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INTRODUCTION

Inhaled environmental allergens cause allergic symptoms in 
millions of patients worldwide. House dust mites have been 
identified as a common indoor allergen in many areas of the 
world, and exposure to mite allergens is a critical factor for the 
development of airway hypersensitivity.1 Our previous studies 
have confirmed that Dermatophagoides pteronyssinus (Der p) 
is a very common sensitizing allergen in patients suffering from 
atopic disease.2,3 Moreover, sensitization to Der p2, one of the 
major allergens of Der p, was implicated in 87.8% of these pa-
tients, particularly those under 10 years of age in Taiwan. Be-
cause of its importance, mechanisms of cellular activation by 

Der p2 have been studied in a variety of target cells.4-6

Myeloid differentiation-2 (MD2), is an LPS-binding member 
of the Toll-like receptor 4 (TLR4) signaling complex. Structures 
of MD2 and Der p2 exhibit homology, and Trompette et al.4 
have reported that Der p2 can facilitate TLR4 signaling through 
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Purpose: House-dust-mite (HDM) major allergen Der p2 shares homology and function with Toll-like receptor (TLR) signaling protein myeloid differ-
entiation-2 (MD2) and may lead to airway inflammation. Should Der p2 be internalized by human airway epithelium, it has the theoretical propensity 
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cretion of interleukin-6/interleukin-8 (IL-6/IL-8) was measured by enzyme-linked immunosorbent assay (ELISA). Results: Internalization of Der p2 by 
BEAS-2B was confirmed by confocal microscopy and immunoblotting using rDer p2-EGFP and rDer p2, respectively. Expression of MD2 protein was 
increased in BEAS-2B and human nasal polyp airway epithelium cultured with rDer p2. Recombinant Der p2-cultured BEAS-2B caused little sponta-
neous IL-6/IL-8 secretion but significantly augmented by TLR ligand LPS. IL-6 secretion was up-regulated after MD2 transfection. Internalization of 
Der p2 was reduced by TLR2 RNA knockdown. Dexamethasone, calcitriol, anti-MD2/anti-TLR2 antibodies, and signalling inhibitors significantly re-
duced LPS+Der p2-induced IL-6/IL-8 secretion. Conclusions: Human airway epithelium may internalize Der p2, which potentiates the response to 
environmental proinflammatory stimuli through MD2 and TLRs. This study highlights a novel mechanism and alleviates IL-6/IL-8 secretion in mite-in-
duced airway inflammation.

Key Words: Internalization; Der p2; human airway epithelium; Toll-like receptor 2; inflammation; calcitriol

Correspondence to: Jaw-Ji Tsai, MD, PhD, Division of Allergy, Immunology 
and Rheumatology, Taichung Veterans General Hospital, 1650 Taiwan 
Boulevard Section 4, Taichung 40705, Taiwan.
Tel: +886-4-23592525 ext 4430; Fax: +886-4-23592705; 
E-mail: jawji@vghtc.gov.tw
Received: August 20, 2014; Accepted: October 21, 2014
•There are no financial or other issues that might lead to conflict of interest.

Original Article
Allergy Asthma Immunol Res. 2015 July;7(4):393-403.

http://dx.doi.org/10.4168/aair.2015.7.4.393
pISSN 2092-7355 • eISSN 2092-7363

http://crossmark.crossref.org/dialog/?doi=10.4168/aair.2015.7.4.393&domain=pdf&date_stamp=2015-04-30


Yin et al.

Allergy Asthma Immunol Res. 2015 July;7(4):393-403. http://dx.doi.org/10.4168/aair.2015.7.4.393

Volume 7, Number 4, July 2015

394 http://e-aair.org

direct interactions with the TLR4 complex, reconstituting LPS-
promoted TLR4 signaling in the absence of MD2 and facilitat-
ing such signaling in the presence of MD2. In airway smooth 
muscle (ASM) cells, Der p2 also induces a high degree of proin-
flammatory cytokine expression by activating the MyD88 sig-
naling pathway through TLR2.5 Since MD2 is a critical signaling 
molecule for a variety of inflammatory disorders and only trivi-
ally expressed in human epithelium in a basal state, its role in 
airway inflammation remains unclear.7 We have recently re-
ported that Der p2 can up-regulate MD2 expression in B cells 
through activation of TLR4/MAPK (mitogen-activated protein 
kinase).8 It is therefore possible that Der p2 could also regulate 
MD2 expression in epithelium.

Prevention and treatment of Der p2-induced allergic airway 
inflammation have been intensively investigated as a means for 
hindering airway hypersensitivity induced by Der p2.9 Local 
nasal immunotherapy is a well-established procedure with Der 
p crude extract to down-regulate Der p2-triggered histamine 
release.10 It is therefore interesting to investigate a possible di-
rect effect of Der p2 on epithelial activation.

So far, the direct evidence of internalization and activation of 
epithelium by Der p2 with direct imaging has never been ob-
tained. Here, we aimed to use recombinant Der p2-EGFP (rDer 
p2-EGFP)11 to examine whether Der p2 could be internalized 
by human bronchial epithelium. Finally, we investigated the 
mechanisms for Der p2-induced epithelial activation and the 
potential anti-inflammatory effects of TLR/MAPK/NFκB path-
way signaling inhibitors, corticosteroids, and calcitriol, an ac-
tive form of vitamin D, which has recently been reported to ex-
ert a range of immunomodulatory activities and postulated to 
play key roles in the regulation of innate immunity.12-14

 

MATERIALS AND METHODS

Reagents
Neutralizing antibodies against human TLR2 and TLR4 were 

purchased from eBioscience (San Diego, CA, USA). Anti-MD2, 
anti-TLR2, anti-TLR4, and isotype control IgG antibodies were 
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA). The signaling inhibitors SP600125 (JNK inhibitor), 
SB203580 (p38 inhibitor), PD98059 (ERK inhibitor), and BAY 
11-7082 (IκB inhibitor) were purchased from Calbiochem 
(Merck, Germany). LPS (Escherichia coli serotype 0111:B4), 
dexamethasone, and calcitriol were obtained from Sigma-Al-
drich (St Louis, MO, USA). Recombinant-enhanced green fluo-
rescent protein (rEGFP) was purchased from BioVision (Moun-
tain View, CA, USA).

Preparation and purification of recombinant Der p2 and Der 
p2-EGFP

Recombinant Der p2 (rDer p2) construct was transformed 
into Pichia pastoris (Invitrogen, Carlsbad, CA, USA). Secreted-

rDer p2 supernatant was harvested and concentrated. Recom-
binant Der p2-EGFP (rDer p2-EGFP) was expressed in Esche-
richia coli M15. Expression of rDer p2-EGFP was performed us-
ing the QIAexpressionist kit (Qiagen, Hilden, Germany) accord-
ing to the manufacturer’s instructions. 

Isopropyl-β-D-thiogalactopyranoside-induced 6xHis-tagged 
recombinant protein in inclusion bodies was solubilized with 8 
M urea and purified under native conditions using nickel-nitri-
lotriacetic acid affinity column chromatography (Novagen, 
Madison, WI, USA). Purified rDer p2-EGFP was further clarified 
by Endotoxin Detoxi-Gel (Thermo, Wilmington, DE, USA) to 
remove LPS. Residual LPS was measured using the ToxinSen-
sor Chromogenic LAL Endotoxin Assay kit (GenScript, Piscat-
away, NJ, USA). The purities of rDer p2 and rDer p2-EGFP were 
analyzed by sodium dodecyl sulphate polyacrylamide gel elec-
trophoresis (SDS-PAGE) with Coomassie Brilliant Blue R-250 
staining and their identities confirmed by specific antibodies 
(data not shown).

Cell culture and experimental treatments
The human bronchial epithelial cell line BEAS-2B purchased 

from the American Type Culture Collection was maintained in 
RPMI-1640 culture medium supplemented with 10% (v/v) 
heat-inactivated FBS (HyClone, Logan, UT, USA). Before exper-
imental treatments, plated cells were starved in serum-free me-
dium for 24 hours. For inhibition studies, cells were pretreated 
with various inhibitors in serum-free medium for 2 hours prior 
to LPS and/or rDer p2 stimulation.

Live cellular imaging by confocal laser scanning biological 
microscopy

BEAS-2B cells were plated in 8-well or 6-channel ibiTreat 
μ-slide chambers (ibidi GmbH, Martinsried, Germany), starved 
and treated with rEGFP or rDer p2-EGFP (5 μg/mL), and trans-
duced with CellLightTM endoplasmic reticulum-red fluorescent 
protein (ER-RFP) (Invitrogen). Fluorescence in living cells was 
traced and recorded using an Olympus FV1000 confocal laser 
scanning biological microscope.

Reverse-transcription polymerase chain reaction (RT-PCR) 
analysis

BEAS-2B cells were pretreated with various inhibitors or me-
dium control, and then stimulated with rDer p2 in conjunction 
with or without LPS. Total RNA extraction was performed using 
a TRIZOL reagent protocol (Invitrogen). First-strand cDNA was 
synthesized from 1 μg of total RNA by reverse transcription in a 
10 μL reaction using a SuperScrip III first-strand cDNA synthe-
sis kit (Invitrogen) according to the manufacturer’s instructions. 
Expression of mRNA encoding MD2, TLR2, TLR4, IL-1β, IL-6, 
and IL-8 was analyzed by RT-PCR. All PCR assays were per-
formed using PCR master mix. Primers used for PCR analyses 
were listed in Table. A suitable temperature cycle profile for 
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each PCR reaction was obtained using an MJ Mini Personal 
Thermal Cycler (Bio-Rad, Foster, CA, USA). The intensities of 
DNA bands in agarose gel were quantified using a Gel-Pro Ana-
lyzer (Media Cybernetics, Inc., MD, USA) and normalized to 
β-actin.

SDS-PAGE and immunoblotting
After BEAS-2B cells were incubated with rDer p2 (10 μg/mL) 

for 24 hours, cellular proteins of Der p2, MD2, and β-actin were 
separated by SDS-PAGE and identified by immunoblotting. 
The antigen-antibody complex was detected with ECL reagents 
(Millipore, Darmstadt, Germany), followed by exposure to X-
ray films.

Immunohistochemical staining of nasal polyps
Nasal polyps were obtained at routine polypectomy from pa-

tients who visited the clinics of Otolaryngology in Taichung Vet-
erans General Hospital (TCVGH), Taichung, Taiwan. The study 
was approved by the Institutional Review Board of TCVGH 
(TCVGH IRB No. C06001). Informed consents were obtained 
from all the study patients and participants. Nasal polyps were 
incubated with medium or rDer p2 (10 μg/mL) for 4 hours, 
fixed with paraformaldehyde (PFA), and embedded in paraffin. 
The paraffin-embedded sections were stained with anti-MD2 
antibody using a modified peroxidase-based method as previ-
ously described.15,16 MD2 antibody immunostained sections 
were visualized, and images were acquired using a Leica mi-
croscope. The mean intensity of DAB staining was measured 
using TissueGnostics (TissueGnostics Ltd., Mountain view, CA, 
USA).

Enzyme-linked immunosorbent assay (ELISA)
BEAS-2B cells were pretreated with various inhibitors as pre-

sented in the Results section. LPS and rDer p2 were then intro-
duced to the cells and incubated for further 24 hours. At the end 
of incubation, cell-free culture supernatants were harvested for 
proinflammatory cytokines (IL-6/IL-8) measurement using Du-
oSet ELISA kits (R&D Systems, Minneapolis, MN, USA) accord-
ing to the manufacturer’s instructions. Absorbance was mea-
sured with a microplate reader at a wavelength of 450/620 nm.

MD2 overexpression
Total RNA was isolated from BEAS-2B cells, and then reverse 

transcribed into cDNA. RT-PCR was performed for MD2 gene 
amplification with the following primers (EcoRI restriction sites 
are underlined): forward primer 5´-CGG AAT TCA TGT TAC 
CAT TTC TGT TTT TTT CCA CCC TG-3´; reverse primer 5´- 
CGG AAT TCC TAA TTT GAA TTA GGT TGG TGT AGG ATG 
AC-3´. PCR product was digested with EcoRI restriction en-
zyme and subcloned into the corresponding site of the pcD-
NA3.1 plasmid. BEAS-2B cells were plated onto a 6-well plate at 
1×106 cells/well, grown overnight, and transiently transfected 
for 24 hours with the pcDNA-MD2 plasmid using the Dharma-
FECT transfection reagent (Thermo). Cells were recovered for 
24 hours and checked for MD2 overexpression by immunob-
lotting. Transiently transfected cells were stimulated with me-
dium or rDer p2 (5 μg/mL) for another 24 hours, cell-free cul-
ture supernatants were harvested for IL-6 measurement by ELI-
SA, and cells were analyzed for MD2 protein expression with 
immunoblotting.

The effect of TLR2 knockdown by RNA interference
To achieve TLR2 RNA knockdown, the vector expressing 

shTLR2 was obtained from National RNAi Core Lab of the Aca-
demia Sinica and transiently transfected into BEAS-2B cells. 
The target sequence of shTLR2 is 5´-GCGGAAGATAATGAA-
CACCAA-3´. Transiently transfected cells were stimulated with 
medium or rDer p2 (10 μg/mL) for 24 hours, followed by intra-
cellular Der p2 protein analysis by immunoblotting.

Statistical analysis
Data are expressed as mean±SD. Statistical analysis was per-

formed using Student’s t test and one-way analysis of variance 
(ANOVA). Differences were considered statistically significant 
at *P﹤ 0.05, **P﹤ 0.01, or ***P﹤ 0.001. Data were obtained from 
at least 3 independent experiments.

 

RESULTS

Internalization of Der p2 and colocalization with endoplasmic 
reticulum (ER) in BEAS-2B cells using recombinant Der p2-EGFP

BEAS-2B monolayers were cultured with rDer p2-EGFP or 
rEGFP alone. Fluorescent images of living cells were obtained 

Table. Primer sequences and sizes used in RT-PCR

Species Gene F/R Sequence Size

Human MD2 F 5’-AGA AGC AGT ATT GGG TCT GC-3’ 369 bp
R 5’-GGC TCC CAG AAA TAG CTT C-3’

Human TLR2 F 5’-GGC TTC TCT GTC TTG TGA CC-3’ 294 bp
R 5’-GGG CTT GAA CCA GGA AGA CG-3’

Human TLR4 F 5’-TTG TAT TCA AGG TCT GGC TGG-3’ 438 bp
R 5’-GCA ACC TTT GAA ACT CAA GCC-3’

Human IL-1β F 5’-AAG TAC CTG AGC TCG CCA GTG AAA-3’ 169 bp
R 5’-TTG CTG TAG TGG TGG TCG GAG ATT-3’

Human IL-6 F 5’-ATG AAC TCC TTC TCC ACA AGC GC-3’ 628 bp
R 5’-GAA GAG CCC TCA GGC TGG ACT G-3’

Human IL-8 F 5’-ATG ACT TCC AAG CTG GCC GTG GCT-3’ 292 bp
R 5’-TCT CAG CCC TCT TCA AAA ACT TCT C-3’

Human β-Actin F 5’-GCA AGA GAG GCA TCC TCA CC-3’ 240 bp
R 5’-GCA CAG CCT GGA TAG CAA CG-3’

F, forward; R, reverse; MD2, Myeloid differentiation 2; TLR, Toll-like receptor; IL, 
Interleukin.
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by confocal microscopy. Der p2-EGFP was observed in the cel-
lular cytoplasm following 4 hours (Fig. 1B) and 24 hours (Fig. 
1C) of incubation. There was no fluorescence in the cytoplasm 
of cells incubated with rEGFP alone (Fig. 1A); instead the fluo-
rescent label was collected around the cellular margins, delin-
eating the shapes of the cells, but disappeared with washing. By 
contrast, rDer p2-EGFP-treated cells retained fluorescence in 
the cytoplasm after washing (data not shown). When cells were 
cultured with rDer p2-EGFP and ER-RFP, internalized Der p2 in 
the cytoplasm co-localized with ER following 24 hours of incu-
bation (Fig. 1C).

Identification of Der p2 and MD2 in BEAS-2B cells and MD2 in 
nasal polyp epithelium

BEAS-2B cells were collected for mRNA and protein analysis 
following incubation with rDer p2 or medium control. Expres-

sion of mRNA-encoding MD2 was identified in the lysed cells 
by RT-PCR after 4 hours of culture, but this required 2 consecu-
tive rounds of PCR amplification, following which its expres-
sion was increased in cells treated with rDer p2 as compared to 
medium control (Fig. 2A). Both Der p2 and MD2 proteins were 
identified in the cellular lysates by immunoblotting with anti-
Der p2 and anti-MD2 antibodies following 24 hours of incuba-
tion. The expression of both Der p2 and MD2 was markedly el-
evated in the epithelium incubated with rDer p2 compared to 
medium control (Fig. 2B). Nasal polyps from patients with 
HDM allergy were cultured with medium only or rDer p2 for 4 
hours, followed by image analysis of MD2 expression in the ep-
ithelium. MD2 was identified in nasal epithelium (Fig. 2C), and 
its expression was increased following incubation with rDer p2 
compared to medium control (Fig. 2D).

Fig. 1. Images of Der p2-EGFP and co-localized with ER-RFP in BEAS-2B cells by confocal laser scanning biological microscopy. Cells were cultured with 5 μg/mL of 
rDer p2-EGFP or rEGFP alone. No fluorescence could be detected in cells incubated with rEGFP alone (A). Fluorescence from Der p2-EGFP appeared in the cytoplasm 
after 4-hour (B) and 24-hour (C) incubation. Cells were also co-transduced with CellLight™ ER-RFP. Der p2-EGFP co-localized with ER-RFP after 24-hour incubation (C). 
A representative image and an actual figure representative of the 3 independent experiments with similar findings are shown. DIC, differential interference contrast; 
EGFP, enhanced green fluorescent protein; ER-RFP, endoplasmic reticulum-red fluorescent protein.
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Effects of Der p2 on IL-6/IL-8 secretion by BEAS-2B cells and 
effects of anti-MD2 antibody and MD2 overexpression on 
IL-6/IL-8 secretion in rDer p2-treated cells

BEAS-2B cells were cultured with rDer p2-EGFP with/without 
additional LPS for 24 hours. Supernatants were collected for 
IL-6/IL-8 measurement. Although rDer p2-EGFP alone in-
duced trivial secretion of IL-6/IL-8 by BEAS-2B cells, it was con-
centration-dependently augmented by LPS from 2.0- to 
19.1/78.8-fold for IL-6 and from 3.3- to 31.7/104.9-fold for IL-8, 
respectively, in comparison to medium controls (Fig. 3A). We 
investigated the effect of anti-MD2 antibody on this phenome-
non. Cells were cultured with/without anti-MD2 antibody and 
rDer p2 in conjunction with LPS for 24 hours, and then culture 
supernatants were collected for IL-6/IL-8 measurement. IL-6/
IL-8 secretion was reduced in the presence of anti-MD2 anti-
body from 25.7- to 11.5-fold for IL-6 and from 44.6- to 28.5-fold 
for IL-8, respectively, in comparison to medium control (Fig. 
3B). Cells were transiently transfected with MD2 to induce 
overexpression which was confirmed by immunoblotting with 
anti-MD2 antibody (Fig. 4A). Compared to non-transfected 
cells, cells overexpressing MD2 were more sensitive to rDer p2 
stimulation for IL-6 secretion (Fig. 4B).

Effects of different inhibitors on IL-6/IL-8 mRNA expression in 
rDer p2-treated BEAS-2B cells and effects of TLR2 RNA 
interference on the internalization of Der p2

BEAS-2B cells were cultured with 2 concentrations of rDer p2 
with/without LPS for various time periods (3, 6, and 16 hours), 
then the cells were lysed for mRNA extraction. Der p2 concen-
tration-dependently increased the expression of mRNA encod-
ing IL-6 and IL-8 in these cells over the 16-hours time period, 
and this effect was further augmented in the presence of LPS. 
In contrast, there was little or no change in expression of mRNA 
encoding TLR4, whereas the mRNA expression of TLR2 and IL-
1β was somewhat increased, especially in conjunction with LPS 
(Fig. 5A and B). Cells were also cultured with/without rDer p2 
in conjunction with LPS for 6 hours in the presence of various 
inhibitors as described in the Results section. Of these, the most 
effective inhibitors on IL-6 mRNA expression were dexametha-
sone, SP600125 (JNK inhibitor), SB203580 (p38 inhibitor), cal-
citriol, and BAY 11-7082 (IκB inhibitor), which caused 77.0%, 
65.5%, 33.8%, 33.8%, and 25.0% reductions, respectively, in the 
fold induction of IL-6 mRNA induced by rDer p2 in conjunc-
tion with LPS (Fig. 6A and B). The most effective inhibitors on 
IL-8 mRNA expression were dexamethasone, SP600125, cal-
citriol, and BAY 11-7082, which caused 42.4%, 30.0%, 27.3%, 

Fig. 2. Increased expression of MD2 mRNA and Der p2/MD2 protein in rDer p2-treated BEAS-2B cells and MD2 in nasal polyps. The expression of MD2 mRNA after 
1 (1X) and 2 (2X) consecutive rounds of PCR amplification (4 hours) (A), Der p2 and MD2 protein by immunoblotting (24 hours) (B) in BEAS-2B cells incubated with 10 
μg/mL of rDer p2. (C) Nasal polyps were cultured (4 hours) with medium only (left) or 10 μg/mL of rDer p2 (right). Tissue sections were immunostained with anti-MD2 
antibody using DAB as a peroxidase substrate, and the mean intensity of staining was measured objectively (D). A representative image and an actual figure repre-
sentative of the 3 independent experiments with similar findings are shown.
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and 24.2% reductions, respectively, in the fold induction of IL-8 
mRNA induced by rDer p2 in conjunction with LPS (Fig. 6A and  
B). A relatively high concentration of Der p2 protein was detect-
ed in the cellular lysates of rDer p2-treated BEAS-2B cells. This 
was notably reduced in shTLR2-knockdowned cells (Fig. 6C).

Effects of different inhibitors on IL-6/IL-8 protein secretion by 
rDer p2-treated BEAS-2B cells

When BEAS-2B cells were cultured with rDer p2 in conjunc-
tion with LPS, IL-6/IL-8 proteins were measured in the culture 
supernatants following 24 hours of incubation. All the transcrip-
tion factor-signaling inhibitors reduced secretion of both IL-6 

and IL-8 (Fig. 7A). Similar effects were observed in the presence 
of dexamethasone, calcitriol, and a neutralizing antibody against 
TLR2, but not against TLR4 (Fig. 7B and C). The most effective 
inhibitors on IL-6/IL-8 protein secretion were dexamethasone, 
SP600125 (JNK inhibitor), SB203580 (p38 inhibitor), anti-TLR2 
neutralizing antibody, and calcitriol (Fig. 7D).

 

DISCUSSION

In this study, we confirmed, by confocal microscopy and im-
munoblotting, that human airway epithelium internalizes Der 
p2. Although this appeared to induce trivial cellular activation 
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alone, at least in terms of the readouts we chose to study, it 
markedly increased the secretion of both IL-6 and IL-8 by these 
cells in response to rDer p2 in conjunction with LPS. The possi-
ble relevance of this phenomenon to the development of mu-

cosal inflammation and permeability in diseases, such as asth-
ma and chronic rhinosinusitis, and possibly host defense also 
deserves much more detailed exploration. In this study, Der p2 
internalization increased endogenous cellular expression of 
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Fig. 5. Effects of Der p2 with or without LPS on expression of mRNA encoding Toll-like receptors and cytokines in BEAS-2B cells cultured for 3, 6, and 16 hours. (A) Der 
p2 notably increased the expression of mRNA encoding IL-6 and IL-8, and this effect was further augmented in the presence of LPS. There was little or no change in 
the expression of mRNA encoding TLR4, whereas TLR2 and IL-1β were somewhat increased, especially in conjunction with LPS. Quantitative data on band densities 
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MD2 and an anti-MD2 antibody significantly reduced the re-
sponse of the cells to Der p2/LPS, while MD2 overexpression 
greatly enhanced IL-6 secretion in response to this stimulus. 
These results suggest a vital role for MD2 in Der p2/LPS in-
duced airway epithelium activation, even though its baseline 
expression in these cells appeared to be very low. The phenom-
ena of Der p2 internalization could increase cellular expression 
of MD2 and were also confirmed in nasal airway epithelium ex 
vivo. A previous study has also suggested a vital role of MD2 in 
mediating endotoxin responsiveness of epithelium.7

In our study, the reason anti-TLR2 but not anti-TLR4 inhibited 
Der p2/LPS-induced IL-6/IL-8 secretion would be the spec-
trum of ligand responsiveness to TLR2 and TLR4. While both 
TLR2 and TLR4 have been reported to function as LPS-signal 
transducers, they have different roles in pathogen recognition.17 
In particular, the spectrum of responsiveness to TLR2 is wider 
than that to TLR4 because both receptors respond to LPS, but 
TLR2 additionally responds to lipoproteins, lipopeptides, and 
peptidoglycans.18

Although TLR4 expression can be up-regulated by LPS,4 it has 
also been reported that LPS can increase TLR2 expression in 
human respiratory epithelium, such as A549.19 Our finding re-
produced with BEAS-2B cells in the presence of Der p2 sup-
ports the hypothesis that LPS/Der p2 stimulation synergistical-
ly enhances TLR2 expression. The fact that LPS does not appear 
further to increase TLR4 expression in BEAS-2B cells may sim-

ply reflect its initially high expression compared to TLR2 in 
these cells in the resting state.

In this study, cellular activation was clearly inhibited by TLR2-
neutralizing antibody and MAPK inhibitors, indicating that the 
TLR2/MAPK pathway was involved. Epithelium activation by 
Der p2 in conjunction with LPS could be down-regulated by a 
JNK inhibitor (SP600125), SB203580 (p38 inhibitor), anti-TLR2-
neutralizing antibody, and calcitriol in addition to anti-inflam-
matory corticosteroid dexamethasone. A similar finding was re-
ported in mouse airway smooth muscle (ASM) cells, in which 
Der p2 was shown to activate ASM cells in a TLR2/MyD88-de-
pendent manner.5 These findings suggest that TLR2/MAPK 
might play an important role in the pathogenesis of BEAS-2B 
activation by Der p2. Another previous study also supports this 
contention.20

To study the internalization of Der p2 by BEAS-2B cells, we 
used RNA interference of TLR2 with knockdown TLR2 expres-
sion. We observed that the knockdown of TLR2 indeed reduced 
the internalization level of Der p2, indicating that the ingress of 
Der p2 might be somehow dependent on TLR2 expression.

Xue et al.21 have demonstrated the potential for calcitriol, a bi-
ologically active form of vitamin D, to reduce Pseudomonas ae-
ruginosa-induced expression of IL-6 and IL-8 by epithelium, 
suggesting its potential to become a novel anti-inflammatory 
drug.21 Rostkowska-Nadolska et al.22 have demonstrated the po-
tential of calcitriol to reduce proinflammatory cytokine secre-

Fig. 6. Effects of various inhibitory agents on mRNA expression in LPS + rDer p2-treated BEAS-2B cells and effects of TLR2 knockdown on the internalization of Der 
p2 by BEAS-2B cells. (A) Messenger RNA encoding TLR2, IL-6, and IL-8, and β-actin loading control in BEAS-2B cells cultured (6 hours) with rDer p2 in conjunction 
with LPS. Quantitative data were acquired by densitometric analysis and normalized to the expression of β-actin, which are shown under the bands. (B) Reduced 
fold induction of IL-6 and IL-8 mRNA induced by rDer p2 in conjunction with LPS. The most effective inhibitors on IL-6/IL-8 mRNA expression were dexamethasone, 
SP600125 (JNK inhibitor), calcitriol, SB203580 (p38 inhibitor), and BAY 11-7082 (IκB inhibitor). Reduction of fold induction (%) =  [1- (LPS + rDer p2 stimulation with 
inhibitor/without inhibitor)] ×100%. Data are presented as the mean±SEM. (C) TLR2-knockdowned cells were incubated with rDer p2 for 24 hours, followed by 
rDer p2 protein analysis with immunoblotting. The concentration of Der p2 protein was notably reduced in the cellular lysates of shTLR2-knockdowned and rDer p2-
treated cells. A representative image and an actual figure representative of the 3 independent experiments with similar findings are shown. *P<0.05; **P<0.01.
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D

Fig. 7. Effects of various inhibitory agents on IL-6/IL-8 protein secretion in LPS + rDer p2-treated BEAS-2B cells. (A) Transcription-signalling inhibitors, (B) anti-inflam-
matory drugs and (C) neutralizing antibodies on IL-6/IL-8 protein secretion (24 hours) by LPS (50 ng/mL)- and rDer p2 (5 μg/mL)- stimulated BEAS-2B cells. (D) Reduc-
tion of fold induction by various agents on rDer p2 in conjunction with LPS- induced IL-6/IL-8 secretion. The most effective inhibitors on IL-6/IL-8 protein secretion 
were dexamethasone, SP600125 (JNK inhibitor), SB203580 (p38 inhibitor), anti-TLR2 neutralizing antibody, and calcitriol. Reduction of fold induction (%) =  [1 - (LPS 
+ rDer p2 stimulation with inhibitor/without inhibitor)] ×100%. Data presented as mean±SEM of 3 independent experiments. **P<0.01; ***P<0.001.
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tion by fibroblasts isolated from nasal polyps.22 We observed 
similar activity of calcitriol in this study.

A previous study has shown that native, but not recombinant, 
Der p2 which lacks glycosylated lectin ligands can stimulate 
monocyte-derived dendritic cells through its interaction with 
DC-SIGN, a lectin receptor.6 Our result indicating that recombi-
nant, non-glycosylated Der p2 was internalized by epithelium 
suggests that this process may not be mediated through lectin 
receptors such as DC-SIGN, although we did not formally com-
pare the internalization between native/glycosylated Der p2 
and recombinant/non-glycosylated Der p2.

In summary, we demonstrated a novel mechanism for mite-
facilitated airway epithelial inflammation induced by interac-
tions between mite allergen and other environmental stimuli 
acting on innate immune receptors. These mechanisms offer a 
much deeper understanding of how mite allergens may initiate 
and exacerbate diseases, such as asthma and rhinosinusitis. As 
shown in Fig. 8, Der p2 could be internalized by human airway 
epithelium, and the activation of epithelium to secrete IL-6/
IL-8 might up-regulate MD2 and TLR2. Secretion of IL-6/IL-8 
was inhibited by MAPK and IκB inhibitors, suggesting that 
MAPK and NFκB signaling pathways may be involved in aller-
gic airway inflammation. In addition to conventional pharma-
cotherapy with dexamethasone, calcitriol provided good anti-
inflammatory effects which may have the potential to serve as 
an alternative anti-inflammatory agent.
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