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Abstract House dust mite (HDM) allergens are the most
prevalent allergens associated with asthma and rhinitis around
the world. The mechanisms of allergic sensitization and aller-
gic airway inflammation after exposure to HDM have been
studied extensively, but many questions remain unanswered.
Airway epithelial cells are the first line of defense against
external antigens and are considered an important player in
the development of allergic airway inflammation. Both genet-
ic susceptibility to allergic sensitization and HDM composi-
tion play decisive roles in the outcome of HDM-epithelium
interactions, especially regarding airway epithelial dysfunc-
tion and allergic inflammation. Interactions between HDM
and the airway epithelium have consequences for both devel-
opment of allergy and asthma and development of allergic
airway inflammation. This review will describe in detail these
interactions and will identify issues that require more study.
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Introduction

House dust mites (HDM) are one of the most common
sources of allergens associated with symptomatic allergic
airway diseases in large parts of the world. There are two
common species of HDM that are widespread around the
world, D. pteronisunnus and D. farinae. More than 20 pro-
teins from HDM have been identified as allergens, including
structural proteins and various enzymes. The allergens present
in HDM and their properties have been reviewed recently [1].
In addition, these allergens are inhaled together with a variety
of bacterial products, including lipopolysaccharide (LPS),
which may function as adjuvants for the development of
sensitization to HDM allergens.

Recent understanding of the pathogenesis of allergic sensi-
tization and allergic airway inflammation suggests that tissue
structural cells play an important role. Specifically for allergic
rhinitis and asthma, we know that the airway epithelium is an
active participant in disease development. The epithelium
forms a barrier between the immune system and the external
environment, and dysfunction of the barrier may facilitate
allergic sensitization. In addition, the epithelium plays an ac-
tive role in allergic airway diseases by sensing inhaled aller-
gens and generating signals that activate the immune system.

Interactions of HDM with the Airway Epithelium

HDM has both direct and indirect effects on the airway
epithelium. Mediators released following house dust mite-
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mediated activation of mast cells or T cells, such as hista-
mine, prostaglandins or IL-13, have multiple effects on
epithelial cells. The epithelium therefore may translate
and/or propagate HDM-induced signals from immune cells
and amplify the inflammatory response without the need for
direct interactions with HDM components. However, HDM
can also directly activate the airway epithelium and cause
many of the changes seen in allergic airway inflammation.
In this review we will focus on the direct interactions be-
tween HDM and epithelial cells and the role of these in-
teractions in the development of allergic sensitization and
allergic airway inflammation.

The main material used to study HDM-epithelial interac-
tions has been HDM aqueous whole body extract, which
may be different than the HDM components that we inhale
in everyday life. However, there have been no studies to
compare the effects of HDM extracts with the effects of
house dust containing HDM. Whole-body and fecal material
extracts from D. farinae contain multiple allergens that may
overlap, but the components are not exactly the same [2].
There is also cross reactivity of allergens between species of
HDM (D. pteronisunnus and D. farinae), but the antigens
again vary to some degree [3]. Studies on the effect of
HDM extract on airway epithelial cells have not focused
on identifying the functional significance, if any, of these
differences. Extracts from different sources vary in their
composition; a comparison of extracts from three sources
showed that the proteinase content varies significantly
and may correlate with the biological effects of these
extracts [4].

Airborne products of HDM origin that we inhale in our
daily life are complex mixtures of allergens and other struc-
tural HDM proteins or proteins of bacterial and fungal
origin. The airway epithelium is the first tissue to encounter
these antigens. The epithelium expresses many pattern rec-
ognition receptors (PRRs) [5] that mediate an innate im-
mune response to HDM. One of the most important
contaminants of house dust and HDM extract is LPS, a
structural subunit of the bacterial cell wall, which is a
TLR4 agonist. There is direct [6] and indirect [7] evidence
that HDM-induced airway inflammation is LPS/TLR4 de-
pendent. However, HDM extract also contains allergens that
may potentiate the LPS effects on TLR4 [8]. All allergenic
extracts contain LPS [9], which in the case of HDM has
been attributed to Bartonella species in HDM culture medi-
um [10]. Low LPS-containing HDM extracts are now avail-
able and have been used for in vitro and in vivo studies of
the effects of HDM on airway epithelium and whole organ-
isms, respectively. However, there have not been good stud-
ies comparing the effects of extracts with high and low LPS
content. Moreover, some studies have shown that HDM-
derived {3-glucan acts through TLR2 [11] and dectin-1 [12]
to induce immune responses.
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While these PRRs do play a role in sensing allergens, it
has recently become clear that the proteinase activity of an
allergen can also play an important role in allergic sensiti-
zation and inflammation. Serine proteinases may exert their
effects through the activation of a receptor expressed on
epithelium, called proteinase activated receptor-2 (PAR-2).
The role of PAR-2 in airway sensitization and inflammation
is described elsewhere in the review. Thus, HDM induces
inflammation through various mechanisms on the epithelium,
including proteinases, LPS and other TLR agonists (Fig. 1).

Outcomes of HDM-Airway Epithelium Interactions

There is a plethora of studies describing the release of
cytokines and chemokines as a result of epithelial cell acti-
vation with HDM extracts or with specific HDM allergens.
Investigators have used various cell lines or primary cells
isolated from different anatomical locations in the respira-
tory tract for these studies. The available literature, however,
is not detailed enough to understand whether HDM has
differential effects in proximal airway cells compared to
the cells from distal parts of the respiratory tract. For exam-
ple, certain proteolytic allergens induce eotaxin release from
alveolar epithelial cells [13—15], but not from upper airway
epithelial cells, although they induce the release of other
inflammatory mediators from these cells [16]. Understand-
ing the role of epithelial cells from different anatomical
locations in HDM-induced inflammation will be very inter-
esting and biologically important. Airway inflammation is
evident throughout the airway tree in asthma [17], but upper
airway epithelial cells may be activated by different stimuli
than lower airway epithelial cells since only smaller inhaled
particles can penetrate deep into the airways and interact
with the lower airway epithelial cells.

Differential functional properties of normal and asthmatic
epithelial cells are of great interest in understanding the
pathogenesis of allergic diseases. It is known that epithelial
cells isolated from asthmatics retain functional differences
compared to cells from normals after ex vivo culture [18].
An important question is whether HDM has differential
effects on airway epithelial cells derived from normal and
asthmatic tissue. One interesting study showed that only
airway epithelial cells from asthmatic individuals released
TGF«, a potent epithelial and fibroblast mitogen, upon
exposure to HDM or other inflammatory mediators [19].
The same study showed that the cells from asthmatics had
a trend toward higher IL-8 and GM-CSF release following
stimulation with HDM. Another study showed that primary
nasal epithelium derived from HDM-allergic individuals
possessed increased basal expression of genes encoding
cytokines, chemokines and growth factors compared to cells
from non-allergic individuals [20]. The authors speculated
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that this activated profile of the cells from allergic individ-
uals could be responsible for the inflammation seen in these
subjects. These differences may be genetic and therefore
involved in the manifestation of the asthmatic phenotype,
or they may be epigenetic, resulting from chronic airway
inflammation or other changes seen in asthma. Whether this
effect is the result of different in vivo effects of HDM on the
epithelium of allergic individuals or indirect effects through
HDM-IgE interactions or other interactions was not studied.

Inflammatory mediators released from airway epithelial
cells following activation with HDM or specific HDM al-
lergens can have many effects. There is evidence that these
mediators may polarize the immune response toward Th2,
recruit inflammatory cells including eosinophils and lym-
phocytes, and also have protective effects.

Role in Allergic Sensitization to HDM

Much of our knowledge on allergic sensitization to HDM
comes from animal studies that administer HDM extracts or
purified allergens intranasally or by other routes. The overall
idea is that HDM induces the release of mediators that can
affect dendritic cell (DC) recruitment, antigen uptake, mat-
uration, activation and their subsequent interactions with
CD4 T cells and development of Th2 cells.

HDM may recruit DC precursors to the lung through
airway epithelium activation. /n vitro Der pl-mediated activa-
tion of airway epithelial cells induces the release of CCL2,
CCL20, CCL5, CXCL8 and CXCLI10 in a proteinase-
dependent fashion [21], and in co-culture systems CCL2 and
CCL20 induce recruitment of DC precursors to epithelial
monolayers. A requirement for CCL2 in the generation of
Th2 immune responses has also been shown in a murine model
of ovalbumin-induced allergy [22]. HDM-induced epithelial
release of DC chemoattractant CCL20 has been shown to be
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mediated by interactions of [3-glucan, a fungal moiety possibly
from fungal species in the GI tract of HDM [23], with TLR2
[11] or dectin-1 [12] on epithelial cells. The latter effect was
mediated by Syk activation and was unique for HDM aller-
gens, since cockroach or pollen allergens did not have the same
effect on the airway epithelium. Further, HDM-mediated TLR-
4 activation on airway epithelial cells induces IL-1c, which
acts in an autocrine manner to induce the release of the DC
chemoattractants GM-CSF and IL-33 [24]. Neutralization of
IL-1x, GM-CSF or IL-33 prevents allergic sensitization to
HDM, but TSLP does not seem to have a significant effect in
this model. This study proposes that IL-33 is important for
OX40L upregulation on DCs [25], which is essential for T cell
differentiation to a Th2 phenotype [26]. However, if present in
the airways, TSLP could activate recruited DCs to express
CD40L and promote Th2 cell development [27]. There is no
published evidence that HDM induces TSLP from the airway
epithelium, although other allergens, such as Alfernaria, can
do it at least in part through PAR-2 activation [28], a receptor
that is also activated by HDM allergens.

Similar studies are difficult to perform in humans. There
are a number of human studies using inhalation challenges
with HDM extract or isolated HDM allergens that show
effects on T and B cell responses [29], eosinophil recruit-
ment [30] or differences between challenges with whole
extract versus isolated allergens [31]. However, there is no
information regarding the specific role of the epithelium in
these effects. The role of the epithelium in human responses
to HDM can be extrapolated from the in vitro studies with
human airway epithelial cells.

Proinflammatory Effects

An important mechanism underlying HDM-induced inflam-
mation is HDM-dependent release of mediators, primarily
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cytokines and chemokines, which may induce inflammatory
cell recruitment and survival in the airways. Eosinophil
infiltration in the airways after allergen exposure [30] is
one of the cardinal characteristics of allergic airway inflam-
mation. HDM mediates the release of eotaxin and GM-CSF
from airway epithelial cells [13, 32], which may promote
eosinophil recruitment and survival, respectively. HDM also
induces release of CCL20 [11, 12] and CCL2 [21, 33] from
airway epithelial cells, which may act as chemoattractants
for immature DCs and monocytes. In addition, HDM
showed synergy with IL-4 and TGFf3 to induce epithelial
release of the Th2 chemoattractant TARC [34]. In addition
to upregulating chemotactic mediators, HDM upregulates
adhesion molecules on epithelial cells [33, 35] and inflam-
matory cells [35], and this upregulation could facilitate
recruitment of inflammatory cells to the airways.

HDM also releases mediators from the airway epithelium
whose role in allergic airway inflammation is not as clear,
such as IL-6 and IL-8 [32, 33, 36]. There is evidence that IL-
8 may be a chemoattractant for eosinophils in allergic in-
dividuals [37], but it may also contribute to the neutrophilia
seen in the airways in cases of acute asthma exacerbations or
severe asthma [38]. An interesting study showed a syner-
gistic effect of HDM and the Th2 cytokines IL-4 and IL-13
in inducing IL-8 and GM-CSF release from airway epithe-
lial cells, indicating that there may be synergism between
inflammatory mediators and allergens in perpetuating in-
flammation [19].

The nervous system is involved in the development of
asthma and allergic inflammation. Mouse airway epithelial
cells release NGF after Der p 2 activation through ROS-
induced p38 and JNK activation [39], and Der p 2 also
induces NGF from the airway epithelium in vivo. HDM
extract also induces NGF release from the epithelium in
vivo, which is important for the development of character-
istics of asthma [40]. Neurotrophin production from the
airway epithelium may also prolong eosinophil survival in
the airways [41].

Airway remodeling, characterized by goblet cell meta-
plasia, smooth muscle proliferation and collagen deposition,
is another feature of asthma. In addition to airway inflam-
mation, HDM can induce airway remodeling in humans [42]
and in animal models [43]. In some cases, these have been
attributed to direct effects on the airway epithelium, usually
because HDM can have the same effect on airway epithelial
cells in vitro. For example, HDM promotes epithelial-
mesenchymal transition (EMT) in TGFf3-activated human
airway epithelial cells [44], but not in resting epithelial cells.
This observation may explain why the effects of HDM are
different in asthma, where there is already airway inflam-
mation, versus normal airway tissue. PAR-2 activation dis-
rupts E-cadherin adhesion between epithelial cells [45], and
this may exacerbate remodeling, and it is possible that HDM
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mediates the same effects through PAR-2 activation. In vivo
studies have shown a role for TSLP [46], IL-13 [47] and IL-
25 [48] in HDM-induced airway remodeling, but the in-
volvement of direct HDM-epithelium interactions in these
effects has not been studied.

In 1998, it was first shown that HDM-induced cytokine
release from airway epithelial cells depends on the proteolytic
activity of the extracts [32]. It has been shown that these
proteinases can activate the airway epithelial receptor PAR-2.
PAR-2 activation plays an important role in inflammation [49]
by releasing inflammatory mediators [13—16, 50]. In particu-
lar, PAR-2 has been implicated in allergic airway inflamma-
tion [51, 52]. Activation of PAR-2 plays a role in epithelial
barrier dysfunction, which is discussed in the later part of the
review. In our laboratory, we have shown that mild inflamma-
tion induced by PAR-2 activation in the airways [52] induces
allergic sensitization [53] and have data that blocking PAR-2
activation by HDM (unpublished) or cockroach [54] allergens
prevents allergic sensitization. An interesting observation is
that there is a synergistic effect of PAR-2 activation and LPS
on IL-8 release and PAR-2 mRNA expression [55]. PAR-2-
mediated release of inflammatory mediators also revealed
differential properties of airway epithelial cells present at
different locations in the airways. We and others have shown
PAR-2-mediated release of eotaxin from small airway epithe-
lial cells [14] and alveolar epithelial cells [13], while upper
airway epithelial cells do not release eotaxin upon PAR-2
activation [15, 16].

HDM can also directly activate keratinocytes to release
inflammatory mediations [56, 57]. The mechanism of this
effect has not been studied in detail, but it may be mediated
through PAR-2 activation [58, 59]. Finally, HDM also acti-
vates conjuctival cells to release inflammatory mediators [60].

Epithelial Defense Responses to HDM Proteinases

The imbalance between proteinases and antiproteinases in the
airways is considered an important factor in the development of
allergic airway inflammation [61]. Antiproteinases play an
important role in preventing inflammation by neutralizing en-
dogenous or exogenous proteinases, which otherwise could
cause tissue destruction. Nasal epithelial cells from subjects
with clinical sensitivity to HDM upregulate ol-antitrypsin
upon HDM nasal provocation [62]; these subjects also show
increased ol-antitrypsin levels in nasal lavage compared to
subjects without clinical sensitivity to HDM. Primary nasal
epithelium of HDM allergic individuals exhibits increased ex-
pression of anti-proteinases [20], which may be an attempt by
the nasal epithelium to neutralize inhaled allergen proteinases in
atopic individuals. At the same time, proteinases in allergens
can cleave and inactivate endogenous anti-proteinases. The
proteinase activity of Der p 1 can cleave and inactivate ocl-
antitrypsin [63] and also decreases the anti-proteinase activity in
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BAL fluid [64]. Other anti-proteinases, such as squamous cell
carcinoma antigen-2 (SCCA2), are resistant to Der p1-mediated
degradation and can irreversibly inhibit catalytic activity of
Der pl and Der fl mite allergens [65]. These anti-
proteinases may function to limit the degree of inflamma-
tion and may initiate resolution. IL-4 and IL-13 also induce
SCCA1 and SCCA2 release from bronchial epithelial cells
[66]. This may be another mechanism to control the in-
flammatory effects of inhaled allergens.

Other epithelial systems also exhibit similar mechanisms.
Cystatin A is released by keratinocytes and can inhibit the
proteinase activity of HDM allergens [67]. Physiological
levels of SLPI and «l-antitrypsin inhibit HDM serine
proteinase-dependent release of mediators from conjuctival
epithelial cells [68].

Other Allergens and the Epithelium — Inflammatory Effects

Other aeroallergens also exert epithelium-dependent effects
in allergic inflammation. Fungal proteinases can induce
inflammatory mediator release from airway epithelial cells
through PAR-2 activation [16, 69] and similar to HDM
proteinases can disrupt epithelial integrity [69, 70]. Pollen
grains possess NADPH oxidases, which increase ROS in the
lung epithelium and recruit neutrophils in the airways [71].
Timothy grass extract and the main allergen Phl pl induce
the release of cytokines from airway epithelial cells [72, 73]
but do not affect airway barrier function [72].

The proteinase activity of cockroach allergens has also
been studied regarding its role in the development of allergic
diseases [74]. There is evidence that CE induces PAR-2-
mediated cytokine release from airway epithelial cells [75].
We [54] and others [76] have shown that sensitization to
CE and CE-induced airway inflammation is mediated by
PAR-2, although there is not good evidence that the latter
is dependent on direct epithelial cell activation by cock-
roach allergens.

Impact of HDM on Epithelial Integrity and Secretory
Function

The relationship between exposure to house dust mite aller-
gens and airway barrier function is complex. HDM exposure
could be the cause of barrier dysfunction, but at the same
time barrier dysfunction may facilitate HDM allergen in-
teractions with immune system components.

Not only are tight junctions (TJ) defective in biopsies
from patients with asthma compared to biopsies from con-
trol individuals, but also airway epithelial cells cultured
from asthmatic individuals show defective tight junction
development after ex vivo culture [77]. Similarly, the expres-
sion of TJ proteins ZO-1 and E-cadherin is decreased in
asthmatic airways compared to normal airways [78]. Ex vivo

cultured epithelial monolayers show increased permeability
and decreased transepithelial resistance, indicating that mac-
romolecules could transverse these monolayers and get ac-
cess to other tissue components [77].

HDM extracts induce a quick but short-lived decrease in
resistance of monolayers of bronchial epithelial cell lines and
primary human bronchial epithelial cells [79]. This effect was
shown to be dependent on EGF activation. The authors hy-
pothesize that the effect may be PAR-2 dependent, although
they do not show any data that direct PAR-2 activation has
similar effects. Trypsin on the other hand has been shown to
impair epithelial barrier function in a squamous epithelial
model through PAR-2 activation on the basolateral surface
of epithelial cells [80]. One hypothesis is that HDM, through
proteolytic effects or direct effects on TJ proteins, can increase
barrier permeability, and then the serine proteinases of HDM
can gain access to PAR-2 on the basolateral surface of the
airway epithelium and further increase proinflammatory ef-
fects. However, the function of HDM allergens could be
dependent on circumstances and the composition of the mi-
croenvironment. For example, it was shown that EGF can
increase barrier function in airway epithelial cells from asth-
matic individuals [77]. Serine proteinases can directly
transactivate EGF following PAR-2-mediated activation of
epithelial cells [81] or can also release EGF ligands [82], so
HDM allergens with PAR-2 activating potential may also
prevent loss of epithelial barrier integrity. These data indicate
that although HDM extracts can alter epithelial permeability
in vitro, the mechanism of the effect is not clear.

Unfortunately, the HDM extracts used in different studies
come from different sources and are not standardized. The
effects of HDM extract on epithelial permeability, as well as
its effects on cytokine production, depend on the composi-
tion of the extract. In one study, the extract with the highest
levels of Der p 1 and Der p 2 content but the lowest serine
proteinase activity had the largest effect on permeability [4].
The HDM allergen Der p 1 can directly cleave the TJ protein
occludin and therefore increase airway epithelial permeabil-
ity [83]. One study showed that the genes encoding
intercellular junction proteins were upregulated in primary
nasal epithelial cells of HDM allergic individuals [20], in-
dicating that there may be a constant attempt to restore the
epithelium integrity impaired by HDM proteinases.

Another function of the airway epithelium is to secrete
fluid that is essential for the proper function of the
mucociliary clearance mechanism. In many inflammatory
diseases of the airways, including asthma, there is
hypersecretion of fluid in the airways. Apical application
of HDM extract on normal human nasal epithelial cells
increases the ion current, but basolateral application of the
extract induces minimal current [84]. This current was de-
pendent on CFTR, CaCC and Ca-activated K channels. The
authors also present data that suggest that this effect may be
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PAR-2 dependent, although they do not show direct evi-
dence for the role of PAR-2. The data are different from
previous reports that showed increased Cl secretion from
epithelial monolayers primarily with basolateral PAR-2 ac-
tivation [85, 86], while apical activation had no effect [86].
This effect may also be modulated depending on the sensi-
tization status of the organism. We have shown that PAR-2-
induced ion currents in whole tracheas are increased in
sensitized mice compared to control mice [87]. Apical tryp-
sin and also neutrophil elastase increased Cl- ion currents
across monolayers of human nasal and bronchial epithelial
cells, but this effect was not mimicked by PAR-2-activating
peptides, indicating that it is not PAR-2 dependent [88]. In
intestinal epithelial cells, Cl- transport was also activated by
basolateral and not apical PAR-2 activation [89].

These results indicate that some of the effects of HDM on
epithelial barrier function and ion current may be PAR-2
dependent, but there are also PAR-2-independent compo-
nents of these effects. Since most of the PAR-2-dependent
effects in anion currents are through basolateral PAR-2
activation, increased monolayer permeability following
HDM application may also participate in giving access to
HDM components to the basolateral surface and therefore
influence the PAR-2-dependent effects.

Genetic Variability in the Airway Epithelium
and Susceptibility to Asthma

The genetics of allergy and asthma are quite complex.
Recent reviews have summarized the knowledge in this
field in detail [90-92]. Several studies have linked poly-
morphisms in epithelially expressed genes to asthma sus-
ceptibility. Many of these genes have been confirmed in at
least five independent studies, including SPINKS, CC16,
CCLS and CCLI11 [91].

In some cases, HDM sensitization has been specifically
examined, including the case of CC16 (Clara cell secretory
protein). CC16 is secreted by tracheobronchial epithelial cells
[93] and is found at lower levels in the BALF of asthmatics
than in healthy controls [94]. It appears to act as an
antiinflammatory in the lung, possibly decreasing inflamma-
tory cell infiltration [95], and can downregulate Th2 differen-
tiation [96]. Skin prick test positivity and serum IgE levels to
HDM were significantly associated with a SNP in the gene
that encodes CC16, SCGB1A41 A38G (rs3741240) [97]. CCLS5
and CCL11 are induced by HDM exposure in cultured epi-
thelial cells [13, 98] and therefore are good candidates for
HDM-specific asthma susceptibility. Another potentially in-
teresting gene is Cystatin A, a cysteine protease inhibitor, able
to inhibit the HDM allergen, Der p 1 [67], for which SNPs
have been associated with both atopic dermatitis and increased
expression in human lung epithelium [99].
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Therefore, polymorphisms in several genes associated
with HDM-activated pathways in epithelial cells have been
associated with asthma. Determining genetic susceptibility
to individual allergens is difficult because of the extremely
complex interaction between genetics and the environment.
However, the role of these types of genes in HDM-induced
asthma is an area that warrants further study and may begin
to provide an interesting link between genetic variation in
the lung epithelium and HDM sensitivity.

Conclusions

The current literature suggests a very complex network of
interactions between HDM and the airway epithelium,
which plays a vital role in the generation of allergic inflam-
mation. In many cases, these interactions are similar to the
interactions of the epithelium with other allergens and aller-
genic components. HDM, however, is the most prevalent
allergen, and this might indicate that it has some unique
ability to interact with the epithelium and cause changes
leading to asthma. How these interactions between the epi-
thelium and HDM lead to inflammation and all the cells and
cellular mediators that participate in this innate immune
response still need to be studied in more detail.

Genetic susceptibility plays an important role in allergic
sensitization. Identifying epithelial genetic markers respon-
sible for HDM susceptibility and also for the severity of the
allergic disease may allow us to develop improved therapy
and may be the first step toward personalized therapy for
allergy.
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