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Abstract
Background: The mechanisms underlying epithelial cell activation by indoor inhaled antigens are
poorly understood.
Methods: In this study, we investigated the role of mitogen-activated protein kinases (MAPKs) in
A549 epithelial cells upon exposure to antigens of house dust mite (HDMA), German cockroach
(GCA), and American cockroach (ACA).
Results: Each of these antigens induced a significant increase in IL-8 levels compared to the
medium control. Exposure of A549 cells to these antigens induced the phosphorylation of p44/42
MAPKs within 5 minutes, which reached a peak at 25 minutes later and reached baseline levels at
1 hour after exposure. PD98059, a MEK1 inhibitor, significantly decreased phosphorylation of p44/
p42 MAPKs and IL-8 production. Exposure of A549 cells with antigens, which had been
preincubated with different protease inhibitors, also resulted in a reduction of both MAPK
phosphorylation and IL-8 production.
Conclusion: Thus, proteolytic antigens present in HDMA, GCA and ACA activate the p44/42
MAPKs airway epithelial cells, which lead to elevated IL-8 production and initiation of the
inflammatory cascade.

Background
Airway Inflammation, one of the "hallmarks" of allergy
and asthma, results from exposure to inhaled antigens
from house dust, which comprises proteins from diverse
sources including mites, cockroaches, molds, animal danders and pollens [1]. Airway and lung epithelial cells serve

as a gateway to inhaled antigens and link the innate and
adaptive immunity to these antigens [2]. These cells activate genes encoding several immunological and inflammatory mediators in response to diverse exogenous
stimuli including dust antigens [3–7]. Allergens from
house dust mites (Dermatophagoides farinae, Der f) and
Page 1 of 12
(page number not for citation purposes)

Clinical and Molecular Allergy 2003, 1

http://www.clinicalmolecularallergy.com/content/1/1/1

cockroaches including American cockroach (Periplaneta
americana, Per a) and German cockroach (Blattella germanica, Bla g) are believed to contribute significantly to
the development of atopic asthma [8]. However, the role
of allergenic and non-allergenic dust antigens in inflammation is poorly understood.

(Atlanta Biologicals, GA) supplemented with 10% heatinactivated fetal bovine serum (Atlanta Biologicals, GA),
100 U/ml Penicillin and 100 U/ml streptomycin. They
were grown in sterile T-75 tissue culture flasks (Sarstedt,
NC) and maintained at 37°C in an incubator with 5%
CO2.

Increased airway inflammation has been attributed to
enhanced production of proinflammatory cytokines,
chemokines and adhesion molecules [1,4,9,10]. Allergens
from house dust mites species, D. pteronyssinus (Der p)
and Lepidoglyphus destructor, two pollen species (timothy
grass and birch) and from Aspergillus fumigatus have been
shown to induce expression of IL-6, IL-8, MCP-1, GMCSF, RANTES and ICAM-1 in A549 cells, which represent
type II alveolar epithelial cells [9]. Furthermore, purified
Der p 1 and Der p 9 allergens, which respectively have
cysteine-protease and collagenase-like activity, elicit IL-6
and IL-8 production in epithelial cells. This epithelial
inflammatory response involves the activation of transcriptional factor NF-κB [11]. In addition, Der p1 activates
NF-κB and induces expression of both RANTES and GMCSF in bronchial epithelial cells from asthmatic patients
[11]. Similar to mite antigens, cockroach antigens also
play an important role in causing allergic diseases [8,12].
However, the role of cockroach antigens in inflammation
remains unclear. Among cockroach antigens, Bla g 2 allergen in German cockroach was initially reported having
aspartic-protease-like activity, but was not confirmed
[12,13]. Bla g 2 was not detected in the taxonomicallyrelated American cockroach [12]

Antigen exposure
For experiments, A549 cells were cultured in sterile 100
mm Falcon tissue culture dishes (Becton Dickinson, NJ)
in F-12 medium supplemented with 10% heat-inactivated
fetal bovine serum, 100 U/ml penicillin and 100 U/ml
streptomycin until the cells reached 80% of confluence.
Cells were incubated overnight in serum-free F-12
medium, washed and then exposed to house dust mite
(Dermatophagoides farinae) allergens (HDMA), German
cockroach (Blatella germanica) allergens (GCA) or American cockroach (Periplaneta americana) allergens (ACA) at
different concentrations and for different time points.

House dust mite and cockroach extracts contain a number
of proteases, including, trypsin, chymotrypsin, serine proteases and cystein proteases, which appear to differ in
their interaction with the epithelial cells. Trypsin-like proteases predominantly activate a set of G-protein coupled
proteinase-activated receptors, PAR2, which phosphorylate p44/p42 mitogen-activated protein kinases (MAPKs,
also referred to as extra cellular signaling related kinase,
ERK1/ERK2) [14]. Toward understanding the role of different proteases present in inhaled indoor antigens in
inflammation in the airway epithelium, in this study, the
effects of the antigens of Dermatophagoides farinae (Der f)
and German cockroach (GCA) and American cockroach
(ACA) on activating MAPKs in A549 epithelial cells was
examined. The results suggest that both allergenic and
non-allergenic proteases play a role in activation of p44/
p42 MAP kinases and induce the inflammatory cascade.

Methods
Cell culture
The human alveolar type II epithelial carcinoma cell line,
A549, was obtained from American Type Culture Collection (Rockville, MD). Cells were cultured in F-12 medium

Analysis of promoters
The search for potential binding sites of transcription factors in the promoter of il6, il8, and rantes was done using
MatInspector V2.2 based on TRANSFAC 4.0[15]. The
motifs for such algorithm were built using matrix tables.
The parameters "core similarity" and "matrix similarity"
were set up to 0.75 and 0.85, respectively. The potential
binding site was considered if the "core similarity" and
"matrix similarity" were 1.000 and 0.85, respectively.
Inhibitor studies
To determine the role of ERK1 and ERK2 in antigeninduced IL-8 secretion by A549 cells, cells were incubated
with 25 µM of PD98059 (Sigma, St Louis) for 1 to 4 hours
before being exposed to the antigens. To determine the
role of proteases on ERK1 and ERK2 phosphorylation and
IL-8 production by A549 cells, the antigens were incubated with protease inhibitors such as PMSF (100 µM),
cysteine protease inhibitor E-64 (20 µM), or aspartic protease inhibitor Pepstatin A (20 µM) (all from Sigma, St.
Louis) prior to their use.
Measurement of IL-8 Protein
A549 cells were exposed to different antigens for 24 hours.
The culture supernatant was collected and the amounts of
IL-8 protein were determined using ELISA (Quantikine,
R&D systems, MN).
RNA Isolation and Reverse Transcription
Total RNA was isolated from A549 cells cultured in 100
mm Falcon tissue culture dishes, which had reached 80%
of confluence, using a modified single-step RNA isolation
method as described [16]. For the synthesis of the first
strand cDNA, total RNA (2 µg) was resuspended in 13 µl
diethyl-pyrocarbonate (Sigma)-treated water along with
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150 ng of random hexamer primers. The mix was incubated at 70°C for 10 min and cooled at 4°C for 10 min.
Then, 5 µl of 5X first strand buffer (100 mM Tris-HCl, pH
8.4, 250 mM KCl), 1 µl of 10 mM dNTP mix, 2 µl 0.1 M
DTT, 25 units SUPERSCRIPT II RT (GibcoBRL, NY) were
added to the samples. The samples were incubated at
42°C for 50 min, and the reverse transcriptase was heatinactivated at 70°C for 10 min.
Polymerase Chain Reaction
The specific primer pairs for human IL-8 were obtained
from Life Technologies (GibcoBRL, NY), whereas the
primer pairs for human β-actin were obtained from
Operon technologies. IL-8: 5'ATT TCT GCA GCT CTG TGT
GAA'3 (sense) and 5'TCC TGT GGC ATC CAC GAA ACT'3
(antisense); β-actin: 5'CGC GAG AAG ATG ACC CAG'3
(sense) and 5'ATC ACG ATG CCA GTG GTA'3 (antisense).
The conditions for semi-quantitative PCR assay were an
initial denaturation step at 94°C for 5 min; 35 cycles of
94°C (1 min), 56°C (30 sec), and 72°C (1 min); and, a
final extension step of 72°C for 5 min. With these primers, fragments spanning 255 and 112 bp were amplified
for IL-8 and β-actin, respectively. The final PCR products
were run on an ethidium bromide-stained 2% agarose gel
in 1X TAE buffer.
Western immunoblot analysis of MAPKs
The tyrosine phosphorylation of p44 and p42 MAPKs
were analyzed using the PhosphoPlus p44/42 MAP Kinase
antibody kit (New England Biolabs, MA) following the
manufacturer's instructions. Briefly, after treatment A549
cells were washed with cold 1X PBS, and lysed for 30 min
on ice in a lysis buffer (50 mM HEPES pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol, and 0.5%
NP-40) containing 1 mM dithiotreitol, 0.1 mM PMSF, 2.5
µg/ml leupeptin, 0.5 mM NaF, and 0.1 mM sodium vanadate. The samples were mixed with SDS-PAGE buffer containing β-mercaptoethanol; they were heated at 95°C for
5 min and ultracentrifuged before loading them onto discontinuous polyacrylamide gel (5% stacking, 10% resolving gel). After electrophoresis, separated proteins were
transferred to a 0.45 nm nitrocellulose membrane for 1
hour at 190 mAmp. The membrane was subjected to antibody reaction and ECL detection using LumiGLO (New
England Biolabs, MA) as described before [17]. To calculate relative intensity, the membranes were stripped and
reprobed with non-phosphorylated anti-MAPK antibodies and the ratio between the phosphorylated and nonphosphorylated was estimated after densitometry.
Statistical Analysis
Statistical significance was analyzed using Student's t test
for paired observations. A p < 0.05 level of significance
(two-sided) was utilized throughout.
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Results
Allergens induce rapid and transient phosphorylation of
p44/p42 MAP kinases
Previous studies have demonstrated the allergen-induced
expression of IL-6, IL-8, ICAM-1 and RANTES [9–11] in
epithelial cells. Analysis of the promoter regions of these
genes has revealed several cis-regulatory elements (Fig 1).
Thus, IL-6 gene contains 3 AP1 and 1 NFκB sites [18,19]
and IL-8 gene has 2 AP1 and 1 NFκB sites [20]. Similarly,
murine RANTES gene contains 2 AP1 and 2NFκB sites
[21,22]. MAPKs are involved in AP1 activation, which in
turn, activates NFκB [23]. Furthermore, serine proteases
bind to PAR-2 and activate MAPKs [24]. On the basis of
these observations, we postulated that A549 cells produce
cytokines in response to antigen exposure by activating
MAPKs.

Allergen-induced activation of p44/p42 and p38 MAP
kinases was examined by Western immunoblot analysis
using antibodies against both the phosphorylated and
non-phosphorylated forms of the MAP kinases. Resting
cells before exposure and medium-control exposed cells
(data not shown) exhibited extremely low levels of phosphorylated p44/p42 MAP kinases (Figure 2 and 3). Exposure to HDMA resulted in a distinct increase in
phosphorylated p44/p42 MAP kinase levels in A549 cells.
A 5 min exposure to these mite allergens caused a rapid
phosphorylation of p44/p42 MAP kinase with peak levels
between 5 and 10 minutes, lasting for at least 30 minutes
post-exposure (Figure 2). Figure 3 illustrates the time
course of p44/p42 MAP kinase phosphorylation following exposure to German and American cockroach extract
in A549 cells. As seen with the mite extract, a distinct
phosphorylation of the two kinases was observed 5 minutes after exposure compared to controls. Peak levels of
activation with both cockroach antigens occurred slightly
later compared to the mite extract. Both p44 and p42 MAP
kinases exhibited very similar patterns of activation; however, p38 MAP kinase was not activated by any of the antigens (data not shown).
Allergens induce IL-8 gene expression in A549 cells
In naive A549 cells, IL-8 mRNA transcripts were undetectable (Figure 4A). Antigens of house dust mite (HDMA),
German cockroach (GCA) and American cockroach
(ACA) induced a clear increase in IL-8 mRNA levels over
24 hours. In contrast, control β-actin mRNA levels did not
change due to these stimuli.

Allergen exposure induced the release of higher levels of
IL-8 compared to controls in A549 cells following a 24hour exposure to HDMA, GCA and ACA (Figure 4B). Statistically significant levels of increased IL-8 production
were reached at concentrations of 25 µg/ml HDMA, 6.25
µg/ml GCA and 12.5 µg/ml ACA. The dust mite extract
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Analysis
Figure 1of Promoters of il6, il8, and rantes
Analysis of Promoters of il6, il8, and rantes. All of these promoters have DNA elements recognized by transcription factors such as AP-1 and NFκB, whose activation is dependent primarily on the ERK activation.

induced a dose-dependent increase in IL-8 production,
resulting in a more than 2-fold increase over baseline levels at a concentration of 100 µg/ml. Both cockroach allergens exhibited a biphasic induction of IL-8 release,
resulting in a 3–4-fold increase over controls at concentrations of 12.5 µg/ml GCA and 25 µg/ml ACA. At concentrations ≤ 25 µg/ml, cockroach allergens induced
significantly higher IL-8 levels than mite allergens. Conversely, at 100 µg/ml, significantly higher IL-8 levels were
present with the mite allergens compared to GCA and
ACA (p < . 001).
To examine the basis for the lack of IL-8 production at
higher concentration of GCA/ACA, the possibility that
such concentrations caused detachment of epithelial cells
was examined in monolayer cell cultures. Monolayer cell
cultures were exposed for 6 hours to the three allergens
extracts, before cell detachment was assessed by the methylene blue assay. Below the concentration of 10 µg/ml,
none of the allergen extracts exhibited any capacity for cell
detachment (Figure 4C). At 50 µg/ml, only the American
cockroach extract caused any cell detachment. At concentrations higher than 50 µg/ml, all three extracts induced
cell detachment. The ACA exhibited a stronger detach-

ment activity (measured by concentration required to
detach 50% of cells) than the GCA and HDMA. GCA and
HDMA exhibit very similar effects at concentrations below
100 µg/ml. At the concentration of 500 µg/ml, GCA and
ACA detach close to 100 percent of the cells, whereas the
HDMA only detached approximately 65 percent of the
cells.
PD98059 abrogates allergen-induced IL-8 production by
A549 cells
To examine the role of MAPK in IL-8 production, IL-8 production was measured in cells incubated with PD98059, a
MEK-1 inhibitor. Pre-incubation of A549 cells for 1 hour
with PD98059, before exposure to HDMA and GCA (Figure 5A and 5B) for 24 hours caused a complete inhibition
of allergen-induced IL-8 production. Pre-incubation for 1
hour with PD98059 (25 µM), a specific p44/p42 MAP
kinase pathway inhibitor, completely abrogated phosphorylation of p44/p42 MAP kinase by HDMA (Figure
5C). These results show that allergen-induced activation
of MAPKs, are involved in IL-8 production in A549 epithelial cells.
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Figure 2 extracts from HDMA (Der f) induced phosphorylation of p44/p42 MAPK
Allergenic
Allergenic extracts from HDMA (Der f) induced phosphorylation of p44/p42 MAPK. Following exposure of A549
cells to HDMA (25 µg/ml), at the indicated time points, total protein extracts were immunoblotted with antibodies specific for
phosphorylated and non-phosphorylated p44/p42 MAPK. Phospho-p44/p42 MAPK bands were quantified by densitometry and
normalized to total p44/p42 MAPK. The experiment was repeated twice. A representative experiment is shown.
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Figure 3 extracts from GCA and ACA induced phosphorylation of p44/p42 MAPK
Allergenic
Allergenic extracts from GCA and ACA induced phosphorylation of p44/p42 MAPK. Following exposure of A549
cells to GCA (25 µg/ml) and ACA (25 µg/ml) at indicated time points, total protein extracts were evaluated by western immunoblotting with antibodies specific for phosphorylated and non-phosphorylated p44/p42 MAPK. Phospho-p44/p42 MAPK bands
were quantified by densitometry and normalized to p44/p42 MAPK levels of intensity. The experiment was repeated twice. A
representative experiment is shown.
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Figure 4 to allergenic extracts induces both IL-8-transcription and IL-8 secretion
Exposure
Exposure to allergenic extracts induces both IL-8-transcription and IL-8 secretion. (A) Time-dependent IL-8 transcription after exposure to allergenic extracts. IL-8 mRNA expression was evaluated by RT-PCR and PCR. Total RNA of A549
cells exposed to Der f-HDMA (25 µg/ml) and GCA (12.5 µg/ml) was isolated at different time points. PCR-amplified IL-8
cDNA bands were quantified by densitometry and standardized with β-actin levels of intensity. Experiments were performed
twice. Representative experiments are shown. (B) HDM, GCA and ACA induce IL-8 release in A549 cells in a concentrationdependent fashion. Following 24 hours of exposure to indicated concentrations of HDMA, GCA, and ACA. ELISA assessed IL8 concentration in cell culture supernatants. The experiment was performed twice and mean values and standard deviations
are shown, *, p < 0.05; * *, p < 0.005. (C) Allergens differ in their ability to induce detachment of A549 cells from monolayers.
A549 cells were exposed to increasing concentrations (10–500 µg/ml) of Der f-HDMA, GCA or ACA. Cell detachment was
assessed by methylene blue assay. For the assay, A549 cells were grown in 96-well plates (2.5 × 103 cells/well) and treated with
various concentrations of allergen extracts. Following the 6-hour exposure period, the cells were fixed with formol saline,
stained for 30 minutes with methylene blue and excess dye removed by several washings. The intracellular methylene blue was
eluted with ethanol and the concentration of dye in each well quantified by spectrophotometry at a wavelength of 650 nm. The
experiment was performed three times and a representative experiment is shown, *, p < 0.05.
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5 induced by allergenic extracts is dependent on p44/p42 MAPK
IL-8 release induced by allergenic extracts is dependent on p44/p42 MAPK. (A, B) The specific p44/p42 MAPKpathway inhibitor, PD98059, inhibits HDMA- and GCA-induced IL-8 production. ELISA evaluated IL-8 production in cell culture supernatants from A549 cells. Cells were either previously treated or not treated with PD98059 (25 µM) before exposing
to allergen extracts (HDMA or GCA) for 24 hours. Experiments were repeated and the results of a representative experiment
is shown; *, p < 0.05; * *, p < 0.005; * * *, p = 3.6 × 10-5. (C) PD98059 inhibits the HDMA-induced phosphorylation of p44/p42
MAPK. A549 cells were preincubated with PD98059 (25 µM) before exposure to HDMA (25 µg/ml) for 10 min. Phosphorylation status of p44/p42 MAPK was evaluated by Western immunoblots from total cellular protein. Relative Intensity was calculated with ratios of densitometric quantifications bands from Phospho-MAP kinases and non-phosphorylated MAP kinases. The
experiment was performed three times and a representative experiment is shown.
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Figure 6inhibitors inhibit the allergen-induced phosphorylation of p44 MAPK
Protease
Protease inhibitors inhibit the allergen-induced phosphorylation of p44 MAPK. HDMA (25 µg/ml) and GCA (12.5
µg/ml) were pre-incubated for 30 minutes at 37°C with E64 (20 µM), a cysteine protease inhibitor, or Pepstatin A (20 µM), an
aspartate protease inhibitor. Then, A549 cells were exposed to HDMA or GCA for 24 hours. Total cellular protein extract
was subjected to western blot analysis. The ratio of relative intensity of phospho-p44 MAPK / p44 MAPK was graphed. The
experiments were repeated twice and the result of a set of representative experiments is shown.

Proteases in HDMA and GCA are involved in activation of
MAPKs and up-regulation of IL-8 in A549 cells
To investigate the hypothesis that proteases from allergen
extracts may be involved in the induction of MAP kinase
signaling and subsequent IL-8 up-regulation in A549 cells,
the effects of cysteine- and aspartate-protease inhibitors
on these events was investigated. E64 (20 µM), a specific
cysteine protease inhibitor, and Pepstatin A (20 µM), an
aspartate protease inhibitor were used to inhibit protease
activity in HDMA and GCA before exposure of cells. Figure 6 illustrates the effects of E64 and Pepstatin A on the
p44 MAP kinase phosphorylation in A549 cells after a 10
min exposure to both antigens. In accordance with the IL8 ELISA results, E64 reduced p44 MAP kinase phosphorylation compared to the levels induced by HDMA and

GCA. In addition, the aspartate protease inhibitor, Pepstatin A, exhibited an even greater inhibitory effect on phospho-p44 MAP kinase levels. Analysis of cell culture
supernatants revealed that E64 causes a distinct inhibition
of both HDMA- and GCA-induced IL-8 up-regulation
suggesting the involvement of cysteine proteases in epithelial cytokine release (data not shown).

Discussion
The key findings of this study are: (i) upon exposure to
antigens A549 cells phosphorylate p42/44 MAP kinases in
a concentration- and time-dependent manner, (ii) allergens from cockroach and mite significantly differ in their
ability to induce IL-8 production from A549 epithelial
cells, (iii) MAPKs play a significant role in IL-8 gene
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expression and IL-8 secretion by these cells, and (iv) protease-like allergens are partly responsible for the activation of MAPK and consequently IL-8 production.
The understanding of the allergen-induced early signaling
mechanisms in epithelial cells is critical to our knowledge
of the mechanisms and modulation of airway inflammation and induction of innate and adaptive immunity.
Previous studies have reported evidence for the involvement of NFκB in this process and also suggested possible
involvement of NFIL-6 and AP1 [10,11]. Analysis of the
5'-regulatory regions of selected genes involved in inflammation indicated cis-sequences capable of binding to
transcription factors, such as, AP-1, NF-κB and possibly
NF-IL-6 [23] suggesting a potential role of MAP kinases.
Although MAPKs are expressed in all eukaryotic cell types,
they are deemed especially important in epithelial cells,
which constitute the first line of defense in all mucosal
sites and are targets of diverse external stimuli, including
pathogens and drugs. MAPK, therefore, seemed a likely
candidate for transducing allergen-induced signals resulting in induction of IL-8 gene transcription. The results
indicate that Der f, Bla g and Per a allergens have the ability to induce phosphorylation of ERK1/2. All three allergen extracts exhibit the same time pattern of
phosphorylation: starting at 5 minutes, peaking shortly
thereafter and reaching near-baseline levels at 30 minutes
following initiation of exposure. Although, the activation
of MAPKs is transient, it appears to be crucial for the initial activation of cytokines, which initiate autoregulatory
circuits and augment inflammation. The reason for the
delay between MAPKs activation and IL-8 transcription is
unclear. It is likely that phosphorylation of MAPKs leads
to activation of AP1 and NFκB, which then bind to the IL8 gene to induce transcription.
In concordance with the studies on other allergen extracts
[9], A549 cells, when exposed to Der f-HDMA, GCA (Bla
g) or ACA (Per a), produced an antigen concentration
dependent increase in IL-8 release. Also, changes in the
mRNA level suggest a similar time course of induction of
IL-8 mRNA by both HDMA and GCA. However, in contrast to Der f allergens, the amount of IL-8 produced
decreased significantly when the cells were exposed to >25
µg/ml of GCA or >50 µg/ml of ACA. The pattern of IL-8
production induced by cockroach allergens (GCA and
ACA) is similar to that observed with Der p and Lep d
allergens and purified Der p 1. The basis for the differential pattern of IL-8 production between Der f and other
allergens is unclear. It is likely that differential amounts of
total allergenic and non-allergenic proteases contained in
these extracts may regulate the cellular response and IL-8
production.

http://www.clinicalmolecularallergy.com/content/1/1/1

The physiologic relevance of the concentration of allergen
required for the activation of MAPKs in these in vitro cultures is unclear. Tovey et al [25] previously reported that
inhaled fecal particles (>10 µm in diameter) contain more
than 80% of the airborne allergen Der p 1 present during
domestic activity, which indicates that the respiratory
epithelium is exposed to particles containing very concentrated allergen.
However, very few studies have addressed the issue of the
precise concentration of allergens deposited on respiratory epithelium, hence the physiologic relevance of these
results remain to be elucidated.
An important finding of this study is a decrease in IL-8
production at higher concentrations of GCA or ACA,
which may be attributed to proteolytic cleavage leading to
cell detachment and rapid cytokine degradation. Epithelial denudation is a common feature in the airways of
asthmatic patients [3]. Animal studies have shown that,
following airway allergen challenge, a very similar
asthma-like epithelial injury occurs [26]. Proteases from
leukocytes, fungi, bacteria, mites and pollens cause cellular detachment in monolayer epithelial cell cultures
[9,27,28] as determined by quantitative methylene blue
assay. This assay, which also partly tests cell viability, was
therefore used to determine whether cell detachment was
involved in the decrease in IL-8 production following
treatment with allergen extracts. The results show that a
lower concentration of ACA is capable of inducing greater
detachment compared to GCA or HDMA. However, these
results indicate a lack of complete concordance between
cell detachment, which may be attributed to reduction of
cell viability or cell apoptosis. Thus, the relationship
between detachment and IL-8 production require a thorough investigation and is beyond the scope of the present
study. However, these studies helped determine the
appropriate concentration of allergen extracts, which does
not induce cell detachment and can be used for the investigations of p44/p42 MAPK activation and IL-8
production.
PD98059, a MEK-1 inhibitor, not only inhibited MAPK
activation, but also completely abrogated allergeninduced IL-8 production by dust mite and cockroach
allergens. These findings suggest a dominant role for p44/
p42 MAPKs in mite and cockroach-induced IL-8 production. Several studies have shown the co-activation of p44/
p42 MAPKs and p38 MAP kinase. However, we could not
detect any induced p38 MAP kinase activation due to dust
mite or cockroach allergen exposure. Since pretreatment
with PD98059 inhibits allergen-induced IL-8 production
in A549 cells, this may indicate that p42/p44 MAPKs are
possible targets for modulating allergen-induced inflammation of epithelial cells. In support of this hypothesis, it
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has been shown that PD98059 induced rapid bronchial
relaxation in bronchial preparations of ovalbumin-sensitized guinea pigs compared to control [29].
An important aspect of these results is that they were
derived using allergen extracts. This approach is based on
the rationale that in vivo inhalation involves molecules
embedded in a particle that may or may not contain allergenic activity but may facilitate the development and
triggering of allergenic activity. Also, both allergenic and
non-allergenic proteases present in naturally inhaled antigens play a role in initiating cytokine production in A549
cells. One possibility is that these crude allergen preparations may contain endotoxins which are involved in activating p44/p42 MAPK. However, this is unlikely because:
(i) the allergen extracts used in this study were produced
by Greer Laboratories, that contain no endotoxin, (ii)
endotoxin is known to activate p38 MAPK, which was not
activated in A549 cells after being exposed to the allergen
extracts, and (iii) p44/p42 MAPK activation induced by
allergen extracts was inhibited by protease inhibitors, and
endotoxin does not have protease activity. The protease
inhibitors used in this study are no cell permeable, which
means they are acting upon proteases present in the allergen extracts. Thus, these results suggest that further mechanistic studies would require studies using purified or
recombinant allergens

http://www.clinicalmolecularallergy.com/content/1/1/1

dence favoring the induction of allergen- or proteaseinduced inflammatory cascade in the epithelial cells.
Recently, Asokananthan et al [34] demonstrated that Der
p 1, which is a cysteine-protease, can activate PAR-2 and
ablate the activation of PAR-1. Moreover, Der p 3 and Der
p 9 also interact with PAR-2 and in doing so may induce
a nonallergic inflammatory response in airways through
the release of pro-inflammatory cytokines [35]. However,
the question of whether aspartate proteases are also
capable of activating PARs or novel types of receptors
remains to be elucidated. Our results suggest that irrespective of the receptor involved, protease-receptor ligation
leads to the activation of MAPKs, which suggest MAPKs
may be a target for the development of novel anti-inflammatory therapies.

Conclusions
Taken together, the results of these studies have led to
establishment of an important role for p44/p42 MAPKs in
the stimulation of epithelial IL-8 production and suggest
the involvement of proteases from mite and cockroach
allergens. These results provide us with further understanding of signaling events underlying initial allergenepithelium interactions and in the future may provide us
with novel targets for the treatment and prevention of
allergies, asthma and other inflammatory lung diseases.

Competing Interests
An important finding from the studies with E64 and Pepstatin A is that cysteine proteases and aspartic proteases
participate in both dust mite and cockroach antigeninduced p44/p42 MAPK phosphorylation and consequently IL-8 production. Pepstatin displayed a somewhat
greater inhibitory effect with both types of allergens. The
serine protease inhibitor, Leupeptin, also demonstrated
the ability to inhibit IL-8 production (unpublished
results). Thus far, Der f has not been described to contain
an aspartic protease, and cockroach extracts have not been
found to contain cysteine proteases. Further, previously
reported aspartic protease-like activity of Bla g 2 allergen
has been contradicted by comparative modeling studies
[12]. Moreover, serine protease activity has been found in
cockroach extracts [30,31]. Thus, mite and cockroach antigens appear to include allergenic and non-allergenic proteases, which induce ERK1/2 signaling and IL-8
production.
A noteworthy finding of this study is that both E64 and
pepstatin protease inhibitors inhibit p44 MAPK phosphorylation and IL-8 production. The mechanism of ERK1/2
signaling underlying these proteases is unclear. It is likely
that one or more PAR(s) are involved. Animal studies
determined that trypsin, mast cell tryptase and PAR-2 activating peptide can cause bronchoconstriction [32,33].
Our results and those of others provide compelling evi-

None declared.

Authors Contributions
NK carried out the experiments required for Fig. 2, 3, 4b,
4c, 5a, 5c, and 6 and participated in the design of experiments and also in drafting the manuscript. HS carried out
the analysis of the promoter regions and the experiments
required for Fig. 4a, 5a, 5b, and 6, and participated in
drafting the manuscript. XK participated in design and
coordination of the experiments. RE provided essential
reagents and participated in the design of experiments. RL
reviewed the final version of the manuscript. SSM participated in the overall design, coordination of studies, analysis of data, and in drafting the manuscript.

Acknowledgements
SSM is a recipient of the American Lung Association of Florida Career
Development Award. HS is a recipient of the Fulbright-Colciencias Scholarship. This study was supported by the funds by a VA Merit Review Award
and by the American Heart Association (Florida Affiliate) research grant to
SSM and by the Joy McCann Culverhouse Endowment to RFL and the University of South Florida Division of Allergy and Immunology Airway Disease
Research Center.

References
1.

Ritz SA, Gajewska BU, Stampfli MR and Jordana M: Determinants
of the immune-inflammatory response in allergic airway
inflammation: overview of antigen presentation and cellular
activation. J Allergy Clin Immunol 2000, 106:S206-12.

Page 11 of 12
(page number not for citation purposes)

Clinical and Molecular Allergy 2003, 1

2.
3.

4.
5.

6.

7.
8.
9.

10.
11.

12.
13.

14.

15.

16.
17.

18.
19.

20.
21.

22.

Holgate ST: Epithelial damage and response. Clin Exp Allergy
2000, 30(Suppl 1):37-41.
Campbell AM, Vachier I, Chanez P, Vignola AM, Lebel B, Kochan J,
Godard P and Bousquet J: Expression of the high-affinity receptor for IgE on bronchial epithelial cells of asthmatics. Am J
Respir Cell Mol Biol 1998, 19:92-7.
Cameron LA, Taha RA, Tsicopoulos A, Kurimoto M, Olivenstein R,
Wallaert B, Minshall EM and Hamid QA: Airway epithelium
expresses interleukin-18. Eur Respir J 1999, 14:553-9.
Kawaguchi M, Kokubu F, Kuga H, Tomita T, Matsukura S, Kadokura
M and Adachi M: Expression of eotaxin by normal airway epithelial cells after influenza virus A infection. Int Arch Allergy
Immunol 2000, 122(Suppl 1):44-9.
Boussat S, Eddahibi S, Coste A, Fataccioli V, Gouge M, Housset B,
Adnot S and Maitre B: Expression and regulation of vascular
endothelial growth factor in human pulmonary epithelial
cells. Am J Physiol Lung Cell Mol Physiol 2000, 279:L371-8.
Campbell AM, Vignola AM, Chanez P, Godard P and Bousquet J: Lowaffinity receptor for IgE on human bronchial epithelial cells
in asthma. Immunology 1994, 82:506-8.
Platts-Mills TA, Rakes G and Heymann PW: The relevance of allergen exposure to the development of asthma in childhood. J
Allergy Clin Immunol 2000, 105:S503-8.
Tomee JF, van Weissenbruch R, de Monchy JG and Kauffman HF:
Interactions between inhalant allergen extracts and airway
epithelial cells: effect on cytokine production and cell
detachment. J Allergy Clin Immunol 1998, 102:75-85.
King C, Brennan S, Thompson PJ and Stewart GA: Dust mite proteolytic allergens induce cytokine release from cultured airway epithelium. J Immunol 1998, 161:3645-51.
Stacey MA, Sun G, Vassalli G, Marini M, Bellini A and Mattoli S: The
allergen Der p1 induces NF-kappaB activation through interference with IkappaB alpha function in asthmatic bronchial
epithelial cells. Biochem Biophys Res Commun 1997, 236:522-6.
Arruda LK, Vailes LD, Benjamin DC and Chapman MD: Molecular
cloning of German cockroach (Blattella germanica)
allergens. Int Arch Allergy Immunol 1995, 107:295-7.
Pomes A, Melen E, Vailes LD, Retief JD, Arruda LK and Chapman MD:
Novel allergen structures with tandem amino acid repeats
derived from German and American cockroach. J Biol Chem
1998, 273:30801-7.
Belham CM, Tate RJ, Scott PH, Pemberton AD, Miller HR,
Wadsworth RM, Gould GW and Plevin R: Trypsin stimulates proteinase-activated receptor-2-dependent and -independent
activation of mitogen-activated protein kinases. Biochem J
1996, 320(Pt 3):939-46.
Quandt K, Frech K, Karas H, Wingender E and Werner T: MatInd
and MatInspector: new fast and versatile tools for detection
of consensus matches in nucleotide sequence data. Nucleic
Acids Res 1995, 23:4878-84.
Chomczynski P and Sacchi N: Single-step method of RNA isolation by acid guanidinium thiocyanate-phenol-chloroform
extraction. Anal Biochem 1987, 162:156-9.
Behera AK, Kumar M, Matsuse H, Lockey RF and Mohapatra SS: Respiratory syncytial virus induces the expression of 5-lipoxygenase and endothelin-1 in bronchial epithelial cells. Biochem
Biophys Res Commun 1998, 251:704-9.
Hattori M, Tugores A, Westwick JK, Veloz L, Leffert HL, Karin M and
Brenner DA: Activation of activating protein 1 during hepatic
acute phase response. Am J Physiol 1993, 264:G95-103.
Ray A, Sassone-Corsi P and Sehgal PB: A multiple cytokine- and
second messenger-responsive element in the enhancer of
the human interleukin-6 gene: similarities with c-fos gene
regulation. Mol Cell Biol 1989, 9:5537-47.
Jaspers I, Flescher E and Chen LC: Ozone-induced IL-8 expression and transcription factor binding in respiratory epithelial
cells. Am J Physiol 1997, 272:L504-11.
Danoff TM, Lalley PA, Chang YS, Heeger PS and Neilson EG: Cloning, genomic organization, and chromosomal localization of
the Scya5 gene encoding the murine chemokine RANTES. J
Immunol 1994, 152:1182-9.
Shin HS, Drysdale BE, Shin ML, Noble PW, Fisher SN and Paznekas
WA: Definition of a lipopolysaccharide-responsive element in
the 5'-flanking regions of MuRantes and crg-2. Mol Cell Biol
1994, 14:2914-25.

http://www.clinicalmolecularallergy.com/content/1/1/1

23.
24.
25.
26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

Widmann C, Gibson S, Jarpe MB and Johnson GL: Mitogen-activated protein kinase: conservation of a three-kinase module
from yeast to human. Physiol Rev 1999, 79:143-80.
Dery O, Corvera CU, Steinhoff M and Bunnett NW: Proteinaseactivated receptors: novel mechanisms of signaling by serine
proteases. Am J Physiol 1998, 274:C1429-52.
Tovey ER, Chapman MD, Wells CW and Platts-Mills TA: The distribution of dust mite allergen in the houses of patients with
asthma. Am Rev Respir Dis 1981, 124:630-5.
Garlisi CG, Falcone A, Hey JA, Paster TM, Fernandez X, Rizzo CA,
Minnicozzi M, Jones H, Billah MM and Egan RW et al.: Airway eosinophils, T cells, Th2-type cytokine mRNA, and hyperreactivity in response to aerosol challenge of allergic mice with
previously established pulmonary inflammation. Am J Respir
Cell Mol Biol 1997, 17:642-51.
Herbert CA, King CM, Ring PC, Holgate ST, Stewart GA, Thompson
PJ and Robinson C: Augmentation of permeability in the bronchial epithelium by the house dust mite allergen Der p1. Am
J Respir Cell Mol Biol 1995, 12:369-78.
Van Wetering S, Mannesse-Lazeroms SP, Dijkman JH and Hiemstra
PS: Effect of neutrophil serine proteinases and defensins on
lung epithelial cells: modulation of cytotoxicity and IL-8
production. J Leukoc Biol 1997, 62:217-26.
Tsang F, Koh AH, Ting WL, Wong PT and Wong WS: Effects of
mitogen-activated protein kinase kinase inhibitor PD 098059
on antigen challenge of guinea-pig airways in vitro. Br J
Pharmacol 1998, 125:61-8.
Bhat RK, Page K, Tan A and Hershenson MB: German cockroach
extract increases bronchial epithelial cell interleukin-8
expression. Clin Exp Allergy 2003, 33:35-42.
Iraneta SG, Duschak VG, Rodriguez SM, Seoane MA, Albonico JF and
Alonso A: Proteinase and gelatinolytic activities of house dust
mite and cockroach extracts. J Investig Allergol Clin Immunol 1999,
9:235-40.
Ricciardolo FL, Steinhoff M, Amadesi S, Guerrini R, Tognetto M, Trevisani M, Creminon C, Bertrand C, Bunnett NW and Fabbri LM et al.:
Presence and bronchomotor activity of protease-activated
receptor-2 in guinea pig airways. Am J Respir Crit Care Med 2000,
161:1672-80.
Berger P, Compton SJ, Molimard M, Walls AF, N'Guyen C, Marthan
R and Tunon-De-Lara JM: Mast cell tryptase as a mediator of
hyperresponsiveness in human isolated bronchi. Clin Exp
Allergy 1999, 29:804-12.
Asokananthan N, Graham PT, Stewart DJ, Bakker AJ, Eidne KA,
Thompson PJ and Stewart GA: House dust mite allergens induce
proinflammatory cytokines from respiratory epithelial cells:
the cysteine protease allergen, Der p 1, activates proteaseactivated receptor (PAR)-2 and inactivates PAR-1. J Immunol
2002, 169:4572-8.
Sun G, Stacey MA, Schmidt M, Mori L and Mattoli S: Interaction of
mite allergens Der p3 and Der p9 with protease-activated
receptor-2 expressed by lung epithelial cells. J Immunol 2001,
167:1014-21.

Publish with Bio Med Central and every
scientist can read your work free of charge
"BioMed Central will be the most significant development for
disseminating the results of biomedical researc h in our lifetime."
Sir Paul Nurse, Cancer Research UK

Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours — you keep the copyright

BioMedcentral

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Page 12 of 12
(page number not for citation purposes)

