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CHAPTER 1

The pathogenesis of allergic asthma 

According to the World Health Organization, an estimated 300 million people worldwide suffer from 
asthma in 2007, which approximately will increase to more than 100 million by 2025 (1). Asthma 
is an inflammatory disorder of the conducting airways that leads to variable airway obstruction 
and bronchial hyperreactivity (BHR) (2,3). Symptoms of the disease can be triggered by a wide 
variety of environmental stimuli, consisting of specific stimuli, referred to as allergens, and non-
specific stimuli, including physical stimuli (exercise or cold air) or exposure to airborne pollutants 
(cigarette smoke, diesel particles and ozone), or drugs (aspirin) (4). Asthma symptoms include 
shortness-of-breath and airway obstruction, associated with infiltration of inflammatory eosinophils 
and T helper 2 (Th2) lymphocyte cells in the airway submucosa and airway remodeling, including 
epithelial damage and denudation, goblet cell hyperplasia and mucus hyper-secretion, deposition of 
extracellular matrix components under the epithelial basement membrane that causes an thickened 
appearance and thickening of the smooth muscle layer that surrounds the  airway walls (5,6). The 
most common form for asthma is allergic asthma, which is triggered by exposure to aeroallergens, 
including house dust mite (HDM), grass or tree pollen and animal dander. Since asthma susceptibility 
has a strong genetic component, it has been postulated that allergic asthma is the outcome of an 
interaction between genetic factors that predispose an individual to the disease and environmental 
factors that trigger the inception of the disease. From long-term follow-up of birth cohort studies, 
it has become clear that the major environmental exposures triggering asthma in susceptible 
individuals are lower respiratory viral infection and/or allergic sensitization to aeroallergens at a 
young age (2,7), leading to a chronic inflammatory process that underlies the bronchoconstrictive 
reaction and BHR. Allergic sensitization is known as the strongest predisposition for asthma, but 
it cannot explain the prevalence of asthma alone. The analysis of genetic factors contributing to 
asthma susceptibility has placed the airway epithelium center stage in the pathogenesis of the 
disease, given the expression of a large number of newly identified asthma genes in these cells, 
including DPP10, GPCRA, CHI3L1, ORMDL3 and PCDH1 (member of the protocadherin family) (8,9). 
In addition, changes in the airway epithelium have been observed in biopsy studies of young 
children before asthma has been diagnosed (10), strongly suggesting that the process of airway 
wall remodeling is active prior to the initiation of airway inflammation. These results indicate that 
lung resident cells such as the airway epithelium itself play an active role in the development 
allergic asthma. Therefore, the airway epithelium has been hypothesized to play an important role 
in the development of allergic asthma. Importantly, the airway epithelium forms the first barrier 
against inhaled allergens, and additionally promotes inflammatory responses as well as airway 
remodeling by the production of inflammatory mediators and growth factors that act on DCs, 
T cells and mesenchymal cells in the submucosa (3,11). The exact pathways and mechanisms 
through which genetic susceptibility to asthma is translated into a functionally altered response to 
aeroallergens in asthma development remain unknown.

Sensitization, early-phase allergic response, late-phase allergic response, and chronic allergic 
inflammation
Sensitization to a specific allergen is induced when a specific IgE response is raised against the 
allergen. A next exposure to the same allergen will then trigger an acute reaction also known as 
an early-phase allergic reaction (EAR), due to cross-linking of specific IgE loaded on mast cells 
and basophils by the allergen, resulting in degranulation and release of mediators that induce 
bronchoconstriction, acute inflammation and mucus secretion (12). During this response, asthmatic 
individuals experience symptoms that include wheezing and shortness of breath within minutes 
after exposure to the associated allergens.
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The EAR is in most cases followed by a late-phase allergic response (LAR), which is mediated by 
allergen-dependent activation of Th2 cells infiltrating into the inflamed tissue. The LAR develops 
usually 2-6 hours after the allergen exposure, which often peaks at 6-9 hours and lasts for up to 24 
hours. LAR is characterized by more severe bronchoconstriction and structural changes including 
mucus hyper-secretion, epithelial damage and airway wall thickening. Although effects of acute 
airway inflammation are reversible and will resolve in absence of the allergen, repeated exposure to 
allergens can provoke chronic asthma (12). Here, persistent airway inflammation and irreversible 
airway wall remodeling, characterized by thickening of the basement membrane and the smooth 
muscle layer that surrounds the airways, result in the narrowing of the airways and BHR upon 
stimulation with allergens. In addition, increased goblet cell numbers and mucous production in 
the airway epithelium is observed (13). This complex interaction between airway narrowing and 
remodeling results in lung function decline in the asthmatic patient that can be evaluated by the 
degree of BHR, in response to a given bronchoconstrictor concentration (14). 

Allergen sensitization 
Upon their inhalation, allergens are taken up by a population of antigen-presenting cells (APCs) 
called dendritic cells (DCs) (Figure 1). Allergens are known to disrupt junctions between airway 
epithelial cells, facilitating their uptake (15,16). After allergen uptake and activation by epithelium-
derived co-stimulatory signals, DCs mature and migrate towards the nearest regional lymph nodes, 
where they present peptides from the processed allergen to T cells (12). In general, presentation of 
antigens to T cells can result in either Th1, Th2, Th17 or regulatory T cell (Treg) responses, which 
dependent on the modulation and activation status of the DC (17). The presentation of allergens 
will result in a Th2 response, where Th2 cells secrete a specific array of cytokines, including 
interleukin (IL)-3, IL-4, IL-5, IL-9 and IL-13 and granulocyte macrophage colony–stimulating 
factor (GM-CSF) (Figure 1) (2). Allergen-specific Th cells will interact with allergen-specific B cells 
in a germinal center reaction. During this cognate interaction, B cells undergo Ig class-switch 
recombination, resulting in IgE expression in the presence of the Th2 cytokines IL-4 and IL-13 
(Figure 1) (18). IgE produced by activated and memory B cells will enter the lymphatic vessels and 
subsequently be distributed systemically through the blood (12). In the lungs, allergen-specific 
or non-specific IgE can bind to the high-affinity receptor for IgE (FcεRI) on tissue-resident mast 
cells and peripheral blood basophils, sensitizing them to respond to the allergen (19). In addition, 
Th2 cells promote the activation and attraction of eosinophils through the secretion of IL-5, while 
secretion of IL-13 contributes to mucus production by goblet cells in the epithelium (Figure 1) 
(20). When allergens like HDM are recognized by the FcεRI-bound allergen-specific IgE, activation 
of mast cells is induced by cross-linking with FcεRI. This stimulates the release of mediators such 
as histamine and prostaglandins as well as secretion of cytokines like tumor necrosis factor-alpha 
(TNF-α) and growth factors that mediate bronchoconstriction, vasodilation, increased vascular 
permeability, and mucous production (Figure 1) (12). Furthermore, mast cells promote the influx 
of circulating leukocytes, both by up-regulating adhesion molecules on vascular endothelial cells 
(e.g. through TNF) and by secreting chemotactic mediators (e.g. LTB4 and PGD2) and chemokines 
(e.g. IL-8 and chemokine (C-C motif) ligand 2 (CCL2)), that can induce further inflammation and 
bronchoconstriction during the LAR (18). 
Furthermore, the airway epithelium can secrete pro-inflammatory cytokines like IL-25, IL-33, and 
thymic stromal lymphopoietin (TSLP) after allergen exposure driving the Th2 response (21), as well 
as secrete CCL20, GM-CSF, and CCL17, that are known to result in attraction of immature DCs and 
Th2 cells towards the airway mucosa (22,23), activation and maturation of the DCs (24) (Figure 1). 
Furthermore, the airway epithelium is a major source of other cytokines and chemokines implicated 
in maintaining asthmatic inflammation, including IL-6, IL-8, Regulated on Activation, Normal T cell 
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Expressed and Secreted (RANTES; CCL5) and eotaxin-1 (CCL11) (Figure 1). Here, IL-6 and IL-8 
have profound effects on neutrophil activity, which is associated with severe asthma (25), while 
RANTES and eotaxin-1 are responsible for recruiting Tregs and eosinophils towards the epithelium, 
respectively (26).
Besides cytokine production, the airway epithelium can influence or is influenced by other immune 
cells. Here, the Th17 cells have been described to be involved in the development of allergic airway 
diseases (17), responsible for the secretion of IL-17A, IL-22 and IL-21 and small amounts of IFN-γ, 
but not IL-4 (27). In turn, the release of IL17 has shown to have an enhancing effect on the 
release of IL-6, IL-1β, GM-CSF, and the chemokines CXCL1, CXCL2, and IL-8 from human bronchial 
epithelial cells in vitro. In addition, secretion of IL-17 results in the recruitment of neutrophils into 
local tissues (17) and may thus be required for the neutrophilic inflammation in chronic asthma. 
Furthermore, IL-17A has also been implicated in the expression of two mucin genes (MUC5AC and 
MUC5B) in bronchial human and murine epithelial cells (28). Recently, newly identified members of 
the lymphoid lineage called innate lymphoid cell (ILC) have been implicated in mediating immune 
responses and in regulating tissue homeostasis and inflammation (29). In particular, the ILC subset 
type 2 (ILC2s) have been implicated in the development of asthma (30). ILC2s are tissue resident 
cells that get activated by and expand after exposure to epithelial derived IL-33 and IL-25, and, 
once activated, the ILC2s are able to produce the type 2 cytokines IL-6, IL-5, IL-9 and IL-13 (30).
Taken together, these data indicate that the airway epithelium might be of critical importance in 
governing the decisions between tolerance and immunity towards inhaled allergens in asthma, as 
well as a critical player in the expression of the disease.

The airway epithelium and its role in asthma development   
The airway epithelium 
The adult human has two lungs, a right lung and a left lung, where the right lung consists of three 
lobes and the left lung of two lobes. Air is transported into the lung via the trachea and the bronchial 
tree, which are lined by pseudo-stratified epithelium consisting of basal, ciliated, neuroendocrine, 
serous and goblet cells (31,32). The lung epithelium has the largest surface that is in contact with 
our surrounding when air is inhaled. The epithelium in the lung is therefore the primary site of 
interaction with the environment, and acts as a physical barrier to provide the first line of defense 
against harmful microorganisms and substances. The epithelial lining of the lung varies in cellular 
composition along the trachea, bronchial tree and alveoli. In the conducting airways, the epithelial 
lining consists of simplified columnar epithelium made up of ciliated cells, non-ciliated secretory cells, 
goblet cells and basal cells (32), while the respiratory bronchioles are lined by epithelium comprised 
entirely of cuboidal ciliated cells and secretory cells called Club cells (Clara cells) (31,33). The 
secretory cells are responsible for the secretion of mucus which is composed of gel forming mucins, 
globular proteins, salt, and water, and which traps and clears inhaled pathogens with the help of 
the cilliary movements of the ciliated cells, thereby protecting the lungs against infection (34). The 
mucins MUC5AC and MUC5B are the two major gel-forming mucins in respiratory secretions in both 
healthy individuals and asthmatic patients, where MUC5AC is predominantly identified as a goblet 
cell mucin and MUC5B a secretory gland mucin (35). The airway epithelium also has an antibacterial 
function. Here, the airway epithelial cells can generate a variety antimicrobial peptides, including 
lysozyme, lactoferrin, β-defensins and cathelicidin, and the protease inhibitors, secretory leukocyte 
protease inhibitor (SLPI) and elafin to effectively kill bacteria (36). 
The alveolar epithelium is made up of two main epithelial cells; alveolar type I (ATI) and type 
II (ATII) cells, where the ATI cells and micro capillary endothelial cells are responsible for gas 
exchange, while the ATII cells are responsible for synthesis of pulmonary surfactant, that lowers the 
surface tension within the alveoli, which is critically important for normal respiration (32).
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Figure 1. The effects of house dust mite on the airway 
epithelium. The tight junctions (TJs) and adherens junctions (AJs) 
are important cell-cell contacts for the barrier function of the airway 
epithelium. House dust mite (HDM) damages the epithelium and 
disrupts the integrity of the TJs en AJs, leading to impaired barrier 
function and enabling HDM to reach the dendritic cells (DCs) in the 
underlying cells in the sub-mucosa, including DCs. Upon secretion 
of factors that promote DC maturation, DCs migrate to the nearest 
lymph node and present the allergens to naive T-cells. Here, naïve 
T cells expand into Th2 cells that secrete a variety of interleukins 
that stimulate B-cell to produce IgE, activate eosinophils and initiate 
goblet cell metaplasia. The secreted IgE then quickly binds to FcεR 
on the surface of mast cells and peripheral blood basophils. After 
re-exposure, HDM cross-links to the mast-cell bound specifi c IgE, 
leading to the release of several mediators. HDM also activates 
several receptors found on the airway epithelium, including protease-
activated receptor (PAR)-2, Toll-like receptor (TLR)-4 and dectin-1 
initiate the production of pro-infl ammatory cytokines that participate 
in the Th2 response, mediated through activation of NF-κB. In 

Overall, the fi rst line of defense against the inhaled environment is provided by airway epithelium 
and its secretions, forming a chemical barrier that detoxifi es harmful particles and a physical barrier 
to block, trap, and remove these particles out of the lung. In addition, the airway epithelium is 

addition, PAR-2 activation can also activate the epidermal growth factor receptor (EGFR) that not only is implicated in TJs/AJs 
delocalization, but also in secretion of the pro-infl ammatory cytokines CCL17 and TSLP. Furthermore, HDM also initiates the release 
of DAMPs like ATP from cells that can activate the P2X/P2Y receptors. See also text for further explanation.
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part of the innate immune response, due to the secretion of important innate epithelial derived 
cytokines such as TSLP, IL-33, IL-25 and CCL20 after allergen exposure.

Cell-cell contacts; the tight and adherens junctions
The epithelial barrier is primarily formed by cell-cell contacts between adjacent epithelial cells, 
which play an essential role in restricting the entry of microbes, noxious particles and aeroallergens. 
Permeability is mainly restricted by the formation of tight junctions (TJs), which are constituted of 
the proteins occludin, zona occludens (ZO)-1-3, claudins 1-5 and junctional adhesion molecules 
(JAM). JAMs bind to proteins Par-2 and Par-6 responsible for the cell polarity, whereas the claudins 
and occludin are anchored to the cytoskeleton via ZO-1-3 and cingulin (Figure 2) (37). Located 
more basolaterally to the TJs, adherens junctions (AJs) are the prime focal point for cell-cell 
adhesion, and AJ formation is critical for all other epithelial junctions to form. E-cadherin, the AJ 
protein that is thought to be required for the formation of other junctional complexes including TJs 
(37), consists of an extracellular domain and a highly conserved cytoplasmic tail. The extracellular 
domain forms the homotypic, calcium-dependent adhesion between adjacent cells, while the tail 
interacts with the cytoplasmic proteins ß-catenin, α-catenin and p120 catenin to bind to the actin 
cytoskeleton and microtubule network (Figure 2). Finally, desmosomes also play a role in cell-cell 
contacts (see Figure 2) (37). These consist of non-classical cadherins and provide the mechanical 
strength to the tissue (37). 

Asthma, airway epithelial injury, and repair mechanisms
Individuals that suffer from asthma have a fragile bronchial epithelium; where some areas of the 
basal membrane is denuded with loss of cells (38). This denudation is presumably caused by loss of 
epithelial integrity with reduced expression of ZO-1 and E-cadherin, which has been reported in the 
airway epithelium of asthma patients (39-41). De Boer et al. have shown that expression of ZO-1 
and E-cadherin was significantly lower in epithelium of bronchial biopsies from asthmatic individuals 
than from healthy persons (39). In addition, the fragility and shedding of bronchial epithelial 
cells in asthma, was shown to be initiated by loss of E-cadherin (42). Furthermore, Hackett et 
al showed reduced E-cadherin expression in both biopsies and air-liquid interface (ALI) cultures 
from asthmatic airway epithelium, the latter of which were also more responsive to damaging 
stimuli compared to epithelial cultures from non-asthmatics (43). In addition, ALI cultures from 
asthmatic donors displayed significant lower trans-epithelial resistance (TER) readings compared 
to non-asthmatic cultures (41), which was consistent with a disrupted expression pattern of ZO-1. 
Furthermore, Hackett et al recently showed that primary bronchial epithelial cells (PBECs) obtained 
from asthmatics displayed lower electrical resistance than in healthy controls, measured by the 
more sensitive Electric Cell-substrate Impedance Sensing (ECIS) method (44).
Bronchial epithelium from asthmatic patients does not only show physical damage, but also shows 
evidence of damage by increased expression of stress factors e.g. heat shock protein (hsp)70 
and cell apoptosis (45,46). In addition, damage to airway epithelium initiates the up-regulation of 
pathways that are involved in epithelial repair. Several members of the epidermal growth factor 
(EGF) family have been shown to participate in epithelial repair (47). The expression of the EGF 
receptor (EGFR) has been shown to be up-regulated in airway epithelium biopsies taken from 
asthmatic patients compared to biopsies taken from healthy individuals, indicating a chronic repair 
process (48). Furthermore, Trautmann et al showed that the induction of epithelial cell apoptosis is 
accompanied by loss of E-cadherin, and with it accounts for the fragility and shedding of epithelial 
cells (denudation) in asthma (42). Possibly, the initiation of apoptosis occurs due to an imbalance in 
the repair responses that take place after the instigation of damage caused by allergen exposure in 
the airway epithelium. The epithelium in the lung is usually mitotically quiescent and only replaced 
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at a relatively slow rate compared to the fast cellular replacement characteristic of organs such 
as the skin and intestine (49). However, damage to the lung cells initiates cell replacement. In 
asthma, loss of ciliated cells as evidenced by denudation of the basal membrane, triggers the 
proliferation and subsequent differentiation of progenitor cells to restore the epithelium (32). In the 
airways, both basal and non-ciliated cells contribute to repair of the epithelium. Here, Club cells are 
believed to be the cells responsible for maintaining the pool of progenitor cells as well as to restore 
the ciliated cells (50). A different subpopulation of lung epithelial stem cells has been identifi ed 
to reside in the bronchioalveolar duct junctions (BADJ), is referred to as the bronchioalveolar 
stem cells (BASCs), and were found to be able to differentiate into both bronchiolar and alveolar 
epithelial cell types (51).

Consequences of airway epithelial barrier dysfunction
In addition to the formation and maintenance of a physical barrier towards inhaled allergens, 
epithelial cell-cell contacts are thought to regulate the innate immune response of airway 
epithelium as well as its interaction with mesenchymal cells. E-cadherin has been implicated in 
the innate immune function of the airway epithelium and loss of E-cadherin might contribute to 
the development of Th2 cell-mediated airway infl ammation and airway remodeling. Diminished 
E-cadherin expression in bronchial epithelial cells derived from asthmatic patients is shown to be 
accompanied by enhanced expression of infl ammatory mediators like IL-6, IL-8, and GM-CSF in 
response to environmental (respiratory syncytial virus (RSV) infection) and mechanical damage 
in comparison to bronchial epithelial cells from non-asthmatic control subjects (43). Furthermore, 
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it was recently shown that reduced E-cadherin and caveolin-1 expression was accompanied by 
elevated production of TSLP and IL-33, but not IL-6 and IL-8, in asthmatic derived ALI-cultures 
(44). Several papers have reported that reduced E-cadherin expression is linked to the activation 
of the EGFR (52-56). Here, Heijink et al have shown that down-regulation of E-cadherin expression 
by small interfering ribonucleic acid (siRNA) in bronchial airway epithelial cells stimulates epidermal 
EGFR activation, thereby promoting EGFR-dependent expression of the pro-inflammatory cytokines 
CCL17 and TSLP, which contributes to the induction of Th2 inflammatory cells (55). Besides playing 
a role in the induction of a Th2 response, EGFR activation has been implicated in mucin production 
and goblet cell hyperplasia in response to the inflammatory cytokines IL-13 (52,57,58), as well as 
in the development of airway hyperresponsiveness (AHR) and remodeling in a HDM-induced allergic 
asthma model in vivo (59).
Delocalization of E-cadherin also leads to allergen-induced activation of the nuclear factor (NF)-κB 
signaling pathway in carcinoma cell lines (60), which is known to be responsible for the production 
of many pro-inflammatory cytokines in vivo (61). Furthermore, in asthmatic airways elevated levels 
of TGF-ß have been found, which have a well-established role in airway remodeling (62,63).
To date, it is unknown whether the reduced integrity of cell-cell contacts and barrier function in the 
bronchial epithelium is the cause or the consequence of the allergic inflammation response in the 
airways of asthma patients. Polymorphisms of the E-cadherin gene (CDH1) have been associated 
with airway epithelial remodeling, inflammation and reduced lung function of asthmatic patients 
that use corticosteroids (64). This genetic association implies that the regulation of E-cadherin 
expression in the airway epithelium and possibly the changes in the cell-cell contacts as a result 
thereof, are of causal importance in the pathogenesis of allergic asthma. 
Viruses also have an impact on the airway epithelium, where the RSV that primary causes lower 
respiratory tract infections is able to alter the expression of E-cadherin on A549 cells, and induce a 
significant decrease in trans-epithelial electrical resistance of human epithelial cells after infection 
(65). In addition, RSV infection in mice induced the loss of E-cadherin, while in combination with 
HDM elicited increased allergic sensitization, enhanced allergic inflammation, and mucus production 
combined with reduced lung function (66). Furthermore, RSV infections have been associated with 
the development of asthma in children (37). Additionally, mRNA levels of ZO-1, occludin, claudin-1, 
and E-cadherin as well as epithelial resistance showed to be reduced in primary cultured human 
nasal epithelial cells after rotavirus (RV) infection (67). Viral infections may thus also have an 
important impact on the structural and immunological barrier function of the airway epithelium.

Interaction of the airway epithelium with HDM and the development of allergic 
sensitization
Although many aeroallergens contribute to the development of allergic asthma, approximately 
50-85% of the asthmatics are allergic for HDM (68). In particular, two strains of HDM are found 
widespread over the world, the Dermatophagoides pteronisunnus (Der p) and Dermatophagoides 
farina (Der f) strains; of which Der p is the most frequently encountered HDM strain in most 
countries (69). More than 20 proteins found in HDM have been defined as allergens, including 
structural proteins and various enzymes (5), where the best characterized mite-derived allergens 
have been divided in groups that include cysteine proteases (Der p1, Der p3), serine proteases (Der 
p3, Der p6, Der p9), chitinases (Der p15, Der p18), non-protease lipid-binding molecules (Der p2), 
α-helical proteins (Der p5, that is cross-reactive with Der p21) and structural molecules such as 
tropomyosin (Der p10) (69,70). Although HDM contains many different proteases; the allergenicity 
of HDM has mostly been attributed to the proteolytic activity of the cysteine and serine proteases 
(71). In addition, both Der p2 and Der p5, which belong to a non-proteolytic group, have been 
shown to induce pro-inflammatory responses in vitro (72,73), and Der p2 also elicits inflammation in 
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vivo (74). This indicates that in evaluating the allergenic properties of HDM, protease-independent 
activities of the HDM components cannot be kept out of the equation. Besides the Der p allergens, 
house dust mite contains bacterial/fungal components including chitin, ß-glucan and endotoxins 
(75-77). 
The airway epithelium expresses various so-called pattern recognition receptors (PRRs) including the 
protease-activated receptors (PARs), c-type lectin (CTL) receptors and Toll-like receptors (TLR) that 
can interact with components of HDM (6,76). These receptors recognize biochemical components 
of bacteria, viruses or fungi, called pathogen-associated molecular patterns (PAMPs) or molecules 
released upon tissue damage, cell death, and cellular stress called damage-associated molecular 
patterns (DAMPs) (6). The association between house dust mite allergy and asthma has long 
been recognized, and it is believed that particularly mite particles in the excrements are inhaled, 
deposited on the respiratory epithelia and recognized by the immune system (78). HDM excrements 
contain many of the biochemical components described above, such as lipopolysaccharides (LPS) 
and ß-glucan (5,76,79). For experimental studies, whole-body crushed extracts of HDM are most 
commonly used, and have been found to also contain these factors as well as the Der p allergens. 
Activation of PRRs on the airway epithelium by these components has been found critical for the 
epithelial response to HDM and the subsequent induction of an innate immune response, leading to 
the development of allergic asthma (5,76,79). The different PRRs relevant to the airway epithelial 
response to HDM will be discussed below.

Protease-activated receptors
PARs belong to a family of G-protein coupled receptors that consists of 4 members (PAR-1-4), 
which are activated by proteolytic cleavage of the extracellular N-terminus, to expose a tethered 
ligand domain that binds to and activates the cleaved receptor (80). This activation of PARs is 
irreversible and once cleaved, these receptors internalize and are degraded (81). Activation of the 
PAR-2 has been implicated in the development of allergic asthma, since it is expressed by airway 
epithelium (82), up-regulated in the airways of asthmatic patients and activated by serine protease 
present in HDM (83,84). Activation of PAR-2, e.g. by serine proteases, is known to stimulate the 
release of pro-inflammatory cytokines and chemokines, including IL-6, IL-8, GM-CSF and TSLP in 
cultured airway epithelial cells (see also Figure 1) (72,85). Studies in mouse models of allergic 
asthma have indicated that PAR-2 indeed plays an important role in the development of airway 
inflammation in response to allergen. In the classical ovalbumin (OVA)-driven model of allergic 
airway inflammation, Par-2 deficient mice experience reduced AHR as well as diminished levels 
of IgE and eosinophilic inflammation after OVA exposure compared to wild-type (Wt) mice (80). 
Furthermore, these animal models have shown that PAR-2 activation may be crucial in the breaking 
of tolerance towards OVA. Inhalation of OVA in naïve mice without prior intraperitoneal sensitization 
leads to tolerance. In the presence of a PAR-2 agonist peptide (PAR-2 ap), OVA inhalation without 
intraperitoneally (i.p.) sensitization induced allergic sensitization at the expense of the inhalation 
tolerance (86). Together, these experiments show that activation of PAR-2 contributes to the 
development of allergic sensitization through the airways, and enhances airway inflammation and 
AHR. Importantly, activation of PAR-2 has also been implicated in the delocalization of E-cadherin in 
bronchial epithelial cells in vitro (Figure 1) (87). Also, Heijink et al showed that PAR-2 activation by 
serine proteases in HDM induces activation of the EGFR, leading to decreased epithelial resistance 
and delocalization of E-cadherin and ZO-1 in bronchial epithelial cells in vitro (Figure 1) (88).

Toll like receptors
TLRs recognize a diverse array of microbial components, where the TLR2 recognize lipoproteins 
and TLR4 recognize endotoxins (LPS), which are found present in HDM (5,6). Exposure of murine 
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bronchial epithelium and tissue macrophages to LPS, have shown to elevate the expression of both 
TLR2 and TLR4 (89). Furthermore, Hammad et al showed that activation of TLR4 upon inhalation 
of HDM, in a mouse model of asthma, leads to production of IL-1α (90) and the innate pro-Th2 
cytokines TSLP, GM-CSF, IL-25 and IL-33 by the airway epithelium, inducing DC activation and 
skewing towards a Th2 response (see Figure 1) (6,77). Besides endotoxins, the HDM component 
Der p2 is able to activate TLR4 (91,92), due to its structurally homology to the TLR4 ecto-domain 
(MD-2) (93). In addition, Der p2 activation of TLR2 has been implicated in the induction of an 
inflammatory response in airway smooth muscle cells (91) as well as the disruption of junctional 
proteins such as E-cadherin and occludin through a calcium signaling pathway (94).
Besides the production of pro-inflammatory cytokines as described above upon binding to PRRs, 
allergens may induce the epithelial cells to release DAMPs, which are typically released from 
injured and dying cells (95). DAMPs bind to various PPRs and are thereby able to further intensify 
inflammation as well as induce tissue remodeling (96,97). Here, HDM is able to induce the release 
of uric acid crystals in a TLR4 dependent manner, which promotes Th2 sensitization by amplifying 
the production of TSLP, GM-CSF and IL-25 by airway epithelial cells (98). 
 
C-type lectin receptors
CTL receptors such as dectin-1 and dectin-2, primarily recognize ß-glucans that are present on 
fungi, yeast, and mycobacterial cell walls (99). Although, Evans et al determined that alveolar 
epithelial cells completely lack the dectin-1 ß-glucan receptor (100), others have shown that the 
expression of dectin-1 mRNA is elevated on bronchial epithelium after exposure to curdlan, a linear 
(1-3)-ß-D glucan in a triple helix configuration and Aspergillus fumigatus, respectively (101,102). 
In addition, the expression of dectin-1 mRNA and protein has been determined to be in a TLR2-
dependent manner in alveolar epithelial cells after exposure with mycobacterium tuberculosis (Mtb) 
(103). Furthermore, Nathan et al suggested that a dectin-like receptor was involved in ß-glucan-
mediated production of CCL20 by bronchial epithelial cells after HDM exposure (76). Additionally, 
other components found in HDM such as chitin are able to activate dectin-1 (104).
The dectin-2 receptor is not found on airway epithelium but on DCs and is associated with DC 
recognition of HDM (105).

Purinergic receptors
As mentioned above, allergens may induce the epithelial cells to release DAMPs (95). Increased 
levels of the DAMP ATP have been found in the airways of asthmatic subjects as well as mice 
exposed to OVA in an asthma model (106). ATP can act on the epithelium in an autocrine fashion 
by activating the P2 purinergic receptors (P2Y and P2X) that are present on lung epithelial and 
endothelial cells (Figure 1) (107), thereby mediating the influx of calcium in epithelial cells (108,109). 
Studies performed in P2Y and P2X knock-out mouse models showed that P2Y6R deficiency reduced 
the development of allergic inflammation, while P2X7R deficiency decreased the airway reactivity 
and recruitment of fewer immune cells to the lung after HDM exposure (110,111). Furthermore, 
exposure of bronchial epithelial cells to the fungi Alternaria Alternata mediated the release of ATP, 
inducing intracellular Ca2+ influx through purinergic receptor activation and subsequent release of 
IL-33 (112).

PRR-activated downstream signaling
The signal transduction from both TLR2 and TLR4 occurs through myeloid differentiation primary-
response protein 88 (MyD88)-dependent signaling (113) that through a number of kinases and 
transcription factors, leads to activation of the NF-kB pathway and production of several pro-
inflammatory cytokines such as TNF, IL-1ß, IL-6, and IL-8 (99,113). MyD88 deficient mice were 
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shown to be protected for HDM-induced allergic airway inflammation, Th2 response and AHR (114). 
Furthermore, downstream activation of the transcription factor NF-κB upon exposure to HDM is 
thought to be crucial for the inflammatory epithelial responses and the development of asthma 
(Figure 1) (115). 
The activation of PAR-2, TLR2, TLR4 and dectin-1 receptors have also been implicated in calcium 
influx and increased [Ca2+]i, that has shown to be involved in the production of pro-inflammatory 
cytokines and chemokines as well as cleavage of epithelial junction proteins such as E-cadherin and 
occludin (94,116-118). In addition, the non-proteolytic compound Der p5 has also been associated 
with the induction of a Ca2+ influx in alveolar epithelial cells, although it remain unknown through 
which PRRs activation this occurs (72).
Thus, the airway epithelium plays a key role in mediating the initiation of allergic sensitization and 
development of allergic inflammation after allergen exposure.

Mouse models of asthma 
Our current understanding of the pathophysiology of allergic asthma is mainly based on animal 
studies using different allergen models, while also being central to the preclinical development 
of drug therapies (119). In addition, the possibility to use a variety of genetically engineered 
transgenic and/or gene knock-out (KO) mice today have increased the use of mice for modeling 
airway diseases (120). We have used these techniques to create a conditional airway epithelium 
specific E-cadherin deficient mouse strain, to mimic the damaged phenotype as observed in the 
airways of asthma patients (39-41).

Allergen-driven models
Mice do not develop asthma spontaneously, thus to study the development of asthma, an asthmatic-
like reaction must be induced by the use of allergens (121). As described above, OVA is the most 
commonly used model to induce allergic asthma. The advantage of using OVA, a food allergen 
that lacks protease activity, is that it requires prior intra-peritoneal immunization with an adjuvant 
(like alum) to induce Th2-mediated allergic inflammation in the airways of the mice (OVA-asthma 
model), while a tolerogenic state is induced when OVA is delivered directly through the airways 
(OVA-tolerance model) (122,123). The advantage of these OVA tolerance models is, that they 
can be used to examine whether specific compounds in other allergens, such as proteases or 
LPS, can overcome this inhalation tolerance (124). The disadvantage of using OVA models is that 
it does not reflect the “human” disease, which develops over time by re-exposure to allergens 
through the airways, while an adjuvant is needed in an OVA-asthma model in mice to develop 
allergic sensitization by parenteral application of the allergen (125). Therefore, more efforts have 
been made to develop “natural” allergen models that reflect the “human” disease better, by using 
natural relevant allergens like HDM, grass pollen, cockroach, or fungi. The advantage of these 
allergen models is that the process of allergic sensitization more accurately reflects the human 
pathogenesis of asthma, including activation of the innate immune system in the airways (120). To 
this end, allergen extracts are applied intranasally (i.n.) or intratracheally (i.t.) without the use of 
an adjuvant, in a repetitive manner over a longer period of time. 
Although no single experimental mouse models for asthma reproduces all the features of the human 
disease, characteristics of allergic asthma that can be induced in the mouse model are eosinphilic 
inflammation of the airways, increased allergen-specific and total IgE responses, AHR, goblet cell 
metaplasia, and airway remodeling. The BALB/c mouse strain has been one of the most widely 
used mice in the research of allergic inflammation (126). However, due to the ability of generating 
transgenic and KO mice to study the pathogenesis of airway diseases, other mouse strains including 
C57BL/6 mice are also being used. The rationale for this is that, generation of transgenic BALB/c 
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mice is known to be relatively inefficient, in contrast to other strains such as 129/FVB or C57BL/6 
mice (127). A study that assessed the effect of OVA exposure in BALB/c and C57BL/6 mice showed 
that the outcome of asthma characteristics like AHR, IgE response and eosinophilic inflammation 
varied extensively between the different mouse strains (128). Although it remains unclear why 
different mouse strains are more or less susceptible to allergic airway inflammation after allergen 
exposure, these experiments have shown that the mouse strain used for studying the pathogenesis 
of allergic asthma is of importance for the phenotype that will be observed in the experimental 
model. 

The airway epithelium of the mouse
The mouse lung has a different composition than the human lung, with four lobes in the right lung 
and one in the left lung (129). Furthermore, there are some regional differences in the cellular 
composition of the lung between the mouse and the human. In the mouse lung, basal cells are 
only found in the tracheal and upper bronchial epithelium that together with secretory, ciliated, 
and neuroendocrine cells forms the epithelial layer (32). In the proximal airways, the bronchi and 
bronchioles are composed of simple columnar epithelium that mainly consists of secretory, ciliated 
and neuroendocrine cells.

Gene depletion or overexpression in airway epithelium
The depletion or over-expression of genes in the respiratory epithelium of mice has been widely 
used to investigate gene function, lung morphogenesis, and the role of individual genes in airway 
diseases and allergen-driven mouse models for allergic airway inflammation. To ensure specific 
depletion or overexpression of genes in airway epithelium, promoters like Scgb1a1 (Club cell 
Secretory protein; CCSP), specific for the epithelial cells in the proximal airways, and SFTPC 
(surfactant protein C; SP-C) specific for epithelial cells in distal lung structures, are being widely 
used (130,131). 
To date, several strategies are used to generate transgenic mice. These strategies are designed to 
either inactivate or modify the function of a gene of interest (knock-out or knock-in, respectively) in 
all cells of the body or conditionally in selected tissues or at a specific moment during development 
or experimental procedure (132). A successful method for creating conditional KO mice has 
been the use of the enzyme Cre recombinase, to remove segments of DNA that are located in 
between two copies of a palindromic DNA sequence known as a loxP site (133). Introduction of 
Cre recombinase excises the DNA segment flanked by the two loxP sites, causing inactivation the 
gene only in those cells where Cre has been expressed. Continuous, high-level Cre expression 
has been known to provide toxicity to the cells (134). Therefore, more advanced systems have 
been developed to temporally restrict Cre expression, thereby limiting Cre-dependent toxicity. The 
best-characterized system is the use of a tetracyclin-dependent promoter to drive Cre transgene 
expression in combination with a tetracycline-controlled trans-activator protein (tTA) or reverse 
tTA (rtTA) transgene (135). The rtTA protein induces expression of genes under the transcriptional 
control of a tetracycline-response promoter when the drug doxycycline is provided to the mouse 
(136) (Figure 3A), a technique called drug-regulated expression of transgenes (133). Because 
the SP-C and CCSP promoters are highly cell type specific and generate robust levels of gene 
expression (137), these promoters are usually used to drive the expression of the rtTA. When the 
CCSP-rtTA and/or SP-C-rtTA mice are then crossed with a transgenic mouse strain that expresses 
Cre-recombinase (CRE) under transcriptional control of a generic promoter containing multiple 
copies of the tet operator (tetO), the double-transgene positive offspring will have expression 
of the Cre transgene that is sensitive to rtTA (137). This advanced genetic approach allows the 
experimentally controlled induction of Cre expression (by doxycyclin administration to the mice) in 
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a specific cell type (dependent on the promoter used to drive the rtTA) (Figure 3A). Backcrossing 
of these bi-transgenic mice to mouse strains carrying conditional alleles of a gene of interest, will 
result in the establishment of a conditional knock-out strain allowing temporal control over gene 
deletion in either bronchial (for CCSP-rtTA) or alveolar (for SP-C-rtTA) epithelial cells. The addition 
of doxycycline through either chow or drink water (138) will then cause the recombination of the 
two LoxP sites present in the conditional allele, induce excision of the DNA sequences placed in 
between the two loxP sites (Figure 3B). We have employed this technique to create the conditional 
airway epithelium specific E-cadherin deficient mouse strain used in our study. Furthermore, if 
exon sequences are placed in between the two loxP sites, this will result in the deletion of these 
sequences and loss of expression of the gene of interest (Figure 3B). In contrast, if exons containing 
transcriptional and translational STOP sequences are placed in between the two loxP sites, Cre 
mediated recombination of the loxP sites will remove this cassette and allow expression of the 
remaining (transgenic) sequences, resulting in activation of the gene in the mouse lung (Figure 3C) 
(136). These approaches provide more insight of gene function in certain diseases that are related 
to the airway epithelium.
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Figure 3. Transgenic animal models. Schematic illustration of transgenic animal 
models. A) Generation of inducible Tg mice by integration of the promoter with the 
reverse tetracycline trans-activator (rtTA) crossed with a transgenic mouse strain that 
expresses Cre-recombinase (Cre) to obtain a mouse where induction of Cre expression 
is controlled by administration of doxycycline. B) Generation of conditional knock-out 
mice by crossing mice strains that carry floxed alleles of a particular gene crossed 
with the inducible Tg Cre line (see A), to obtain mice where the particular gene has 
been deleted between the loxP sites after doxycycline treatment. C) Generation of 
conditional knock-in mice by crossing mice strains that carry floxed alleles carrying a 
stop sequence with Tg Cre mice to obtain mice where the gene of interest is activated.
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Scope of this thesis

The airway epithelium of asthmatic patients has been shown to be frequently damaged, with loss 
of junction proteins and denudation. Increasing evidence suggests that loss of the integrity of 
the airway epithelium might play an important role in the progression of the disease. The airway 
epithelium is in first contact with inhaled allergens, which can interact with the epithelium by several 
receptors and may cause epithelial damage. This may have important consequences, leading to loss 
of epithelial barrier function accompanied by increased pro-inflammatory activity. We propose that 
the response of airway epithelium is crucial for the sensitization to allergens and the development 
of allergic asthma and that epithelial cell from asthmatic patients are more susceptible to the effects 
of HDM. Here, HDM may lead to aberrant damage and loss of E-cadherin, with potentially crucial 
consequences for the epithelial pro-inflammatory response and we hypothesize that epithelial 
barrier dysfunction is crucial for the development of asthma. 
The scope of this thesis is to investigate the role of the airway epithelium and its barrier function in 
HDM-induced allergic asthma. To gain more insight in the mechanisms that lead to this increased 
response by airway epithelium, it is of importance to study which biochemical components in HDM 
are responsible for the specific response of the airway epithelium to allergen exposure. Investigating 
these biochemical components and their effects on the airway epithelium could therefore provide 
more insight why certain individuals develop allergic asthma, while others do not develop this 
response to allergens and whether this is related to epithelial responses to HDM. In Chapter 2, we 
address the role of several biochemical components, including proteases, in HDM-induced barrier 
dysfunction, pro-inflammatory responses and subsequent allergic sensitization by using different 
HDM extracts that vary extensively in biochemical properties and proteolytic activities. We describe 
their effects on epithelial barrier function, release of pro-inflammatory cytokines and induction of 
Th2 responses in vitro and in vivo. Additionally, we discuss which biochemical components are likely 
responsible for the observed changes in epithelial barrier function after the different HDM extract 
exposures. Several studies have suggested that the ability of HDM to promote allergic responses 
is dependent on the proteolytic content and the ability to activate the PAR-2 receptor on the 
airway epithelium (72,85,139,140). In Chapter 3 of this manuscript, we assess the role of PAR-
2 activation in development of allergic airway inflammation and the induction of an IgE response 
upon HDM exposure by the use of wild-type and par-2 deficient mice, and whether activation of 
PAR-2 plays a role in the development of allergic asthma. In Chapter 4, we examine in more 
detail the mechanism of HDM-induced barrier function, in order to gain more insight in why asthma 
epithelium responds differently to HDM. Since HDM is able to induce Ca2+ signaling through several 
innate receptors, we investigate whether this is different between epithelial cells from asthma and 
healthy individuals and whether HDM-induced Ca2+ influx is involved in barrier dysfunction as well 
as pro-inflammatory cytokine production and by what mechanism. We propose that allergens like 
HDM play an important role in the development of allergic asthma by inducing loss of epithelial 
integrity through the loss of E-cadherin from epithelial junctions. In Chapter 5 we assess the 
consequences of E-cadherin loss in the respiratory epithelium in vivo, with respect to structural 
changes and airway inflammation by generating and characterizing a conditional airway epithelium 
specific E-cadherin deficient mouse strain. Chapter 6 summarizes the findings of this thesis, and 
places them in perspective of future research.
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Abstract
 
Background 
House dust mite (HDM) allergens have been reported to increase airway epithelial permeability, 
thereby facilitating access of allergens and allergic sensitization. 

Objectives 
We aimed to understand which biochemical properties of HDM are critical for epithelial immune and 
barrier responses as well as Th2-driven experimental asthma in vivo. 

Methods 
Three commercially available HDM extracts were analyzed for endotoxin levels, protease- and 
chitinase activities and effects on transepithelial resistance, junctional proteins and pro-inflammatory 
cytokine release in the bronchial epithelial cell line 16HBE and normal human bronchial cells. 
Furthermore, we investigated the effects on epithelial remodelling and airway inflammation in a 
mouse model. 

Results 
The different HDM extracts varied extensively in their biochemical properties and induced divergent 
responses in vitro and in vivo. Importantly, the Greer extract, with the lowest serine protease 
activity, induced most pronounced effects on epithelial barrier function and CCL20 release in vitro. 
In vivo, this extract induced the most profound epithelial E-cadherin delocalization and increase in 
CCL20, CCL17 and IL-5 levels, accompanied by most pronounced induction of HDM-specific IgE, 
goblet cell hyperplasia, eosinophilic inflammation and airway hyperreactivity. 

Conclusions 
We show that the ability of HDM extracts to alter epithelial immune and barrier responses is related 
to allergic sensitization but independent of serine/cysteine protease activity.
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Introduction

Allergic asthma is characterized by allergen-specific IgE, Th2-mediated airway inflammation, airway 
remodelling and airway hyperreactivity (AHR). The airway epithelium forms the first structural 
barrier against inhaled allergens. This epithelial barrier function is maintained by the formation of 
tight junctions (TJs), composed of zonula occludens (ZO) 1-3, occludin and claudins 1-5, as well as 
adherens junctions (AJs), consisting of E-cadherin, β-catenin and α-catenin. Whereas TJs largely 
contribute to epithelial impermeability, E-cadherin is thought to provide the architecture required 
to form TJs (1). 
Many aeroallergens, including house dust mite (HDM), fungi and cockroach contain proteolytic 
activities (2,3). The HDM allergens Dermatophagoides pteronyssinus (Der p) 1, 3, 6 and 9 are 
cysteine and/or serine proteases, of which the serine peptidase activity has previously been reported 
to cleave ZO-1, occludin and to a lesser extent also E-cadherin (4). In addition to direct cleavage of 
junctional proteins, serine proteases can activate protease-activated receptor (PAR)-2, which can 
induce disruption of E-cadherin mediated cell-cell contacts (5). This may not only facilitate access 
of allergens to submucosal cells, but also promote allergic inflammation (6,7). In support of this 
notion, we have previously demonstrated that down-regulation of E-cadherin in bronchial epithelium 
increases expression of the pro-allergic factors CCL17 and thymic stromal lymphopoietin (TSLP), 
which attract Th2 cells and promote Th2 cell differentiation respectively (8,9). Furthermore, PAR-2 
activation by serine proteases induces activity of intracellular signalling pathways, including nuclear 
factor-κB (NF-κB), and subsequent release of the pro-inflammatory cytokines IL-6, IL-8, GM-CSF 
and TSLP in airway epithelium in vitro and in vivo (10,11). Based on studies in mouse models of 
asthma, the presence of proteases in HDM and subsequent PAR-2 activation are thought to play an 
important role in allergic sensitization (12-14). In addition, a number of other biochemical activities 
and components of HDM, including chitin/chitinases, ß-glucan and lipopolysaccharide (LPS), may 
contribute to allergic sensitization (15-17). 
We hypothesized that proteolytic activity of HDM allergens is crucial for epithelial barrier dysfunction 
and subsequent activation of the innate immune response in asthma. We investigated different HDM 
extracts that vary extensively in biochemical properties and proteolytic activities, and assessed 
their effects on epithelial barrier function, release of pro-inflammatory cytokines and induction 
of Th2 responses, both in vitro and in vivo. We demonstrate that the divergent abilities of these 
extracts to alter epithelial barrier and immune function in vitro are uniquely associated with the 
capacity to induce allergic sensitization and asthma phenotypes in vivo. Of interest, this appeared 
to be independent of serine protease activity.
 

Materials and Methods

House dust mite extracts
Three whole crushed body mite extracts were used. The first was kindly provided by Citeq Biologics 
(Citeq; Groningen, The Netherlands), the other two were purchased from ALK-Abello (ALK; Abello, 
Spain) and from Greer Laboratories (Greer; Lenoir, NC), respectively. When indicated, HDM extracts 
were pre-treated with the serine inhibitor 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride 
(AEBSF) (Sigma, St Louis, MO, USA) or the cysteine inhibitor E-64 (Sigma, St Louis, MO, USA) at 
concentrations of 0.1 mM and 0.01 mM, respectively, for 30 min at 37 °C, or heat-inactivated for 
1 hour at 95 °C. 
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Cells 
The human bronchial epithelial cell line 16HBE14o- was kindly provided by Dr. D.C. Gruenert 
(University of California, San Francisco, USA). Normal human bronchial epithelial cells (NHBE) were 
derived from Lonza (Walkersville, MD, USA). The cells were cultured as previously described (18) 
and used as indicated for ECIS, ELISA, immunodetection and immunofluorescent staining (see 
online data supplement) 

Electric Cell-Substrate Impedance Sensing (ECIS)
Electrical resistance was measured using electric cell-substrate impedance sensing (ECIS) in a 
confluent monolayer of 16HBE cells, as previously described (19,20). The ECIS is a technique that 
allows for real-time quantitative monitoring of changes in resistance as measurement of cell-cell 
contacts and changes in capacitance as measurement of cell-matrix contacts (19). Resistance 
and capacitance to current flow were measured at frequencies of 400 Hz and 40 kHz respectively 
(Applied Biophysics, Troy, NY, USA). 

Animals
Male Balb/c mice (6-8 wk) were purchased from Charles River Laboratories (L’Arbresle Cedex, 
France), kept under specific pathogen-free conditions and maintained on a 12-hour light-dark cycle, 
with food and water ad libitum. Experiments were approved by The Institutional Animal Care and 
Use Committee of the University of Groningen (The Netherlands).

House dust mite sensitization protocol 
HDM extracts and LPS (Sigma, St Louis, MO, USA) were dissolved in sterile phosphate-buffered 
saline (2.5 mg total weight/ml) and administered intranasaly in 10 μl, twice weekly for 5 weeks. 
Mice were anesthetized with isoflurane/oxygen (Nicholas Piramal India Ltd., UK). Twenty-four hours 
after the last sensitization airway responsiveness was measured by Flexivent,  lungs were lavaged 
and blood and lung tissues were collected. 

Cytokine assay in cell supernatants and mouse lung tissue
Human CCL20 and GM-CSF protein was measured in cell-free supernatants from 16HBE cells and 
murine IL-5, IL-13, CCL20, TARC, TSLP and GM-CSF was determined in cell-free supernatant from 
homogenized lung using Duoset ELISA Development Kit (R&D Systems, Minneapolis, MN, USA). 
The ELISA’s were used according to the manufacturer’s guidelines.

Statistical analysis
We assumed normal distribution and used the Student t-test for paired observations in the 
experiments with 16HBE. In animal experiments, the Mann-Whitney-U test was used. 

See the data supplement for additional details.

Results

Disruption of bronchial epithelial cell-cell contacts upon exposure to the HDM extracts
First, we tested the HDM extracts for proteolytic activity, chitinase levels and endotoxin content. 
Although we stratified the extracts on the basis of total proteolytic activity, analyses revealed that 
the extracts varied extensively in their other biochemical properties, including protein content 
(Table 1). The Citeq and ALK extract contained highest serine/cysteine protease activities, while 
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levels of these proteases were relatively low in the Greer extract. Instead, this extract contained 
other, partially heat-insensitive proteases, as well as the highest Der p2 content. Both ALK and 
Greer comprised substantial heat-sensitive exo- and endochitinase activity (Table 1).
To test our hypothesis that the proteolytic activity of the HDM extracts is critical for airway epithelial 
barrier dysfunction, we exposed 16HBE cells to the different extracts in concentrations rendering 
equal levels of total proteolytic activity (see Table 1). First, we evaluated the effect on occludin 
protein stability, since Der p1 has been shown to induce cleavage of occludin, leading to increased 
permeability of the epithelial layer (7). Exposure to all HDM extracts induced smaller molecular 
weight cleavage products of ~37 kD and ~25 kD, as shown by immunodetection (Figure 1A), 
although the latter fragment was not observed with the Citeq extract. A similar degradation 
pattern was previously described by Wan et al, where epithelial cells were exposed to Der p1 (7). 
Furthermore, the Greer extract yielded an additional fragment of ~45 kD, which was also observed 
upon exposure to a protease-cocktail used as positive control. Importantly, the appearance of 
degradation fragments could not be blocked by treatment of the extracts with serine protease 
inhibitor AEBSF, cysteine protease inhibitor E64 or heat-inactivation (Figure 1A), suggesting that 
these effects of HDM can occur independently of serine/cysteine protease or chitinase activity. 

Citeq ALK Greer
Der p1 content (ng) 6.25 50 81

Der p2 content (ng) 1 22.2 428.9
Protein content (µg/ml) 2.64 12 50

Total protease activity (U/ml) 5 ± 0.5 5 ± 1.5 5 ± 0.7

Protease activity after HI (U/ml) [% of total] 0.9 ± 0.2
[18 %]

1.6 ± 0.2
[32 %]

1.4 ± 0.3
[28 %]

Protease activity remaining after AEBSF treatment (U/ml)     
[% of total]

2 ± 0.3
[40 %]

4.2 ± 1.4
[84 %]

5 ± 0.6
[99.9 %]

Protease activity remaining after E64 treatment (U/ml)        
[% of total]

4 ± 0.9
[80 %]

5 ± 1.9
[99.9 %]

4.8 ± 0.8
[96 %]

Serine protease activity (103 mean V/ml *) 2222 ± 45 2087 ± 5 162.7 ± 58

Serine protease activity remaining after AEBSF treatment     
(103 mean V/ml*)

0 0 0

Cysteine  protease activity (103 mean V/ml *) 892 ± 1 1191 ± 14 95 ± 2

Cysteine  protease activity remaining after E64 treatment 
(103 mean V/ml*) [% of total]

468 ± 6
[52.4 %]

747 ± 3
[62.7 %]

80 ± 2
[84 %]

Exochitinase (ß-N-acetylglucosaminidase) levels (10-6 U/ml) 2 ± 0.5 2400 ± 4 1800 ± 120

Exochitinase (ß-N-acetylglucosaminidase) levels after HI     
(10-6 U/ml)

0.4 ± 0.4 18 ± 0.6 60 ± 0.6

Exochitinase (Chitobiosidase) levels (10-6 U/ml) 1 ± 0.03 800 ± 6 300 ± 18

Exochitinase (Chitobiosidase) levels after HI (10-6 U/ml) 1 ± 0.1 18 ± 0.6 120 ± 4.8

Endochitinase levels (10-6 U/ml) 1 ± 0.03 400 ± 4 300 ± 18

Endochitinase levels after HI (10-6 U/ml) 1 ± 0.01 20 ± 2 60 ± 3
Endotoxin (LPS) level (EU/ml) 7.1 0.28 31.65

Table 1. Biochemical properties of the HDM extracts in the concentration applied in vitro

Several aspects of the biochemical properties found in the HDM extracts, when tested on human bronchial epithelial 

cells (16HBE). All data was obtained from three independent experiments and calculated after exposure concentrations of the 

HDM extracts in the cell culture. Abbreviations: U; Units, EU; endotoxin units, *; Arbitrary Unit, HI: heat-inactivation, AEBSF: 

4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride, LPS: Lipopolysaccharide.
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To directly determine the effect of HDM on epithelial barrier function, we measured electrical 
resistance of 16HBE cell monolayers using ECIS. Exposure to the Greer, but not Citeq or ALK, 
extract induced a transient fall in epithelial resistance, with a maximum effect at ~10-20 min and 
recovery to baseline values within 60 min (Figure 1B). This effect could not be inhibited by heat-
inactivation or pre-treatment of the extract with the serine/cysteine protease inhibitors (Figure 1C). 
Prolonged exposure (24 h) to the Citeq extract, but not the other HDM extracts, dramatically 
decreased epithelial resistance (Supplementary Figure S2A), which was paralleled by detachment 
of the cells. (Supplementary Figure S2B) and attenuated by treatment of the extract with the serine 

Figure 1. Effects of the HDM extracts on tight and adherens junctions in human bronchial epithelium. 16HBE cells were 
seeded in duplicates, grown for 3-5 days in 24-well plates, LabTeks or Electric Cell-Substrate Impedance Sensing (ECIS) arrays, 
serum deprived overnight and incubated with or without a Protease Cocktail (PC; 2.5 g/ml) or HDM extracts that were treated with 
or without AEBSF (0.1 mM), E64 (0.01 mM) or heat-inactivated (95°C, 1 hour). (A) Total cell lysates were prepared and occludin was 
detected by immunoblotting. ß-actin was used as a control for equal loading. A representative from three independent experiments 
is shown. (B) Resistance was measured immediately after HDM administration at 400 Hz and normalized to the values prior to HDM 
administration. Mean levels (±SEM) are shown (n=3). (C) Resistance was measured immediately after HDM administration at 400 
Hz and normalized to the values prior to HDM administration, compared with AEBSF/E64-treated or heat-inactivated (HI) HDM. Mean 
levels (±SEM) are shown (n=3). ** = p<0.01 between Control and Greer-treated 16HBE cells, # = p<0.001 between control and 
HI Greer-treated 16HBE cells and, + = p<0.05 between control and AEBSF/E64-treated Greer-treated 16HBE cells. (D) E-cadherin, 
zonula occludens (ZO)-1 and occludin were detected 15 minutes after stimulation with or without (con) HDM in 16HBE cells by 
immunofluorescent staining. Representatives from three independent experiments are shown. E) E-cadherin, ZO-1 and occludin 
were detected 15 minutes after stimulation with or without (con) HDM in NHBE cells by immunofluorescent staining. Representatives 
from three independent experiments are shown.
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protease inhibitor (data not shown). LPS, which was present in our extracts (see Table 1), did not 
affect epithelial barrier function at the highest concentration found in the extracts (50 U/ml; data 
not shown).  
Next, we visualized the effects of the HDM extracts on TJ and AJ integrity. Using immunofluorescent 
staining, we observed continuous circumferential localization of E-cadherin, ZO-1 and occludin at 
the cell membrane of the 16HBE cells at baseline conditions (Figure 1D). Exposure to all three HDM 
extracts (15 min) induced delocalization of E-cadherin, ZO-1 and occludin from the membrane. In 
line with the Greer-induced epithelial barrier dysfunction, these effects were most pronounced upon 
exposure to the Greer extract (Figure 1D). In accordance to the effects on occludin cleavage (Figure 
1A), heat-inactivation of the HDM extracts did not abrogate the delocalization of occludin, ZO-1 and 
E-cadherin (Supplementary Figure S1). To verify our results in primary cells, we also studied the 
effects of the HDM extracts on NHBE cells. Here, all HDM extracts induced marked delocalisation 
of E-cadherin, ZO-1 and occludin (Figure 1E). Again, the Greer extract induced most pronounced 
effect on E-cadherin and occludin, although this was not clearly the case for ZO-1.
In summary, all extracts induced delocalization of junctional proteins to some extent, with the 
most pronounced effect of the Greer extract, which also induced a transient decrease in epithelial 
resistance in 16HBE cells.

Cytokine levels upon exposure of bronchial epithelial cells to the HDM extracts 
HDM can induce epithelial expression of pro-inflammatory cytokines and chemokines, including 
CCL20 and GM-CSF (10,17,21). CCL20 is known to attract naïve dendritic cells towards the airway 
mucosa (22), while GM-CSF induces maturation and activation of these cells (23). The Greer 
extract, but not the Citeq or ALK extracts, induced a strong and significant increase (~4-fold) in 
CCL20 levels in 16HBE cells, which was not significantly affected by heat-treatment of the extract 
(Figure 2A). The secretion of GM-CSF was slightly, but not significantly increased upon exposure 
to all extracts, and again not affected upon heat-inactivation (Figure 2B). Furthermore, LPS (50 
EU/ml) did not affect CCL20 or GM-CSF secretion by 16HBE cells (data not shown). Additional 
experiments with NHBE cells showed that both the Citeq and Greer extract induced a significant 
increase in CCL20 levels, while GM-CSF levels were also significantly enhanced after exposure to 
the Greer extract (Figure 2C-D).

Figure 2. Pro-inflammatory cytokine 
production upon exposure of 16HBE 
cells to the HDM extracts. Cells were 
seeded in duplicates, grown to confluence, 
serum-deprived overnight and left un-
stimulated (control, con) or stimulated with 
heat-inactivated (HI) or untreated HDM 
extracts. Cytokines were measured in cell-
free supernatants. (A) Levels of CCL20 upon 
24 hrs of stimulation with or without HDM 
extract in 16HBE cells. (B) Levels of GM-
CSF upon 48 hrs after of stimulation with 
or without HDM extract in 16HBE cells. (C) 
Levels of CCL20 24 hrs with and without HDM 
extract in NHBE cells. (D) Levels of GM-CSF 
24 hrs upon stimulation with and without 
HDM extract in NHBE cells. Mean absolute 
levels (±SEM) are shown (n=3). * = p<0.05 
between control and HDM-treated 16HBE 
cells. 
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Table 2. Biochemical properties of the HDM extracts in the concentration applied in vivo

Citeq ALK Greer
Der p1 (ng) 100 97 16.70

Der p2 (ng) 16 43 88.36

Total protease activity (U/ml) 5020.17 ± 30 253.8 ± 74 75.8 ± 11

Serine protease activity (106 mean V/ml *) 2221.9 ± 44.8 104.4 ± 0.3 2.7 ± 1

Cysteine  protease activity (106 mean V/ml *) 891.9 ± 1.3 59.6 ± 0.7 31.5 ± 2.5

Exochitinase (ß-N-acetylglucosaminidase) levels (10-3 U/ml) 2.3 ± 0.3 124.9 ± 2.2 27.2 ± 1.4

Exochitinase (Chitobiosidase) levels (10-3 U/ml) 1 ± 0.03 39.7 ± 0.4 5.2 ± 0.03

Endochitinase levels (10-3 U/ml) 1.3 ± 0.03 20 ± 0.2 5 ± 0.3

Endotoxin (LPS) level (EU/ml) 7100 14 527.5

Several aspects of the biochemical properties found in  the HDM extracts (2.5 mg/ml), when tested on BALB/c mice. Abbreviation: 
U; Units, EU; endotoxin units, *; Arbitrary Unit,  LPS: Lipopolysaccharide.

Figure 3. Effect of the HDM extracts in a mouse model of asthma. Balb/c mice (n = 6-14 per group) were exposed to 10 μl 
of different HDM extracts (2.5 mg/ml), LPS (2.5 mg/ml) or PBS twice a week for five weeks. Mice were sacrificed 24 h after the 
final intranasal challenge. Lung sections were stained for (A) E-cadherin and Peroxidase-acid Schiff (PAS). Representative pictures 
are shown (original magnification x40). (B) Measurement of E-cadherin positive membrane staining (%) analyzed by Image-Pro 
Plus. Levels were expressed as percentage of E-cadherin staining on the membrane of the airway epithelium, medians are shown. 
ELISA measurements of (C) CCL20, (D) CCL17, (E) TSLP and (F) GM-CSF in homogenized lung tissue, 24 h after the final intranasal 
challenge. Values were normalized to total protein content and expressed as percentages of control values. Relative levels and 
medians are shown. * = p<0.05, ** = p<0.01 and *** = p<0.001 between HDM-treated and PBS-treated mice.
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In vivo responses to the HDM mite extracts 
Next, we tested which of the HDM extracts was able to induce airway inflammation in vivo. Here, 
mice received 10 µl of 2.5 mg/ml HDM extract (see Table 2) or 10 µl PBS at each administration. 
Of note, HDM extracts were administered based on total weight and not on protein content or on 
total protease content (as in the in vitro experiments). Administration of all HDM extracts induced 
delocalization of E-cadherin in airway epithelium when compared to the PBS treated mice, with 
the most pronounced effect of the Greer extract (Figures 3A-B). Interestingly, these effects could 
already be observed after a single administration of the HDM extracts to naïve mice (data not 
shown). Importantly, the Greer extract, but none of the other extracts, also induced substantial 
goblet cell hyperplasia (Figure 3A).
Interestingly, Greer extract-treated mice, but not mice treated with the other extracts, displayed 
significantly increased levels of CCL20 and CCL17 in lung tissue compared to PBS-treated mice 
(Figures 3C-D). None of the HDM extracts significantly altered TSLP or GM-CSF levels 24 hrs 
upon the last application (Figures 3E-F). Furthermore, lung cytokine/chemokine levels were not 
significantly altered upon administration of an equivalent amount of LPS (Figures 3C-F; see also 
Table 3 in the data supplement for absolute values). In addition, Eotaxin-1 and KC levels were 
increased after exposure to Greer and to a lesser extent also to the Citeq extract, while exposure 
to the Citeq extract also increased the levels of IL-17 (Supplementary Figure S3).
To assess whether mucosal application of the different HDM extracts induced allergic sensitization in 
vivo, we analyzed the HDM-specific IgE responses. Both the Citeq and Greer, but not ALK extract, 
induced a significant increase in HDM-specific IgE levels (Figure 4A), while only the Citeq extract 
significantly increased total IgE levels (Figure 4B, see also Table S3 in the data supplement for 
absolute values). To confirm that HDM-specific IgE levels were sufficient to induce an immediate 

Figure 4 The allergic sensitization response after HDM exposure. Balb/c mice (n = 6-8 per group) were exposed to 10 μl  HDM 
extracts (2.5 mg/ml), LPS (2.5 mg/ml) or PBS twice a week for five weeks. (A) ELISA measurements of HDM-specific IgE, shown as 
absolute values and (B) Total IgE in mouse serum. Levels are expressed as percentages of control values and medians are shown. 
(C) IgE-dependent immediate allergic response measured by ear thickness (mm) after intracutaneously injection of 25 µg/ml HDM in 
the right ear and PBS as control in the left ear. Absolute values and medians are shown. (D) IL-5 levels in homogenized lung tissue, 
24 h after the final intranasal challenge. Values are normalized to total protein content and expressed as percentages of control 
values. Relative levels and medians are shown. (E) IL-13 levels in homogenized lung tissue, 24 h after the final intranasal challenge. 
Values are normalized to total protein content and expressed as percentages of control values. Relative levels and medians are 
shown. * = p<0.05 and ** = p<0.01, in comparison between HDM-treated versus PBS-treated mice.
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allergic response, we measured the ear swelling response 2 hours after local HDM injection in the 
HDM-treated mice. We observed a significant increase in ear thickness in Greer extract-treated 
mice (Figure 4C) and a trend in Citeq extract-treated mice (p=0.055), indicating that both HDM 
extracts were able to induce allergic sensitization via the airways. 
Additionally, treatment with the Greer extract induced a significant increase in lung IL-5 (Figure 4D), 
while the Citeq extract induced increased levels of IL-13 (Figure 4E; see also Table S3 in the data 
supplement for absolute values). Treatment with the ALK extract or LPS did not induce a significant 
increase in these Th2 cytokines (Figure 4D-E). In accordance to the increase in IL-5, exposure 
to the Greer extract, but none of the other extracts, induced lung inflammatory cell recruitment 
as evaluated by HE staining (Figure 5A). Quantification of the profile of the inflammatory cells in 
BAL of Greer-extract treated mice revealed that the increased eotaxin and KC levels were indeed 
accompanied by increased numbers of eosinophils and neutrophils (Figure 5B). Since the Greer 
extract was the only extract to induce airway inflammation, we aimed to confirm that this HDM 
extract was also able to induce AHR. As shown in Figure 5C, the Greer extract induced an increase 
in AHR to metacholine as compared to PBS-treated control mice, which only reached significance 
at the highest dose of metacholine. 
In summary, the extract that exerted most pronounced effects on epithelial immune and barrier 
function in vitro and on epithelial remodelling in vivo, also induced most profound allergic responses 
in our mouse model. 
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Figure 5 The inflammatory response after allergen exposure. Balb/c mice (n = 6-8 per group) were exposed to 10 μl PBS, 
Citeq, ALK and/or Greer extract as indicated (2.5 mg/ml) twice a week for five weeks. Mice were sacrificed 24 h after the final 
intranasal challenge. (A) Lung sections were stained for Hematoxylin-eosin (HE). Representative pictures are shown (magnification 
x40). (B) Eosinophil numbers were determined in bronchial airway lavage (BAL) fluid. Absolute numbers and medians are shown. (C) 
Airway hyperreactivity (AHR) was measured by Flexivent. Absolute mean values (±SEM) are shown. * = p<0.05 and *** = p<0.001 
between HDM-treated and PBS-treated mice.
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Discussion

The airway epithelial barrier is an important target for the proteolytic activities of allergens and 
may play a crucial role in allergic sensitization (24). Disruption of the epithelial barrier may not 
only facilitate transport of allergens to allergen presenting cells, but also promote pro-inflammatory 
activities of the epithelium (14,21,25). In the current study, we investigated the effects of three 
different HDM extracts, varying extensively in composition and proteolytic activities. Interestingly, 
the Greer extract, that exerted the most pronounced effects on epithelial immune and barrier 
function in vitro, also induced allergic sensitization and manifestations of asthma, including goblet 
cell hyperplasia, inflammatory cell infiltrates and increased Th2 cytokine levels in vivo. Importantly, 
this extract displayed lowest serine and cysteine protease activity. Furthermore, its in vitro effects 
could not be prevented by heat-inactivation and could not be mimicked by LPS administration. In 
line with our observations, De Alba et al have shown that the Greer extract was still able to induce 
manifestations of asthma upon heat-inactivation in a rat model (26). Our data show for the first 
time that serine/cysteine proteases and chitinases in HDM extracts are not critically required for 
disruption of epithelial barrier function in vitro and innate immune responses in vivo, and hence 
subsequent allergic sensitization and eosinophilic airway inflammation. 
Both the Greer and Citeq extracts, which displayed the lowest and the highest serine protease 
activity respectively, induced HDM-specific IgE levels and an immediate allergic response in vivo, 
as measured by ear swelling upon topical application of the allergen. These data indicate that 
an IgE response can be induced independently of serine protease activity, in line with a previous 
report where mice were sensitized by intratracheal aspiration with either protease-active or 
protease-depleted German cockroach faeces extract (27). Remarkably, the same group reported 
that protease activity did have an effect on serum IgE when the same allergen extracts were 
precipitated on alum and applied intraperitoneally (3), indicating that the relevance of the protease 
activity for the induction of an IgE response might depend on the context in which the allergen is 
presented. The Citeq extract also induced an increase in IL-13 and IL-17 in the lungs, which might 
contribute to the IgE response induced by Citeq (28). Importantly, we observed that treatment with 
the Greer extract, containing lowest serine protease activity, not only increased HDM-specific IgE 
levels, but also induced goblet cell hyperplasia, delocalization of E-cadherin, profound (eosinophilic) 
airway inflammation, AHR and increased KC, CCL17, Eotaxin-1 and IL-5 levels in the lungs. In 
contrast, the Greer extract did not induce substantial secretion of IL-17, indicating that the KC 
production induced by this extract is likely responsible for recruitment of the neutrophils into 
the BAL. The widely divergent responses induced by the three different HDM extracts reflect the 
remarkable differences in biochemical composition between the extracts (see Table 1), precluding 
a straightforward association of their individual properties to the induction of a defined biological 
response in vitro or in vivo. Notwithstanding, we do observe a very interesting and highly relevant 
positive association between several biological responses induced by a single HDM extract. The 
Greer extract induced loss of barrier function and pro-inflammatory responses in vitro, and allergic 
sensitization, airway remodelling, airway hyper reactivity and eosinophilic inflammation in vivo, 
suggesting a putative causal relationship between airway epithelial responses and the induction of 
a Th2-polarized immune response.  
The induction of above mentioned asthma manifestations appears to be independent of serine/
cysteine- proteases, chitinase activities and LPS levels. Our data show that these manifestations are 
(29) induced by the Greer extract that uniquely decreased epithelial barrier function and induced 
most profound delocalization of occludin, ZO-1 and E-cadherin, an effect that is independent of 
heat-inactivation of the extract. Furthermore, the Greer extract was still proteolytically active and 
able to cleave occludin upon heat-inactivation. Thus, an unidentified heat-insensitive protease 
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might contribute to the disruption of epithelial TJ proteins. The intracellular protein ZO-1 and the 
more basolaterally positioned E-cadherin were also delocalized upon exposure to all HDM extracts, 
indicating involvement of intracellular processes, for instance activation of PAR-2 receptors (5), 
known to be induced by serine proteases. Alternatively, activation of pattern recognition receptors 
(PRRs) may indirectly disrupt epithelial junctions. HDM extracts contain microbiological glucose 
structures e.g. β-glucan, which can activate epithelial C-type lectin receptors, including dectin-1 
(17). Activation of these receptors induces Ca2+ fluxes (30) and we speculate that this may lead to 
cleavage of cell-cell contact proteins by activation of the endogenous protease calpain (31). It has 
also been described that activation of the dectin-1 receptor induces rapid secretion of CCL20 by 
16HBE cells (17). We only observed a substantial increase in CCL20 levels in vitro and in vivo upon 
exposure to the Greer extract. Thus, it will be of interest to further study the role of β-glucan in the 
effects of HDM extracts on epithelial immune barrier function. 
Next to proteolytic allergens, HDM contains Der p2, a non-proteolytic allergen, which is structurally 
homologue to MD-2. This enables its interaction with Toll-like receptor-4 (TLR4), which may 
facilitate airway inflammation (32). Interestingly, the Greer extract with most pronounced effects 
on epithelial barrier function contained highest Der p2 levels. However, previously effects of Der 
p2 on bronchial epithelial cells in vitro have been shown to disappear upon heat-inactivation (33), 
whereas our observed effects remained upon heat-treatment. Thus a role for Der p2 in the observed 
effects seems unlikely. In addition to the potential activation of TLR4 by Der p2, biochemical analysis 
revealed that all three HDM extracts contained substantial levels of LPS, which can also activate 
TLR4 (see Table 1). However, LPS exposure did not mimic the effects on barrier function in vitro 
or inflammatory responses in vivo, although we cannot exclude a role for a synergistic interaction 
between TLR4 and PAR-2. In addition, the LPS content in the HDM extracts did not correlate with 
neutrophil recruitment, although this might have been expected (34). Finally, chitins as well as 
the activity of chitinases present in allergen extracts have been suggested to play a role in asthma 
(15). The effects observed in our study are not likely due to chitinases, since chitinase activity could 
be blocked by heat-inactivation (see Table 1). Future studies will have to identify which specific 
HDM components are responsible for the effects on epithelial barrier function in relation to allergic 
sensitization.
We have previously published that CCL17 is produced by epithelial cells through epidermal growth 
factor receptor (EGFR)-dependent signalling upon down-regulation of E-cadherin (8). We report 
here that the extract that most profoundly disturbed epithelial barrier function also uniquely 
increased CCL17 levels in the mouse lungs. In line with our data, this specific extract has recently 
been shown to increase EGFR activation in mice, contributing to AHR (35) and mucus production/
goblet cell hyperplasia (36). 
In summary, we demonstrate that allergic sensitization to HDM does not critically involve serine/
cysteine protease activity, but is related to the disruption of epithelial barrier function and pro-
inflammatory epithelial responses. Our data demonstrate that HDM can induce delocalization of 
E-cadherin and TJ proteins independently of serine/cysteine proteases, possibly by heat-insensitive 
proteases, yet the exact mechanism has to be established. It is important to further unravel 
these mechanisms, since the extract with most detrimental effects on barrier function in vitro also 
showed increased IL-5 and CCL17 levels and induced allergic sensitization, eosinophilic airway 
inflammation, AHR and goblet cell hyperplasia in vivo. Based on our data, we propose that epithelial 
barrier function serves as an important target for future therapeutic strategies in asthma.
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Data Supplement

Methods
Total Protease activity assay

Total protease activity of all four HDM extracts was determined by using the IRDye 800RS Casein Protease Substrate Kit (LI-COR 

Biosciences, Lincoln, Nebraska, USA) according to the manufacturer’s guidelines. All HDM extracts were analyzed for their protease 

content at a concentration of 2.5 mg/ml dry weight.

Specific serine and cysteine protease assay

The specific serine and cysteine protease activity was determined by adding 25 μl HDM extract (2.5 mg/ml) in a 96-well plate. 

Protease was measured by adding 50 μl 10 nM Boc-Gln-Ala-Arg-7-amido-4-methylcoumarin (Sigma, St Louis, MO, USA) for serine 

determination or 50 μl Boc-Gln-Gly-Arg-MCA (Peptide Institute Inc., Osaka, Japan) for cysteine determination. The plate was 

measured by a spectrophotometer.

Chitinase assay

The presence of chitinase activity in all four HDM extracts was determined using the Chitinase Assay Kit (Sigma, St Louis, MO, USA). 

The kit provides three different substrates; 4-Nitrophenyl N,N’-diacetyl-ß-chitobioside, 4-Nitrophenyl N-acetyl-ß-D-glucosaminide, 

4-Nitrophenyl ß-D-N,N’, N’’-triacetylchitotriose, for the detection of exo- and endochitinase activity. The assay was used according to 

the manufacturer’s guidelines. All HDM extracts were analyzed for their chitinase content at a concentration of 2.5 mg/ml.

Endotoxin levels

Endotoxin levels were measured at the University Medical Center Pharmacy (Groningen, the Netherlands) by the Limulus Amebocyte 

Lysate (LAL) endotoxin test. The assay was used according to the pharmacy’s guidelines (SOP nr. 02APA00017). All HDM extracts 

were analyzed for their endotoxin content at a concentration of 1 mg/ml, with the exception of HDM-A, which was analyzed at a 

concentration of 100 μg/ml.

Cell culture

16HBE cells were cultured in EMEM/10%FCS and seeded in 24-well plates at 5x104 cells/well (Immunoblotting), ECIS arrays at 

8x104 cells/well (transepithelial resistance) or in LabTek arrays at 6x104 cells/well (immunofluorescence) and grown to 95-98% 

confluence, serum deprived overnight and exposed for 0.25-24 hours to the HDM extracts (for concentrations see Table 1) or a 

protease cocktail (containing serine-type proteases, zinc endopeptidases, zinc leucine aminopeptidases and zinc carboxypeptidases), 

at a concentration of 2.5 μg/ml (Sigma, St Louis, MO, USA ). 

Normal human bronchial epithelium (NHBE) cells were cultured in hormonally supplemented bronchial epithelium growth medium 

(Lonza) on collagen/fibronectin-coated flasks. Cells were seeded in 24-well plates at 5x104 cells/well (Immunoblotting) and in 

LabTek arrays at 7.5x104 cells/well (immunofluorescence) and grown to 95-98% confluence and exposed for 0.25-24 hours to the 

HDM extracts

Immunoblot

Total cell lysates were obtained by resuspension of the cells in 1x Laemmli sample buffer containing 10% glycerol, 2% SDS, 60 mM 

Tris-HCL pH 6.8., 2 % ß-mercaptoethanol and 1% bromophenol blue, followed by boiling for 5 minutes. The immunodetection was 

performed as previously described (E1) for occludin (Life span Biosciences, Seattle, WA, USA) and ß-actin (Santa Cruz Biotechnology 

Inc., Santa Cruz, CA, USA) by standard procedures, according to the manufacturer’s guidelines (ECL, Amersham, Buckinghamshire, 

UK).

Immunofluorescent staining

Cells grown on LabTeks were washed with PBS/CaCl2 and fixed in ice-cold acetone (90%) for 30 min and blocked in PBS/5% BSA 

for 60 min. Cells were stained with anti-E-cadherin (1:50; BD Biosciences, Erembodegem, Belgium), anti-occludin (1:50; Life span 

Biosciences, Seattle, WA, USA), or anti-ZO-1 (1:200; Invitrogen, Carlsbad, CA, USA), and detected by incubation with Alexa green 
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488-labeled anti-rabbit IgG conjugate or Rhodamin red-labelled anti-mouse IgG conjugate (1:200; Southern Biotech, Birmingham, 

AL, USA. Nuclei were stained using DAPI (Sigma, St Louis, MO, USA) in Citifluor (Agar Scientific). Fluorescence was analyzed by 

fluorescence microscopy (Leica, Solms, Germany).

Measurement of ear swelling after HDM injection

Prior to the last sensitization, HDM-A and HDM-D were injected subcutaneously (at a concentration of 25 µg/ml) in the right ear of 

HDM-A and HDM-D treated mice, while PBS was injected in the left ear as control. Ear thickness was measured after 2 hours by a 

digimatic force-limited micrometer at 0.5N, with measure accuracy at ±0.15N (Mitutoyo, Japan).

Measurement of airway responsiveness in mice

The measurement of airway responsiveness was performed as previously described (E2). Briefly, mice were anesthetized by 

intraperitoneal injection of ketamine (100 mg/kg; Pfizer, New York, NY) and dormitor (1 mg/kg; Pfizer), tracheotomised  using a 

20-gauge intravenous cannula (Becton Dickinson, Alphen a/d Rijn, The Netherlands), and intravenously cannulised through the 

jugular vein. Then, mice were attached to a computer-controlled small-animal ventilator (Flexivent; SCIREQ, Montreal, Quebec, 

Canada). Ventilation was maintained at a breeding frequency of 300 breaths/min and a tidal volume of 10 mL/kg. Tidal volume was 

pressure limited at 300 mm H2O. Resistance in response to intravenous administration of increasing doses of methacholine (acetyl-

b-methylcholine chloride, Sigma-Aldrich) was calculated from the pressure response to a 2-second pseudorandom pressure wave. 

Collection and measurement of the bronchial lavage fluid

Briefly, lavage fluid was made of 10 ml PBS, containing 5% BSA and a protease inhibitor cocktail tablet (Roche, Mannheim, Germany). 

The trachea was cannulated and lungs were lavaged once with the lavage fluid. Cells were pelleted, and supernatants were stored 

at -80° C for cytokine measurements by ELISA. Subsequently, lungs were lavaged with 4 ml PBS containing 1% BSA, and BAL cells 

were pooled and counted using a coulter counter. Cytospin preparations were stained with Diff-Quick (Merz & Dade, Dudingen, 

Switzerland) and evaluated in a blinded fashion. Cells were distinguished into mononuclear cells, lymphocytes, neutrophils, and 

eosinophils by standardmorphology. Per cytospin preparation, 200 cells were counted. 

Histology and immunohistochemistry

Lungs were inflated with TissueTek O.C.T. Compound (Sakura Finetek Europe B.V, Zouterwoude, The Netherlands), and fixed in 10% 

Formalin for 24-hours, embedded in paraffin and cut in 3 μm-thick sections. Lung sections were stained with haemotoxylin/eosin 

(HE) and Periodic acid-Schiff (PAS). For immunohistochemistry, lung sections were deparaffinised in xylene, dehydrated in ethanol 

and washed in PBS. Antigen retrieval was performed by heating lung sections to the boiling point in 10 mM Tris/1 mM EDTA at pH 

9.0. Sections were washed with PBS and blocked with PBS containing 30% H2O2 for 30 min. Lung sections were immunostained 

with mouse-anti-E-cadherin (1/800; BD Biosciences, Erembodegem, Belgium). The secondary Ab (Rabbit-anti-mouse-PO; DAKO, 

Glostrup, Denmark) was applied at a concentration of 1/100, and the tertiary Ab (Rabbit-anti-Goat-PO; DAKO, Glostrup, Denmark) 

was applied at a concentration 1/100. The immunostains were developed by using 3-amino-9-ethylcarbazole (AEC) substrate. Slides 

were examined and images were acquired by a microscope (Olympus) attached to a Color digital camera (Zeiss) using the Axiovision 

System (Zeiss). The percent area of membrane E-cadherin staining (mean ± SEM; n = 5 airways per mouse) was measured by the 

Image-Pro Plus software (Media Cybernetics, Inc., USA).

Measurement of Total and HDM-specific IgE levels in serum

Total IgE levels were measured in serum. Briefly, a 96-well plate was coated with anti-mouse IgE (BD Pharmingen, San Diego, CA, 

USA) overnight. The plate was washed with wash buffer and blocked for 1 hour with ELISA buffer. Samples and standard (purified 

mouse IgEκ control; BD Pharmingen, San Diego, CA, USA) were incubated at room temperature for 2 hours. After the plate was 

washed, the samples were first labelled with biotin-anti-mouse IgE (BD Pharmingen, San Diego, CA, USA) by incubation for 2 hours 

and then labelled with horseradish-peroxidase by incubation for 1 hour. After the last wash, the plate was incubated with OPD 

(Sigma, St Louis, MO, USA) for about 20 min, where after the reaction was stopped with 4M H2SO4. The plate was read at 490 nm.

HDM-specific IgE was also measured in serum. Briefly, a 96-well plate was coated with anti-mouse IgE (BD Pharmingen, San Diego, 

CA, USA) overnight. The plate was washed with wash buffer and blocked for 1 hour with ELISA buffer. Samples were incubated at 
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room temperature for 2 hours. After the plate was washed, the samples were first labelled with biotinylated-HDM by incubation for 

1 hour and then labelled with horseradish-peroxidase by incubation for 30 minutes. After the last wash, the plate was incubated 

with OPD (Sigma, St Louis, MO, USA) for about 20 min, where after the reaction was stopped with 4M H2SO4. The plate was read 

at 490 nm.

 
References

(E1) Heijink IH, Kies PM, Kauffman HF, Postma DS, van Oosterhout AJ, Vellenga E. Down-regulation of E-cadherin in human bronchial 

epithelial cells leads to epidermal growth factor receptor-dependent Th2 cell-promoting activity. J Immunol 2007;178(12):7678-

7685. 

(E2) Taher YA, Piavaux BJ, Gras R, van Esch BC, Hofman GA, Bloksma N, et al. Indoleamine 2,3-dioxygenase-dependent tryptophan 

metabolites contribute to tolerance induction during allergen immunotherapy in a mouse model. J Allergy Clin Immunol 2008; 

121(4):983-91.e2. 

Experiment I Experiment II

PBS 
(n = 6 & 8)

ALK
(n = 6)

Greer
(n = 6 & 8)

PBS
(n = 6)

Citeq
(n = 6)

LPS
(n = 6)

IL-5 
(ng/ml)

16.50
[1.4 – 50]

19.61
[1.9 – 62.2]

76.98 *
[23.3 – 174.4]

3.022
[0.6 – 4.1]

11.21
[1.1 – 23.7]

3.215
[0.8 – 16.3]

IL-13 
(ng/ml)

158.6
[67.2 – 233.7]

155.9
[78.1 – 254.3]

229.9
[149.7 – 374]

14.87
[5.8 – 18.8]

49.04 **
[17.7 – 83.5]

15.89
[7.7 – 63.4]

CCL20 
(pg/ml)

4.043
[1.6 – 19.2]

9.279
[2.7 – 19.6]

7.897 *
[1.4 – 20.1]

5.065
[5.1 – 13.2]

8.249
[6.5 – 11.1]

5.1
[5.1 – 13.63]

CCL17 
(pg/ml)

12.69
[6.2– 15.5]

11.14
[0.1 – 15.4]

30.23 *
[12 – 260.1]

203.2
[1229 – 307.5

222.1
[123.6 – 616.4]

239.2
[197.8 – 945.9]

TSLP
(pg/ml)

20.12
[13.1 – 31]

14.82
[8.9 – 28.9]

19.40
[13.3 – 27.8]

21.96
[12.7 – 42]

30.71
[15.1 – 50.5]

28.50
[22.1 – 149.6]

GM-CSF
(pg/ml)

4.54
[2.7 – 11.2]

2.423
[1.1 – 5.7]

3.067
[1.4 – 4.0]

9.064
[7.8 – 19.3]

11.71
[7.8 – 21.6]

19.09
[7.8 – 31.04]

IgE
(ng/ml)

2046
[865.9 – 3486]

1376
[1133 – 2482]

2876
[1514 – 6429]

608.9
[580.6 – 980.5]

2040
[810.9 – 3090] ND

KC
(pg/ml)

55.7
[44.2 - 92.5] ND

99.29 *
[44.73– 191.8]

54.54
 [40.2 - 123.7]

98.64
[49.8 – 157.8] ND

CCL11
(pg/ml)

67.6
[49.5– 86.7] ND

97.59 **
[46.7 – 270.3]

71.1
[47.1 -163.3]

143.9 *
[60.3 – 176.2] ND

IL-17
(pg/ml)

218.3
[133.7 – 325.1] ND

313.8
[146.1 – 560.2]

192.8
[166.3 – 417.5]

382.3 **
[228.3 – 543.1] ND

Table S3. Cytokine and Chemokine production in BALB/c mice after HDM exposure

The original absolute values (median [range]) obtained from two separate experiments by ELISA. Abbreviations: ND; not determined
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Figure S1. The effect of heat-inactivated HDM extracts on tight junction (TJ) and adhesion junction (AJ) expression. 
16HBE cells were grown for 3-5 days in LabTeks, serum deprived overnight and stimulated without or with heat-inactivated 
(HI) HDM extracts (A) E-cadherin, zonula occludens (ZO)-1 and occludin were detected 15 minutes after HDM stimulation by 
immunofluorescent staining. Representative pictures from three independent experiments are shown. 

Figure S2. The effects of the HDM-A extract on epithelial barrier function in epithelial cells. 16HBE cells were seeded in 
duplicate in Electric Cell-Substrate Impedance Sensing (ECIS) arrays or 24-well plates, serum deprived overnight and stimulated 
with HDM-A. (A) Normalized resistance measured after HDM-A exposure (n=3). (B) 16HBE cells after control and 10 ug/ml HDM-A 
exposure for 2 h. Representative pictures from three independent experiments are shown. 
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Figure S3. Effect of the HDM extracts in a mouse model of asthma. Balb/c mice (n = 6-14 per group) were exposed to 10 

μl of Citeq and Greer extracts (2.5 mg/ml) or PBS twice a week for five weeks. ELISA measurements of (A) Eotaxin-1 (B) KC and 

(C) IL-17 in homogenized lung tissue, 24 h after the final intranasal challenge. Values were normalized to total protein content and 

expressed as percentages of control values. Relative levels and medians are shown. * = p<0.05 and ** = p<0.01 between HDM-

treated and PBS-treated mice.
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Abstract 

Background
Aeroallergens such as house dust mite (HDM), cockroach and grass or tree pollen are innocuous 
substances that can induce allergic sensitization upon inhalation. The serine proteases present in 
these allergens are thought to activate the protease-activated receptor (PAR)-2, on the airway 
epithelium, thereby potentially inducing allergic sensitization at the expense of inhalation tolerance. 

Objective
We hypothesized that the proteolytic activity of allergens may play an important factor in the 
allergenicity to house dust mite and is essential to overcome airway tolerance. Here, we aimed to 
investigate the role of PAR-2 activation in allergic sensitization and HDM-induced allergic airway 
inflammation. 

Methods
In our study, Par-2 deficient mice were treated with two different HDM extracts containing 
high and low serine protease activities, twice a week for a period of 5 weeks. We determined 
airway inflammation through quantification of percentages of mononuclear cells, eosinophils and 
neutrophils in the bronchial alveolar lavage fluid and measured total IgE and HDM-specific IgE 
and IgG1 levels in serum. Furthermore, Th2 and pro-inflammatory cytokines including IL-5, IL-13, 
Eotaxin-1, IL-17, KC, Chemokine (C-C motif) ligand 17 (CCL17) and thymic stromal lymphopoietin 
(TSLP), were measured in lung tissue homogenates. 

Results
We observed that independent of the serine protease content, HDM was able to induce elevated 
levels of eosinophils and neutrophils in the airways of both wild-type (WT) and Par-2 deficient 
mice. Furthermore, we show that induction of pro-inflammatory cytokines by HDM exposure is 
independent of Par-2 activation. In contrast, serine protease activity of HDM does contribute to 
enhanced levels of total IgE, but not HDM-specific IgE.

Conclusions
We conclude that, while Par-2 activation contributes to the development of IgE responses, it is 
dispensable for the HDM-induced induction of pro-inflammatory cytokines and airway inflammation 
in an experimental mouse model of HDM-driven allergic airway disease.
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Introduction

Allergic asthma is a chronic inflammatory pulmonary disease that is characterized by airway 
hyperreactivity (AHR), airway remodeling, eosinophillic and T helper 2 (Th2) cell infiltration into 
the airways and an allergen-specific IgE response (1). Inhaled allergens are in first contact with 
the airway epithelium, which functions as a barrier (towards the inhaled environment) and is an 
important part of the innate immune system (2). The airway epithelial response to allergens is 
considered to be one of the key drivers of airway inflammation in asthma (3). The aeroallergen 
House dust mite (HDM) has most commonly been associated with the development of allergic 
sensitization and asthma (4,5). The allergenicity of HDM has largely been attributed to its protease 
activity, a feature shared by many allergens, including fungi and cockroach (6,7). The airway 
epithelium expresses several so-called pattern recognition receptors (PRRs), which in mouse models 
were found to be critical for the activation of the airway epithelium by HDM and the induction of 
an innate immune response (8,9). One of the PRRs activated by proteases is protease-activated 
receptor (PAR)-2, which is expressed by airway epithelium (10) and is up-regulated in the airways 
asthma patients (11). PAR-2 is activated by serine proteases present in HDM (12), which stimulate 
the release of pro-inflammatory cytokines and chemokines including IL-6, IL-8, GM-CSF and TSLP 
in cultured airway epithelial cells (13,14). 
In mouse studies, inhalation of ovalbumin (OVA) in the presence of a PAR-2 agonist peptide 
(PAR-2 ap) induced allergic sensitization at the expense of inhalation tolerance (15). In addition, 
Par-2 deficient mice showed diminished infiltration of eosinophils and diminished levels of IgE, 
combined with reduced AHR in the classical OVA-driven experimental asthma model compared 
to wild-type (Wt) mice (16). These experiments show that activation of Par-2 may contribute 
to allergic sensitization through the airways, airway inflammation and AHR upon allergen re-
challenge in parenterally sensitized mice. However, no data are available on the relevance for 
PAR-2 activation in the allergic sensitization driven by HDM, which - unlike the model allergen 
OVA - harbors endogenous protease activity (17). Here, we aimed to investigate the role of Par-
2 activation in HDM-driven allergic airway inflammation and the induction of an IgE response. To 
this end, we exposed Par-2 deficient mice to two HDM extracts with low and high serine protease 
activity (17). We found that both HDM extracts induced airway inflammation and elevated levels 
of pro-inflammatory cytokines in lung tissue of Par-2 deficient mice. In addition, exposure to the 
HDM extract with the high, but not the low level of serine protease activity, increased total but not 
HDM-specific IgE responses in Par-2 deficient mice. These results indicate that Par-2 activation is 
dispensable for the induction of airway inflammation by HDM and contributes to the induction of an 
IgE response through activation by serine proteases.   

Materials and Methods

Experimental Animals
Par-2 deficient mice (B6.Cg-F2rl1tm1Mslb/J) and Wt (C57BL/6J) mice were purchased from Jackson 
Laboratory (Bar Harbor, Me., USA). Mice were kept under specific pathogen-free conditions and 
maintained on a 12-hour light-dark cycle, with food and water ad libitum. All animal experiments 
were evaluated and approved of by The Institutional Animal Care and Use Committee of the 
University of Groningen (The Netherlands).

HDM sensitization protocol
The biochemical component content in the HDM extracts as well as the administration protocols 
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have been previously described (17). Briefly, the low serine protease (2.7 ± 1 V/ml, (17)) containing 
Greer HDM extract (Greer Laboratories, Lenoir, NC, USA) and the high serine protease (2221.9 ± 
44.8 V/ml, (17)) containing Citeq HDM extract kindly provided by Citeq Biologics (Citeq Biologics, 
Groningen, the Netherlands) were dissolved in sterile phosphate-buffered saline (PBS; 2.5 mg total 
weight/ml) and administered intranasally (20 µl), twice per week for a total of 5 weeks. Twenty-
four hours after the last HDM administration, mice were anesthetized with isoflurane/oxygen 
(Nicholas Piramal India Ltd., London, UK), lungs were lavaged with PBS (UMCG Pharmacy), blood 
was collected for serum isolation and individual lung lobes were snap frozen in liquid Nitrogen and 
stored at -80°C until further analysis.

Collection and measurement of the bronchoalveolar lavage fluid
Briefly, bronchoalveolar lavage (BAL) was performed using PBS, containing 5% bovine serum 
albumin (BSA) and a mix of protease and phosphatase inhibitors (1 complete mini tablet/10 mL; 
Roche, Mannheim, Germany). The trachea was cannulated and lungs were lavaged four times 
with 1 ml PBS. BAL fluid (BALF) cells were pooled and counted using a coulter counter. Cytospin 
preparations were made and stained with Diff-Quick (Merz & Dade, Dudingen, Switzerland) and 
evaluated in a blinded fashion. Cells were distinguished into mononuclear cells, neutrophils, and 
eosinophils by standard morphology. Per cytospin preparation, 300 cells were counted. 

Immunohistochemistry
Lungs were inflated with TissueTek O.C.T. Compound (Sakura Finetek Europe B.V, Zouterwoude, 
The Netherlands), and fixed in 10% Formalin for 24-hours, embedded in paraffin and cut in 3 μm-
thick sections. For immunohistochemistry, lung sections were deparaffinised in xylene, dehydrated 
in ethanol and washed in PBS. Antigen retrieval was performed by heating lung sections to the 
boiling point in 10 mM Tris/1 mM EDTA at pH 9.0. Sections were washed with PBS and blocked 
with PBS containing 30% H2O2 for 30 min. Lung sections were immunostained with mouse-anti-
PAR-2 (SAM11; 1/50; Santa Cruz Biotechnology Inc., Heidelberg, Germany). The secondary Ab 
(Rabbit-anti-mouse-PO; DAKO, Glostrup, Denmark) was applied at a concentration of 1/100, and 
the tertiary Ab (Rabbit-anti-Goat-PO; DAKO, Glostrup, Denmark) was applied at a concentration 
1/100. The immunostains were developed by using 3-amino-9-ethylcarbazole (AEC) substrate. 
Slides were examined and images were acquired by a microscope (Olympus BX53) attached to a 
Color digital camera (Zeiss) using the Axiovision System (Zeiss). 

Cytokine assay in mouse lung tissue
Levels of IL-5 and IL-13 in homogenized lung tissue lysates were determined by ELISA, according 
to the manufacturer’s instructions (BD Pharmingen, San Diego, CA). Levels of eotaxin-1, KC, 
CCL17, TSLP and IL-17 were determined in homogenized lung tissue lysates using Duoset ELISA 
Development Kit (R&D Systems, Minneapolis, MN), according to the manufacturer’s guidelines.

Measurement of Total- and HDM-specific IgE and HDM-specific IgG1 levels in mouse serum
Total IgE levels and HDM-specific IgE levels were determined as previously described (17). Briefly, 
for the total-IgE measurement a NUNC MaxiSorp® flat-bottom 96-well plate (Sigma, St Louis, MO) 
was coated with 1 µg/ml anti-mouse IgE (BD Pharmingen) in PBS overnight at 4°C. Next day, the 
plates were washed three times with wash buffer (PBS containing 0.05% Tween 20 (Sigma, St Louis, 
MO, USA)) and blocked for 1 hour with ELISA buffer (50 mM Tris(hydroxymethyl)aminomethane 
(Merck KGaA, Darmstadt, Germany), 136.9 mM NaCl (Merck KGaA, Darmstadt, Germany), 2mM 
Ethylenediaminetetraacetic acid (EDTA; Sigma), 0.5 % albumin from bovine serum (BSA; Sigma) 
and 0.05% Tween, dissolved in 1000 ml H2O, pH 7.2) additionally containing 1% BSA. Serum 
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samples and standard (purified mouse IgEκ control) were incubated at room temperature for 2 
hours. After the plate was washed three times, samples were labeled with 0.5 µg/ml biotin-anti-
mouse IgE (BD Pharmingen,) and incubated for 2 hours. Next, plates were washed three times and 
incubated with horseradish-peroxidase (1/10000) for 1 hour. 
For the HDM-IgE measurement a NUNC MaxiSorp® flat-bottom 96-well plate (Sigma, St Louis, MO) 
was coated with 2 µg/ml anti-mouse IgE (BD Pharmingen) in PBS overnight at 4°C. Next day the 
plates were washed three times with wash buffer and blocked for 1 hour with PBS containing 1% 
BSA. Serum samples were incubated at room temperature for 2 hours. After the plate was washed 
three times, samples were labeled with biotin-conjugated HDM (1/200) and incubated for 2 hours. 
Next, plates were washed three times and incubated with horseradish-peroxidase (1/300) for 1 
hour. 
For the HDM-specific IgG1 ELISA, a NUNC MaxiSorp® flat-bottom 96-well plate (Sigma, St Louis, 
MO) was coated with 10 µg/ml HDM (Greer) overnight at 4°C. The plate was washed three times 
and blocked for 1 hour with ELISA buffer. Serum samples were incubated at room temperature for 
2 hours, where after washed three times. Then, samples were labeled for 1 hour with 0.5 µg/ml 
biotinylated-IgG1 followed by horseradish-peroxidase incubated for 30 minutes. 
For all three ELISA’s, after the last label step, plates were washed three times and incubated with 
0.4 mg/ml o-Phenylenediamine dihydrochloride (OPD; Sigma) for about 20 min, where after the 
reaction was stopped with 4M H2SO4. The plate was read at 490 nm.

Statistical analysis
Statistical significance was determined using the Mann-Whitney-U test and P values <0.05 were 
considered significant.

Results

Par-2 deficiency does not affect HDM-induced airway inflammation
We aimed to test whether activation of the Par-2 by the endogenous serine protease activity of 
HDM extracts is required for allergic sensitization and the induction of airway inflammation. To this 
end, we exposed Par-2 deficient or Wt mice twice a week to PBS or HDM extracts with either a low 
serine protease content (Greer) or a high serine protease content (Citeq) for 5 weeks. We studied 
inflammatory cells in the BALF 24 hours after the last exposure. Treatment of Par-2 deficient mice 
and Wt controls with both HDM extracts did not significantly increase total number of inflammatory 
cells in BALF (Figure 1A and B). Nevertheless, both HDM treatments induced a significant increase 
in the eosinophilic cell fraction in both Par-2 deficient mice and Wt type controls (Figure 1E and 
F). Unexpectedly, we observed that the Citeq extract (with high serine protease activity) induced a 
significantly stronger increase in the percentage of eosinophils in BALF in the Par-2 deficient mice 
than in the Wt mice (Figure 1F). Only the Citeq HDM extract induced a significant increase in the 
fraction of neutrophils in BAL fluid, with again no differences between Wt or Par-2 deficient mice 
(Figure 1G and H). 
Furthermore, in Wt mice of the same genetic background as the Par-2 deficient mice (C57Bl/6J) 
we investigated AHR in response to the Greer HDM extract, which we previously found capable 
to induce AHR in mice on a BALB/c genetic background (17). In these experiments, the HDM-
treated C57Bl/6J mice did not show significant differences in airway resistance in response to a 
dilution series of metacholine compared to PBS-exposed control mice (See Figure S1 in the data 
supplement). Given this observation, we did not further analyze AHR in the Par-2 deficient mice. In 
addition, we stained for PAR-2 in lung sections obtained from BALB/c and C57BL/6 mice exposed 
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to PBS and BALB/c mice that were exposed Citeq and Greer HDM. We did not observe differences 
between the PAR-2 stained bronchial epithelium of PBS exposed C57BL/6 or BALB/c mice (Figure 
S2A and B), nor did we observe differences in PAR2 staining intensity or pattern between the PBS 
and Greer or Citeq HDM exposed BALB/c mice (Figure S2A, C and D). These results indicate that 
HDM exposure does not up-regulate PAR-2 expression on bronchial epithelium. 
In summary, the HDM-induced eosinophilic airway inflammation was not attenuated, in the Par-
2 deficient mice, with even a stronger response in the extract with the highest serine protease 
activity.    

High protease levels are required for allergic sensitization
To assess the induction of allergic sensitization after HDM exposure in Wt and Par-2 deficient 
mice, we first investigated the IgE response. In agreement with our previously reported data 
obtained in mice with a BALB/c genetic background (17), we observed the induction of an IgE 
response, both for total IgE levels and for HDM-specific IgE, only in mice exposed to the high serine 
protease containing Citeq HDM extract, but not in those exposed to the Greer HDM (Figure 2A-D). 
Interestingly, we observed that these Citeq HDM-induced total IgE levels were significantly lower 
in Par-2 deficient mice compared to the Wt mice (Figure 2B). Remarkably, this difference was not 
observed in the HDM-specific IgE response. Next, we investigated the HDM-specific IgG1 response, 
which showed that both HDM extracts induced significant levels of HDM-specific IgG1 in both Wt 
and Par-2 deficient mice (Figure 2E-F), although this induction failed to reach statistical significance 
in Citeq HDM-treated Par-2 deficient mice (Figure 2F).
These results confirm our previous findings in the BALB/c genetic background mice (17), indicating 
that the high serine protease content in HDM plays a role in the development of the total and HDM-

Figure 1. Par-2-deficiency does not influence the inflammatory response after HDM exposure. Total cell counts and 
mononuclear, eosinophil and neutrophil fractions in BALF from Wt or Par-2 deficient mice after chronic exposure to PBS or HDM 
(Greer/Citeq). BALF cells were counted 24 hours after the last PBS/HDM exposure. Total cell count after PBS and (A) HDM Greer 
exposure or (B) HDM Citeq exposure, Mononuclear cell count (%) after PBS and (C) HDM Greer exposure or (D) HDM Citeq exposure, 
Eosinophil cell count (%) after PBS and (E) HDM Greer exposure or (F) HDM Citeq exposure, Neutrophil cell count (%) after PBS 
and (G) HDM Greer exposure or (H) HDM Citeq exposure. Median levels are shown (n=7-8 mice per group). *p<0.05 and **p<0.01 
between PBS and HDM exposed mice or differences between Wt and Par-2 deficient mice. 
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specific IgE response, but not in the HDM-specific IgG1 response. Interestingly, Par-2 deficiency 
affects the total, but not the HDM-specific IgE response.

Pro-inflammatory cytokine production in the lung is not affected by PAR-2 deficiency
Next we assessed the effect of the high and low serine protease extract on levels of Th2 cytokines 
in the lungs of Wt and Par-2 deficient mice. Both HDM extracts significantly increased levels of 
IL-5 in the lungs compared to PBS-exposure in Wt mice (Figure 3A-B). In the Par-2 deficient 
mice, both HDM extracts failed to induce a statistical significant increase in IL-5 levels, although 
a trend (p=0.08) was observed for the high serine protease-containing HDM extract (Figure 3B). 
Furthermore, HDM-induced IL-5 levels were not significantly different between the Wt and Par-
2 deficient mice. With respect to IL-13, we only observed a significant increase in Greer HDM-
treated Wt mice compared to PBS-exposed mice, with no effect of the Citeq HDM treatment and no 
differences between Wt or Par-2 deficient mice (Figure 3C-D). 
Since IL-5 and eotaxin-1 are both important for the recruitment of eosinophils (18), we also 
investigated the eotaxin-1 production in both Wt and Par-2 deficient mice after HDM exposure. 
Only a significant increase in eotaxin-1 levels of was observed in Wt mice exposed to Citeq HDM, 
while a trend (p=0.09) towards significance was observed in mice exposed to the Greer HDM 
extract (Figure 3E-F). Neither extracts were able to induce significant increase of Eotaxin-1 levels 
in the Par-2 deficient mice (Figure 3E-F), although levels were not significantly lower in the Par-2 
deficient compared to the Wt mice. 
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Figure 2. The protease content in HDM is 
responsible for the IgE but not the IgG1 
response. Allergic sensitization response after 
HDM exposure in Wt and Par-2 deficient mice. Total 
IgE, HDM-specific IgE and HDM-specific IgG1 ELISA 
measurements were performed in serum  collected 
24 hours after the last PBS/HDM exposure. 
Measurements of total IgE after PBS and (A) HDM 
Greer exposure or (B) HDM Citeq exposure, HDM-
IgE after PBS and (C) HDM Greer exposure or (D) 
HDM Citeq exposure, HDM-IgG1 after PBS and (E) 
HDM Greer exposure or (F) HDM Citeq exposure. 
Median levels are shown (n=6-8 mice per group). 
*p<0.05, **p<0.01 and ***p<0.001 between PBS 
and HDM exposed mice or between Wt and Par-2 
deficient mice. 
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Figure 3. Pro-inflammatory cytokine production 
is not affected by Par-2 deficiency. Th2 response 
after HDM exposure in Wt and Par-2 deficient 
mice. IL-5 and IL-13 ELISA measurements were 
performed in homogenized lung lysates from lungs 
collected 24 hours after the last PBS/HDM exposure. 
Measurement of IL-5 after PBS and (A) HDM Greer 
exposure or (B) HDM Citeq exposure, IL-13 after 
PBS and (C) HDM Greer exposure or (D) HDM Citeq 
exposure, Eotaxin-1 after PBS and (E) HDM Greer 
exposure or (F) HDM Citeq exposure, CCL17 after 
PBS and (G) HDM Greer exposure or (H) HDM 
Citeq exposure, TSLP after PBS and (I) HDM Greer 
exposure or (J) HDM Citeq exposure. Median levels 
are shown (n=6-8 mice per group). *p<0.05 and 
**p<0.01 between PBS and HDM exposed mice.
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Next we investigated the expression of the pro-allergic factors CCL17 and TSLP, which attract Th2 
cells and promote Th2 cell differentiation, respectively (19,20). Here, we found that both HDM 
extracts induced an increase in CCL17 levels in both Wt and Par-2 deficient mice compared to PBS-
exposed mice, with no significant differences between Wt and Par-2 deficient, although this failed 
to reach statistical significance for the Greer HDM treatment in Par-2 deficient mice (Figure 3G-H). 
In contrast, the HDM extracts did not induce an increase in TSLP levels in both the Par-2 deficient 
and Wt groups (Figure 3I-J).
As we observed induction neutrophillic airway infiltration in Citeq HDM-treated mice (Figure 1H), we 
also analyzed the levels of KC, a known chemo-attractant for neutrophils (21). Both HDM extracts 
induced elevated levels of KC in lung tissue of both Par-2 deficient and Wt control mice compared to 
the PBS-exposed controls. Although this failed to reach statistical significance in the Par-2 deficient 
mice (Figure 4A-B), we did not observe significant differences between Par-2 deficient and Wt mice. 
The differences between the datasets obtained from Citeq and Greer extract exposure may stem 
from differences in ELISA values due to a different day of analysis.
Subsequently, we investigated levels of IL-17, which is known as a negative regulator for allergic 
asthma, but positively associated with neutrophillic airway inflammation (22). Interestingly, HDM 
treatment generally seemed to down-regulate IL-17 levels, although significance was only reached 
in Par-2 deficient mice exposed to Citeq HDM (Figure 4D), while a trend (p=0.08)  was observed for 
the Greer HDM exposure in Wt mice (Figure 4C). Again, we did not observe significant differences 
between Par-2 deficient and Wt mice.
Overall, these results show that the HDM-induced pro-inflammatory cytokine response in mice is 
not markedly affected by Par-2 deficiency. 
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Figure 4. Par-2 deficiency affects IL-17 but 
not KC production after HDM exposure. ELISA 
measurements were performed in homogenized 
lung lysates from lungs collected 24 hours after 
the last PBS/HDM exposure. Measurements of 
KC after PBS and (A) HDM Greer exposure or 
(B) HDM Citeq exposure, IL-17 after PBS and (C) 
HDM Greer exposure or (D) HDM Citeq exposure. 
Median levels are shown (n=6-8 mice per group). 
*p<0.05 and **p<0.01 between PBS and HDM 
exposed mice.
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Discussion

In this study, we investigated the role of Par-2 activation in HDM-induced allergic sensitization and 
airway inflammation in mice. We show that HDM treatment initiates the influx of eosinophils and 
neutrophils into the airways, independent of the serine protease levels present in the HDM extract 
and with no difference between Wt and Par-2 deficient mice (17). Furthermore, our findings suggest 
that Par-2 activation may contribute to the IL-13 response in the lungs, although here too, the 
differences in serine protease activity between the two HDM extracts do not seem to be relevant 
for the response. In contrast, the level of serine protease activity in HDM does seem to play a role 
in the development of the total and HDM-specific IgE responses, whereas the presence of Par-2 
receptor is only required for optimal induction of total IgE response. Overall, our findings indicate 
that HDM-induced IgE responses are associated with the protease activity of the HDM extract, while 
only the total IgE response depends on the activation of the Par-2 receptor. In contrast, the HDM-
induced airway inflammation and induction of pro-inflammatory cytokines is independent on Par-2 
receptor activation.
The role of PAR-2 in mediating the production of pro-inflammatory cytokines and airway inflammation 
has extensively been investigated, using both specific small-peptide agonists of the receptor as well 
as by using Par-2 over-expressing or deficient mice (15,16). Schmidlin et al were one of the first 
to show that over-expression of Par-2 in FVB mice leads to exacerbation of airway inflammation in 
the airways, while deletion of Par-2 in C57BL/6J mice diminishes the inflammation in the airways 
after OVA exposure (16). Furthermore, using an OVA tolerance model in BALB/c mice, Ebeling et al 
showed that administration of an PAR-2 ap simultaneously with OVA administration induced allergic 
sensitization instead of inhalation tolerance (15), which is induced by OVA when applied through 
the airways (23). All previous investigations were performed with the non-protease containing 
allergen OVA. We are one of the first to address the role of Par-2 in mediating airway inflammation 
using protease-containing HDM, that in contrast to OVA induces allergic sensitization when applied 
through the airways (17,24). Exposure of the Par-2 deficient mice to HDM extracts containing either 
high or low serine protease activity resulted in airway inflammation, as indicated by the elevated 
levels of eosinophils and neutrophils in the BALF, with exception for the neutrophil levels after 
HDM Greer exposure. In addition, the HDM exposure had no effect on PAR-2 expression on the 
airway epithelium. These results indicate that, unexpectedly, activation of the Par-2 is dispensable 
for the induction of airway inflammation by HDM extracts. Thus, other biochemical or molecular 
components in HDM are likely involved in the development of allergen-induced airway inflammation 
in mice and/or proteases in HDM are able to provoke airway inflammation without the involvement 
of Par-2. It is known that HDM extracts contain a wide array of other molecular constituents (17), 
including the cysteine protease containing allergen Dermatophagoides pteronyssinus (Der p) 
1 (25), ß-glucan structures (9), Der p2 (26) and endotoxin (8) that have all been reported to 
contribute to the induction of allergic airway inflammation. These compounds act on additional 
pattern recognition receptors (PRRs) on airway epithelial cells, including the dectin-1 receptor (9) 
and the Toll-like receptor-4 (TLR4) (8). We have previously observed that equivalent exposure of 
LPS in BALB/c mice did not induce production of pro-inflammatory cytokines or airway inflammation 
compared to HDM exposure (17). Interestingly, Rallabhandi and co-workers have shown that 
activation of TLR4 and PAR-2 are cooperative, and that NF-κB activation and subsequent induction 
of pro-inflammatory cytokine production by TLR4 triggering is first mediated after the engagement 
of PAR-2 (27). Although this will need further investigation, possible cooperative TLR-4 and PAR-2 
activation, could explain why we observe an increase of pro-inflammatory cytokines in the Par-2 
deficient mice after HDM exposure, independent of whether the extract contained high or low serine 
protease activity, although this failed to reach significance. Furthermore, a recent paper described 
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that another receptor, namely the purinergic receptor subtype P2Y6 (P2Y6R) in C57Bl/6J mice, 
contributes to increased release of pro-inflammatory cytokines by the airway epithelial cells in 
response to HDM (28). Interestingly, we additionally observed down-regulated levels of IL-17 after 
HDM exposure in both Wt and Par-2 deficient mice, with exception for Par-2-deficient mice exposed 
to Greer HDM, while we observed increases in levels of CCL17 and Eotaxin-1. Previous studies 
with IL-17 deficient mice have reported that IL17A is necessary for the development for AHR or 
airway inflammation in an OVA-induced asthma model, while administration of exogenous IL-17A 
in OVA-sensitized C57BL/6J mice reduced the levels of RANTES, CCL17 and Eotaxin-1, improving 
lung function and reduce levels of eosinophils and lymphocytes in the BALF (22,29). In addition, 
Barlow et al showed that these protective effects of IL-17A are dependent on the suppression of 
IL-13 mediated through IL-25 (30). Since, we did not observe an increase in IL-13 levels in both 
Wt and Par-2 deficient mice after exposure to both HDM extracts, with exception for Wt mice 
exposed to HDM Greer, it seems that Par-2 activation may contribute to the IL-13 response in the 
lungs, independently of the serine protease content in HDM. Furthermore this effect also appears 
to influence the production of IL-17A negatively, contributing to the allergic pro-inflammatory 
response to HDM. Consequently, in contrast to the previous in vitro studies (13,14), we conclude 
that Par-2 activation merely contributes to the induction of pro-inflammatory cytokines in vivo, 
instead of being critically required for the response. 
In addition to the role of Par-2 in the HDM-induced airway inflammation, we also studied the role 
of Par-2 activation in the HDM-induced IgE and IgG1 responses. Here, we found that both specific 
and non-specific IgE responses were induced by the HDM extract with the high protease activity 
only, while Par-2 deficiency reduced the total, but not the HDM-specific-IgE response, suggesting 
that (serine protease-dependent) Par-2 activation is only involved in the HDM-induced total IgE 
response. In a previous study of Gough et al, treatment of Der p1 with an irreversible cysteine 
protease-specific inhibitor (E-64) reduced the IgE-eliciting activity of the allergen without affecting 
the production of IgG in vivo (24). In line with these results, we have previously reported that 
the IgE-inducing high serine protease containing Citeq HDM extract also contains a high amount 
of cysteine protease activity compared to the Greer extract (17), and we speculate that cysteine 
proteases may be involved in the HDM-induced IgE responses. In addition, the same study also 
demonstrated, that mice exposed to an equivalent amount of LPS had no significant effect on IgE 
levels (17), excluding a role for HDM endotoxins to provoke the observed allergic sensitization 
response.
With respect to the PAR-2 dependent and independent effects on the non-specific and specific 
IgE response, several studies have suggested that different genetic mechanisms regulate IgE 
production responsible for either total IgE or allergen specific-IgE levels (30, 31). In this respect, 
the association of total IgE with asthma was independent of the association of allergen-specific IgE 
with asthma (32). Furthermore, differences between total IgE and allergen-specific IgE responses 
have previously been observed in different mouse strains immunized with low doses of OVA, where 
the total serum IgE levels during immunization did not correlate with the OVA specific IgE response 
in all three strains (33). Here, elevation of total IgE levels was observed rapidly after the first 
immunization, while OVA-specific IgE responses were low or not yet detected (33). Based on these 
findings, we speculate that the observed increases in total IgE levels upon exposure to the Citeq 
HDM extract as well as the difference between the Wt and Par-2 deficient mice are already induced 
after the first exposure to HDM and dependent on the subsequent Par-2 activation, while the steady 
HDM-specific IgE response is mediated upon prolonged exposure to HDM and independent on Par-2 
activation. Thus, Par-2 seems to play a role in the immediate response to protease-containing HDM, 
while not being involved in the chronic response.
The role of the Par-2 in airway inflammation has previously extensively been investigated in Par-
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2 deficient mice backcrossed for 10 generations onto the BALB/c background, using cockroach 
fecal remnants as aeroallergen, of which allergenicity is attributed to its serine protease content 
(31-33). Surprisingly, these studies in the BALB/c genetic background showed that allergic airway 
inflammation is solely mediated via Par-2. However, in line with our study, Par-2 deficient mice 
on the C57Bl/6J genetic background showed no significant differences between serum IgE or the 
Th2 cytokines IL-5 and IL-13 after cockroach exposure (33). Together, these studies and our study 
have shown that while the Par-2 may play a considerable role in inflammation development in the 
BALB/c mouse strain, this most certainly is not the case in C57BL/6J mice, although it is unclear 
why different mouse strains are more or less susceptible to allergic airway inflammation after 
allergen exposure. 
Overall, our study shows that Par-2 activation through HDM contributes to the induction of total, 
but not allergen-specific IgE responses and is dispensable in the production of pro-inflammatory 
cytokines and the development of airway inflammation. 
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Data supplement

Figure S1. C57Bl/6J mice do not show significant differences in airway resistance after PBS or HDM exposure. Airway 
hyperreactivity was measured by Flexivent in response to metacholine in Wt C57Bl/6J mice after PBS and HDM Greer exposure. 
Absolute mean values (±SEM) are shown. 

Figure S2. HDM exposure has no effect on Par-2 expression. PAR-2 staining of histological lung sections obtained from (A) 
BALB/c and (B) C57BL/6J mice exposed to PBS and BALB/c mice exposed to (C) Greer HDM extract and (D) Citeq HDM extract  twice 
a week for a period of 5 weeks. Representative pictures are shown. Magnification 40x. Red arrows indicate highly PAR-2 expressing 
cells.
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Abstract

Background
House dust mite (HDM) affects the immunological and physical barrier function of airway epithelium, 
leading to allergic sensitization, airway remodeling and eosinophillic inflammation in mouse models, 
although the mechanisms are still largely unknown. 

Objective 
Given the implications for ATP-dependent Ca2+ signaling in allergic sensitization in mice, we sought 
to determine the role of intracellular Ca2+ concentration ([Ca2+]i) in HDM-induced barrier dysfunction 
and pro-inflammatory activity of bronchial epithelium. 

Methods
We investigated the effect of HDM on accumulation of [Ca2+]i levels, barrier function and CCL20 
release in human bronchial epithelial 16HBE cells and primary bronchial epithelial cells (PBECs) 
from healthy subjects and asthma patients. Involvement of ATP-dependent activation of purinergic 
receptors and downstream Ca2+ influx was studied, using the ATP hydrolyzing agent apyrase, the 
purinergic receptor agonist PPADS, the calcium chelator BAPTA-AM and calpain inhibitors. 

Results
Asthma PBECs were more susceptible to HDM-induced barrier dysfunction, CCL20 secretion and 
Ca2+ influx than healthy PBECs. Furthermore, we show that the HDM-induced increase in CCL20 
in PBECs and 16HBE cells and the HDM-induced barrier dysfunction in 16HBE cells is dependent 
on [Ca2+]i accumulation. Additionally, we demonstrate that [Ca2+]i accumulation is initiated partly 
through the activation of purinergic receptors, which contributes to HDM-induced epithelial barrier 
dysfunction by disruption of cell-cell contacts, but not CCL20 secretion. 

Conclusion
Our data show for the first time that Ca2+ signaling plays a crucial role in barrier dysfunction and 
the pro-inflammatory response of bronchial epithelium upon HDM exposure, and may thus have 
important implications for the development of allergic asthma.
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Introduction

Allergic asthma is characterized by the presence of allergen-specific IgE, Th2 cell-mediated 
eosinophillic airway inflammation, airway hyperreactivity (AHR) and airway remodeling. Inhaled 
allergens first encounter the airway epithelium, which acts as a barrier to prevent their access 
to the submucosa. Epithelial barrier function is maintained by the formation of cell-cell contacts 
that consist of tight junction (TJ) proteins, e.g. occludin, zona occludens (ZO)-1 and claudins, 
which restrict permeability, and adherens junction (AJ) proteins, e.g. E-cadherin, which is a crucial 
building block for all epithelial junctions (1). Loss of epithelial integrity with reduced expression of 
ZO-1 and E-cadherin has been reported in the airway epithelium of asthma patients (2,3). 
House dust mite (HDM), the most common allergen in atopic asthma, has a complex composition, 
containing many biochemical molecules that act on the airway epithelium to cause disruption of 
cell-cell contacts (4). We and others have shown that HDM not only disrupts the airway epithelial 
barrier (4,5), but also promotes airway epithelial cells to produce pro-inflammatory cytokines that 
attract and activate immune cells (6-9). The proteolytic activity of HDM was initially considered to 
be a major contributor to epithelial responses and allergic sensitization in asthma (5,10). However, 
we recently demonstrated that HDM-induced epithelial barrier dysfunction and CCL20 production, 
effects that are related to the allergenicity of HDM in a mouse model, are independent on serine- 
and/or cysteine- protease activities (4). 
Of interest, the fungal aeroallergen Alternaria alternata has been shown to induce protease-
activated receptor (PAR)-2 activation by proteases other than serine protease (11). Additionally, 
exposure of bronchial epithelial cells to Alternaria alternata resulted in the extracellular release of 
adenosine triphosphate (ATP). ATP acts on the P2 purinergic receptors (P2XR and P2YR) to induce 
an intracellular Ca2+ influx (12) and has been shown to be critically involved in sensitization to 
HDM in a mouse model of asthma (13). Similarly, specific components of HDM, i.e. proteases and 
β-glucan may activate pattern recognition receptors (PRRs) on airway epithelial cells, including PAR-
2 (14) and dectin-1 respectively (15). Activation of these receptors leads to increased intracellular 
Ca2+ concentration [Ca2+]i levels, resulting in the activation of pathways involved in the production 
of pro-inflammatory cytokines and chemokines, including CCL20, a critical chemokine in allergen-
induced airway inflammation in asthma (14,16). In addition, it is known that Ca2+ can activate 
calpain, an intracellular cysteine protease that has been implicated in the cleavage of epithelial 
junction proteins (17).  
We therefore hypothesized that HDM may induce Ca2+ signaling in bronchial epithelial cells and 
that this may be crucial for its effects on barrier function as well as pro-inflammatory cytokine 
production. 

Materials and methods

Cell culture 
The human bronchial epithelial cell line 16HBE14o- (16HBE) was kindly provided by Dr. D.C. 
Gruenert (University of California, San Francisco, USA), and cultured in Eagle’s minimum essential 
media (EMEM; Life Technologies Europe BV, Bleiswijk, the Netherlands) supplemented with 10% 
FCS in collagen-coated flasks as described previously (4,18). Primary bronchial epithelial cells 
(PBECs) were obtained by brushings in healthy and asthmatic individuals as described previously 
(18,19) All subjects were non-smokers (≤ 10 packyears, no smoking in the last year), between 
18-65 years old and free of other lung diseases (see Table 1 for patient characteristics). Asthma 
patients were included if they had a doctor’s diagnosis of asthma and documented bronchial 
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PBECs Absolute values (pg/ml)

Healthy baseline 251.29 ± 45.12

Healthy  HDM 511.25 ± 89.34

Asthma baseline 145.99 ± 32.44

Asthma HDM 581.04 ± 125.93

hyperresponsiveness, i.e. PC20 AMP<80 mg/ml, PC20 methacholine <8 mg/ml or PC20 histamine 
<8 mg/ml. Subjects did not use ICS, long-acting β-agonists and long-acting anticholinergics for 
at least 4 weeks preceding the study. The Medical Ethics Committee of the University Hospital of 
Groningen approved the study and all participants gave their written informed consent. PBECs 
and normal human bronchial epithelial cells (NHBE, Lonza, Walkersville, MD, USA) were cultured 
as previously described (18,19) in hormonally supplemented bronchial epithelium growth medium 
(BEGM, Lonza) on collagen/fibronectin-coated flasks. 

Cell stimulation 
Cells were grown to 95-98% confluence and serum or hormone/growth factor deprived overnight 
before stimulation. Cells were stimulated with 50 μg/ml HDM (Greer Laboratories, Lenoir, NC, USA), 
400 μM ATP (Sigma-Aldrich, St Louis, MO, USA), 0.1 μM ionomycin (Sigma-Aldrich, St Louis, MO, 
USA), 250 μg/ml specific protease-activated receptor-2 (PAR-2) agonist peptide (SLIGRL-NH2), 250 
μg/ml control peptide (LRGILS-NH2) (both from GenScript USA Inc., Piscataway, NJ, USA) or 2 μM 
Thapsigargin (Sigma-Aldrich, St Louis, MO, USA). Prior to HDM stimulation, cells were incubated with 
or without 15 U/ml apyrase (Sigma-Aldrich, St Louis, MO, USA), 50 µM 1,2-Bis(2-aminophenoxy)
ethane-N,N,N',N'-tetraacetic acid tetrakis (acetoxy-methyl ester) (BAPTA-AM) (Tocris Bioscience, 
Bristol, UK), 30 μM pyridoxalphoshate-6-azophenyl-2’,4’-disulfonic acid tetrasodium salt (PPADS) 
(Tocris Bioscience, Bristol, UK), 50 µM calpain I inhibitor (LLNL, Merck Darmstadt, Germany) or 50 
µM calpain inhibitor II (ALLM, Merck Darmstadt, Germany) for 30 min.. 

Subject Control (n=6) Asthma (n=5)

Age (years) 28 (21-44) 44 (33-50)

Gender (M,% ) 2 (40) 3 (60)

Pack-years 0 (0-0) 0 (0-4)

FEV1 pred (%) 103 (103-112) 84 (76-114)

FEV1/FVC (%) 82 (75-94) 73 (58-78)

Table 1. Patient characteristics.

Median levels (± range) are shown 

Table 2: CCL20 levels measured by ELISA in supernatants from PBECs from healthy and asthma patients.

Mean levels (± SEM) are shown
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Statistical analysis
ECIS data and Ca2+ influx data were analyzed by two-way ANOVA. The differences in AUC between 
PBECs from asthmatic patients and healthy controls were analyzed with the Mann-Whitney U test. 
All other experiments were analyzed by the Student’s t-test for paired observations.  
 
See the data supplement for additional details.

Results

PBECs from asthmatic patients show stronger barrier dysfunction, E-cadherin delocalization, CCL20 
induction, and Ca2+ influx in response to HDM than healthy PBECs
We have previously demonstrated that HDM-induced epithelial barrier dysfunction and CCL20 
production are related to the allergenicity of HDM in a mouse model (4). To enhance the relevance 
of these findings, we studied the effect of HDM extract on epithelial barrier function and CCL20 
production in PBECs from healthy and asthmatic individuals. We analyzed barrier function by 
electrical resistance measurements using ECIS (18). In PBECs from asthma patients, we observed 
that HDM exposure caused a reduction in electrical resistance over time, starting within a couple of 
hours and remaining for at least 24 hours (Figure 1A), with a significant decrease in the area under 
the curve (AUC) over 24 hours (Figure 1B). Importantly, this was not observed in healthy PBECs, 
where HDM did not induce loss of electrical resistance (Figure 1A-B). In line with these findings, 
immunofluorescent staining revealed that HDM exposure (60 min) caused disruption of E-cadherin 
membrane expression, which was more pronounced in PBECs from asthmatic than from healthy 
individuals (Figure 1C). Furthermore, we studied the CCL20 secretion in PBECs from healthy and 
asthmatic persons after HDM exposure, and observed that HDM caused a significantly stronger 
increase in CCL20 secretion in PBECs from asthma patients than in healthy control PBECs (Figure 
1D and absolute values in Table 2).
In order to gain more insight in the mechanisms of HDM-induced barrier dysfunction and CCL20 
release, we investigated if HDM is able to induce accumulation of [Ca2+]i levels. We observed that 
HDM induces a significant increase in Ca2+ accumulation at 180 min. in PBECs from both asthma 
patients and healthy controls (Figure 1E). Of note, [Ca2+]i levels increased more rapidly upon HDM 
exposure in PBECs from asthmatic patients, where levels were already significantly increased after 
90 min., with a significant difference between the groups at 60 min. (Figure 1E). Furthermore, the 
HDM-induced CCL20 release in PBECs from asthma patients was significantly reduced after pre-
treatment with BAPTA-AM, indicating a Ca2+-dependent effect (Figure 1F).

HDM-induced [Ca2+]i accumulation contributes to epithelial barrier dysfunction and secretion of 
CCL20
We aimed to further investigate the mechanisms of HDM-induced barrier dysfunction and CCL20 
release in 16HBE cells, without the disadvantage of limited cell numbers. We observed that, 
similar to PBECs, HDM induces a significant increase in [Ca2+]i levels within 30-180 min in 16HBE 
cells (Figure 2A). Next, we assessed whether the Ca2+ influx contributes to HDM-induced barrier 
dysfunction by measuring electrical resistance in a monolayer of 16HBE cells using ECIS (20). 
Exposure to HDM induced a transient reduction in epithelial resistance, with a maximum effect 
at ~10-20 min. and recovery to baseline values within 60 min., followed by a second, less steep 
and longer-lasting decrease in resistance, similar to the decrease observed in PBECs from asthma 
patients (Figure 2B) (18). Since the first, rapid effect of HDM in 16HBE was stronger than the 
second, we focused on the first effect. Of interest, ionomycin induced a similar transient fall in 
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Figure 1. PBECs from asthma patients respond stronger to HDM than PBECs from healthy individuals with regard to 
barrier function, CCL20 secretion, and Ca2+ infl ux. Resistance was measured by ECIS and levels were normalized to the levels 
prior to HDM (50 µg/ml) or medium (control) exposure. (A) A representative of PBECs from a healthy and an asthmatic individual are 
shown. (B) Median (range) area-under-the-curve (AUC) resistance values of PBECs from healthy (n=6) and asthma patients (n=5) 
(%) calculated over 24 hrs. (C) Immunofl uorescent E-cadherin staining after medium or HDM exposure (60 min). Representative 
images from 4 asthma and 5 healthy PBEC cultures are shown. (D) CCL20 levels measured by ELISA in supernatants from PBECs 
from healthy (n=4) and asthma patients (n=5) exposed to HDM (24 hrs). Baseline levels were set to 100% and mean levels (±SEM) 
are shown. (E) Normalized [Ca2+]i (Relative Fluorescent Unit (%RFU)) levels measured in PBECs from healthy individuals (n=4) 
and asthmatic patients (n=4) after exposure to HDM (50 µg/ml). (F) CCL20 levels measured by ELISA in supernatants from PBECs 
from asthma patients (n=4) exposed to HDM in the presence of absence of BAPTA-AM (24 hrs). HDM levels were set to 100% and 
mean levels (±SEM) are shown. *=p<0.05, **p=<0.01 and ***=p<0.001 between control and HDM-treated cells or as indicated.
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epithelial resistance, from which the cells also recovered within 60 min. (Figure 2B). In line with 
this involvement of Ca2+ in epithelial barrier dysfunction, pre-treatment of the cells with calcium 
chelator BAPTA-AM significantly inhibited the HDM-induced reduction in resistance (Figure 2C). In 
addition, we were interested to see whether the HDM-induced production of CCL20 also depends 
on Ca2+ signaling. We exposed 16HBE cells to HDM and ionomycin in the absence or presence of 
BAPTA-AM. HDM as well as ionomycin induced a significant increase in CCL20 levels in 16HBE cells 
(Figure 2D). Pre-treatment of cells with BAPTA-AM was able to inhibit the HDM-induced CCL20 
secretion (Figure 2D). Moreover, we observed that intracellular Ca2+ accumulation is also involved 
in CCL20 secretion in primary bronchial epithelial cells, since BAPTA-AM inhibited the HDM-induced 
CCL20 secretion in normal human bronchial epithelial (NHBE) cells as well (Figure 2E).
Taken together, these results indicate that increased [Ca2+]i levels are involved in HDM-induced 
barrier dysfunction and CCL20 production in bronchial epithelium.

HDM-induced Ca2+ signaling responsible for barrier dysfunction is partly mediated through an ATP/
purinergic receptor-dependent mechanism
Next, we studied whether HDM may increase Ca2+ signaling through ATP/purinergic receptor 
dependent mechanisms. We treated the cells with purinergic receptor inhibitor PPADS and ATP 
hydrolyzing enzyme apyrase prior to HDM exposure, and measured [Ca2+]i levels. Treatment with 
both inhibitors partially, but significantly, inhibited the HDM-induced accumulation of [Ca2+]i at 180 
min. (Figure 3A-B). 

Figure 2. Ca2+ signaling is involved in HDM-induced barrier dysfunction and CCL20 production in 16HBE and NHBE cells. 
(A) Normalized [Ca2+]i (Relative Fluorescent Unit (%RFU)) levels after exposure to HDM (50 µg/ml). Electrical resistance levels were 
measured by ECIS and normalized to values just prior to exposure to (B) HDM or ionomycin, or (C) in the presence or absence of 
BAPTA-AM. CCL20 levels measured by ELISA in supernatant (8 hrs) from 16HBE cells (n=4) exposed to (D) HDM or ionomycin in 
the presence of absence of BAPTA-AM, and (E) supernatant (8 hrs) from NHBE cells (n=5) exposed to HDM and/or BAPTA-AM. Mean 
levels (±SEM) are shown *=p<0.05, **=p<0.01 and ***=p<0.001 between control and stimulated cells or as indicated. 
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To further underscore the role of ATP/purinergic receptor signaling in HDM-induced barrier 
dysfunction, we assessed the effect of ATP, PPADS and apyrase on epithelial barrier dysfunction 
as measured by ECIS. ATP was able to induce a similar transient fall in epithelial resistance as 
HDM (Figure 3C), which could also be reduced by treatment with BAPTA-AM (see Supplementary 
Figure S1A). Furthermore, pre-treatment with apyrase significantly inhibited the HDM-induced 
fall in resistance (Figure 3D). In addition, using immunofluorescent staining, we observed that 
E-cadherin was mainly localized at the membrane in untreated cells (Figure 4A), and that exposure 
to HDM induced delocalization of E-cadherin in 60 min. (Figure 4A). Similar to the effects observed 
on electrical resistance, pre-treatment with apyrase reduced the HDM-induced delocalization of 
E-cadherin (Figure 4A). Western blot analysis of occludin showed that both HDM and ATP induce 
cleavage of occludin, as demonstrated by the appearance of smaller fragments of ~31 kD, ~30 
kD and 22 kD, which was prevented by the use of BAPTA-AM, PPADS as well as calpain inhibitors I 
(LLNL) and II (ALLM) (Figure 4B).
These data indicate that HDM induces ATP/purinergic receptor signaling, leading to [Ca2+]
i accumulation and downstream calpain activation, and that this effect is involved in the HDM-
induced barrier dysfunction. 
Additionally, we tested whether ATP/purinergic receptor-mediated [Ca2+]i accumulation is involved 
in the increase in CCL20 secretion upon HDM exposure. However, pre-treatment of cells with either 
PPADS or apyrase did not inhibit the HDM-induced CCL20 secretion in 16HBE cells (data not shown), 
indicating that HDM induces CCL20 release, in contrast to epithelial barrier function, through an 
ATP/purinergic receptor-independent mechanism.
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Figure 3. ATP/purinergic receptor signaling is involved in HDM-induced [Ca2+]i accumulation and barrier dysfunction 
in 16HBE cells. Normalized [Ca2+]i (Relative Fluorescent Unit (%RFU)) levels after exposure to HDM (50 µg/ml) in the presence 
or absence of (A) PPADS or (B) apyrase. Electrical resistance levels measured by ECIS normalized to values just prior to exposure 
to (C) HDM or ATP (D) in presence and absence of apyrase. Mean levels (±SEM) are shown (n=4). *=p<0.05, **=p<0.01 and 
***=p<0.001 between control and HDM-treated cells or as indicated.
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A different pool of [Ca2+]i  contributes to the HDM-induced secretion of CCL20
Thus, HDM-induced CCL20 release involves the activation of Ca2+ signaling through another 
mechanism. Since HDM contains proteases that can activate PAR-2 and subsequently induce 
intracellular Ca2+ signaling in bronchial epithelial cells (6,21,22), we examined whether activation 
of PAR-2 was also able to increase CCL20 secretion. The use of a specific PAR-2 agonist peptide 
(PAR-2 ap), but not the control peptide, induced a significant increase in CCL20 secretion, which 
was reduced by BAPTA-AM (Figure 5A), indicating involvement of Ca2+. In contrast, PAR-2 ap did 
not affect epithelial barrier function (Supplementary Figure S1B)
In addition to purinergic receptor and PAR-2 downstream signaling, [Ca2+]i levels are regulated 
by Ca2+ pumps on the endoplasmic reticulum (ER), including sarco-endoplasmic reticulum (ER) 
Ca2+ ATPase (SERCA) (23,24). Inhibition of SERCA leads to increased cytosolic Ca2+ levels and 
ER stress (25). To test whether SERCA regulates HDM-induced effects on CCL20, we used the 
SERCA inhibitor thapsigargin. We exposed the cells to a concentration series of thapsigargin 
(0.1-5 µM), and observed that thapsigargin in a concentration of 0.1 µM  induced a significant 
increase in CCL20 release, while this up-regulatory effect was smaller and not significant at higher 
concentrations (Figure 5B). Importantly, in combination with HDM, 2 µM thapsigargin significantly 
and synergistically enhanced CCL20 secretion, leading to ~5-fold increase over baseline levels 
(Figure 5C). 
Overall, these results demonstrate that elevated [Ca2+]i upon HDM exposure or by PAR-2 activation 
or by inhibition of SERCA leads to increased CCL20 secretion that presumably contributes to CCL20 
secretion in the asthmatic response after HDM exposure.
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Discussion

We have previously shown that HDM-induced epithelial barrier dysfunction and CCL20 secretion 
are related HDM-induced allergic sensitization in mice. In the present study, we demonstrate that 
PBECs from asthma patients respond stronger to HDM than PBECs from healthy persons with 
respect to barrier dysfunction, CCL20 secretion as well as Ca2+ influx. Furthermore, we now provide 
evidence that HDM induces [Ca2+]i accumulation is involved in the HDM-induced epithelial barrier 
dysfunction and CCL20 secretion. Our findings are in line with recent data showing that the allergen 
Alternaria alternata induces serine independent PAR-2 activation (11) as well as the release of ATP 
in bronchial epithelial cells, without inducing cell death (26). Our data clearly demonstrate that 
increased Ca2+ signaling leads to epithelial barrier dysfunction, the delocalization of E-cadherin and 
the degradation of occludin (see Figure 6 for the proposed model). Based on our data, we suggest 
that the epithelial barrier dysfunction, measured in a confluent monolayer of cells in the ECIS 
system is, at least partly, mediated by ATP/purinergic receptor activation, as evidenced by the use 
of apyrase and PPADS. Our results further suggest that the activation of Ca2+ downstream protein 
calpain (24) may be involved in the latter effect, in agreement with a previous study showing that 
calpain is able to cleave occludin (17) (see also Figure 6). With respect to the potential mechanism 
regarding E-cadherin delocalization, it has been reported that ATP/purinergic receptor-mediated 
Ca2+ signaling can induce A Disintegrin and Metallo-proteases-17 (ADAM-17)-dependent epidermal 
growth factor receptor (EGFR) activation (27), the latter of which we have shown to be responsible 
for HDM-induced delocalization of E-cadherin (18). 
In addition, we observed that the HDM-induced CCL20 secretion in 16HBE cells, NHBE cells, as well 
as PBECs from asthmatic patients was dependent on Ca2+ signaling. Accordingly, downstream of 
Ca2+, the calcium-calcineurin Nuclear factor of activated T-cells (NFAT) pathway has been implicated 
in the transcriptional activation of CCL20 in airway epithelium (28,29), although it requires further 
investigation to confirm the involvement of this pathway. In contrast to the HDM-induced barrier 
dysfunction, our data exclude a role for ATP/purinergic receptor signaling in HDM-induced CCL20 
secretion. This indicates that CCL20 production is mediated through a different intracellular pool 
of Ca2+, with no relation to ATP/purinergic receptor signaling. Of note, PAR-2 activation has been 
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Figure 5. PAR-2 activation and thapsigargin enhance CCL20 secretion in 16HBE cells. CCL20 levels measured by ELISA 
in supernatants from 16HBE cells (n=3-5) exposed to (A) PAR-2 ap and/or BAPTA-AM, (B) thapsigargin in different concentrations 
(0.1-5 µM) and (C) HDM and/or 2 µM thapsigargin (8 hrs). Mean levels (±SEM) are shown. *=p<0.05 and **=p<0.01 between 
control and HDM-treated cells or as indicated.
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reported to increase [Ca2+]i as well as CCL20 secretion in epithelial cells (14,21). In line with this, 
we observed that PAR-2 activation induces CCL20 secretion in a Ca2+-dependent manner, without 
affecting epithelial barrier function. We previously reported that HDM-induced CCL20 secretion is 
independent of serine proteases (4). Indeed, other proteases present in HDM may lead to PAR-
2 activation, for instance aspartate protease (11). Future studies will be directed to investigate 
the involvement of PAR-2 in the HDM-induced effects on CCL20 secretion. In addition to PAR-2 
activation, other mechanisms could be involved in the HDM-induced Ca2+ influx, and the HDM 
components Der p2, Der p5 and ß-glucan structures have been reported to initiate intracellular Ca2+ 

accumulation (7,16). Der p2 can interact with the toll-like receptor-4 (TLR4) (30) and TLR2 (31) 
which have both been linked to Ca2+ signaling (17,32). Furthermore, HDM can contain endotoxin, 
which also acts on TLR4 to induce Ca2+ signaling (33). We have previously demonstrated that the 
ability of HDM extract to induce epithelial CCL20 secretion is not related to its endotoxin content, 
but may relate to Der p2 levels (4). Thus, activation of various PRRs may lead to increased [Ca2+]i 
levels and subsequent production of CCL20 (see also Figure 6). In addition, the ER is a well-known 
regulator for intracellular Ca2+ levels by the expression of SERCA (23). Inactivation of SERCA leads 
to increased cytoplasmic levels of Ca2+ and ER stress (34). We found that the SERCA inhibitor 
thapsigargin synergistically increased the HDM-induced CCL20 secretion. Thus, reduced levels of 
SERCA and/or increased ER stress may increase the epithelial release of CCL20 in response to 
HDM by a mechanism involving increased Ca2+ accumulation (see Figure 6). In this respect, it is 
noteworthy that reduced expression of SERCA2 has been observed in smooth muscle cells from 
asthmatics (35). Furthermore, ORMDL3, which regulates the SERCA pump, has been identified as 
an important asthma associated gene (23).  
The precise mechanisms of HDM-induced Ca2+ accumulation in epithelium need further investigation, 
although we show that the pool of Ca2+ responsible for barrier dysfunction is, at least in part, 
dependent on purinergic receptor signaling. It remains unclear if and how ATP is released, but it is 
of interest to note that ER stress has been implicated in the release of ATP (36) (Figure 6). Future 
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Figure 6. Proposed model of HDM-induced Ca2+ influx and its effect on barrier dysfunction and CCL20 production. 
Arrows indicate known pathways and/or pathways indicated by our study, dashed arrows are suggested pathways. Abbreviations: 
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studies will be of interest to reveal whether epithelium from asthma patients displays decreased 
SERCA levels compared to healthy controls and whether HDM can induce ER stress.
In conclusion, we show for the first time that HDM-induced intracellular Ca2+ accumulation is 
involved in barrier dysfunction as well as the pro-inflammatory response of bronchial epithelium to 
HDM. Our findings may provide novel insight in therapeutic strategies for asthma aimed towards 
the airway epithelial barrier. 
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Data supplement

Materials end methods
Cell cultures
For experimentation 16HBE cells were seeded in 12-well plates at 10x104 cells/well (for cell-free supernatants), 24-well plates at 
5x104 cells/well (for total cell lysates for western blotting) and 96-well plates at 2x104 cells/well (for the Ca2+ influx assay). NHBE 
and PBECs were seeded in 24-well plates at 5x104 (ELISA). 

Calcium influx assay
16HBE cells were loaded with 5 μM Fluo-3 AM (Gentaur Europe BV, the Netherlands) for 1 hour at 37°C, washed 5 times with 
phenol-free medium and left for 30 minutes prior to stimulation. Measurements of Fluo-3 (M485/545) were performed at different 
time points (30-180 minutes) after HDM stimulation on a FL600 micro plate fluorescence reader (BioTek ®,Winooski, VT, USA) and 
normalized to control values prior to HDM administration.

ATP assay
ATP was measured in cell-free supernatants from 16HBE cells using the Enliten® ATP Assay System Bioluminescence Detection Kit 
(Promega Corporation, WI, USA) according to the manufacturer’s guidelines.

Electric Cell-Substrate Impedance Sensing (ECIS)
Electrical resistance was measured in a confluent monolayer of 16HBE cells seeded on coated ECIS arrays using ECIS at a frequency 
of 400 Hz, as previously described (1). Resistance to current flow were measured at frequencies of 400 Hz (Applied Biophysics, Troy, 
NY, USA), and after HDM administration normalized to the values prior to HDM administration. 

Cytokine assay in cell supernatants 
Human CCL20 protein was measured in cell-free supernatants using a Duoset ELISA Development Kit (R&D Systems, Minneapolis, 
MN, USA) according to the manufacturer’s instructions.

Immunofluorescent staining
Cells were washed with PBS/CaCl2 and fixed in ice-cold acetone (90%) for 30 min and blocked in PBS/5% BSA for 60 min. Cells 
were stained with anti-E-cadherin (1:50; BD Biosciences, Erembodegem, Belgium) and detected by incubation with Alexa green 
488-labeled anti-rabbit IgG conjugate (1:200; Southern Biotech, Birmingham, AL, USA. Nuclei were stained using DAPI (Sigma, 
St Louis, MO, USA) in Citifluor (Agar Scientific). Fluorescence was analyzed by fluorescence microscopy (Leica, Solms, Germany).

Western blot analysis
Immunodetection was performed by standard procedures, according to the manufacturer’s guidelines (ECL, Amersham, 
Buckinghamshire, UK) as previously described (1,2). Total cell lysates were obtained by resuspension of the cells in 1x Laemmli 
sample buffer containing 10% glycerol, 2% SDS, 60 mM Tris-HCL pH 6.8., 2 % ß-mercaptoethanol and 1% bromophenol blue, 
followed by boiling for 5 minutes. The immunodetection was performed for occludin (Life span Biosciences, Seattle, WA, USA) and 
ß-actin (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) by standard procedures.
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Figure S1. The effect of ATP and PAR-2 ap on epithelial barrier function. (A) Electrical resistance levels were measured 
by ECIS and normalized to values just prior to exposure to medium (control) or ATP in presence and absence of BAPTA-AM. (B) 
Electrical resistance levels were measured by ECIS and normalized to values just prior to exposure to medium (control) or PAR-2 ap. 
Mean levels (±SEM) are shown of a representative of two independent experiments performed in duplicate.
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Abstract

Background
Exposure to environmental aeroallergens is critical for the development of allergic asthma. The 
airway epithelium plays a critical role in regulating this response, acting as a barrier to prevent 
access of allergens to submucosal cells and structures. The adherens junction protein E-cadherin is 
critical for the formation and maintenance of the epithelial barrier. In addition, E-cadherin has been 
shown to regulate airway epithelial innate immune responses through suppression of intracellular 
signaling pathways that activate pro-inflammatory gene expression. 

Objective
In this context, we hypothesize that loss of E-cadherin in the airway epithelium may be a critical 
step in the pathogenesis of allergic asthma.

Methods
To test our hypothesis, we have generated a transgenic mouse strain that is characterized by 
specific loss of E-cadherin in lung epithelial cells from the earliest developmental stages onward 
and control littermates. 

Results
We observed normal lung development at the time of birth in mice lacking E-cadherin in lung 
epithelial cells. However, E-cadherin deficiency in respiratory epithelia at the time of birth led to 
damaged bronchial epithelium after birth as evidenced by spontaneous goblet cell metaplasia and 
epithelial cell hypoplasia in the bronchioles and loss of alveolar septae when mice reached an adult 
age (day 42). In addition, severe inflammation characterized by cellular infiltrates was observed 
in the ventral side of the lungs of the E-cadherin mutant mice at day 42 that was not observed 
in the Cdh1fl/fl Cre- littermate controls. When the mice became older (day 56), the phenotype of 
loss of alveolar and airway epithelial integrity combined with the presence of severe inflammation 
progressed, with further loss of alveolar septa as well as thickening of the alveolar walls.

Conclusions
In conclusion, loss of E-cadherin in the respiratory epithelium induces a complex phenotype, with 
some characteristics reminiscent of those seen in asthma; including metaplasia of goblet cells and 
progressive loss of airway epithelial cells accompanied by severe airway inflammation, indicating 
that loss of E-cadherin might well causally contribute to disease progression in asthma, identifying 
E-cadherin as a novel target of interest for further investigations. 
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Introduction

Asthma is a chronic inflammatory disease of the conducting airways, characterized by reversible 
airway obstruction, airway hyperreactivity and airway remodelling. Allergic asthma susceptibility 
has a genetic component, and is established upon interaction of the susceptible host to specific 
environmental factors, including aeroallergens. The airway epithelium acts as a barrier to prevent 
access of inhaled allergens, like house dust mite (HDM), to the submucosa. Under normal conditions, 
the proximal airways are lined with a columnar epithelial cell layer composed of basal cells, ciliated 
cells and non-ciliated secretory cells called Club cells (Clara cells) (1,2). In the mouse, the upper 
airways are lined entirely by basal, ciliated and Club cells, whereas the respiratory bronchioles 
are lined with ciliated and Club cells (3). The epithelium of the alveolar compartment is mainly 
comprised of alveolar type I (ATI) and type II (ATII) cells (3). The barrier function of epithelial 
cells is maintained by intercellular junctions that constitute cell-cell contacts. Here, tight junctions 
which are comprised of proteins such as occludin, zona occludens (ZO)-1 and claudins, maintain a 
size- and ion selective barrier, while adherens junctions are critical for formation and maintenance 
of the tight junctions (4). Here, the adherens junction (AJ) protein E-cadherin plays a critical role in 
AJ formation (5,6). In allergic asthma, the airway epithelial barrier function is often compromised, 
and loss of epithelial integrity with reduced expression of E-cadherin and ZO-1 has been reported 
in the airway epithelium of asthma patients (5,7,8). Additionally, loss of E-cadherin has been 
shown to contribute to innate immune activation and remodeling of airway epithelial cells. For 
instance, our group has previously shown that down-regulation of E-cadherin expression by siRNA 
increases epidermal growth factor receptor (EGFR) activation, thereby promoting EGFR-dependent 
expression of the pro-allergic cytokines chemokine (C-C motif) ligand 17 (CCL17) and thymic 
stromal lymphopoietin (TSLP), in bronchial airway epithelial cells in vitro (9). Furthermore, activation 
of the nuclear factor (NF)-κB signaling pathway, which has been shown to be associated with lung 
inflammation in vivo after allergen challenge (10), can also be induced after loss of E-cadherin 
mediated cell-cell contacts in carcinoma cell lines (11). Moreover, previous in vitro studies have 
demonstrated that the cytokine transforming growth factor-beta (TGF-β), important for remodeling 
and increased in asthma, stimulates the internalization of E-cadherin, which becomes aggravated 
after intranasal HDM exposure and possibly contributes to airway remodeling and the development 
of epithelial-mesenchymal transition (EMT) (12,13).
Since E-cadherin is important for both barrier function, airway structure and the innate immunological 
response of the airway epithelium, we hypothesize that loss of E-cadherin in the airway epithelium 
is a critical step in the pathogenesis of allergic asthma. In order to test our hypothesis we have 
generated airway epithelium specific E-cadherin deficient mice and investigated whether in these 
mice airways an altered airway epithelial phenotype is induced, leading to increased inflammation 
and remodeling.

 
Materials and Methods

Generation of E-cadherin knockout (Cdh1fl/fl Cre+) mice
Conditional E-cadherin knock-out mice (Cdh1fl/fl, B6.129-Cdh1tm2Kem/J), backcrossed onto 
the C57Bl/6J background were purchased from Jackson Laboratory (Bar Harbor, Me., USA) and 
compound transgenic SP-C-rtTA/(tetO)7-Cre mice (on the C57Bl/6J background) that express the 
reverse tetracycline trans-activator (rtTA) under control of the rat surfactant protein-C (SP-C) 
promoter (14), in which all respiratory epithelial cells express Cre recombinase under control of the 
tet operator (tetO), were kindly provided by Prof. Geoffrey Whittset and obtained from Prof. B.N. 
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Lambrecht (VIB, Ghent, Belgium). Cdh1fl/fl were crossed for two generations with the SP-C-rtTA/
(tetO)7-Cre mice to obtain both homozygous Cdh1fl/fl Cre+ mice (SP-C-rtTA/(tetO-)7Cre+/Cdh1fl/fl) 
and Cdh1fl/fl Cre- (SP-C-rtTA/(tetO)7-Cre-/Cdh1fl/fl) mice as littermate controls. 

Animals and doxycycline administration
Mice were kept under specific pathogen-free conditions and maintained on a 12-hour light-dark 
cycle, with food and water ad libitum. Cdh1fl/fl Cre+ and Cdh1fl/fl Cre- animals were mated and 
pregnant dams were fed doxycycline-containing chow (200 mg/kg) (Bio-Serv, Frenchtown, NJ, 
USA) until the end of the experiment. Mice were killed by anesthetizing the animals with isoflurane/
oxygen (Nicholas Piramal India Ltd., London, UK), and bleeding them before removing the lungs. 
All animal experiments were reviewed and approved of by The Institutional Animal Care and Use 
Committee of the University of Groningen (The Netherlands).

Genotyping
Mice were identified using PCR primers specific for each promoter (E-cadherin; fwd: GGG TCT CAC 
CGT AGT CCT CA, E-cadherin rvs: GAT CTT TGG GAG AGC AGT CG; SP-C-rtTA fwd: AAA  AT CT 
TG CCA  GC TT TC CCC,  SP-C-rtTA rvs: ACT GC CC AT TGC CC AA AC AC; Cre fwd GC  CA CG AC  
CAA  GT GA CA  GCA  AT G, Crw rvs: AGA  GA CG GA  AAT  CC AT CG  CTC  G). PCR analysis was 
performed on tissue lysates of the mouse tails. Amplification of PCR products for E-cadherin, SP-C-
rtTA and Cre were performed as following: Denaturation at 95°C for 5 min, 35 cycles denaturation 
at 95°C for 30 s, annealing at 62°C for 1 min, and extension at 72°C for 1 min, followed by 10 
extensions at 72°C.

Histology and immunohistochemistry
Lungs were prepared for histological analysis as previously described (15). Briefly, mice were killed 
on day (D) 0, 42 and 56, and lungs were inflated with TissueTek O.C.T. Compound (Sakura Finetek 
Europe B.V, Zouterwoude, The Netherlands), and fixed in 10% Formalin for 24-hours, embedded in 
paraffin and cut in 3 μm-thick sections. Lung sections were stained with haematoxylin/eosin (HE), 
Periodic acid-Schiff (PAS) and for E-cadherin.
For HE staining, lung sections were deparaffinised, rehydrated in ethanol and washed in PBS. 
The lung sections were then incubated with haematoxylin (Pathology Department, UMCG, the 
Netherland) for approximately 10 minutes, washed in tab water and incubated with eosin (Pathology 
department, UMCG, the Netherland) for 2 minutes. After wash with tab water, lung sections were 
dehydrated with ethanol and mounted with a glass slide using Kaiser’s glycerine (Life Technologies 
Europe BV, Bleiswijk, the Netherlands).
For PAS staining, lung sections were deparaffinised, rehydrated in ethanol and washed in PBS. 
After the wash, lung sections were incubated with 0,5% Periodic acid (Pathology department, 
UMCG, the Netherland) for 5 minutes and washed with water, where after placed in Schiff’s agent 
(Pathology department, UMCG, the Netherland) for 30 minutes. After wash with tab water, the lung 
sections were counter stained with haematoxylin (Pathology department, UMCG, the Netherland) 
for approximately 10 minutes, washed in tab water and dehydrated with ethanol. Lung sections 
were mounted with a glass slide using Kaiser’s glycerine (Life Technologies Europe BV, Bleiswijk, 
the Netherlands).
For immunohistochemistry for E-cadherin, lung sections were deparaffinised in xylene, rehydrated 
in ethanol and washed in PBS. Antigen retrieval was performed by heating lung sections to the 
boiling point in 10 mM Tris/1 mM EDTA at pH 9.0 for 15 minutes. Sections were then washed with 
PBS and blocked with PBS containing 30% H2O2 for 30 min. Lung sections were immunostained with 
mouse-anti-E-cadherin (1/800; BD Biosciences, Erembodegem, Belgium) for 1 hour, followed by 
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incubation with the the secondary Ab (1/100; Rabbit-anti-mouse-PO; DAKO, Glostrup, Denmark), 
and the tertiary Ab (1/100; Rabbit-anti-Goat-PO; DAKO). The immunostains were developed by 
using 3-amino-9-ethylcarbazole (AEC) substrate and mounted with a glass slide using Kaiser’s 
glycerine (Life Technologies Europe BV, Bleiswijk, the Netherlands).
All slides were examined and images were acquired by using a microscope (Olympus) attached to 
a Color digital camera (Zeiss) using the Axiovision System (Zeiss). 

 
Results

Targeting E-cadherin in all respiratory cells by using the SP-C promoter
To investigate the effect of loss of E-cadherin in airway epithelial cells, we generated transgenic 
mice that allowed the loss of E-cadherin in all intrapulmonary respiratory epithelial cells. To this 
end, we employed a combination of the doxycyclin-sensitive Cre transgene and the rtTA reverse 
transactivator under transcriptional control of the rat SP-C promoter region SP-C-rtTA/(tetO)7-Cre+/
Cdh1fl/fl. This allows recombination of the conditional allele in all respiratory epithelial cells from the 
earliest developmental stages onward, by maintaining dams that were bearing transgenic pups on 
doxycycline (16). Because we had concerns that loss of E-cadherin in the lung epithelial cells of 
the fetal lung might affect lung development, mice were terminated on the day of birth (D0). First, 
lungs were stained for E-cadherin, to confirm that doxycycline treatment of the pregnant dams 
induced efficient loss of E-cadherin expression in the Cdh1fl/fl Cre+ pups in the airway epithelium. 
Importantly, this staining showed presence of E-cadherin in the bronchial epithelium as well as 
alveolar ATII cells of Cdh1fl/fl Cre- control littermates (Figure 1A-C), while E-cadherin was reduced in 
the bronchial epithelium as well as ATII cells and only present in a few scattered airway epithelial 
cells in the lungs of the Cdh1fl/fl Cre+ mice (Figure 1D-F). Importantly, the loss of E-cadherin 
expression in the bronchial epithelium had no clear effect on the development of the bronchi and 
bronchioles of the lung at this time point (Figure 1D-F). 
Thus, these results show that loss of E-cadherin was successfully induced in both bronchial airway 
epithelium and the ATII cells with no defect in the development of bronchi and bronchioles. 

Airway epithelial-specific E-cadherin deficiency during lung development leads to nearly normal 
airway homeostasis at the time of birth
To investigate lung development in the absence of E-cadherin, we next compared gross macroscopic 
anatomy of the lungs and morphology of the airways and alveoli by HE staining of the Cdh1fl/fl Cre+ 
mice and control littermates. Surprisingly, inspection of the lungs at the macroscopic level revealed 
no differences, and anatomy of the airways or alveoli at D0 was similar between Cdh1fl/fl Cre+ and 
Cdh1fl/fl Cre- mice (Figure 2A and D). 
Overall, despite the absence of E-cadherin in airway epithelial cells during lung development, the 
Cdh1fl/fl Cre+ mice show normal formation of the main structural features of the lung at the time of 
birth. 

The airway epithelial phenotype of the Cdh1fl/fl Cre+ mice changes at maturity
Since the mice with a specific deficiency of E-cadherin in the lung epithelium showed no obvious 
signs of disturbed lung development at birth, we next evaluated the airway epithelial phenotype in 
the absence of E-cadherin at D42 and D56 of age, when lung development in the mouse has been 
completed. At D42, the Cdh1fl/fl Cre+ mice showed loss of integrity of alveolar septa, characterized 
by strongly enlarged alveolar airspaces compared to the Cdh1fl/fl Cre- control mice (Figure 2B, E, G 
and H). Furthermore, damaged bronchioles were observed throughout the lung of the Cdh1fl/fl Cre+ 
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mice, with areas that showed loss of epithelial cell lining (also known as airway epithelial denudation; 
Figure 2M and Figure 3C). Additionally, areas of severe inflammation were observed in the Cdh1fl/fl 

Cre+ lungs compared to the Cdh1fl/fl Cre- controls (Figure 2B, E, K and M). This combination of loss 
of alveolar septa and airway epithelial integrity combined with the presence of severe inflammation 
progressed with age (D56), with further loss of alveolar septa as well as thickening of the alveolar 
walls and only sporadically detection of bronchial epithelial cells in small clusters in the airways 
of the Cdh1fl/fl Cre+ lungs (Figure 2F, J and N). Furthermore, parts of the ventral side of the lung 
showed large alveolar areas invaded with dense layers of alveolar macrophages and inflammatory 
cells including eosinophils, neutrophils and lymphocytes in Cdh1fl/fl Cre+ mice at D56 (Figure 2N).
Along with the observed depletion of bronchial epithelial cells, severe goblet cell metaplasia was 
observed in the lungs of the Cdh1fl/fl Cre+ mice at D42 (Figure 2Q) compared to the control Cdh1fl/

fl Cre- mice (Figure 2O), as indicated by the positive mucus staining by PAS which was not yet 
observed at the day of birth (data not shown). This goblet cell metaplasia was transient and 
no longer observed at D56 in the Cdh1fl/fl Cre+ mice, presumably due to the fact that hardly any 
epithelial cells were still present in the bronchioles at D56 (Figure 2P and R). 
Overall, these results show that E-cadherin deficiency in bronchial epithelial cells as well as in alveolar 
epithelial cells during lung development does not significantly affect  normal lung development until 
birth, while it caused striking damage to the alveolar septae and bronchial epithelium, accompanied 
by a strong inflammatory response when the mouse ages. 
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Figure 1. Using the surfactant protein C (SP-C) promoter targets E-cadherin in all respiratory cells after doxycycline 
exposure. E-cadherin staining of histological lung sections at D0 of (A-C) Cdh1fl/fl Cre- mice and (D-F) Cdh1fl/fl Cre+ mice. Figures are 
representative of at least three individual mice per genotype. Magnifications are as indicated.

Figure 2. The airway epithelial phenotype of the Cdh1fl/fl Cre+ mice changes when the mouse reaches an adult age. 
Haematoxylin/eosin (HE) staining of histological lung sections of Cdh1fl/fl Cre- mice at (A) D0, (B) D42 and (C) at D56, and of Cdh1fl/

fl Cre+ mice at (D) D0, (E) D42 and (F) at D56. Close up of alveolar spaces of Cdh1fl/fl Cre- mice at (G) D42 and (I) D56 and Cdh1fl/fl 

Cre+ mice at (H) D42 and (J) D56. Close up of bronchial epithelium of Cdh1fl/fl Cre- mice at (K) D42 and (L) D56 and Cdh1fl/fl Cre+ mice 
at (M) D42 and (N) D56. Periodic-acid Schiff (PAS) staining of histological lung sections of Cdh1fl/fl Cre- mice at (O) D42 and (P) at 
D56, and of Cdh1fl/fl Cre+ mice at (Q) D42 and (R) at D56. Figures are representative of at least three individual mice per genotype. 
Red arrow in (D) indicate a dense layer of epithelium observed in an areas of the lung. Red arrows in (E and F) indicate the areas 
with loss of alveolar septae. Magnifications are as indicated.
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E-cadherin expression is retained on small numbers of bronchial epithelial cells of Cdh1fl /fl  Cre+ mice 
at adult age 
Next, we evaluated the expression  levels of E-cadherin in the lungs of adult mice at D42. The 
Cdh1fl /fl  Cre- exhibited large numbers of E-cadherin-expressing bronchial epithelial cells in their 
lungs (Figure 3A). In contrast, Cdh1fl /fl  Cre+ mice displayed strongly reduced staining for E-cadherin 
in the bronchial epithelium, both in number of positive cells and in intensity of the staining (Figure 
3C). Furthermore, the alveoli from the Cdh1fl /fl  Cre- displayed E-cadherin expressing ATII cells that 
were not observed in the alveoli of the Cdh1fl /fl  Cre+ mice (Figure 3E and F). In addition, as observed 
by HE staining (Figure 2M), bronchioles from the Cdh1fl /fl  Cre+ mice showed areas of epithelial cell 
lining that expressed E-cadherin as well as areas with epithelial aplasia (Figure 3C). At D56, only 
very few E-cadherin-expressing bronchial epithelial cells were retained in the bronchioles of the 
Cdh1fl /fl  Cre+ mice (Figure 3D), in contrast to the control mice (Figure 3B). Additionally, the alveoli 
from the Cdh1fl /fl  Cre- displayed E-cadherin expressing ATII cells, while the alveoli of the Cdh1fl /fl  Cre+ 
mice became more thickened (Figure 3G and H). 
Hence, when the Cdh1fl /fl  Cre+ mice reach an adult age, the bronchioles are only partially lined with 
E-cadherin expressing airway epithelial cells, where some of these cells seem to differentiate into 
mucus producing goblet cells, while other seem to disappear without cell renewal.
 

Discussion

Several studies have suggested that the adherens junction protein E-cadherin plays a key role in 
barrier function, initiating formation and maintenance of adherens and tight junctions at epithelial 
cell-cell contact sites, as well as regulating specifi c signaling pathways involved in pro-infl ammatory 
cytokine production (4,5,10). We have previously proposed that these diverse functions of the 
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Figure 3. In the adult Cdh1fl /fl  Cre+ mouse E-cadherin is expressed on all bronchial epithelial cells. E-cadherin staining of 
histological lung sections of Cdh1fl /fl  Cre- mice at (A) D42 and (B) D56, and of Cdh1fl /fl  Cre+ mice at (C) D42 and (D) D56. Close up 
of E-cadherin stained alveolar spaces of Cdh1fl /fl  Cre- mice at (E) D42 and (G) D56 and Cdh1fl /fl  Cre+ mice at (F) D42 and (H) D56. 
Figures are representative of at least three individual mice per genotype. Magnifi cations are as indicated.
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E-cadherin adhesion molecule are very relevant to the pathogenesis of allergic asthma (4). To 
investigate whether loss of E-cadherin impacts lung development or induces a phenotype in the 
airways resembling some of the characteristics of asthma, we generated a transgenic mouse 
strain Cdh1fl/fl Cre+ (SP-C-rtTA/(tetO)7-Cre+/Cdh1fl/fl), where E-cadherin deficiency was induced in 
respiratory epithelial cells during development of the respiratory epithelium. Although E-cadherin 
is known to be important for organogenesis during the embryonic stage (17,18), we observed a 
strikingly normal lung anatomy at the time of birth in the Cdh1fl/fl Cre+ mice, where only very few 
cells expressed E-cadherin. Interestingly, the lung morphology changed when the mice reached an 
adult age, where we observed damage to the alveolar septae and bronchial epithelium (epithelial 
denudation) accompanied by a strong inflammatory response and goblet cell metaplasia.
Because we observed almost normal lung anatomy in the Cdh1fl/fl Cre+ mice at the time of birth, 
the analysis indicated that E-cadherin expression in respiratory epithelial cells is not critically 
required for lung development. A previous study performed with the bacterial chloramphenicol 
acetyltransferase (CAT) gene ligated to the human SP-C gene showed that SP-C-CAT expression at 
high levels was first detected as early as day 10 of gestation (E10) in epithelial cells of the primordial 
lung buds, where after expression was maintained throughout organogenesis (19). Thus, from 
this we anticipated that E-cadherin deficiency would not be introduced until the second week of 
gestation (~E10), when the primary respiratory epithelium has already formed. In fact, according 
to Perl et al it is sufficient to expose pregnant dams to doxycycline from E8.5 to E14.5 for gene 
deletion, when using mice bred with the SP-C-rtTA mice (20). Here, it is also important to note that 
we have used the second SP-C-rtTA line (SP-C-rtTA [line 2]) crossed with the (tetO)7CMVCre line, 
that exclude doxycycline-dependent expression and Cre-related toxicity in the lung (20). Still, it is 
remarkable that the absence of E-cadherin did not induce a more striking developmental phenotype 
in the lungs. In other epithelial systems, including the epithelium of the lactating breast and the 
epithelium of the intestine, severe developmental defects have been observed in the absence 
of E-cadherin (21,22). One possible explanation could be that expression of P-cadherin (23) or 
N-cadherin (24) is retained in the differentiating respiratory epithelium during lung development, 
which might act in a redundant fashion upon loss of E-cadherin. 
Lung morphology markedly changed when the Cdh1fl/fl Cre+ mice reached an adult age. At day 42, 
we observed that patches of E-cadherin-expressing epithelial cells were present in the airways, in 
addition to areas with severe epithelial denudation. Furthermore, spontaneous goblet cell metaplasia 
was observed in some of the bronchioles and areas with infiltrates of alveolar macrophages and 
inflammatory cells. In the mouse lung, non-ciliated secretory cells function as an abundant pool of 
renewing progenitor cells, which are functionally heterogeneous and involved in normal maintenance 
as well as repair (25-27). A recent study demonstrated that E-cadherin is necessary for Club cell 
differentiation and that E-cadherin deficiency in mice impairs the repair of the conducting airway 
epithelium after Club cell depletion (28). Since we observe parts with cellular denudation in the 
bronchial epithelial lining in lungs of the Cdh1fl/fl Cre+ mice, we anticipate that a repair response is 
provoked in the bronchial epithelium, where cells proliferate and re-differentiate to re-epithelialize 
the airway. However, in this context, the subset of Club cells that starts to proliferate following lung 
injury are the bronchi-alveolar stem cells (BASCs), which are identified by their co-expression of 
Scgbl1a1 (CCSP; Club cell specific marker) and SP-C, that are able to self-renew as well as give 
rise to bronchiolar and alveolar cell types (25). These subsets of Club cells in our Cdh1fl/fl Cre+ 
mice would thus also be target for Cre recombinase expression due to the continuous doxycycline 
exposure, resulting in E-cadherin deficient progeny of these BASCs. In addition, injury can also 
initiate dedifferentiation of Club cells generating two daughter cell types, ciliated cells and maturing 
cells (29), which could explain the recurrence of E-cadherin expressing cells in the bronchial 
epithelial lining of the Cdh1fl/fl Cre+ mice. Also, Club cells have been shown to restore terminally 
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differentiated cells of the airway epithelium by undergoing metaplasia to mucous-producing cells 
(29). Thus, the spontaneously development of goblet cell metaplasia in the Cdh1fl/fl Cre+ mice 
could possibly be explained by blunted repair responses. In addition to goblet cell metaplasia, 
we observed epithelial aplasia in some areas of the bronchioles at D42 that changed to complete 
epithelial aplasia at D56. Factors that contribute to epithelial hypoplasia are proliferative arrest of 
the progenitor cells in combination with increased apoptosis of differentiated airway epithelial cells 
or inappropriate commitment of the progenitor cells to terminal differentiation at the expense of 
self-renewal (30). We speculate that impaired differentiation of Club cells by E-cadherin deficiency 
stimulates goblet cell metaplasia followed by apoptosis, explaining the almost complete epithelial 
denudation observed in the bronchioles at D56 of the Cdh1fl/fl Cre+ mice. Whether these processes 
are involved here, would however need further investigations. Alternatively, E-cadherin is known 
to be a crucial building block for the other epithelial junctions, including the tight junction (TJ) 
proteins (4), and loss of membranous E-cadherin localization could induce impaired adhesiveness 
and dissociation of other epithelial cells, which could also explain the observed epithelial aplasia. 
Together, our study shows that almost complete E-cadherin deficiency in the bronchial epithelium 
at an early age has a strong impact on the respiratory epithelial lining of bronchi and bronchioles 
at an adult age.
Investigations made in asthma development showed that Club cells are crucial for the production of 
eotaxin-1 and the accumulation of eosinophils in the airways (31). We observe an increased amount 
of inflammatory cells including eosinophils in the Cdh1fl/fl Cre+ mice at D42-56. Here we propose 
that the repair response of Club cells triggered by the loss of E-cadherin might also increase the 
induction of inflammation in the airways of these mice. Whether this is the case need yet to be 
investigated.
The airway epithelium has been postulated to be fundamental for the development of allergic 
asthma, where the airway epithelial barrier is often disrupted, with evidence for shedding of cells. 
Furthermore, the disease is associated with eosinophilic inflammation and an IgE response and 
is characterized by increased mucous production and tissue remodeling. We observed not only 
spontaneous denudation of bronchial epithelial cells in de airways of adult Cdh1fl/fl Cre+ mice, but 
also a parallel development of goblet cell metaplasia, inflammation, and signs of remodelling in the 
lungs of these mice. Thus, it seems that the loss of E-cadherin itself already has such an impact 
on the airways of these mice, that characteristics associated with asthma are induced without any 
further trigger from the environment. Taken together, our observations support the notion that loss 
of E-cadherin in the airway epithelium initiates a critical step in the pathogenesis of allergic asthma.
Alongside the changed bronchial epithelial lining, lungs of the Cdh1fl/fl Cre+ mice showed enlarged 
alveolar airspaces with thinned and damaged septae at D42, that become more thickened at D56. In 
the alveoli only ATII cells express E-cadherin (32), thus the SP-C promoter also ensured E-cadherin 
deficiency in the ATII cells. The ATII cells function as a progenitor for renewal of injured alveolar 
epithelium in rodents and humans (33), and are the precursors of ATI cells (34). In addition, the 
ATII cells are responsible for the production of pulmonary surfactant, which is required for adapting 
to breathing after birth by reducing surface tension at the air-liquid interface in the alveolus to 
maintain lung volumes (35). Interestingly, mutations in the surfactant protein genes SFTPB, SFTPC, 
and ABCA3 cause interstitial thickening and muscularization of the alveolar septae, remodeling of 
the alveolar epithelium, epithelial hyperplasia, as well as accumulation of eosinophilic, proteinacous, 
granular material, and alveolar macrophages (36). These histopathological findings are remarkably 
similar to the lung morphology we observe in the alveoli of the Cdh1fl/fl Cre+ mice at D56, indicating 
that E-cadherin deficiency in the ATII cells may induce a surfactant protein disorder in the alveoli 
of these mice when they become older. Overall, E-cadherin deficiency in ATII cells leads to the 
observed changes in alveogenesis when the Cdh1fl/fl Cre+ mice ages. 
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Thus far, we have only investigated the effects of E-cadherin deficiency on the structural phenotype 
of the airway epithelium and lung in the Cdh1fl/fl Cre+ mice, however future analysis with regard to 
the molecular phenotype will also determine whether processes including EGFR activation and NF-
κB signalling pathways play a role in the observed phenotype. In addition, E-cadherin has shown 
to interact with its cognate receptor CD103, which is expressed on both T cells and dendritic cells 
(DCs), keeping them in close contact to the airway epithelium (4). Homing of regulatory T cells 
(Tregs) to sites of tissue inflammation has also been reported to be regulated through CD103 
(37). Further investigations to cover this immunological aspect will determine whether allergen 
exposure and the induction of epithelial damage by disruption of E-cadherin is a prerequisite in 
either preventing the establishment of tolerance or disruption of established inhalation tolerance. 
Currently, we know that loss of E-cadherin in the respiratory epithelium at the time of birth leads 
to normal lung homeostasis, that changes in development of spontaneously goblet cell metaplasia, 
inflammation and bronchial epithelial aplasia when mice reach an adult age. 
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Summary

Allergic asthma is characterized by the presence of allergen-specific IgE, Th2-mediated eosinophilic 
airway inflammation, dysfunction of the mucosal barrier, airway remodeling, and BHR. The 
airway epithelium forms the first structural barrier against inhaled allergens. Integrity of the 
airway epithelial barrier is important, since it physically impedes the entry of aeroallergens into 
the underlying submucosa. In addition, loss of airway epithelial barrier function may result in 
increased epithelial activity with respect to the production of pro-inflammatory mediators (1), and 
downregulation of E-cadherin results in increased epithelial expression of the pro-allergic factors 
TSLP and CCL17 (2). In asthma, the airway epithelium has a damaged phenotype, with loss of 
epithelial barrier function and reduced expression of ZO-1 and E-cadherin (3-5). The aeroallergen 
HDM is known to contain proteolytic activity and activate PAR-2, leading to loss of epithelial barrier 
function by cleavage of the tight junctional proteins ZO-1 and occludin (6-8) and delocalization 
of E-cadherin (9), and pro-inflammatory cytokine production (10-12). Thus, HDM proteolytical 
activity may induce epithelial damage with loss of junctional E-cadherin, which may have important 
consequences for epithelial barrier function and pro-inflammatory responses. We hypothesized that 
epithelial barrier dysfunction is crucial for the development of asthma and that epithelial cells from 
asthmatic patients are more susceptible to the effects of HDM. To study this, we addressed the 
following questions:

• Is proteolytic activity or another HDM component responsible for epithelial barrier dysfunction 
and pro-inflammatory responses, and related to allergic sensitization and asthma development?

• Is PAR-2 critical for allergic sensitization and the development of asthma manifestations in vivo?

• Is airway epithelium of asthma patients more prone to HDM with respect to barrier dysfunction 
and what mechanisms underlie this increased susceptibility? 

• Does airway epithelial loss of E-cadherin lead to structural changes and airway inflammation in 
vivo?

In Chapter 2, we investigated which biochemical properties of HDM are responsible for the 
induction of epithelial barrier dysfunction and release of pro-inflammatory cytokines in vitro, as 
well as induction of Th2 responses and allergic sensitization in vivo. We used different HDM extracts 
that vary extensively in their biochemical composition. The HDM extract from Greer, which is often 
used to induce asthma manifestations in animal models, contains substantially less serine and 
cysteine proteolytic activity than extracts derived from ALK and Citeq. Interestingly, the Greer 
extract exerted most pronounced effects on epithelial immune and barrier function. This extract 
was the only extract to disrupt epithelial cell-cell contacts with delocalization of E-cadherin and 
barrier dysfunction, which was accompanied by the most pronounced secretion of the chemokine 
CCL20 in vitro. Moreover, this extract induced most profound loss of E-cadherin and expression 
of epithelial chemokines in vivo, along with allergic sensitization and manifestations of asthma, 
including goblet cell hyperplasia, inflammatory cell infiltrates and increased Th2 cytokine levels. 
Surprisingly, manifestations of asthma were not induced by the extract with the highest serine 
protease activity. Furthermore, the presence of chitinase and endotoxins in the extracts were not 
related to the effects on barrier function in vitro and allergic sensitization in vivo. Thus, our results 
indicate that the ability of HDM extracts to alter epithelial barrier and immune function in vitro are 
associated with the capacity to induce allergic sensitization and asthma phenotypes in vivo, while 
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this appeared to be independent of the serine protease activity.
In Chapter 3, our aim was to investigate whether proteolytic activation of PAR-2 is essential 
for HDM-induced allergic sensitization and the development of Th2-mediated airway inflammation 
in a mouse model of asthma. To assess the role of airway epithelial expression of PAR-2 in the 
development of asthma manifestations upon HDM exposure, we treated Par-2 deficient mice with 
the low and high serine protease-containing HDM extracts as described in Chapter 2. The results 
showed that the HDM extracts were able to induce recruitment of eosinophils and neutrophils to 
the airways and to induce pro-inflammatory cytokine production in the airways independent of 
the serine protease content, in both wild-type (Wt) and Par-2 deficient mice, with no difference 
between the two. This confirms our findings in Chapter 2 that the serine protease content in HDM 
and subsequent PAR-2 activation is not involved in the induction of airway inflammation by HDM. In 
contrast, the serine protease activity of HDM did contribute to the increase in total IgE levels upon 
repeated HDM exposure, although it was not crucial for HDM-specific IgE or the increase in IL-13 
levels in the airways. Together, this study shows that PAR-2 activation through HDM contributes to 
the induction of total IgE in an IL-13-independent manner, but is dispensable for the production of 
pro-inflammatory cytokines and the development of airway inflammation in vivo.
In Chapter 4 we aimed to gain more insight in why asthma epithelium displays higher susceptibility 
to HDM than healthy epithelium. We did so by studying the intracellular signaling events involved 
HDM-induced barrier dysfunction and pro-inflammatory activity of bronchial epithelium in more 
detail. Here, we show that HDM induces intracellular Ca2+ accumulation in bronchial epithelium, 
and that this is critical for the HDM-induced epithelial barrier dysfunction and CCL20 secretion. 
Importantly, primary bronchial epithelial cells (PBECs) obtained from asthma patients respond 
stronger to HDM than PBECs from healthy persons with respect to Ca2+ influx and the resultant 
barrier dysfunction and CCL20 secretion. Furthermore, we found that HDM-induced ATP/purinergic 
receptor mediated Ca2+ signaling leads to epithelial barrier dysfunction through the delocalization 
of E-cadherin and the degradation of occludin. On the other hand, CCL20 production was 
likely mediated through a different intracellular pool of Ca2+, with no relation to ATP/purinergic 
receptor signaling. Thus, HDM is able to induce two distinct Ca2+ signaling pathways that are 
involved in barrier dysfunction as well as the pro-inflammatory response of bronchial epithelium, 
respectively.                                                                                                                                                                                                                                              
In Chapter 5 we aimed to assess whether loss of E-cadherin leads to structural changes in the 
airways and attraction of inflammatory cells, as observed in the airways of asthma patients. In 
order to investigate the role of E-cadherin in the development of allergic asthma, we generated 
an inducible airway epithelium specific E-cadherin deficient mouse line Cdh1fl/fl Cre+ (SP-C-rtTA/
(tetO)7-Cre+/Cdh1fl/fl), using doxycycline. Here, we observed loss of E-cadherin expression in all 
respiratory epithelial cells at the time of birth, with only a few bronchial epithelial cells expressing 
E-cadherin compared to the airway epithelium cells of the control littermate mice. The Cdh1fl/fl Cre+ 
mice displayed normal lung anatomy at birth, but the lung morphology changed dramatically later 
in life, with damaged alveolar septae and airway epithelial denudation. Additionally, the Cdh1fl/fl 

Cre+ mice displayed extensive goblet cell metaplasia and infiltration of inflammatory cells in the 
lungs. Thus, the loss of E-cadherin strongly impacts on the mouse lung, leading to the development 
of characteristics of asthma without the requirement of any other triggers from the environment. 
Overall, we show that HDM induces loss of barrier function, with junctional loss of E-cadherin and 
induction of a pro-inflammatory response in the airway epithelium, and that this effect on the 
airway epithelium is related to allergic sensitization and airway inflammation in vivo. Accordingly, 
loss of E-cadherin in the mouse lung results in epithelial denudation, goblet cell metaplasia and 
airway inflammation. Furthermore, we show that Ca2+ signaling is critically involved in the HDM-
induced epithelial barrier dysfunction and pro-inflammatory activity and that airway epithelium of 
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asthma patients display an increased intracellular influx of Ca2+ upon HDM exposure, indicating that 
activation this pathway may contribute to the development of asthma. Although we do not know 
what specific receptor is activated by HDM to mediate these effects, our data indicate that PAR-2 
activation through serine or cysteine proteases is not involved. 
Loss of airway epithelial barrier function may thus be the key factor in the development of allergic 
asthma.

Discussion

Proteolytic activity and PAR-2 activation in allergic sensitization
As described above, our studies show that serine proteases and subsequent PAR-2 activation is likely 
not involved in HDM-induced allergic sensitization and the development of airway inflammation in 
asthma. Protease activity is a common feature of HDM that previously has been attributed as most 
relevant component for the allergic reaction (11,13,14). We therefore initially hypothesized that 
the proteolytic activity of allergens may play an important factor in the allergenicity to HDM, and 
we expected that its damaging effects on epithelial cells are crucial for allergic sensitization and the 
development of asthma. Unexpectedly, after comparing the effects of HDM extracts with different 
composition and proteolytic activity, we conclude that serine protease activity is not associated 
with the development of allergic inflammation. Even though other proteases, such as aspartate 
protease have shown to activate PAR-2 (15), and potentially  play a role in the development of AHR 
and airway inflammation (16), the Par-2 KO study confirmed that PAR-2-activating proteases play 
a limited role in the in the development of allergic asthma other than the induction of total IgE. In 
line with this result, Gough et al shows that cysteine protease activity of Der p1 is critical for IgE 
responses (17). Thus, based on these findings we conclude that PAR-2 activating proteases are 
only involved in mediating a total IgE response in HDM-induced asthma, but are not involved in the 
HDM-induced epithelial barrier function and the associated allergic inflammation response. We did 
not observe increased expression of PAR-2 in the airways after 5 weeks of HDM extract exposure 
in our experimental HDM in vivo models, indicating that repeated exposure to HDM does not result 
in the up-regulation of PAR-2. Increased PAR-2 expression has been observed in the airways of 
asthma patients (18), but based on our findings; we do not render it likely that this contributes to 
the susceptibility to develop manifestations of asthma other than an IgE response.  
Our data with regard to PAR-2 activation are in part in contrast to findings reported in the literature. 
Previous in vivo investigations have shown that activation of PAR-2 enhanced airway inflammation 
and AHR in an OVA asthma model, while inducing allergic sensitization in an OVA-induced inhalation 
tolerance model (16,19). Furthermore, in an OVA-driven asthma model, Par-2 deficient mice 
show diminished manifestations of asthma, while Par-2 over-expressing transgenic mice display 
an aggravated phenotype with elevated eosinophilic infiltration and AHR (20). Taken together, 
these data indicate that activation of PAR-2 may play a role in the severity of the allergic airway 
inflammatory response in the classical OVA models, and activation of the receptor might mediate 
allergic sensitization through the airways. However, in our studies we found that PAR-2 activation by 
HDM was not involved in the release of pro-inflammatory cytokines and induction of Th2 responses 
in vivo. This is in line with a previous study, where Wt and Par-2 deficient mice on the C57Bl/6J 
genetic background were exposed to cockroach fecal remnants, and no significant differences were 
found between serum IgE or the Th2 cytokines IL-5 and IL-13 levels after allergen exposure (21). 
The main difference between the OVA and HDM models mentioned above is that administration 
of OVA occurs by i.p. immunization, in the presence of an adjuvant such as alum, to promote the 
development of the Th2 response (22). Activation of the PAR-2 in the presence of allergen and 
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adjuvant may thus be required for the induction of a Th2 response. In fact, PAR-2 activation may 
not be directly induced by OVA itself, but the result of endogenous protease activity released by 
innate cells such as airway epithelial cells, eosinophils, mast cells or basophils, activated by IgE 
cross-linking upon OVA exposure (23,24). In line, a recent study described that a serine protease 
inhibitor was able to reduce OVA-induced eosinophilic inflammation, goblet cell metaplasia as well 
as IgE and Th2 responses in vivo (25), even though OVA itself does not contain proteolytic activity 
(26). In contrast to OVA sensitization, our study suggests that HDM does not require the release of 
these endogenous proteases and PAR-2 receptor activation to induce epithelial barrier dysfunction 
and the subsequent activation of the innate immune response. 
While we observed that HDM induces delocalization of E-cadherin and barrier dysfunction, to our 
knowledge OVA itself does not initiate barrier dysfunction. PAR-2 activation has previously been 
implicated in the delocalization of E-cadherin, where a study performed by Winter et al showed that 
that PAR-2 activation is able to disrupt E-cadherin adhesion and airway epithelial barrier function 
(27). We confirmed this result in vivo, where the exposure of BALB/c mice to PAR-2 ap resulted in 
the delocalization of E-cadherin in the bronchial epithelial lining in the airways of these mice. 
In contrast to HDM, investigations in Par-2 deficient mice backcrossed for 10 generations into 
the BALB/c background, determined that allergic airway inflammation upon cockroach exposure 
was strictly dependent on PAR-2 (21,26,28). Thus, it is tempting to speculate that activation of 
PAR-2 by cockroach proteases in BALB/c mice may be required for barrier dysfunction and the 
subsequent development of allergic inflammation. In addition, the genetic background may play a 
role in susceptibility to allergic airway inflammation after allergen exposure. 
The studies performed in this thesis provide evidence that HDM-induced barrier dysfunction occurs 
in a PAR-2 independent fashion, suggesting that other mechanisms are involved. 

Receptors and signaling pathways involved in airway epithelial barrier dysfunction and the related 
susceptibility to develop asthma
Our studies show that HDM-induced Ca2+ fluxes are crucial for epithelial barrier dysfunction and 
pro-inflammatory responses. In line with our observation that PAR-2 activation induced epithelial 
CCL20 production in a Ca2+-dependent manner, activation of PAR-2 has been implicated in the 
allergen-induced secretion of CCL20 (29) as well as the induction of Ca2+ fluxes in human airway 
epithelial cells in vitro (30). However, PAR-2 activation did not result in epithelial barrier dysfunction 
nor to allergic sensitization in vivo, indicating that other receptors are involved in these responses 
to HDM.  
Other PRRs expressed by the airway epithelium include Toll-like receptors (TLRs) and C-type lectin 
(CTL) receptors (31) and these may play a role in the observed effects of HDM as highlighted below. 
A previous investigation by Hammad et al showed that the absence of TLR4 on structural cells of 
the lung abolished the HDM-driven allergic airway inflammation (10), suggesting a critical role for 
TLR4 activation in allergic sensitization. This is in line with a recent study, where HDM containing 
endotoxins and TLR4 activation were required for the induced innate immune response (32). 
Furthermore, MyD88 deficient mice were protected for HDM-induced allergic airway inflammation, 
Th2 response and AHR (33), indicating that the endotoxin content in HDM plays a crucial role in the 
development of asthma manifestations in experimental models. From our studies, we conclude that 
the development of allergic sensitization and manifestations of asthma in vivo are not dependent 
on the endotoxin levels in HDM, since the extract with the highest endotoxin did not induce most 
profound asthma manifestations and moreover, LPS exposure in a similar concentration did not 
mimic the HDM-induced effects in vitro and in vivo (Chapter 2). It is of interest to note, that 
Eisenbarth et al found that low levels of inhaled endotoxin are necessary to induce Th2 responses 
to inhaled OVA in a mouse model of allergic sensitization, while inhalation of high levels of LPS in 
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combination with OVA initiate a Th1 response (34). Additionally, a recent study performed by de 
Boer et al showed that challenging mice with HDM with increasing doses of LPS (0.001–10 µg) 
lead to inhibition of HDM-induced eosinophil recruitment into the lungs, mucus production and 
production of Th2 cytokines, while enhancing the HDM-induced release of IL-17, IL-33, IFN-γ, 
and TNF-α, (35). Thus, LPS exposure can shift an allergen mediated Th2 response towards a 
Th1 response. This may offer an explanation why in our studies the extracts with the highest 
endotoxin levels did not result in allergic sensitization and development of Th2-mediated asthma 
manifestations. However, even though the Greer extract contained less endotoxin than the Citeq 
extract, the content was within the range of the LPS content that inhibited the production of Th2 
cytokines in the de Boer study. In addition, the Greer extracts also induced goblet cell hyperplasia, 
delocalization of E-cadherin, profound (eosinophilic) airway inflammation and AHR, which was 
not observed by the extract that contained the lowest endotoxin levels (HDM ALK extract). Thus, 
although we cannot exclude that low concentrations of endotoxin in HDM contribute to allergic 
airway inflammation, other mechanisms are likely to be involved as well.
In this respect, the non-proteolytic allergen Der p2 can activate TLR4, as it shares structurally 
homology with the LPS-binding component of TLR4, the MD-2 protein (36). The fact that Der p2 
exposure led to experimental allergic asthma in Wt and MD-2-deficient, but not TLR4-deficient mice 
(36), together with the fact that the Greer extract contained highest Der p2 levels (Chapter 2), 
suggests that Der p2 instead of endotoxins could be responsible for the observed TLR4-dependent 
induction of an allergic response (36). However, Österlund et al reported that Der p2 activity was 
completely inhibited upon heat treatment of Der p2, abolishing its ability to induce secretion of 
GM-CSF or CCL20 by bronchial epithelial cells (37), while heat inactivation did not abolish the 
effects of the Greer HDM extract in our studies (Chapter 2), suggesting that another component 
in HDM could play an essential role here. Although the authors imply that the response to Der p2 
involves the activation of MAPK and NF-kB, they do not mention whether the activation of these 
pathways is mediated through TLR4 or other PRRs, and whether heat treatment affects binding to 
all of these receptors (37). In addition to TLR4, a study in airway smooth muscle cells revealed 
that Der p2 can activate TLR2, which activated Ca2+ signaling and subsequent cleavage of the 
junctional proteins E-cadherin and occludin (38) as well as an inflammatory response through 
activation of the NF-κB pathway (39). Thus, expression of TLR2 on bronchial epithelium may be 
equally important as TLR4 in the development of allergic asthma. To our knowledge, it has not been 
described that TLR2 is expressed on human airway epithelium and whether this is up-regulated 
after allergen exposure or in asthma patients. In addition to Der p2, a recent in vivo study by 
Ryu et al showed that HDM-derived ß-glucan is able to activate TLR2, although the activation 
of TLR2 through ß-glucan was mainly responsible for activation of the innate immunity in nasal 
mucosa and triggering of HDM-allergic rhinitis and not allergic asthma (32). Together,  Der p2 
could be responsible for mediating HDM-induced Ca2+ signaling and subsequent effects on epithelial 
barrier function and pro-inflammatory responses, either through TLR2 or TLR4 activation, although 
it is not clear whether heat treatment has an effect on Der p2-mediated TLR2 or TLR4 activation 
and whether these receptors are differently expressed in airway epithelium of asthma patients. 
Therefore, it will be of interest to study this in the future.
Additionally, besides binding to TLR2, ß-glucans bind to the CTL dectin-1 (40). The expression 
of the CTL receptor dectin-1 on airway epithelium is controversy, where Evans et al reported 
that alveolar epithelial cells completely lack the dectin-1 ß-glucan receptor (41), while Lee et 
al reported that dectin-1 mRNA and protein is expressed on alveolar epithelial cells (42) and on 
bronchial epithelium (43,44). Importantly, Nathan et al also showed that ß-glucan was involved 
in HDM-induced production of CCL20 in a Syk-dependent pathway, suggesting the involvement 
of a dectin-like receptor in bronchial epithelial responses to HDM (12). In addition, they showed 
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that the ß-glucan-induced CCL20 secretion was not affected by heat-inactivation (12), making 
ß-glucan a possible candidate for the effects on epithelial barrier function and pro-inflammatory 
activation we observed (Chapter 2). Of interest, dectin-1 activation has also been linked to Ca2+ 
signaling (45). In our study, we have not measured the ß-glucan content in the HDM extracts, nor 
measured the expression of dectin-1 on bronchial epithelium after HDM exposure. In addition, 
we have not measured whether there were differences in expression of dectin-1 on epithelium 
obtained from asthmatic patients and healthy individuals. This will be of interest in future studies, 
since we conclude that ß-glucan and dectin-1 can be involved in the observed effects of HDM in our 
experiments, and thus may play a role in the development of asthma. To our knowledge, currently 
dectin-1 expression on airway epithelium of asthmatic patients has not been studied. In addition to 
glucan, chitin, which is found in HDM, has shown to activate both TLR2 and dectin-1 (46,47), and 
could potentially play a role in HDM induced Ca2+ signaling, although it is not known whether heat 
treatment abolishes chitin mediated TLR2 or dectin-1 signaling. Furthermore, the non-proteolytic 
compound Der p5 has also been reported to induce Ca2+ signaling in alveolar epithelial cells (48,49). 
However, it is unknown what PRRs are activated by Der p5, and since we did not measure its levels 
in our study, its role in epithelial responses to HDM remains unclear. 
In addition to TLR2 and dectin-1, our study shows that the G-protein coupled purinergic receptor may 
play a role in the epithelial response to HDM, in particular the changes in epithelial barrier function. 
Danger signals such as ATP bind P2X (P2X1–7) and we observed that ATP-dependent purinergic 
receptor activation and Ca2+ signaling are involved in HDM-induced epithelial barrier dysfunction. 
Both the P2Y and P2X receptors are found on airway epithelium (50-52). In addition, Vieira et al 
showed that the development of allergic inflammation was reduced in airway epithelial specific 
P2Y6R deficient mice when exposed to HDM compared to Wt mice (53), indicating an important 
role for purinergic receptor dependent signaling pathways. Furthermore, studies performed with 
P2X7R knockout mice showed decreased airway reactivity and fewer immune cells recruited to 
the lung after HDM challenge (54). Also, allergen challenge initiated acute accumulation of ATP in 
the airways of asthmatic subjects and mice with experimentally induced asthma (55). In further 
line with our findings, exposure of bronchial epithelial cells to Alternaria Alternata resulted in the 
extracellular release of ATP (56). Based on these and our results, activation of P2X receptors 
may thus play a significant role in the delocalization of E-cadherin, epithelial barrier dysfunction 
and the development of allergic asthma, even though we found that the CCL20 production was 
initiated through a different signaling pathway. In context of the development of asthma, a cohort 
in childhood asthma showed that attenuated P2X7 function is associated with lower asthma rates 
and less severe disease in young children as well as sensitization to fewer aeroallergens (57). 
Overall, based on our results, the individual or simultaneous activation of the TLR2/TLR4 (Der p2), 
dectin-1 (ß-glucan) and P2X (ATP) receptors may play an important role in the development of 
HDM-induced barrier dysfunction and allergic asthma.

PRR redundancy and combinatorial activation in allergic sensitization
In addition to single ligand-receptor interactions, cooperation between signals derived from 
multiple PRRs may play a role in the development of allergic inflammation. Previous data from our 
group showed that PAR-2 activation is involved in the activation of the epidermal growth factor 
receptor (EGFR), which promoted the disassembly of E-cadherin and ZO-1 and decreased epithelial 
resistance in bronchial epithelial cells in vitro (9). Since we did not observe an effect of LPS alone 
on epithelial barrier function in Chapter 2, we speculate that combined TLR4 and PAR-2 activation 
could be involved in this effect of HDM. A study performed by Rallabhandi et al suggests that 
activation of TLR4 and PAR-2 are cooperative, and that induction of pro-inflammatory cytokine 
production by TLR4 triggering is only induced after the concurrent engagement of PAR-2 (58). 
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In this context, the up-regulation of PAR-2 in airway epithelium of asthmatic patients (18) could 
play a role in induction of pro-inflammatory cytokines through cooperation with TLR4, although 
we would still expect reduced pro-inflammatory responses in the Par-2 deficient mice. In addition 
to an interaction between PAR-2 and TLR4, it would be interesting to investigate whether there is 
cooperation between PAR-2 and Der p2-mediated TLR2 activation. Our data in Par-2 deficient mice 
might be explained by the possibility that a combination of multiple PRRs is required to allow for 
the induction of an airway epithelial response to HDM, with PAR-2 being one facultative, but not an 
obligatory partner in such a response.
In addition to PAR-2, TLRs are known to interact with EGFR, and TLR2, TLR3, TLR5, and TLR6 are 
able to activate dual oxidase 1 (Duox1) to generate reactive oxygen species (ROS) (59). ROS can 
induce the activation of ADAM metallopeptidase domain 17 (ADAM17), also called TACE (tumor 
necrosis factor-α-converting enzyme), which can cleave the transforming growth factor (TGF)-α pro-
ligand, releasing soluble TGF-α that binds and activates the EGFR (59). In addition, ATP/purinergic 
receptor-mediated Ca2+ has been implicated in Duox-1-ADAM17 induced EGFR activation (60). 
Interestingly, EGFR activation has not only shown to be involved in HDM-induced delocalization 
of E-cadherin and production of CCL17 and TSLP (9), but also in increased production of MUC5AC 
in the airway epithelium (61). In this manner, HDM exposure could thus possible through TLR2 
activation (by Der p2) and ATP/purinergic receptor Ca2+ signaling pathways induce EGFR activation 
and subsequent barrier dysfunction, airway inflammation and goblet cell metaplasia. 

SERCA 
In addition to the receptors described above, cytosolic Ca2+ levels are regulated by the sarco–
endoplasmic reticulum (ER) Ca2+ ATPase (SERCA) (62). Interestingly, ER stress inducer and SERCA 
inhibitor thapsigargin induced a pro-inflammatory epithelial response and increased the response 
to HDM in vitro (Chapter 4). Therefore, we speculate that reduced levels of SERCA and/or increased 
ER stress could be responsible for the increased response to HDM as observed in asthma epithelium. 
Indeed, SERCA2 expression (both protein and mRNA) is reduced in smooth muscle cells from 
asthmatics compared to healthy subjects (63). Importantly, ORMDL3, a SERCA pump regulator, has 
been identified as an asthma associated gene (64). Furthermore, single nucleotide polymorphisms 
of the ORMDL3 gene have been associated with childhood asthma (65,66), and we speculate that 
these polymorphisms possible also influence [Ca2+]i homeostasis in airway epithelium. The fact 
that we observed a stronger response to HDM in PBECs obtained from asthma patients than from 
healthy persons with respect to Ca2+ influx, supports this hypothesis, and might also explain the 
vulnerable epithelial barrier function in asthmatic patients (3,4,67). Therefore, it will be of interest 
to study whether epithelial SERCA expression is reduced in asthma and further study the effects of 
SERCA inhibition, e.g. in mouse models of asthma.

Consequences of E-cadherin loss
Together, we speculate that changes in TLR2/TLR4, dectin-1, purinergic receptor and/or SERCA 
levels could contribute to the increased response of asthma epithelium to HDM, leading to the 
disruption of the epithelial barrier with junctional loss of E-cadherin. Our studies in the Cdh1fl/fl Cre+ 
mice suggest that this may have important consequences and that E-cadherin is a central regulator 
of lung structure and inflammation, since its loss results in epithelial denudation in the bronchi/
bronchioles, goblet cell metaplasia, airway inflammation and structural changes in the lung of adult 
mice. This is in line with previous in vitro data from our group, showing that down-regulation of 
E-cadherin expression in bronchial epithelium increases EGFR activation, resulting in the secretion 
of CCL17 and TSLP (2), suggesting that the induction of E-cadherin loss by itself is sufficient to 
induce pro-inflammatory activity of the airway epithelium. Additionally, E-cadherin loss may lead to 
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activation of the NF-κB signaling pathway (68), inducing the secretion of pro-inflammatory cytokines 
e.g. TSLP and CCL17, thereby contributing to airway inflammation. As described above, in addition 
to cytokine production, EGFR is involved in mucus production. EGFR downstream activation induces 
MEK/ERK-1/2 and p38 MAPK that not only initiates the up-regulation of CCL17 and TSLP (2), but 
also is involved in MUC5AC mucin production (61) and mucus production (69). Indeed, we observed 
goblet cell metaplasia in the bronchi/bronchioles mice, which could thus be a consequence of 
increased EGFR signaling upon E-cadherin loss. On the other hand, loss of E-cadherin expression 
can lead to the expansion of Club cells with impaired differentiation (70). Club cells are able to 
restore the function of differentiated cells, including Club and ciliated cells, of the airway epithelium 
upon injury (71), and loss of E-cadherin may disturb normal epithelial differentiation. We speculate 
that this may contribute to the increased numbers of mucus producing cells in Cdh1fl/fl Cre+ mice.
We additionally observed an increased amount of inflammatory cells including eosinophils in the 
lungs of the adult Cdh1fl/fl Cre+ mice. A previous study with regard to asthma development showed 
that Club cells are crucial for the production of eotaxin-1 and the accumulation of eosinophils in the 
airways (72), suggesting that the repair response of Club cells triggered by the loss of E-cadherin 
additionally could induce inflammation. 
We established in the prior chapters that HDM initiates allergic inflammation through induction of 
barrier dysfunction as well as immune responses. In addition, the studies in PBECs obtained from 
asthmatic patients revealed that these cells react much stronger on HDM with regard to E-cadherin 
delocalization and the induction of CCL20 secretion. These results strongly suggest that E-cadherin 
delocalization by itself may be sufficient for the development of airway inflammation and that these 
responses are aggravated after HDM exposure. In addition, a study of Ierodiakonou et al showed 
that CDH1 gene polymorphisms are associated with airway remodeling and inflammation as well 
as lung functions in asthmatic patients (73). Also, structural changes in the airway epithelium 
as well as airway eosinophilic inflammation have been observed in the lungs of children before 
allergic asthma was even diagnosed (74). Together, these and our studies suggest that disruption of 
epithelial cell-cell contacts with junctional loss of E-cadherin are a crucial event in the development 
of allergic asthma after allergen exposure. 

Future perspectives

The studies presented in this thesis suggest several options for further investigations with regard 
to the mechanisms involved in the response of airway epithelium on HDM in the development of 
allergic asthma. Most current studies regarding HDM-induced asthma development have focused 
on specific biochemical components in HDM extracts e.g. Der p1 (serine proteases) (7,8), Der 
p2 (36,37) or activation of specific receptors e.g. TLR4 (10) and linked these findings to be the 
determining factor in HDM-induced allergic asthma. Investigating the biochemical components in 
different HDM extracts and studying their effects on airway epithelium suggests other PRRs are 
more likely involved, with individually or upon combined activation. Studies to investigate the 
expression of the different receptors on asthmatic epithelium compared to healthy controls and of 
the use of selective receptor inhibitors in combination with allergen exposure may provide us more 
insight in the specific mechanisms involved in allergic asthma development. In addition, analyzing 
the role of calcium regulators like SERCA will be of interest. 
The commercially available HDM extracts in our study consist of complete whole body crushed 
mites, while it is believed that allergic patients obtain their asthma reaction from inhaling HDM 
excrements (75). A recent study clearly showed that testing the effects of commercially available 
Dermatophagoides pteronyssinus (Der p) HDM extracts, with great variability regarding allergen 
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composition and content, induced different IgE reactivity profiles to the individual mite allergens in 
mite-allergic patients and even gave some false-negative diagnostic test results in certain patients 
(76). Thus, commercially available HDM extracts may not represent the reality of HDM-induced 
allergic asthma. Therefore, it would be of interest to study the effects of HDM excrements in vitro/in 
vivo to mimic the natural way of sensitization in humans and with it the effects on barrier function 
and immune responses of the airway epithelium. In addition, new investigations with combined 
biochemical components e.g. ß-glucan, Der p1 and Der p2 compared to single components, in 
concentrations equivalent found in (natural) HDM extracts, would provide more detailed information 
about the mechanisms (e.g. receptor cooperation) involved in HDM-induced allergic inflammation, 
and thereby possible be more informative for asthma development in allergic patients then the 
current studies.
The studies performed with the Cdh1fl/fl Cre+ mice indicate that E-cadherin loss in the airway 
epithelium obtained at an early age has a strong impact on lung epithelium with regard to epithelial 
denudation and development of inflammation. Further investigations are required to determine 
whether EGFR activation (2) and/or NF-κB activation (68) are induced upon loss of E-cadherin in 
the Cdh1fl/fl Cre+ mice. In addition, further studies investigating the effects of E-cadherin deficiency 
at the time birth in these mice, followed by restoration of E-cadherin expression in the bronchial 
epithelium will shed more light on the impact of E-cadherin delocalization at a young age and HDM 
exposure at an adult age in the context of allergic asthma development.
Finally, in addition to the its crucial role in epithelial barrier function and pro-inflammatory response, 
E-cadherin has been shown to be able to interact with several immune cells of the innate and 
adaptive immune system, including intraepithelial lymphocytes (IELs), dendritic epidermal T cells 
(DETC), Treg subsets, CD8+ T-cell subsets and regulatory DC subsets, through linkage with its 
cognate receptor CD103 (αEß7 integrin) on these cells (77-79). Interaction between DCs and airway 
epithelial cells through CD103-E-cadherin mediates an inhibitory signal, which is released when 
the connection is abrogated, inducing possibly DC activation and facilitating allergic sensitization 
(77,80). Furthermore, E-cadherin can interact with the inhibitory killer cell lectin-like receptor G1 
(KLRG1) (81), which is expressed on subsets of CD4+ and CD8+ T-cells and mature NK cells (78). 
High levels of soluble E-cadherin, induced upon stimuli that disrupt epithelial cell-cell contacts, might 
also inhibit CD8+ T cell function through binding with KLRG1 (82). It is tempting to speculate that 
interactions of these cells with the epithelium contribute to the control of inflammation development, 
and that disruption of E-cadherin-mediated adhesion promotes DC and/or T-cell activation. To 
study this, we have now created another transgenic mouse line CCSP-rtTA/(tetO)7-Cre+/Cdh1fl/fl, 
using the Club cell secretory protein (CCSP) as the promoter for expression of rtTA and inducible 
regulation of Cre recombinase after doxycycline exposure, targeting E-cadherin specifically in Club 
cells (83). E-cadherin deficiency can thus also be induced at a later age in these mice, being 
able to target E-cadherin-CD103 interactions. Using these mice, we can investigate whether the 
loss of E-cadherin has an effect on the presence of CD103-DCs, CD103-Treg and/or KLGR1+ cells 
in the airways and subsequently influences the inflammatory response after allergen exposure. 
Future studies in both mouse lines will then provide further insight in the immunoregulatory role of 
E-cadherin in the development of allergic airway inflammation. 

Concluding remarks

Together, our findings show that dysfunction of the airway epithelial barrier plays a crucial role in 
the development of asthma and that loss of E-cadherin from epithelial cell-cell contacts is a critical 
step towards the development of allergic sensitization and the development of allergic asthma. 
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With respect to allergen exposure, we have shown that serine proteases and PAR-2 activation are 
not necessary to initiate epithelial responses and the development of allergic asthma in response 
to HDM. Instead, we provide the evidence that HDM induces Ca2+ signaling in at least in two 
different ways: via the ATP/purinergic receptor pathway, resulting in epithelial barrier dysfunction 
and via a different pathway, leading to pro-inflammatory responses. The latter may involve 
activation of PRRs, including TLRs (e.g. by Der p2) and dectin-1 (e.g. by ß-glucan), respectively. 
Furthermore, activation of these receptors may be involved in the induction of epithelial damage/
stress responsible for the release of ATP and subsequent activation of the purinergic receptor. The 
finding that airway epithelial cells obtained from asthmatic patients respond stronger to HDM with 
respect to Ca2+-fluxes and barrier dysfunction, together with the finding that loss of E-cadherin 
initiates structural changes and airway inflammation, highlight the importance of Ca2+-dependent 
epithelial barrier dysfunction in the development of allergic asthma. Our studies may lead to the 
development of novel therapeutic strategies aimed at the integrity of the airway epithelial barrier.
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Allergisch astma

Astma is een steeds meer voorkomende chronische ziekte, gekarakteriseerd door reversibele 
luchtwegvernauwing, beschadigingen aan het luchtwegepitheel, luchtweg hyperreactiviteit en een 
chronische ontstekingsreactie in de luchtwegen. Verder wordt astma gekenmerkt door een vergrote 
productie van slijm, benauwdheid, hoesten, piepende ademhaling en kortademigheid. De meest 
voorkomende vorm van astma is allergisch astma. Astmapatiënten reageren op het inhaleren van 
stoffen waarvoor ze allergisch zijn (de zogenaamde allergenen), die een ontstekingsreactie in 
de luchtwegen, luchtwegobstructie en luchtweg hyperreactiviteit veroorzaken. Deze allergische 
reacties worden vooral uitgelokt door allergenen zoals uitwerpselen van huisstofmijt, pollen, 
huidschilfers van huisdieren, sporen en/of schimmels, maar kan ook worden veroorzaakt door 
koude lucht, lichamelijke inspanning en sommige medicijnen zoals aspirine. De reactie verschilt 
van mens tot mens, en tot op heden is het onbekend waarom astmapatiënten reageren op het 
inademen van allergenen met luchtwegontsteking, terwijl gezonde personen hier geen reactie 
op hebben. Vandaag de dag wordt astma voornamelijk behandeld met ontstekingsremmers en 
luchtwegverwijderaars, die de symptomen van de ziekte behandelen, maar niet de oorzaak. 
Omdat de aanleg voor astma erfelijk is wordt gedacht dat de ontwikkeling van astma een 
resultaat is van een interactie tussen genetische factoren, waardoor een persoon aanleg heeft 
voor ontwikkeling van de ziekte en factoren van de omgeving die de ziekte veroorzaken. 
Verschillende studies hebben laten zien dat de ontwikkeling van astma gerelateerd is aan 
blootstelling op heel jonge leeftijd aan een virusinfectie en/of allergenen van de omgeving die 
allergische sensibilisatie veroorzaken. Dit leidt tot een chronische ontstekingsreactie gevolgd door 
luchtwegvernauwing en luchtweg hyperreactiviteit. Opmerkelijk genoeg komen veel van de onlangs 
ontdekte astmagevoeligheidsgenen, inclusief de DPP10, GPCRA, CHI3L1 en PCDH1 (lid van de 
protocadherine familie) tot expressie in het luchtwegepitheel, die een belangrijke rol voor epitheel 
in astma onderstrepen. Bovendien is bekend dat bepaalde polymorfismen in genen van belangrijke 
cel-cel-verbindingseiwitten zoals E-cadherine (CDH1) zijn geassocieerd met veranderingen in het 
luchtwegepitheel, luchtwegontstekingen en vermindering van longfunctie in astmapatiënten die 
corticosteroïden gebruiken  Dit geeft aan dat veranderingen in het epitheel van belang zouden 
kunnen zijn in de ontwikkeling van allergisch astma. Dit wordt verder ondersteund doordat is 
gebleken dat de structurele veranderingen in het luchtwegepitheel van kinderen vaak al vóór de 
diagnose van astma optreden. Deze resultaten duiden aan dat het luchtwegepitheel een actieve rol 
kan spelen in de ontwikkeling van allergisch astma. De hypothese is dan ook, dat luchtwegepitheel 
een belangrijke rol speelt in de ontwikkeling van de ziekte. Van belang is dat  het luchtwegepitheel 
niet alleen een barrière vormt tegen ingeademde allergenen. Ook de ontstekingsreactie en 
vervorming van de luchtwegen wordt gestimuleerd door de productie van ontstekingsmediatoren 
en groeifactoren die reageren op andere cellen van het immuun systeem. Het is echter nog niet 
bekend welke mechanismen en signaleringswegen geïnvolveerd zijn tussen het hebben van een 
genetische aanleg voor ontwikkeling van astma en de ontwikkeling van een reactie op geïnhaleerde 
allergenen.

De allergische reactie van het immuunsysteem

De allergische sensibilisatiereactie begint met het opnemen van allergenen zoals huisstofmijt, die 
door de het luchtwegepitheel heen komen. Dit gebeurd door dendritische cellen (DCs). Deze DCs 
migreren hierna naar de dicht bijzijnde lymfklier om de allergenen te presenteren aan naïeve T 
cellen, wat resulteert in een T-helper 2 cellen (Th2) respons, een vorm van witte bloedcellen die 
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de ontstekingsreactie bewerkstelligen. Deze Th2 cellen scheiden belangrijke immuun-modulatoren 
uit zoals interleukine (IL)-4, IL-5 en IL-13 (Figuur 1). Deze zijn ze ook verantwoordelijk voor de 
differentiatie van naïeve B cellen in plasma cellen, welke verantwoordelijk zijn voor het uitscheiden 
van antilichamen zoals IgE. Het vrijgekomen IgE komt de lymfe vaten binnen en wordt vervolgens 
systematisch verspreid door het bloed. In de longen, binden de allergeenspecifi eke en non-specifi eke 
IgE antistoffen aan de sterke affi niteitsreceptor voor IgE (FcεRI) in het weefsel verblijvende mest 
cellen en perifere bloedbasofi elen. Deze worden hierdoor gevoelig en reageren op de allergenen. 
Verder bevorderen de Th2 cellen het activeren en aanwerven van eosinofi elen door het uitscheiden 
van IL-5, terwijl het uitscheiden van IL-13 een bijdrage levert aan de productie van slijm door de 
bekercellen in het epitheel (Figuur 1). Nadat allergenen worden herkend door de FcεRI-gebonden 
allergeenspecifi eke IgE antilichamen worden de mestcellen geactiveerd. Dit stimuleert de vrijlating 
van verschillende bemiddelingsfactoren zoals histamine, prostaglandine, cytokinen zoals tumor 
necrosis factor-alpha (TNF-α) en groei factoren, die vernauwing van de luchtwegen, uitweiding van 
de bloedvaten, verhoogd vasculair doorgang en slijm productie veroorzaken (Figuur 1). 
Blootstelling aan allergenen bevordert ook het uitscheiden van ontstekingsmediatoren zoals IL-25, 
IL-33 en thymic stromal lymphopoietin (TSLP) door het luchtwegepitheel die belangrijk zijn voor de 
Th2 reactie. Ook scheidt het luchtwegepitheel mediatoren uit zoals CCL20, granulocyte macrophage 
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Figuur 1. Effecten van huisstofmijt op luchtwegepitheel. Huisstofmijt beschadigt het epitheel en verstoort de integriteit van 
AJs en TJs, waardoor de barrièrefunctie vermindert en huisstofmijt gemakkelijker de dendritische cellen (DCs) in de submucosa kan 
bereiken. Daarnaast  kunnen verschillende receptoren (waaronder protease activated receptor (PAR)-2, Toll-like receptor (TLR)-4 
en Dectin-1) op het epitheel verschillende componenten van het huisstofmijt herkennen, wat niet alleen leidt tot verstoring van de 
TJs/AJs maar ook de productie van pro-infl ammatoire cytokines, zoals granulocyte-macrophage colony-stimulating factor (GM-CSF), 
thymic stromal lymphopoietin (TSLP), Chemokine Ligand 17 (CCL17) en CCL20, veroorzaakt. Al deze effecten van huisstofmijt leiden 
uiteindelijk tot een Th2-gemedieerde luchtwegontsteking en allergische sensibilisatie. Zie tekst voor verdere uitleg.
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colony–stimulating factor (GM-CSF) en Chemokine Ligand 17 (CCL17). Deze zijn belangrijk voor 
het aantrekken van naïeve DCs en Th2 cellen naar het luchtwegepitheel (Figuur 1). Verder is het 
luchtwegepitheel ook de bron van mediatoren zoals Eotaxin-1 die een rol spelen in het behouden 
van de ontstekingsreactie door het aanwerven van eosinofi elen naar het luchtwegepitheel. Deze 
data wijst aan dat het luchtwegepitheel mogelijk een kritische rol speelt in de ontwikkeling van 
tolerantie of een allergische reactie na blootstelling aan een allergeen, en dus een belangrijke rol 
in de ontwikkeling van astma.

Rol van het luchtwegepitheel bij astma 

De mens heeft twee longen, waarvan de rechterlong uit drie longkwabben bestaat en de linkerlong 
uit twee longkwabben. Het luchtwegepitheel bestaat uit verschillende celtypes zoals basale cellen, 
cellen met trilhaar en slijmproducerende cellen zoals bekercellen. Het epitheel vormt de primaire 
barrière tegen de buitenwereld en geïnhaleerde allergenen, en voorkomt dat schadelijke stoffen in de 
onderliggende sub mucosa terechtkomen. Deze barrière wordt gevormd door de het verbinden van 
naburige cellen, via moleculen die betrokken zijn bij de vorming van de zogeheten Tight Junctions 
(TJs), waaronder de eiwitten zona occludens-1 (ZO-1), occludine, claudines 1-5 en Junctional 
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Figuur 2. Structuur van het Tight- en Adherens junction complex in het luchtwegepitheel. De tight junctions (TJ) bevinden 
zich aan de apicale kant van de cel en worden gevormd door interactie tussen de moleculen occludine, claudines 1-5 en junctional 
adhesion molecule (JAM), welke zijn verbonden met het actine cytoskelet van de cel via respectievelijk zonula occludens (ZO) 
1-3, en de Par eiwitten. De adherens junctions (AJ) bevinden zich aan de basolaterale kant van de TJs en vormen intracellulaire 
verbindingen, waarbij het eiwit E-cadherine als belangrijkste adhesie molecuul functioneert. E-cadherine is verbonden met het 
cytoskelet via β-catenine. Meest basaal bevinden zich de desmosomen.
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adhesion molecules (JAM) en de Adherens Junctions (AJs), waaronder het eiwit E-cadherine. De TJs 
zijn grotendeels verantwoordelijk voor de ondoordringbaarheid van het luchtwegepitheel, terwijl 
gedacht wordt dat E-cadherine verantwoordelijk is voor aanhechting van de cellen en tegelijkertijd 
cruciaal is voor de opbouw van de TJs. Al deze eiwitten zijn essentieel voor de vorming van de cel-
cel-contacten en barrièrefunctie van het luchtwegepitheel (Figuur 2). Bij patiënten met allergisch 
astma zijn bepaalde cel-cel-contacteiwitten, zoals E-cadherine en ZO-1, verminderd aanwezig in 
het luchtwegepitheel waardoor het contact tussen de cellen minder sterk wordt. Momenteel is het 
echter onbekend of de veranderingen in het epitheel van astmapatiënten en de vermindering van de 
cel-cel-contacten slechts een bijkomstigheid of de oorzaak is van de allergische ontstekingsreactie 
in de luchtwegen van astmapatiënten. 

Interactie van luchtwegepitheel met allergenen
Naast zijn barrièrefunctie is het epitheel belangrijk voor het aansturen van het afweersysteem. Door 
de aanmaak van mediatoren die allergische luchtwegontstekingen bevorderen. In luchtwegepitheel 
komen zogenaamde pattern recognition receptors (PRRs) tot expressie, waartoe de protease-
geactiveerde receptoren (PAR), dectin-1 receptoren en Toll-like receptoren (TLR) behoren. Deze 
receptoren herkennen lichaamsvreemde stoffen (zoals bacteriën, virussen, schimmels), wat er toe 
leidt dat het epitheel signalen van gevaar aan zijn omgeving kan doorgeven. 
Allergenen zoals huisstofmijt bevat meerdere componenten zoals serine- en cysteïne enzymen 
(proteasen) en ook componenten zonder protease activiteit. Aanvankelijk werd beschreven dat de 
eiwit-knippende serine proteasen verantwoordelijk zijn voor de afbraak van ZO-1, occludine en ook 
in een mindere mate E-cadherine. Hierdoor beschadigt huisstofmijt de integriteit van de cel-cel-
contacten dat leidt tot barrièredisfunctie van het epitheel en het mogelijk wordt dat de onderliggende 
DCs in de sub mucosa huisstofmijt kan opnemen. Verder is bekend dat meerdere componenten in 
huisstofmijt bepaalde PRRs kunnen activeren, waardoor deze receptoren mogelijk een rol kunnen 
spelen in de ontwikkeling van astma. Een van deze receptoren is de PAR-2 receptor, geïmpliceerd 
in de ontwikkeling van allergisch astma, doordat het aanwezig is in het luchtwegepitheel, en 
verhoogd tot expressie komt in de luchtwegen van astmatische patiënten. Deze  PAR-2 receptoren 
kunnen worden geactiveerd door serine proteasen die aanwezig zijn in huisstofmijt. Verder is 
bekend dat het activeren van PAR-2 in epitheel de immunologische tolerantie voor het geïnhaleerd 
eiwit ovalbumine (OVA) kan doorbreken en allergie kan opwekken in een muismodel. Ook is 
beschreven dat het activeren van de PAR-2 receptor het verstoren van de E-cadherine cel-cel-
contacten teweeg kan brengen via een intracellulaire route. Ook stimuleert het de aanmaak van 
pro-ontstekingscytokinen, waaronder IL-6, IL-8, GM-CSF, CCL17, TSLP en CCL20. De cytokinen 
CCL17 en TSLP zijn respectievelijk verantwoordelijk voor het aantrekken en differentiëren van 
de Th2 cellen, terwijl CCL20 het aantrekken van DCs bevordert. CCL20 is verder een interessant 
chemokine, omdat aangetoond is dat CCL20 verhoogd wordt afgegeven na allergeen provocatie in 
astmapatiënten en mogelijk een belangrijke rol speelt bij de ontstekingsreactie in de luchtwegen 
van astmapatiënten. Bovendien zijn de CCL20 spiegels verhoogd bij ernstig astma vergeleken 
met niet-ernstig astma en na inademing van allergenen. Verder heeft onze onderzoeksgroep laten 
zien dat de activering van PAR-2 door serine proteasen aanwezig in het huisstofmijt, het activeren 
van de EGFR stimuleert, wat leidt tot verminderd resistentie van het epitheel en de afbraak van 
E-cadherine en ZO-1 in bronchiaal epitheel cellen in vitro (Figuur 1).
Huisstofmijt bevat ook componenten die niet enzymatisch zijn, zoals ß-glucan structuren, die een 
andere PRR genaamd dectin-1 kan activeren, en waarvan bekend is dat het de aanmaak van 
CCL20 door luchtwegepitheel stimuleert (Figuur 1). Ook bevat huisstofmijt endotoxines afkomstig 
van Gramnegatieve bacteriën en Der p2, die beide de TLR-4 receptor in epitheel kunnen activeren 
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en daarmee belangrijk zijn voor de ontwikkeling van allergisch astma in een muismodel. Verder 
is bekend dat Der p2 TLR2 kan activeren, waarvan beschreven is dat het een rol speelt in het 
induceren van een ontstekingsrespons in gladde spiercellen van de luchtwegen  en de afbraak van 
verbindingseiwitten zoals E-cadherine en occludin via een Ca2+ signaleringweg. Daarnaast bevat 
huisstofmijt andere enzymatische stoffen zoals chitinase, die de mijt bij zich draagt voor de opbouw 
en afbraak van zijn chitineskelet. Van chitinase is gebleken dat het de aanmaak van verschillende 
cytokinen, waaronder CCL17, in longepitheel stimuleert. 
Allergenen kunnen ook de vrijlating van damage-associated molecular patterns (DAMPs) door het 
luchtwegepitheel induceren. In de luchtwegen van astmatische personen en muizen gestimuleerd 
met OVA zijn verhoogde niveaus van de DAMP ATP gevonden. Van ATP weten we dat het een 
instroom van calcium in epitheelcellen kan bemiddelen en de ophoping van de intracellulair 
calcium concentratie [Ca2+]i, waarvan aangetoond is dat het geïnvolveerd is in de productie van 
pro-ontstekingscytokinen/chemokinen en de afbraak van cel-cel-contakten zoals E-cadherine en 
occludin in het epitheel. Ook weten we dat het activeren van de PAR-2, TLR2, TLR4 en dectin-1 
receptoren geïmpliceerd zijn in het veroorzaken van een calcium instroom.
Huisstofmijt bevat dus verschillende componenten die op meerdere manieren het luchtwegepitheel 
kunnen beschadigen en/of activeren, wat belangrijke consequenties kan hebben voor zowel de 
barrièrefunctie en de ontstekingsbevorderende activiteit van het epitheel.

Vraagstellingen van het onderzoek

Het is gebleken dat het luchtwegepitheel van astmatische patiënten vaak beschadigd is met verlies 
van verbindingseiwitten en ook verwijdering van cellen. Meer en weer wist aller er op dat het  
verlies van de integriteit van het luchtwegepitheel een belangrijke rol speelt in de ontwikkeling en 
progressie van allergisch astma. Het luchtwegepitheel is als eerste blootgesteld aan allergenen, 
die kunnen reageren met het epitheel door het activeren van verschillende receptoren en ook 
beschadigen kunnen veroorzaken. Dit kan belangrijke consequenties hebben zoals het verlies 
van de barrièrefunctie  van het luchtwegepitheel, gelijktijdig met de ontwikkeling van een 
ontstekingsreactie. Onze hypothese is dat de barrièrefunctie van het luchtwegepitheel een cruciale 
rol speelt in de ontwikkeling van astma en dat epitheelcellen afkomstig van astmatische patiënten 
gevoeliger zijn voor blootstelling aan allergenen zoals huisstofmijt. Het onderzoek beschreven in dit 
proefschrift richt zich daarom op de rol van het luchtwegepitheel en zijn barrièrefunctie in allergisch 
astma geïnduceerd door huisstofmijt. Om dit te onderzoeken, hebben we ons voornamelijk op de 
volgende vragen gericht:

• Is de protease activiteit van huisstofmijt verantwoordelijk voor de verstoorde barrièrefunctie 
van het luchtwegepitheel en de ontstekingsbevorderende reactie, en is dit gerelateerd aan de 
ontwikkeling van allergische sensibilisatie en astma? Of zijn andere componenten hierbij betrokken?

• Is het activeren van PAR-2 door proteases afkomstig van huisstofmijtbetrokken bij de ontwikkeling 
van allergische sensibilisatie en andere kenmerken van astma in vivo?

• Is het luchtwegepitheel van astmatische patiënten gevoeliger voor huisstofmijt met betrekking tot 
verstoorde barrièrefunctie en welke mechanismen zijn hiervoor verantwoordelijk?

• Leidt het verlies van E-cadherine in het luchtwegepitheel tot veranderingen in de structuur van de 
long en tot luchtweg ontstekingen in vivo?
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Het onderzoeken van welke componenten er zijn in huisstofmijt en welke effecten deze hebben 
op het luchtwegepitheel, zal meer inzicht geven waarom bepaalde mensen allergisch astma 
ontwikkelen na blootstelling aan huisstofmijt en anderen niet, en of dit gerelateerd is aan de reactie 
van het luchtwegepitheel op huisstofmijt.

Belangrijkste vindingen

Tot op heden is het nog onduidelijk welke componenten in huisstofmijt de reactie van het 
luchtwegepitheel na de inademing veroorzaken. Omdat er nog weinig bekend is over de directe 
reactie van luchtwegepitheel op huisstofmijt en daarmee samenhangende sensibilisatie voor 
huisstofmijt, hebben wij het effect van verschillende huisstofmijtextracten afkomstig van de 
bedrijven Greer, Citeq en ALK vergeleken op humane bronchiale epitheelcellen in vitro en in de muis 
in vivo (hoofdstuk 2). Daarbij hebben wij de effecten van huisstofmijt extract op barrièrefunctie 
en cytokineproductie van epitheel in vitro en het vermogen om allergisch astma kenmerken te 
induceren in de muis onderzocht. Hierbij werden luchtwegontsteking, ontstekingsbevorderende 
cytokineproductie, mestcel degranulatie, verhoogde IgE spiegels en luchtweg hyperreactiviteit voor 
metacholine bepaald. De samenstelling en biochemische activiteiten van de huisstofmijt extracten 
bleek sterk te verschillen, voornamelijk wat betreft de serine protease activiteit, chitinase activiteit 
en endotoxine spiegels (hoofdstuk 2). Verrassend genoeg zagen we dat het extract met de laagste 
serine protease activiteit het sterkst de barrièrefunctie van het luchtwegepitheel verminderde 
in vitro. Ondanks de beperkte serine-protease activiteit bleek dit extract belangrijke cel-cel-
contacteiwitten, zoals occludine af te breken en verlies van E-cadherine in cel-cel-contacten te 
verminderen. Tevens veroorzaakte dit extract de sterkste aanmaak van pro-ontsteking cytokinen, 
waaronder CCL20, in luchtwegepitheel in vitro. Geheel onverwacht bleken deze effecten niet te 
remmen door hittebehandeling van het extract, die aangeeft dat zowel serine en cysteine proteasen 
als chitinases niet essentieel zijn voor het verminderen van de barrièrefunctie en CCL20 productie in 
luchtwegepitheel (hoofdstuk 2). Wel vonden we dat er in het extract ook onbekende hittebestendige 
proteasen aanwezig  waren, die wellicht betrokken zouden kunnen zijn bij de effecten op het 
luchtwegepitheel. In het muizenmodel zagen we ook dat het extract met de lage serine protease 
activiteit voor verlies van E-cadherine in het celmembraan van het luchtwegepitheel zorgde. Een 
belangrijke observatie was verder dat dit zelfde extract zorgde voor allergische sensibilisatie (IgE 
en huidtest) en de ontwikkeling van astmakenmerken zoals luchtweg hyperreactiviteit, ontwikkeling 
van slijm en slijmbekercel hyperplasie, allergisch ontstekingsinfiltraat in de longen en een toename 
van CCL20 en CCL17 (hoofdstuk 2). De andere huisstofmijt extracten bewerkstelligden deze 
effecten niet of in mindere mate. Behalve de serine protease en chitinase activiteit, bleken ook de 
endotoxine spiegels niet van doorslaggevend belang voor de ontwikkeling van de pro-inflammatoire 
respons op het huisstofmijt extract in vivo. Mogelijk spelen de niet-enzymatische componenten van 
huisstofmijt zoals Der p2 en/of ß-glucan hierbij een rol. Desalniettemin kunnen we op basis van 
deze resultaten concluderen dat het vermogen van huisstofmijt om in het epitheel de barrièrefunctie 
te verminderen en de aanmaak van pro-ontstekingscytokinen te bevorderen, gerelateerd is aan de 
allergische sensibilisatie en ontwikkeling van astma kenmerken in vivo. 
In hoofdstuk 3, was ons doel om te onderzoeken of het activeren van de PAR-2 door protease 
activiteit van huisstofmijt essentieel is voor de ontwikkeling van allergische sensibilisatie en 
Th2-gemedieerde luchtwegontstekingen in een astma model met muizen. Om de rol van PAR-2 
expressie op het luchtweg epitheel in de ontwikkeling van allergische kenmerken te beoordelen, 
hebben we Par-2 deficiënte muizen behandeld met dezelfde mindere en sterkere serine-protease 
activiteit houdende huisstofmijt extracten als in hoofdstuk 2. De resultaten lieten zien dat het 
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inademen van huisstofmijtextracten leidt tot het aantrekken van eosinofielen en neutrofielen naar 
de luchtwegen en de productie van pro-ontstekingscytokinen in zowel wildtype (Wt) als de Par-2 
deficiënte muizen. Deze resultaten bevestigen onze bevindingen van hoofdstuk 2, dat de serine 
protease activiteit in huisstofmijt en opeenvolgende PAR-2 activering, niet verantwoordelijk zijn 
voor de ontwikkeling van luchtweg ontstekingen door huisstofmijt. In tegenstelling, de serine 
protease activiteit van huisstofmijt gaf een bijdrage aan de stijging in het totale IgE niveau na 
herhaaldelijke blootstelling aan huisstofmijt, ook al was het niet cruciaal voor de stijging van het 
niveau van huisstofmijtspecifieke IgE of IL-13 in de luchtwegen. Gezamenlijk laat deze studie 
zien dat het activeren van PAR-2 door huisstofmijt een bijdrage levert aan de ontwikkeling van 
totale IgE (onafhankelijk van IL-13), maar dat het overbodig is voor de ontwikkeling van pro-
ontstekingscytokinen en luchtwegontstekingen in vivo.
In hoofdstuk 4 was ons doel om meer inzicht te krijgen waarom epitheel afkomstig van 
astma patiënten gevoeliger is voor huisstofmijt dan epitheel afkomstig van gezonde personen. 
Hier onderzochten we gedetailleerd de intracellulaire signalering, dat betrokken is bij de 
barrièredisfunctie en pro-ontsteking reactie van het bronchiale luchtwegepitheel dat veroorzaakt 
wordt door huisstofmijt. We konden aantonen dat huisstofmijt de ophoping van intracellulair 
calcium in het luchtwegepitheel veroorzaakt en dat dit betrokken is bij de huisstofmijt geïnduceerde 
barrièredisfunctie van het epitheel en de afscheiding van CCL20. Verder van belang was, dat 
luchtwegepitheelcellen afkomstig van astmapatiënten sterker reageren op huisstofmijt dan de cellen  
van gezonde personen met betrekking tot de toestroom van intracellulair Ca2+ en de resulterende 
barrièredisfunctie en afscheiding van CCL20. Ook vonden we dat huisstofmijt het uitscheiden 
van de DAMP ATP stimuleert die bepaalde purinerge receptoren kan activeren en daarmee de 
Ca2+ signalering bemiddelde die tot barrièredisfunctie leidde via de afbraak van E-cadherine en 
occludin. Daarentegen vonden we dat de productie van CCL20 gestimuleerd werd via een andere 
intracellulaire Ca2+ signaleringsweg. Zodoende blijkt dat huisstofmijt op verschillende manieren 
Ca2+ signalering op gang brengen, waarvan er een betrokken is bij de barrièredisfunctie en het 
andere betrokken is bij de pro-ontstekingsreactie van het luchtwegepitheel. 
In hoofdstuk 5 was ons doel om te beoordelen of het verlies van E-cadherine tot structurele 
veranderingen in het luchtwegepitheel leidt en het aanwerven van inflammatoire cellen, zoals 
geobserveerd in de luchtwegen van astmapatiënten. Om de rol van E-cadherine in de ontwikkeling 
van allergisch astma te onderzoeken, hebben we een luchtwegepitheel specifieke E-cadherine 
deficiënte muis lijn Cdh1fl/fl Cre+ (SP-C-rtTA/(tetO)7-Cre+/Cdh1fl/fl) gecreëerd, waarbij E-cadherine 
verlies wordt opgewekt door het gebruik van doxycycline tijdens de zwangerschap. In deze muizen 
zagen we verlies van E-cadherine in bijna alle luchtwegepitheelcellen tijdens de geboorte. Hier  
brachten alleen een paar cellen van het luchtwegepitheel E-cadherine tot expressie, terwijl in 
vergelijk met het luchtwegepitheel afkomstig van de controle muizen wel alle cellen E-cadherine 
tot expressie brachten. De Cdh1fl/fl Cre+ muizen toonden een normale longstructuur tijdens de 
geboorte, maar de morfologie van de long veranderde dramatisch hoe ouder de muizen werden, 
met beschadigde tussenschotten van de alveoli en verdwijning van luchtwegepitheelcellen in 
de bronchiën. Ook toonden de longen van de Cdh1fl/fl Cre+ muizen een omvangrijke verhoging 
van slijmbekercellen (hyperplasie) en ontstekingsinfiltraten. Dus het verlies van E-cadherine 
had een krachtige invloed op de longen van deze muizen, met als gevolg de ontwikkeling van 
astmakenmerken zonder dat impulsen van allergenen nodig waren.
Samenvattend  laten we zien, dat huisstofmijt het verlies van de barrièrefunctie induceert, door het 
verlies van E-cadherine, en de inductie van een ontstekingsreactie in het luchtwegepitheel, en dat 
dit effect van het luchtwegepitheel gerelateerd is aan de ontwikkeling van allergische sensibilisatie 
en luchtwegontsteking in vivo. Verder laten we zien dat Ca2+ signalering een beslissende rol speelt 
in huisstofmijtbewerkstelligde barrièredisfunctie en ontwikkeling van een pro-ontstekingsresponse.  



111

Nederlandse samenvatting 

7

Ook laten we zien dat luchtwegepitheel afkomstig van astma patiënten een verhoogde toestroom 
van intracellulaire Ca2+ weergeeft na blootstelling aan huisstofmijt, wat aanwijst dat het activeren 
van deze signaleringsweg mogelijk een bijdrage levert in de ontwikkeling van astma. Hoewel we 
nog niet precies weten welke receptor wordt geactiveerd door huisstofmijt en welke deze effecten 
bewerkstelligt, laten onze resultaten zien dat het activeren van PAR-2 door serine of cysteine 
proteasen hier niet bij betrokken zijn. Onze studies in de knock-out muis geven aan dat E-cadherine 
verlies kan leiden tot het verloren gaan van luchtwegepitheel cellen, terwijl er een stijging is 
van slijmbekercellen en ontsteking in het luchtwegepitheel. We veronderstellen daarom dat de 
barrièredisfunctie van het luchtwegepitheel doorslaggevend is voor de ontwikkeling en verergering 
van astma. 

Conclusie

Gezamenlijk laten onze bevindingen zien, dat de disfunctie van het luchtwegepitheel een cruciale 
rol speelt in de ontwikkeling astma, en dat beschadigingen van E-cadherine in de cel-cel-contacten 
een beslissende stap zet in de ontwikkeling van allergische sensibilisatie en de ontwikkeling van 
allergisch astma. 

Een gedeelte van deze samenvatting is gepubliceerd in het Nederlands Tijdschrift voor Astma en 
Allergie: Post S, van Oosterhout AJ en Heijink IH. De allergieopwekkende capaciteit van huisstofmijt 
wordt bepaald door het effect op de barrièrefunctie en pro-inflammatoire cytokineproductie in 
luchtwegepitheel. Nederlands Tijdschrift voor Astma en Allergie 2013; Nr. 1:10-17.
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Ab  Antibody
ADAM-17  A Disintegrin and Metallo-proteases-17 
AEBSF  4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride
AEC   3-amino-9-ethylcarbazole
AHR   airway hyperresponsiveness 
AJ  adherens junction
ALI   air-liquid interface
APC  antigen presenting cell
ATI   alveolar type 1 
ATII  alveolar type 2
ATP  adenosine triphosphate
AUC  area under the curve
BAL  bronchoalveolar lavage
BALF  bronchoalveolar lavage fluid
BADJ   bronchioalveolar duct junctions 
BAPTA-AM   1,2-Bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid tetrakis (acetoxy-methyl ester)
BASCs   bronchioalveolar stem cells 
BHR  broncho hyperreactivity
Ca2+  calcium
[Ca2+]i  intracellular calcium concentration 
CCL  chemokine (C-C motif) ligand
CCSP   Club cell Secretory protein
CAT  chloramphenicol acetyltransferase
CRE  Cre-recombinase 
CTL   c-type lectin 
D  day
DAMP  damage-associated molecular pattern
DC  dendritic cell
Der f  Dermatophagoides farina 
Der p   Dermatophagoides pteronisunnus
DETCs   dendritic epidermal T cells
Duox1  dual oxidase 1 
EAR   early-phase allergic reaction 
ECIS   Electric Cell-substrate Impedance Sensing 
EGF   epidermal growth factor 
EGFR   epidermal growth factor receptor 
ELISA  enzyme-linked immunosorbant assay
EMT   epithelial-mesenchymal transition
ER  endoplasmatic reticulum
ERK   extracellular signal-regulated kinase 
EU  endotoxin unit
GM-CSF  granylocyte macrophage-colony stimulating factor
HDM  house dust mite
HE   haematoxylin/eosin
HI  heat inactivation
hsp   heat shock protein 
IELs   intraepithelial lymphocytes
IgE  immunoglobulin E
IL  interleukin
ILC   innate lymphoid cell
i.n.  intranasally 
i.p.  intraperitoneally
i.t.  intratracheally
JAM   junctional adhesion molecules 
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KLRG1  killer cell lectin-like receptor G1
KO   knock-out
LAR   late-phase allergic response 
LPS  lipopolysaccharide
MAPK  Mitogen-activated protein kinases
NK  natural killer
MUC5AC  mucin 5AC
MUC5B  mucin 5B
MyD88  myeloid differentiation primary-response 88
NFAT   Nuclear factor of activated T-cells
NF-κB  nuclear factor- kappa B
NHBE  normal human bronchial epithelial cells
OPD  o-Phenylenediamine dihydrochloride
OVA  ovalbumin
PAMP  pathogen-associated molecular pattern
PAR  protease-activated receptor
PAR-2 ap   PAR-2 agonist peptide 
PAR-2 cp   PAR-2 control peptide 
PAS  Periodic acid-Schiff
PBEC  primary bronchial epithelial cell
PBS  phosphate-buffered saline
PC  protease cocktail 
PPADS   pyridoxalphoshate-6-azophenyl-2’,4’-disulfonic acid tetrasodium salt 
PRR  pattern recognition receptor
RANTES   regulated on activation, normal T cell expressed and secreted 
RFU   Relative Fluorescent Unit
rtTA  reverse tetracycline-controlled trans-activator protein 
ROS  reactive oxygen species
RSV   respiratory syncytial virus 
RV  rotavirus 
SERCA  Sarco-Endoplasmic Reticulum Ca2+ ATPase
siRNA   small interfering ribonucleic acid 
SNP  single nucleotide polymorphism
SP-C   surfactant protein C 
TACE   tumor necrosis factor-α-converting enzyme
TER   trans-epithelial resistance 
tetO   tet operator
Tg  transgenic
TGF-α  transforming growth factor-alpha
TGF-β  transforming growth factor-beta
Th cell  T helper cell
TJ  tight junction
TLR  toll like receptor
TNF-α   tumor necrosis factor- alpha 
Treg cell  regulatory T cell
TSLP  thymic stromal lymphopoietin
tTA   tetracycline-controlled trans-activator protein 
Wt  wild-type
ZO  zona occludens 






