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Summary

Background The role in allergic asthma development of the immune response against fungi
with concomitant exposure to other common aeroallergens has yet to be determined. In
particular, there is little understanding of how inhaled fungi affect the host response to mite
allergens.
Objective To characterize the in vitro and in vivo effects of concurrent exposure of Aspergillus
fumigatus (Af) and Dermatophagoides farinae (Derf) on dendritic cells (DCs) in the
development of allergic asthma.
Methods Murine bone marrow-derived DCs were pulsed with Derf and/or live or heat-
inactivated Af. Cytokine production and the expression of pathogen recognition receptors
(PRRs) were determined in vitro. Subsequently, these DCs were inoculated into the airway of
naı̈ve mice to assess the development of allergic airway inflammation in vivo. The effect of
antibodies against PRRs was also evaluated.
Results Live Af significantly enhanced IL-10 production and the expression of Toll-like
receptor (TLR) 2 and Dectin-1 in Derf-pulsed DCs. Live Af infection significantly attenuated
Derf-pulsed DC-induced allergic airway inflammation in vivo. Antibodies against either TLR2
or Dectin-1 significantly reversed the inhibitory effects of live Af in the development of Derf-
pulsed DC-induced allergic airway inflammation.
Conclusion Concurrent exposure of DCs to fungal antigens has profound influences on the
subsequent mite allergen-induced allergic airway inflammation. Live Af could regulate the
functions of airway DCs in the development of mite allergen-induced allergic airway
inflammation via regulation of their PRRs.
Our results suggest that concurrent exposure to pathogens such as fungi and mite allergens
has profound influences on the subsequent allergen-induced allergic airway inflammation.
Furthermore, modulating PRR signalling could provide a therapeutic regimen for the
development of asthma.
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Introduction

Respiratory tract infections and mite allergen sensitiza-
tion represent important risk factors in the development of
asthma [1]. In addition, respiratory tract infections are the
most frequent cause of asthma exacerbation in both
children and adults [2]. Similar to viruses and atypical
pathogens, Aspergillus fumigatus (Af), an ubiquitous
fungus, is considered to be an important risk factor in the
development and exacerbation of asthma [3, 4]. Af causes
invasive aspergillosis in immunocompromised hosts [5]

and allergic bronchopulmonary aspergillosis in patients
with asthma [4, 6]. In an immunocompetent mouse model,
respiratory exposure to Af spores resulted in the recruit-
ment of IFN-g-producing, fungus-specific T-helper type 1
(Th1) CD41 T cells to airways [7, 8], whereas in the asthma
mouse model, respiratory exposure to Af spores resulted
in the recruitment of Th2 CD41 T cells [9–11]. However,
the factors that determine when CD41 T cells are activated
in response to Af exposure and whether the responding
T cells will be biased to a Th1 or Th2 phenotype remain
to be determined. The other unanswered question in
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understanding the role of fungal infection in the develop-
ment of asthma is what effect immunological interaction
between different aeroallergens has during asthma devel-
opment. People are continuously inhaling aeroallergens
from the atmosphere and atopic subjects are generally
sensitized with multiple allergens. It is likely that atopic
subjects are first sensitized to aeroallergens, such as mites,
in utero or in early life, causing an establishment of
allergic airway inflammation, and are then exposed to
another allergen, such as Af. There is little understanding
of how Af inhalation affects the host response to mite
allergens.

Dendritic cells (DCs) are known to play an important
role in primary allergic sensitization to aeroallergens [12,
13]. DCs possess the ability to uptake antigen, present to
and activate, naı̈ve Th cells thereby initiating adaptive
immune responses in the respiratory mucosa [14–16]. As
pulmonary DCs occupy such a key position in the immune
response, there has been much interest in the mechanism
by which they interact with aeroallergens such as Af
conidia. Several families of pathogen recognition recep-
tors (PRRs) expressed on DCs including the Toll-like
receptors (TLRs) [17–22], C-type lectins (e.g. Dectins) [23,
24] and pentraxines [25, 26] are involved in the innate
immune response to Af and differentially regulate the
type of adaptive immune response [27–31].

Based on these findings, we hypothesized that conco-
mitant exposure of Af with mite allergen might regulate
DC function in mite allergen sensitization via regulation
of PRR expression. To test this hypothesis, we pulsed
murine bone marrow-derived DCs with mite allergen
and/or live or heat-inactivated Af spores, and determined
the expression of PRRs and cytokine production in vitro.
Subsequently, these DCs were inoculated into the airways
of naı̈ve mice, and their in vivo capacity to initiate allergic
airway inflammation was compared.

Materials and methods

Animals

Female BALB/c mice (5- and 10-week-old) were pur-
chased from Charles River (Yokohama, Japan) and housed
in a specific pathogen-free facility. Animal procedures
were reviewed and approved by the Nagasaki University
School of Medicine committee on animal research. All
experiments were repeated at least three times.

Aspergillus fumigatus

Af MF-13, isolated from the sputum of a patient with
pulmonary aspergilloma, was subcultured on Sabourand
dextrose agar (Becton Dickinson, Cockeysville, MD, USA)
at 30 1C for 7 days. The conidia were then harvested with
sterile saline containing 0.02% Tween 80 (Wako Pure

Chemical Industries, Tokyo, Japan). The suspension was
filtered through a 40 mm pore-size cell strainer (Millipore,
Molsheim, France) to separate conidia from the contam-
inating mycelium and verified microscopically (100%
resting conidia). The suspension was then counted in a
haemocytometer and diluted with sterile saline. For the
preparation of heat-inactivated Af (HI Af), conidial sus-
pensions were autoclaved at 121 1C for 30 min.

Preparation of dendritic cells

Murine bone marrow-derived myeloid DCs (mDCs) were
generated from the femurs and tibiae of female 10-week-
old BALB/c mice by culturing the marrow for 10 days with
recombinant murine GM-CSF (R&D Systems, Oxford, UK)
as described previously [32, 33]. Six groups of mDCs
namely, medium-pulsed control DC (Control-DC), Derma-
tophagoides farinae (Derf)-pulsed DC (Df-DC), live Af-
infected DC (Live Af-DC), HI Af-infected DC (HI Af-DC),
Derf-pulsed plus live Af-infected DC (Live Af-Df-DC) and
Derf-pulsed plus HI Af-infected DC (HI Af-Df-DC), were
prepared as follows: On Day 9 of culture, 0.1 mg/mL of
Derf allergen (Cosmo Bio, Tokyo, Japan) was added to the
culture medium of Df-DC, Live Af-Df-DC and HI Af-Df-
DC. Concomitantly, either live Af or HI Af was inoculated
into the culture medium of Live Af-DC and Live Af-Df-DC
or HI Af-DC and HI Af-Df-DC, respectively. Co-culture
with DC and Af conidia was performed as described
previously [34]. Briefly, DC and Af conidia were co-
cultured at a density of 2�106 each per dish. This ratio
was determined from our preliminary experiments in
which a higher ratio of Af to DC significantly reduced the
viability of DC and a lower ratio of Af to DC failed to
develop an immunological response. Amphotericin B (0.5
mg/mL, Sigma-Aldrich, St. Louis, MO, USA) was further
added to the cell cultures of Live Af-DC and Live Af-Df-DC
6 h after Af inoculation to prevent fungal overgrowth and
death of the cultured cells. Also, it is known that Ampho-
tericin B has no indirect effect on DC maturation or
function [34]. For all experiments, incubation was con-
ducted in a humidified 5% CO2 atmosphere at 37 1C. On
Day 10, the culture supernatants were assayed for cytokine
levels (IL-12, IL-10 and IL-23) using an ELISA (Endogen,
Woburn, MA, USA) and the methods described by the
manufacturer. Total RNA was also isolated from each
group of DC with TRIzol (Life Technologies, Gaithersburg,
MD, USA) using the method recommended by the supplier.

Analysis of the expression of Toll-like receptors 2 and 4
and Dectin-1 on dendritic cells

The expression of TLR2, TLR4 and Dectin-1 on mDC was
determined by real-time RT-PCR and flow cytometry.
A High-Capacity cDNA Archive kit (Applied Biosystems,
Tokyo, Japan.) was used to synthesize cDNA from 2 mg of
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total RNA, and 200 ng of cDNA was amplified with
primers complementary to the published sequences of
murine TLR2, TLR4, Dectin-1 and control glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH). Quantitative
real-time PCR was performed using an ABI 7500 (Applied
Biosystems) with TaqMan Universal PCR Master Mix
(Applied Biosystems). Probes (IDT) labelled with 50 FAM
(6-carboxyfluorescein) and 30 TAMRA (6-carboxytetra-
methylrhodamine) were used at a final concentration of
0.9 mM, and primers were used at 0.2 mM (GIBCO BRL,
Grand Island, NY, USA). The PCR programme was as
follows: 50 1C for 2 min and 95 1C for 10 min, then 95 1C
for 15 s and 60 1C for 1 min for 40 cycles. Specific signals
were normalized to the signal from the constitutively
expressed GAPDH. For flow cytometric analysis, DCs were
stained with FITC- and PE-conjugated monoclonal anti-
bodies (mAbs). DCs were analysed for the expression of
TLR2, TLR4 and Dectin-1 using a FACScan II flow cyt-
ometer (Becton-Dickinson) as described previously [35].
The following mAbs were used for immunofluorescent
staining: FITC-anti-mouse Dectin-1 (2A11; Cell Science,
Canton, MA, USA), FITC-anti-mouse TLR2 (eBioscience
Inc., San Diego, CA, USA), FITC-anti-mouse TLR4
(eBioscience Inc.) and PE-anti-mouse CD11c (BD Phar-
mingen, San Diego, CA, USA). The cells were stained with
mAbs against CD11c and TLR2, TLR4 or Dectin-1 for
30 min at 4 1C (1 : 100). Staining with the appropriate
isotype control mAb (eBioscience Inc.) was also per-
formed. In each case, 10 000 cells were acquired and
analysed using Cell Quest (Becton-Dickinson). The mean
fluorescent index (MFI) of the control antibody was
subtracted from the MFI obtained for each antibody used.
The results are expressed as the delta MFI of TLR2, TLR4
and Dectin-1 on CD11c-positive cells and the data repre-
sent the mean of at least three values �SEM.

Immunization with Ag-pulsed dendritic cells and
secondary exposure to Ag

On Day 11, 1�105 cells/50mL of each group (Control-DC,
Df-DC, Live Af-DC, HI Af-DC, Live Af-Df-DC and HI Af-Df-
DC) were intranasally instilled into a second group of naı̈ve
BALB/c mice. Thereafter, these mice were intranasally
challenged with 50mg/50mL of Derf once a day for five
consecutive days (Days 11–15). Mice were lightly anaes-
thetized using diethyl ether (Wako, Osaka, Japan) during
the intranasal instillation of the DC and Derf challenge.
Mice were killed 24h after the final Derf challenge, and
lung tissues were obtained for either histopathological
examination or mononuclear cell (MNC) isolation.

Bronchoalveolar lavage examination

Bronchoalveolar lavage (BAL) was conducted in the
immediate post-mortem period. Differential cell counts

were performed on cytocentrifuged BAL stained with
May–Grunwald–Giemsa.

Histopathological examination

Paraformaldehyde–PBS fixative (4%) was gently infused
through the lavage catheter. Resected lungs were fixed for
an additional 24 h, embedded in paraffin and sliced into 4
mm sections. Staining was performed using haematoxylin
and eosin and periodic acid-Schiff.

Assay of lung mononuclear cell cytokines

Lung MNCs were prepared from the six groups of mice as
described previously [36]. MNCs (2�105/200mL/well) were
cultured in the absence or presence of 100 mg/mL of Derf in
96-well plates for 48h. The concentration of IFN-g and IL-5
in the supernatants was determined by ELISA (Endogen).

Antibody blocking experiments

In a different set of experiments, the Live Af-Df-DC group
was subjected to blocking studies both in vitro and in vivo,
and the Df-DC and Live Af-DC groups were subjected to a
blocking study in vitro, in which antibodies directed
against TLR2, TLR4 and Dectin-1 were used to block their
respective signal transduction in DCs. Thus, DCs were pre-
incubated for 30 min with either anti-Dectin-1 IgG2B

(R&D Systems), anti-TLR2 IgG or anti-TLR4 IgG antibo-
dies (Imgenex, San Diego, CA, USA/Biomol, BIOMOL
International, L.P., Plymouth Meeting, PA, USA) at a
concentration of 1 mg/mL, as recommended by the manu-
facturer. In all experiments, the appropriate isotype con-
trol (normal mouse IgG2B or normal rabbit IgG; R&D
Systems) was used. Thereafter, each group of DC was co-
cultured with Derf and/or live or HI Af and analysed in
vitro and in vivo as described above.

Statistical analysis

The results are expressed as the mean�SEM. Differences
between groups were examined for statistical significance
using repeated-measures analysis of variance with a
Bonferroni multiple comparison test. A value of Po0.05
was considered statistically significant.

Results

Live Aspergillus fumigatus conidia alter the cytokine response
of dendritic cells to Dermatophagoides farinae in vitro

The effect of infection with Af conidia on cytokine produc-
tion in Df-pulsed DCs was assayed by comparing the
cytokine production of six groups of DCs that were pulsed
with Live Af, HI Af, Df or medium control either singly or in
various combinations. Cell viability of all six DC groups
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was 490% irrespective of the treatment. The level of the
representative immunoregulatory cytokines, IL-12, IL-10
and IL-23, in the culture supernatants of all six groups of
DC was determined using ELISA (Fig. 1). The Df-DC group
produced significantly higher amounts of IL-12, IL-10 and
IL-23 than the Control-DC group. The Live Af-Df-DC group
produced significantly higher amounts of IL-10 and IL-23
and significantly lower amounts of IL-12 than the Df-DC
group. IL-12, IL-10 and IL-23 production was comparable
between Df-DC and HI Af-Df-DC. These results indicate
that Af alters the cytokine response of DCs to Derf and that
the effect of Af on DCs is dependent on the viability of Af.

Differential regulation of Toll-like receptor and Dectin-1
expression in dendritic cells by Aspergillus fumigatus and/
or Dermatophagoides farinae

It has been reported that microbial stimuli affect the
expression of their cognate TLR [37–40]. We therefore

quantified the effect of 24-h stimulation of DCs with Derf
and/or Af on the expression of TLR2, TLR4 and Dectin-1
by real-time PCR and flow cytometry. Because both
analyses showed similar trends, only the results of flow
cytometry are shown in Fig. 2. The Df-DC group expressed
significantly higher levels of TLR2 and TLR4 than Con-
trol-DC, whereas the level of Dectin-1 was relatively
unchanged. Live Af-DC expressed significantly higher
levels of TLR2, TLR4 and Dectin-1 than Control-DC. In
contrast, HI Af-DC significantly enhanced only TLR2 and
TLR4 mRNA and protein. When Af-infected Df-DCs were
compared with Df-DCs, the Live Af-Df-DCs expressed
significantly higher levels of TLR2 and Dectin-1, whereas
the level of TLR4 was comparable for the two groups.
Compared with Live Af-DC, Live Af-Df-DC showed a
significantly decreased expression of TLR2 and Dectin-1.
In contrast, the HI Af-Df-DC group failed to significantly
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IL-12, IL-10 and IL-23 in culture supernatants of the indicated six groups of
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alter the expression of TLR2, TLR4 or Dectin-1 compared
with Df-DC. These results indicate that live Af enhances
the Df-DC expression of TLR2 and Dectin-1 and that this
effect is dependent on the viability of Af.

Live Aspergillus fumigatus infection attenuates
Dermatophagoides farinae–dendritic cell-induced allergic
airway inflammation in vivo

To determine if the functional changes observed in the six
different DC groups in vitro were actually translated in
vivo and to investigate the effects of prior exposure of DCs
to a combination of Af and Derf in vitro on subsequent
mite-allergen challenge in vivo, the six groups of DC were
intranasally inoculated into naı̈ve mice. These mice were
then challenged intranasally with 50 mg/50 mL of Derf
once a day for five consecutive days. At 24 h after the
final Derf challenge, lung pathology was assayed by
histochemical staining. Representative photographs of
lung pathology are shown in Fig. 3. Lung tissues of mice
harbouring Live Af-DC and HI Af-DC showed normal
histology that was comparable with that of mice harbour-
ing the control DC. In contrast, lung tissues of mice
inoculated with Df-DC exhibited peribronchovascular
cellular infiltration with lymphocytes and eosinophils as
well as goblet cell hyperplasia. However, mice inoculated
with Live Af-Df-DC showed a marked attenuation of Df-
DC-induced allergic airway inflammation. In contrast,
mice inoculated with HI Af-Df-DC did not show any
significant differences in lung pathology compared with
mice inoculated with Df-DC. These pathological changes
were evaluated in a quantitative manner by BAL analysis,
and the results confirmed the lung pathology (Fig. 3). As a
first step toward determining the immunological mechan-
ism underlying the observed lung pathology, cytokine
production of lung MNCs from the six groups of mice
was compared (Fig. 4). Inoculation of Df-DC resulted in
significant increases in IFN-g and IL-5 compared with the
inoculation of Control-DC. In contrast, inoculation of
either Live Af-DC or HI Af-DC failed to cause significant
cytokine production. Mice inoculated with Live Af-Df-DC
showed a significantly reduced production of both IFN-g
and IL-5 compared with Df-DC and the level of both IFN-g
and IL-5 was comparable with the Control-DC groups. In
contrast, HI Af-Df-DC resulted in significant increases in
IFN-g and IL-5 compared with the inoculation of Control-
DC. Nevertheless, HI Af-Df-DC-induced IFN-g and IL-5
production were significantly decreased compared with
that induced by Df-DC. This result is probably due to the
incomplete prevention of Af germination by heat inacti-
vation treatment. Thus, concomitant exposure of DCs to a
combination of live, but not dead Af, and Derf inhibits the
development of Derf-induced allergic airway inflamma-
tion, which is associated with the inhibition of Th1 and
Th2 cytokine production.

Involvement of Toll-like receptor 2 and Dectin-1 in the
dendritic cell response to concomitant exposure to
Aspergillus fumigatus and Dermatophagoides farinae

To confirm that the functional changes observed in vitro
and in vivo with the various groups of DCs were associated
with a differential expression pattern of TLR2, TLR4 and
Dectin-1, we carried out blocking studies in which specific
anti-receptor antibodies were used to block Derf and/or Af
interaction with these receptors. To confirm that these
antibodies could block the up-regulation of their mRNA
expression induced by Derf and/or Af, we quantified
TLR2, TLR4 and Dectin-1 mRNA after a 24-h culture of
Df-DCs, Af-DCs or Af-Df-DCs following pre-treatment
with the individual receptor antibodies. None of the
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antibodies significantly altered the baseline expression of
TLR2, TLR4 or Dectin-1. Furthermore, following treatment
with each antibody, no significant increase in TLR2, TLR4
or Dectin-1 mRNA expression was observed in DCs that
were stimulated by Derf and/or Af (data not shown). Thus,
the enhanced expression of TLR and Dectin-1 mRNA in
DCs that was induced by an exposure to Derf and/or Af
was successfully inhibited by antibody treatment. Figure 5
shows the effect of antibody treatment on immunoregu-
latory cytokine production from the Live Af-Df-DC group.
Production of IL-10 and IL-23 from Live Af-Df-DCs was
significantly decreased by both anti-TLR2 and anti-Dec-
tin-1 antibodies. In contrast, anti-TLR4 antibody failed to
significantly affect IL-10 and IL-23 production. We also
analysed the effect of anti-TLR2, -TLR4 and -Dectin-1
antibodies on Df-DC and Live Af-DC. The production of
IL-10 and IL-23 from Live Af-DCs was significantly
decreased by anti-TLR2 and anti-Dectin-1 antibodies.
Production of IL-10 and IL-23 from Df-DCs was sig-
nificantly decreased by anti-TLR2 antibodies. All of the
anti-TLR2, -TLR4 and Dectin-1 antibodies failed to sig-
nificantly affect IL-12 production from Df-DCs, whereas
IL-12 from Live Af-DCs was significantly decreased by
anti-TLR4 antibodies. To determine if these antibody
effects could be reproduced in vivo, Live Af-Df-DCs,

treated with anti-TLR2, anti-TLR4 or anti-Dectin-1 anti-
bodies, were intranasally inoculated into naı̈ve mice
following which the mice were challenged intranasally
with Derf, and lung pathology and cytokine production
from lung MNCs were assessed. Representative photo-
graphs of lung pathology in these mice are shown in Fig.
6. Pre-treatment with either anti-TLR2 or anti-Dectin-1
antibody restored allergic airway inflammation in Live
Af-Df-DC-inoculated mice. In contrast, treatment with the
anti-TLR4 antibody failed to restore this inflammation.
These pathological changes were quantitatively evaluated
by BAL analysis, and the results confirmed the lung
pathology data (Fig. 6). Assay of cytokine production in
lung MNCs revealed that both anti-TLR2 and anti-Dectin-
1 antibodies significantly increased both IL-5 and IFN-g
levels in Live Af-Df-DC-inoculated mice, while the anti-
TLR4 antibody failed to do so (Fig. 7). However, anti-TLR2
and anti-Dectin-1 antibodies did not restore either IL-5 or
IFN-g levels. Collectively, these results suggest that TLR2
and Dectin-1 may play a critical role in the inhibitory
effect of live Af infection on Derf-sensitized DC in the
development of allergic airway inflammation.

Discussion

The immune response against fungi in an immunocom-
promised host has been attracting attention as opportu-
nistic fungal infections are considered an important
clinical problem for this population. Pathological fungi
such as the Aspergillus species also cause allergic disease
in immunocompetent hosts. However, the role in allergy
development of the immune response against fungi in the
presence of concomitant exposure to other common
aeroallergens has yet to be determined. In particular, there
is little understanding of how inhaled fungi interact with
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antigen-presenting cells (APCs) in the asthmatic airway.
The present study was designed to characterize the effect
on DCs, which are specialized airway APCs, of concurrent
exposure to Af and Derf on the development of allergic
asthma. For this purpose, two critical parameters of DC
function, cytokine production and PRR expression, were
examined in vitro. The results demonstrated that Live Af-
Df-DCs had significantly increased IL-10 and IL-23 product-
ion as well as TLR2 and Dectin-1 expression compared
with Df-DCs. These characteristics of Live Af-Df-DCs were
probably due to the fact that combined exposure to Af and
Derf provide a high level of ligand for TLR2 and b-D
glucan surface receptors, which in turn, led to the up-
regulation of these receptors on the surface and enhanced
signalling. Also, HI Af-Df-DC induced significant de-
creases in IFN-g and IL-5 in the present study, compared
with those in Df-DC. This result may be due to the fact that
heat inactivation could not completely prevent Af conidia
germination, with the result that the expression of TLR2
ligand and b-glucan on the HI Af conidia surface could
still slightly enhance signalling via TLR2 and Dectin-1.
This potential mechanism was further suggested by the
fact that anti-TLR2 and anti-Dectin-1 antibody treatment

significantly inhibited Live Af-Df-DC-induced expression
of TLR2 and Dectin-1 and thus lowered the level of IL-10
and IL-23. In contrast, significant differences were not
observed between HI Af-Df-DCs and Df-DCs. The lack of
effect of HI Af conidia with concomitant Derf exposure on
the DC functions assayed is believed to be due to the fact
that metabolically inactive resting conidia cannot induce
DCs to express TLR2 and Dectin-1 due to the absence of
b-D glucan and TLR2 ligand expression on their surface.
These findings are consistent with those of recent studies
that different kinds of PRRs are involved in recognition of
Af conidia and that the immune response to Af differs
according to whether conidia are in a resting or a mature
form [41, 42].

To confirm that the observed regulation of Df-DC
function by concomitant Af exposure in vitro plays a role
in the development of allergic inflammation in vivo, these
DC were inoculated into the airway of naı̈ve mice followed
by intranasal Derf challenge. Lambrecht et al. [43] showed
that intratracheal injection of CFSE-labelled DCs (1�106

cells) was followed by the recovery of these cells in BALF
(14.1% of cells), draining mediastinal lymph nodes
(0.012%) within 12 h after instillation. Although our mice
were instilled with a smaller number of DCs (1�105 cells),
this number of DCs was sufficient to cause allergic airway
inflammation, as shown by the lung pathology (Fig. 3).
Mice inoculated with Df-DC developed allergic airway
inflammation with an increase in both Th1 and Th2
cytokines in the pulmonary tissue. In contrast, inoculation
of Live Af-Df-DC, which produced a significantly higher
level of IL-10 compared with Df-DC, significantly attenu-
ated allergic airway inflammation and both Th1 and
Th2-like cytokine production. Furthermore, antibody
neutralization of either TLR2 or Dectin-1, which
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Fig. 6. Histopathological changes in the lungs of mice intranasally
inoculated with antibody-treated dendritic cells (DCs). (upper) Lung
tissues, obtained from mice intranasally inoculated with antibody-
treated Live Af-Df-DCs, were stained with haematoxylin and eosin (a–d)
and periodic acid-Schiff (a–d). Representative microphotographs from
each group are shown. (A and a) isotype control, (B and b) anti-Toll-like
receptor (TLR)2 antibody, (C and c) anti-TLR4 antibody and (D and d)
anti-Dectin-1 antibody. Original magnification �400. Lung pathology
was quantitatively analysed by BAL (bottom). Results are expressed as
the mean�SEM (n = 8 for each group). �Po0.01 vs. isotype control.
Af-Df-DC, Derf-pulsed plus live Af-infected DC.
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Fig. 7. Cytokine profile of lung mononuclear cells of mice intranasally
inoculated with antibody-treated dendritic cells (DCs). Mononuclear
cells, obtained from the lung tissue of antibody-treated Live Af-Df-DC-
inoculated mice, were cultured in the absence or presence of Dermato-
phagoides farinae allergen for 48 h. The concentration of IL-5 and IFN-g
in the culture supernatants was determined by ELISA. Bars (n = 12 for
each) represent the mean�SEM. �Po0.01 vs. isotype control. Af-Df-DC,
Derf-pulsed plus live Af-infected DC.
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significantly reduced IL-10 production from Live Af-Df-
DC, significantly reversed the inhibitory effect of live Af
infection on the development of Df-DC-induced allergic
airway inflammation. It has been reported that there are
striking differences in the conditions leading to the
production of cytokines in DCs due to the selective en-
gagement of distinct combinations of PRRs on the surface
of DCs. For example, a combination of a Dectin-1 ligand
with the TLR2 ligand induces IL-10 production more
efficiently in human monocyte-derived DC than either
ligand alone [44]. Induction of IL-10 is dependent on
TLR2- and Dectin-1-mediated activation of the extracel-
lular-signal-regulated kinase (ERK) mitogen-activated
protein kinase via a mechanism independent of the
activation protein 1 transcription factor c-Fos [45]. DCs
that are activated through TLR2 or Dectin-1 stimulate
antigen-specific CD41 T cells poorly due to the presence
of IL-10 and the lack of IL-6 [45]. Based on these findings,
it is likely that DC infection by live, but not HI, Af
amplified TLR2-ERK signalling due to Live Af-induced
elevation of TLR2 expression on DCs. This effect of Live
Af-Df-DCs would, in turn, lead to a high level of IL-10 and
poor stimulation of antigen-specific CD41 T cells, which
would then fail to develop allergic airway inflammation in
vivo. These results agree with previous reports that show
that TLR2 ligands inhibit allergen-specific Th2 responses
[46, 47].

There is current evidence indicating a close association
between fungal exposure and asthma severity [48]. While
a number of epidemiological studies have shown that
fungal exposure causes acute and severe exacerbation of
established asthma [49], the role of fungi as a primary
exogenous driver of asthma has been incompletely ex-
plored. The present study clearly showed that, instead,
concomitant exposure of live Af interferes with mite
allergen in the development of asthma at least at the DC
level. These results are consistent with the action of
another pathogen, respiratory syncytial virus, which also
exacerbates established allergic airway inflammation but
inhibits myeloid-DC initiation of allergic airway inflam-
mation [33]. The outcome of fungal infection on mite
allergen-induced asthma may be dependent on various
factors including whether inhaled fungi are alive or dead
and whether fungi primarily infect APCs or other consti-
tutive airway cells.

In conclusion, the present study shows that concurrent
exposure of DCs to fungal and mite antigens has profound
influences on subsequent mite allergen-induced allergic
airway inflammation and that Af can modulate both
innate and acquired immunity via alteration of the PRR-
expression pattern of DC. Our study also suggests the
possibility that blocking or stimulating TLRs can modify
the Th1/Th2/Th17/Treg balance that affects allergic dis-
orders and thus could provide a therapeutic regimen for
infection-induced asthma.
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