treatment or remain unaffected. This evidence strongly suggests that FGF-basic, IL-1α, 

IL-1ra and VEGF are not being driven by the same mechanism or pathway as GCSF, 

GMCSF, IL-6, IL-8 and TNF-α. It could be argued, that although AEBSF pre-treatment 
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is more specific than heat-inactivation as an approach used to address the involvement of 

Alt proteases in the increase of inflammatory mediators, it also complicates the in vitro 

system by potentially disturbing the natural milieu of cell proteases. Heat-activation is 

less specific for protease inhibition, since it is plausible that activities of other proteins 

besides serine proteases are being inhibited.  Heat-inactivation and AEBSF-pretreatment 

implicate proteases in Alt-induced airway inflammation.  

The involvement of proteases in this in vitro Alt-induced airway inflammation 

model mechanistically suggested the potential involvement of PAR-2 which is described 

as being activated predominantly by serine-type proteases (Soh, Dores et al. 2010). There 

have been some studies which have characterized this receptor in other airway cells 

(Mullan, Riley et al. 2008; Kouzaki, O'Grady et al. 2009; Page, Ledford et al. 2010) and 

the receptor has been linked to inflammation models not limited to airway disease but 

also  dental pulp inflammation, pain models, colitis  and others (Helyes, Sandor et al. 

2009; Hyun, Andrade-Gordon et al. 2010; Lundy, About et al. 2010). This study utilizes a 

chemically synthesized substrate which mimics the cleavage site of the receptor. Alt was 

shown to be capable of directly cleaving the receptor in a way which is similar to that of 

trypsin (known PAR-2 enzyme activator). Confirming the specificity of the assay, 

thrombin which is known to selectively cleave PAR-1, 3, 4 and not PAR-2, did not show 

any cleavage activity in the assay. These experiments demonstrated that Alt is not only 

capable of activating PAR-2 via cleavage but does so at a rate comparable to the known 

activator of the receptor.  Strengthening these results, AEBSF partially inhibited the 

cleavage effect of Alt while heat-inactivated Alt completely lost its ability to cleave the 
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receptor, further implicating the involvement of a heat labile serine type protease. The 

partial inhibition seen with AEBSF suggests that even higher concentrations of the 

inhibitor are needed to see a more complete inhibition or it is possible that other proteases 

besides serine-type proteases are involved. Furthermore, the inability of thrombin and 

Bermuda grass pollen extract to cleave the substrate did demonstrate specificity of PAR-2 

cleavage ability for Alt and trypsin. These data suggest that although the airway may 

come in contact with many allergens, the ability of allergens to activate PAR-2 may 

require unique characteristics which here have been demonstrated for Alt and may 

provide a link among asthma-related allergens. The potential for PAR-2 to be a target for 

Alt activation was also increased after quantification of the surface expression of PAR-2 

was shown to be abundant.  

With a selective peptide agonist for PAR-2 (SLIGRL) at our disposal, it was 

determined that a similar inflammatory response was elicited by the agonist when 

compared to that of Alt by placing stimulated mediator production in three groups, 

“High”, “Med”, “Low”. Activation of PAR-2 with synthetic peptide, SLIGRL, 

demonstrated that all cytokines, growth factors and chemokines that were significantly 

upregulated by Alt were also upregulated by SLIGRL, except for VEGF. Comparing 

mediator levels on a rank order basis, the most abundantly Alt stimulated mediator over 

baseline was IL-6. While the mediator most abundantly produced when stimulated with 

the highest dose of PAR-2 agonist tested was IL-8, both IL-6 and I-8 are categorized as 

being part of the “High” group for both stimulants. The most substantial difference noted 

for Alt stimulation versus agonist stimulation was that of FGF-basic but again although 
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the relative order in concentration was different, this mediator was categorized in the 

“Med” group for both stimulants. Hence, placing mediators in general categories 

identified the Alt-induced mediator pathway as being very similar to that of the PAR-2 

pathway.   

Unlike the decreases in concentration demonstrated with Alt, RANTES and ENA-

78 were significantly increased by PAR-2 agonist at time points 3 and 6 hours. This 

finding further supports the data showing that the inhibition effect noted for RANTES 

and ENA-78 is due to a direct effect of Alt protease constituents on the secreted proteins. 

Therefore it could be concluded that proteases from the fungal allergen are not only 

involved in signaling airway cells for inflammatory responses but also involved in 

“customizing” the response by breaking down the levels of certain mediators present 

once they are secreted. 

One previous study which compared the structure-activity relationship of trypsin 

revealed tethered ligands and free soluble PAR-2 peptides in the context of triggering 

PAR-2 mainly through calcium activation studies. These studies were conducted with 

mutated receptors in which changes were made in the trypsin-revealed tethered ligand as 

well as soluble receptor activating peptides. Observations made in this study indicated 

that trypsin revealed tethered ligands were more efficacious than soluble peptides (Al-

Ani, Wijesuriya et al. 2002). These concepts were first revealed by Blackhart et. al., 

studying PAR-1 where it was demonstrated that mutated PAR-1 was activated by its 

known ligand thrombin and not any of the receptor’s activating peptides (Blackhart, 

Ruslim-Litrus et al. 2000). The subtle differential mediator responses elicited upon 
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stimulation with Alt compared to that of PAR-2 agonist and/or ligand versus Alt 

concentration differences might be accounted for by the evidence provided in the above 

studies suggesting that cleavage activation of PAR-2 by Alt proteases signals receptor 

activation differently than synthetic peptide docking activation.  

Demonstration of the role of PAR-2 in the response to Alt would be strongly 

supported with the use of a potent and specific PAR-2 antagonist.  However, such agents 

with firmly established activity are not currently available. One reported peptide 

antagonist FSLRRY has been used but even its mechanism of action is unclear (see 

further below). Using this antagonist, the Alt-induced inflammatory response for some 

mediators (FGF-basic, IL-1α and IL-1ra production) was blocked. If the antagonist is 

effective, we should conclude that all of the other mediators measured are produced via 

pathways other than via PAR-2. Other evidence that supports the findings that the 

antagonist is indeed blocking the production of these four mediators is the implication of 

Alt proteases in the upregulation of FGF-basic, IL-1α and IL-1ra concluded from the 

protease inhibition studies and stimulation of these mediators by the PAR-2 activating 

peptide. AEBSF did not significantly inhibit the response of these particular mediators 

but this might well be due to the finding that the inhibitor induced increased constitutive 

production in the absence of Alt. There have been instances where the synthetic 

antagonistic peptide FSLRRY has been described as being capable of antagonizing PAR-

2(Costa, Marotta et al. 2008; Niu, Chen et al. 2008) and other studies where the peptide 

was not as successful (Zhang, Lin et al.).  As per manufacturer, the antagonist has also 

been described as not inhibiting protease cleavage site but having the ability to block the 



125 

 

tethered ligand activation of the receptor and not the activation driven by the synthetic 

peptide.  Although this might support the differences in these two methods of activation, 

just how it might be blocking the tethered ligand is unclear. To date, there are no 

published studies using this synthetic peptide in an airway model, in vivo or in vitro. It is 

necessary to further explore the effectiveness of FSLRRY by utilizing the antagonist in 

alternative models of activation such as calcium responses. Verifying that the peptide is 

indeed blocking the activation of the airway expressed PAR-2 will assist in interpreting 

the results in the current study.  

With the lack of PAR-2 antagonists on the market with a proven track record of 

effectiveness and mode of action, we turned to a different model in order to implicate the 

involvement of PAR-2 in Alt-induced airway inflammation. With HeLa cells being on 

average 9.3% positive for PAR-2, which is drastically less than 16HBE14o- cells, they 

were used as a PAR-2 deficient model. The number of detectable mediators produced 

either constitutively or with Alt stimulation was reduced from 11 to 4.  FGF-basic, IL-6, 

IL-8 and VEGF were the only detectable mediators, all of which were induced by Alt 

although at even somewhat higher levels compared to that of 16HBE14o- cells. The 

PAR-2 agonist also induced the three of the four above mentioned mediators but like that 

which was seen in 16HBE14o- cells, the agonist did not significantly increase VEGF. 

Adding to these findings, all Alt-induced mediators from HeLa cells were inhibited in the 

presence of heat-inactivated Alt. These results suggest that even though HeLa cells 

express less than 10% PAR-2 on its surface, it appears to be sufficient to respond to the 

agonist and also to respond to the Alt stimulus. Hence, HeLa cells were deemed to be an 
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inappropriate model for PAR-2 deficiency but did provide information on the level of 

PAR-2 expression necessary to induce an inflammatory response. HeLa cells have 

previously been used in studies as a negative background cell type for PAR-2 transfection 

studies (Adam, Hansen et al. 2006). However, this is not the first study to claim 

expression of the receptor on HeLa cells (Jahan, Fujimoto et al. 2008). 

Studies discussed support the central hypothesis, that Alternaria alternata directly 

activates inflammatory responses from human airway epithelial cells via a protease 

driven process. There are limitations to this study given the complications of trying to 

sort out the involvement of proteases from an allergen in an airway model where it was 

found that proteases are critical for constitutive production of mediators is challenging. 

Isolating the proteases from Alternaria will be a critical future step in establishing exactly 

which proteases are involved in this intriguing process and will also aid in the 

development of a more straight forward model. The development of a proven efficacious 

receptor-specific antagonist will also add to definitively identifying the role of PAR-2. It 

would be advantageous to have one or distinct separate antagonists to block the two 

pathways which lead to activation of PAR-2 i.e. proteolytic and synthetic peptide 

activation.  

These studies together provide evidence that the allergen, particular to this study, 

Alternaria, interacts with epithelial cells in a direct manner to induce an inflammatory 

response which might in turn contribute to the pathogenesis of asthma. This pathway 

lends to an alternative to the classical model of an IgE mediated allergen response where 

instead of the allergen interacting with downstream immune cells to drive inflammation, 
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the airway epithelium may be the key player.  The concept is certainly insightful since the 

airway is thought of as protective and is the first cell type to interact with environmental 

stimuli. Gaining this knowledge challenges IgE classical allergen models involvement in 

asthma but supports models where interactions of the airway and allergen may seriously 

impair epithelial dysfunction and hence the epithelial cell may be the possible first sight 

of injury which contributes to the pathogenesis of the disease. This alternative pathway 

may drive responses alone or in combination with the classical allergy pathway, hence, 

potentiating the inflammatory responses and increasing the severity of the disease for 

individuals who are allergic and also inflicted with asthma. Being that IgE levels assessed 

prior to the development of asthma are not correlated with the development of asthma, it 

is advantageous to study how different populations might react to allergen stimulus at the 

level of the airway epithelium in relation to asthma.  The other critical aspect of this 

study is the link established between the protease constituents of Alternaria and the 

induced inflammatory mediators. It is evident that proteases are involved in the process 

and being that Alternaria has the capacity to cleave the PAR-2 receptor, a possible 

mechanism of activation has been established. Also, with the very similar inflammatory 

responses which exist between Alternaria and the synthetic ligand, it is much evidence 

supports the possibility that PAR-2 is a key player in this system.  

Follow-up studies should involve development of tools that would aid in better 

defining PAR-2 in the mechanism of activation for Alternaria-induced inflammation 

from airway epithelial cells. Such tools may include a siRNA model, eliminating receptor 

protein expression from 16HBE14o- cells. Having such a model and re-evaluating the 
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responses elicited from Alternaria would be beneficial in defining how much of the 

response is due to PAR-2. Upon availability of more well defined antagonists, studies 

should also be repeated in the presence of such an agent. Providing that the antagonist is 

proven to be specific for PAR-2, this tool would also help in defining the Alternaria-

induced responses.  With the availability of PAR-2 knockout mice (Jin, Hayashi et al. 

2005), it is also advantageous to investigate whether the airway epithelium obtained from 

these mice respond differently to Alternaria stimulation when compared to wild type 

mice. Even more relevant would be to investigate the frequency of PAR-2 Single 

Nucleotide Polymorphisms (SNPs) which may be assessed in available population 

databases through Genome-Wide Association Studies (GWAS) or genotyped directly in 

enrolled populations. Identifying whether these PAR-2 SNPs show an association with 

asthma-related phenotypes would be the first step towards understanding the relevance of 

PAR-2 in the asthmatic population.  

With this current study, a strong foundation was established for future studies 

involving primary airway cells and in vivo models which aim at understanding the 

physiology of protease driven inflammation and its potential variation in the induction of 

disease. Following up on these studies to determine the signal transduction molecules 

involved in the upregulation of the inflammatory mediators studied will also lead to a 

better understanding of which pathways are mainly involved whether they are initiated by 

PAR-2 or another implicated receptor such as the toll-like receptor family. The 

understanding of these pathways, will lead to better pharmaceutical targets for blocking 
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inflammation that is specifically driven by protease containing allergens which have great 

potential as playing a major role in asthma pathogenesis.  
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