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The composition of house dust mite is critical for
mucosal barrier dysfunction and allergic sensitisation

S Post,1 M C Nawijn,1 T L Hackett,2 M Baranowska,1 R Gras,1

A J M van Oosterhout,1 I H Heijink1

ABSTRACT
Background House dust mite (HDM) allergens have
been reported to increase airway epithelial permeability,
thereby facilitating access of allergens and allergic
sensitisation.
Objectives The authors aimed to understand which
biochemical properties of HDM are critical for epithelial
immune and barrier responses as well as T helper
2-driven experimental asthma in vivo.
Methods Three commercially available HDM extracts
were analysed 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, the
effects on epithelial remodelling and airway inflammation
were investigated 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
the most pronounced effects on epithelial barrier function
and CCL20 release in vitro. In vivo, this extract induced
the most profound epithelial E-cadherin delocalisation
and increase in CCL20, CCL17 and interleukin 5 levels,
accompanied by the most pronounced induction of HDM-
specific IgE, goblet cell hyperplasia, eosinophilic
inflammation and airway hyper-reactivity.
Conclusions This study shows the ability of HDM
extracts to alter epithelial immune and barrier responses
is related to allergic sensitisation but independent of
serine/cysteine protease activity.

INTRODUCTION
Allergic asthma is characterised by allergen-specific
IgE, T helper 2 (Th2)-mediated airway inflamma-
tion, airway remodelling and airway hyper-reac-
tivity (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) 1e3, occludin and claudins
1e5, as well as adherens junctions (AJs), consisting
of E-cadherin, b-catenin and a-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 cellecell contacts.5 This may
facilitate access of allergens to submucosal cells and
promote allergic inflammation.6 7 In support of this
notion, we have previously demonstrated that
downregulation of E-cadherin in bronchial epithe-
lium 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-kB (NF-kB), and subsequent release of the pro-
inflammatory cytokines interleukin (IL)-6, IL-8,
granulocyte macrophage colony-stimulating factor
(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 sensitisation.12e14 In addi-
tion, a number of other biochemical activities and
components of HDM, including chitin/chitinases,
ß-glucan and lipopolysaccharide (LPS), may
contribute to allergic sensitisation.15e17

Key messages

What is the key question?
< The proteolytic activity of house dust mite

allergens was hypothesised to be crucial for
epithelial barrier dysfunction and subsequent
activation of the innate immune response in
asthma.

What is the bottom line?
< This study determined 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
sensitisation and asthma phenotypes in vivo.

Why read on?
< This makes the epithelial barrier an important

target for future therapeutic strategies in
asthma.

< Additional materials are
published online only. To view
these files please visit the
journal online (http://thorax.bmj.
com/content/67/6.toc).
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We hypothesised that proteolytic activity of HDM allergens is
crucial for epithelial barrier dysfunction and subsequent activa-
tion 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, 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 sensitisation and
asthma phenotypes in vivo. Of interest, this appeared to be
independent of serine protease activity.

METHODS
See the online supplement for additional details.

HDM extracts
Three whole crushed body mite extracts were used. The first was
kindly provided by Citeq Biologics (Groningen, The Netherlands),
the other two were purchased from ALK-Abello (Abello, Spain)
and from Greer Laboratories (Lenoir, North Carolina, USA). When
indicated, HDM extracts were pretreated with the serine inhibitor
4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF)
(Sigma, St Louis, Missouri, USA) or the cysteine inhibitor E-64
(Sigma) at concentrations of 0.1 mM and 0.01 mM, respectively,
for 30 min at 378C, or heat inactivated for 1 h at 958C.

Cells
The human bronchial epithelial cell line 16HBE14o- was kindly
provided by Dr D C Gruenert (University of California, San
Francisco, California, USA). Normal human bronchial epithelial
(NHBE) cells were derived from Lonza (Walkersville, Maryland,
USA). The cells were cultured as previously described8 18 and
used as indicated for electric cell-substrate impedance sensing
(ECIS), ELISA, immunodetection and immunofluorescent
staining (see online data supplement).

Electric cell-substrate impedance sensing
Electrical resistance was measured using 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 cellecell contacts
and changes in capacitance as measurement of cellematrix
contacts.19 Resistance and capacitance to current flow were
measured at frequencies of 400 Hz and 40 kHz respectively
(Applied Biophysics, Troy, New York, USA).

Animals
Male Balb/c mice (6e8 weeks) were purchased from Charles
River Laboratories (L’Arbresle Cedex, France), kept under specific
pathogen-free conditions and maintained on a 12 h lightedark
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).

HDM sensitisation protocol
HDM extracts and LPS (Sigma) were dissolved in sterile phos-
phate-buffered saline (PBS; 2.5 mg total weight/ml) and
administered intranasally in 10 ml, twice weekly for 5 weeks.
Mice were anaesthetised with isoflurane/oxygen (Nicholas
Piramal India Ltd, London, UK). Twenty-four hours after the last
sensitisation airway responsiveness was measured by Flexivent
(SCIREQ, Montreal, Canada), 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,
thymus and activation-related chemokine (TARC), TSLP and
GM-CSF was determined in cell-free supernatant from homo-
genised lung using Duoset ELISA Development Kit (R&D
Systems, Minneapolis, Minnesota, USA). The ELISAs 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 ManneWhitney U test was used.

RESULTS
Disruption of bronchial epithelial cellecell 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 the highest serine/cysteine
protease activities, while levels of these proteases were relatively
low in the Greer extract. Instead, this extract contained other,
partially heat-insensitive proteases and the highest Der p2
content. ALK and Greer comprised substantial heat-sensitive
exochitinase and endochitinase activity (table 1).
To test our hypothesis that the proteolytic activity of the

HDM extracts is critical for airway epithelial barrier dysfunc-
tion, 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 w37 kD and w25 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, when epithelial
cells were exposed to Der p1.7 Furthermore, the Greer extract
yielded an additional fragment of w45 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.
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 w10e20 min and recovery to baseline
values within 60 min (figure 1B). This effect could not be
inhibited by heat inactivation or pretreatment 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
(online supplementary figure 2A), which was parallelled by
detachment of the cells (online supplementary figure 2B) and
attenuated by treatment of the extract with the serine protease
inhibitor (data not shown). LPS, which was present in our
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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 visualised the effects of the HDM extracts on TJ and
AJ integrity. Using immunofluorescent staining, we observed
continuous circumferential localisation 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 delocalisation 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 with the effects on occludin cleavage (figure 1A),
heat inactivation of the HDM extracts did not abrogate the
delocalisation of occludin, ZO-1 and E-cadherin (online supple-
mentary figure 1). 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
the most pronounced effect on E-cadherin and occludin,
although this was not clearly the case for ZO-1.

In summary, all extracts induced delocalisation 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 acti-

vation of these cells.23 The Greer extract, but not the Citeq or
ALK extracts, induced a strong and significant increase
(wfourfold) 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).

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 ml of
2.5 mg/ml HDM extract (see table 2) or 10 ml 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 delocalisation of E-cadherin in airway
epithelium compared with the PBS-treated mice, with the most
pronounced effect of the Greer extract (figure 3A,B). Interest-
ingly, 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 with PBS-treated

Table 1 Biochemical properties of the house dust mite (HDM) extracts in the concentration applied in
vitro

Citeq ALK Greer

Der p1 content (ng) 6.25 50 81

Der p2 content (ng) 1 22.2 428.9

Protein content (mg/ml) 2.64 12 50

Total protease activity (U/ml) 560.5 561.5 560.7

Protease activity after HI (U/ml) (% of total) 0.960.2 (18%) 1.660.2 (32%) 1.460.3 (28%)

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

260.3 (40%) 4.261.4 (84%) 560.6 (99.9%)

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

460.9 (80%) 561.9 (99.9%) 4.860.8 (96%)

Serine protease activity (103 mean V/ml*) 2222645 208765 162.7658

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

0 0 0

Cysteine protease activity (103 mean V/ml*) 89261 1191614 9562

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

46866 (52.4%) 74763 (62.7%) 8062 (84%)

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

260.5 240064 18006120

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

0.460.4 1860.6 6060.6

Exochitinase (chitobiosidase) levels (10�6 U/ml) 160.03 80066 300618

Exochitinase (chitobiosidase) levels after HI (10�6 U/ml) 160.1 1860.6 12064.8

Endochitinase levels (10�6 U/ml) 160.03 40064 300618

Endochitinase levels after HI (10�6 U/ml) 160.01 2062 6063

Endotoxin (LPS) level (EU/ml) 7.1 0.28 31.65

The table shows several aspects of the biochemical properties found in the HDM extracts when tested on human bronchial epithelial
cells (16HBE). All data were obtained from three independent experiments and calculated after exposure concentrations of the HDM
extracts in the cell culture.
*Arbitrary unit.
AEBSF, 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride; Der p, Dermatophagoides pteronyssinus; EU, endotoxin unit; HI, heat
inactivation; LPS, lipopolysaccharide; U, unit.
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mice (figure 3C,D). None of the HDM extracts significantly
altered TSLP or GM-CSF levels 24 h after the last application
(figure 3E,F). Furthermore, lung cytokine/chemokine levels were
not significantly altered upon administration of an equivalent
amount of LPS (figure 3CeF; see also table 3 in the online
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 (online supplementary
figure 3).

To assess whether mucosal application of the different HDM
extracts induced allergic sensitisation in vivo, we analysed 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 3 in the online
supplement for absolute values). To confirm that HDM-specific
IgE levels were sufficient to induce an immediate allergic
response, we measured the ear swelling response 2 h 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
(p¼0.055), indicating that both HDM extracts were able to
induce allergic sensitisation via the airways.
Additionally, treatment with the Greer extract induced

a significant increase in lung IL-5 (figure 4D), while the Citeq

Figure 1 Effects of the house dust mite (HDM) extracts on tight and adherens junctions in human bronchial epithelium. 16HBE cells were seeded in
duplicates, grown for 3e5 days in 24-well plates, LabTeks or electric cell-substrate impedance sensing arrays, serum deprived overnight and
incubated with or without a protease cocktail (PC; 2.5 mg/ml) or HDM extracts that were treated with or without 4-(2-aminoethyl) benzenesulfonyl
fluoride hydrochloride (AEBSF) (0.1 mM), E64 (0.01 mM) or heat inactivated (HI) (958C, 1 h). (A) Total cell lysates were prepared and occludin was
detected by immunoblotting. ß-actin was used as a control (con) for equal loading. A representative from three independent experiments is shown. (B)
Resistance was measured immediately after HDM administration at 400 Hz and normalised to the values prior to HDM administration. Mean levels
(6SEM) are shown (n¼3). (C) Resistance was measured immediately after HDM administration at 400 Hz and normalised to the values prior to HDM
administration, compared with AEBSF/E64-treated or heat-inactivated HDM. Mean levels (6SEM) are shown (n¼3). **p<0.01 between control and
Greer-treated 16HBE cells, #p<0.001 between control and heat-inactivated 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 min after stimulation with or without
(control) HDM in 16HBE cells by immunofluorescent staining. Representatives from three independent experiments are shown. (E) E-cadherin, ZO-1
and occludin were detected 15 min after stimulation with or without (control) HDM in normal human bronchial epithelial cells by immunofluorescent
staining. Representatives from three independent experiments are shown.
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extract induced increased levels of IL-13 (figure 4E; see also table
3 in the online 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 with the
increase in IL-5, exposure to the Greer extract, but none of the
other extracts, induced lung inflammatory cell recruitment as
evaluated by haematoxylin eosin staining (figure 5A). Quantifi-
cation of the profile of the inflammatory cells in bronchoalveolar
lavage (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 compared
with PBS-treated control mice, which only reached significance
at the highest dose of metacholine.

In summary, the extract that exerted the most pronounced
effects on epithelial immune and barrier function in vitro and on
epithelial remodelling in vivo also induced the most profound
allergic responses in our mouse model.

DISCUSSION
The airway epithelial barrier is an important target for the
proteolytic activities of allergens and may play a crucial role in
allergic sensitisation.24 Disruption of the epithelial barrier may
facilitate transport of allergens to allergen-presenting cells and
promote pro-inflammatory activities of the epithelium.14 21 25 In
this study we investigated the effects of three different HDM
extracts, varying extensively in composition and proteolytic
activities. Interestingly, the Greer extract, which exerted the
most pronounced effects on epithelial immune and barrier
function in vitro, also induced allergic sensitisation and mani-
festations of asthma, including goblet cell hyperplasia, inflam-
matory cell infiltrates and increased Th2 cytokine levels in vivo.
Importantly, this extract displayed the lowest serine and
cysteine protease activity. Furthermore, the 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
sensitisation and eosinophilic airway inflammation.
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 in which mice were sensitised by intratracheal aspiration
with either protease-active or protease-depleted German cock-
roach faeces extract.27 Remarkably, the same group reported
that protease activity did have an effect on serum IgE when the

Figure 2 Pro-inflammatory cytokine
production upon exposure of 16HBE
cells to the house dust mite (HDM)
extracts. Cells were seeded in
duplicates, grown to confluence, serum
deprived overnight and left unstimulated
(control, con) or stimulated with heat-
inactivated (HI) or untreated HDM
extracts. Cytokines were measured in
cell-free supernatants. (A) Levels of
CCL20 after 24 h of stimulation with or
without HDM extract in 16HBE cells.
(B) Levels of granulocyte macrophage
colony-stimulating factor (GM-CSF)
after 48 h of stimulation with or without
HDM extract in 16HBE cells. (C) Levels
of CCL20 24 h with and without HDM
extract in normal human bronchial
epithelial (NHBE) cells. (D) Levels of
GM-CSF 24 h after stimulation with and
without HDM extract in NHBE cells.
Mean absolute levels (6SEM) are
shown (n¼3). *p<0.05 between
control and HDM-treated 16HBE cells.

Table 2 Biochemical properties of the house dust mite (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) 5020.17630 253.8674 75.8611

Serine protease activity
(106 mean V/ml*)

2221.9644.8 104.460.3 2.761

Cysteine protease activity
(106 mean V/ml*)

891.961.3 59.660.7 31.562.5

Exochitinase (ß-N-acetylglucosaminidase)
levels (10�3 U/ml)

2.360.3 124.962.2 27.261.4

Exochitinase (chitobiosidase) levels
(10�3 U/ml)

160.03 39.760.4 5.260.03

Endochitinase levels (10�3 U/ml) 1.360.03 2060.2 560.3

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

The table shows several aspects of the biochemical properties found in the HDM extracts
(2.5 mg/ml) when tested on BALB/c mice.
*Arbitrary unit.
Der p, Dermatophagoides pteronyssinus; EU, endotoxin unit; HDM, house dust mite; LPS,
lipopolysaccharide; U, unit.
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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

Figure 3 Effect of the house dust mite (HDM) extracts in a mouse model of asthma. Balb/c mice (n¼6e14 per group) were exposed to 10 ml of
different HDM extracts (2.5 mg/ml), lipopolysaccharide (LPS) (2.5 mg/ml) or phosphate-buffered saline (PBS) twice a week for 5 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 340). (B) Measurement of E-cadherin positive membrane staining (%) analysed 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) thymic stromal lymphopoietin and (F) granulocyte macrophage colony-stimulating factor (GM-CSF) in homogenised lung tissue,
24 h after the final intranasal challenge. Values were normalised 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.

Figure 4 The allergic sensitisation
response after house dust mite (HDM)
exposure. Balb/c mice (n¼6e8 per
group) were exposed to 10 ml HDM
extracts (2.5 mg/ml),
lipopolysaccharide (LPS) (2.5 mg/ml) or
phosphate-buffered saline (PBS) twice
a week for 5 weeks. (A) ELISA
measurements of HDM-specific IgE,
shown as absolute values. (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
intracutaneous injection of 25 mg/ml
HDM in the right ear and PBS as control
in the left ear. Absolute values and
medians are shown. (D) Interleukin (IL)-
5 levels in homogenised lung tissue,
24 h after the final intranasal challenge.
Values are normalised to total protein
content and expressed as percentages
of control values. Relative levels and
medians are shown. (E) IL-13 levels in homogenised lung tissue, 24 h after the final intranasal challenge. Values are normalised to total protein content
and expressed as percentages of control values. Relative levels and medians are shown. *p<0.05 and **p<0.01 on comparison between HDM-
treated and PBS-treated mice.
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Importantly, we observed that treatment with the Greer extract,
containing the lowest serine protease activity, increased
HDM-specific IgE levels and induced goblet cell hyperplasia,
delocalisation 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 diver-
gent 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. However, we
observed a very interesting and highly relevant positive associ-
ation 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 sensitisa-
tion, airway remodelling, AHR and eosinophilic inflammation in
vivo, suggesting a putative causal relationship between airway
epithelial responses and the induction of a Th2-polarised
immune response.

The induction of the above-mentioned asthma manifestations
appears to be independent of serine/cysteine proteases, chitinase
activities and LPS levels. Our data show that these manifesta-
tions are induced by the Greer extract that uniquely decreased
epithelial barrier function and induced the most profound
delocalisation 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 might contribute to the disruption of
epithelial TJ proteins. The intracellular protein ZO-1 and the
more basolaterally positioned E-cadherin were also delocalised
upon exposure to all HDM extracts, indicating involvement of
intracellular processes, for instance activation of PAR-2 recep-
tors,5 known to be induced by serine proteases. Alternatively,
activation of pattern recognition receptors may indirectly
disrupt epithelial junctions. HDM extracts contain microbio-
logical glucose structures, for example b-glucan, which can
activate epithelial C-type lectin receptors, including dectin-1.17

Activation of these receptors induces Ca2+ fluxes29 and we
speculate that this may lead to cleavage of cellecell contact
proteins by activation of the endogenous protease calpain.30 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 b-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 protein
associated with the TLR4ecto-domain (MD-2). This enables its
interaction with toll-like receptor-4 (TLR4), which may facili-
tate airway inflammation.31 Interestingly, the Greer extract with
the most pronounced effects on epithelial barrier function
contained the highest Der p2 levels. However, previously the
effects of Der p2 on bronchial epithelial cells in vitro have been
shown to disappear upon heat inactivation,32 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.33 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 sensitisation.
We have previously published that CCL17 is produced by

epithelial cells through epidermal growth factor receptor-
dependent signalling upon downregulation 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

Figure 5 The inflammatory response
after allergen exposure. Balb/c mice
(n¼6e8 per group) were exposed to
10 ml phosphate-buffered saline (PBS),
Citeq, ALK and/or Greer extract as
indicated (2.5 mg/ml) twice a week for
5 weeks. Mice were sacrificed 24 h
after the final intranasal challenge. (A)
Lung sections were stained for
haematoxylin eosin. Representative
pictures are shown (magnification
340). (B) Total, mononuclear,
eosinophiland neutrophil numbers were
determined in bronchial airway lavage
fluid (BALF). Absolute numbers and
medians are shown. (C) Airway
hyperreactivity was measured by
Flexivent. Absolute mean values
(6SEM) are shown. *p<0.05 and
***p<0.001 on comparison between
HDM-treated and PBS-treated mice.
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has recently been shown to increase epidermal growth factor
receptor activation in mice, contributing to AHR34 and mucus
production/goblet cell hyperplasia.35

In summary, we demonstrate that allergic sensitisation 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 delocalisation 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 the most detrimental effects
on barrier function in vitro also showed increased IL-5 and
CCL17 levels and induced allergic sensitisation, 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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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 l HDM 

extract (2.5 mg/ml) in a 96-well plate. Protease was measured by adding 50 l 10 nM 

Boc-Gln-Ala-Arg-7-amido-4-methylcoumarin (Sigma, St Louis, MO, USA) for serine 

determination or 50 l 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. 
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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 g/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 g/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 
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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 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 
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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, 
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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 m-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). 
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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 

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. 
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Table 3. Cytokine and Chemokine production in BALB/c mice after HDM exposure 
 
 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 

The original absolute values (median [range]) obtained from two separate experiments by ELISA.. Abbreviations: ND; not 
determined 
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Figure E1 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 E2 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.  

 

Figure E3 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. 

 

 








