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Abstract

Background: Recently, a cluster of patients with an intrac-
table allergic fungal cough who were characterized by sen-
sitization to Bjerkandera adusta was reported. In the present
study, the role of Toll-like receptors and myeloid differentia-
tion factor 88 (MyD88) in B. adusta-induced lung inflamma-
tion was investigated. Methods: Wild-type (WT), TLR27-,
TLR47"-, and MyD88~~ BALB/c mice were intratracheally chal-
lenged with B. adusta 4 times at 2-week intervals. Lung
pathology, bronchoalveolar lavage fluid (BALF) cytological
profiles, and inflammatory mediators in BALF were investi-
gated. Bone marrow-derived macrophages (BMDM) from
TLR27~, TLR47~, TLR2/47~, TLR7/97~, MyD88-, and WT
C57BL/6J mice were stimulated with B. adusta for 12 h, and

inflammatory mediators in the culture medium were mea-
sured. Results: B. adusta caused lung inflammation along
with Th2 cytokine [interleukin (IL)-5 and IL-13] and eosino-
phil-related chemokine [eotaxin and monocyte chemotactic
protein (MCP-3)] production, an increase in eosinophils in
BALF, and eosinophil infiltration in the airways in WT and
TLR4~~ mice. However, Th2 and eosinophil-related respons-
es in TLR27~ and MyD88™~ mice were low or undetectable.
The induction of neutrophils and IL-6, IL-12, IL-17A, and
MCP-1 in the BALF of MyD88”~ mice was attenuated com-
pared to that in WT mice. The induction of IL-6, TNF-a, MCP-
1,and macrophage inflammatory protein-1a was reduced or
undetectable in B. adusta-stimulated BMDM from TLR7/97/~
and MyD88”~ mice compared to WT mice. Conclusions:
These results suggest that TLR2 and the adapter protein
MyD88 may play an important role in the induction of eo-
sinophils by B. adusta. However, TLR7/9-MyD88 might be im-
portant in the induction of neutrophils and the relevant in-
flammatory mediators, especially IL-17A.
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Introduction

Bjerkandera adusta is a mushroom fungus that mostly
grows in fields and colonizes rotting wood [1]. Recently,
direct associations between increased B. adusta exposure
and allergic respiratory disease have been reported [2-4].
Ogawa et al. [5-7] encountered a cluster of patients with
an intractable allergic fungal cough, which was character-
ized by sensitization to B. adusta; they classified it as a
new type of disease known as fungus-associated cough
[5-8]. Another clinical study reported a case of asthma
attacks caused by inhalation of an environmental B. adus-
ta antigen in Japan [9]. Additionally, B. adusta has been
reported to attach to yellow sand dust particles that reach
not only East Asia but also North America and Europe via
sand dust storms. Indeed, B. adusta has been frequently
detected in both indoor and outdoor samples in France
[10, 11]. Therefore, B. adusta could have the potential to
exacerbate the clinical manifestations of allergic cough,
asthma, and allergic rhinitis, which are natural phenom-
ena that influence human health globally.

In accordance with these clinical studies, our recent
experimental research showed that B. adusta alone caused
an eosinophil-rich pulmonary inflammatory response
and Th2 cytokine [such as interleukin (IL)-5] production
in mice, as well as increased inflammatory molecule
secretion from bone marrow-derived macrophages
(BMDM) in vitro [12]. We also found that B. adusta
caused eosinophilic airway inflammation and aggravated
ovalbumin-induced murine lung eosinophilia along with
fibrous thickening of the subepithelial layer [13]. How-
ever, the mechanism whereby B. adusta induces allergic
lung inflammation has not yet been adequately character-
ized.

The host response to invading pathogens is in part ac-
tivated by a family of receptors called Toll-like receptors
(TLR), which recognize conserved pathogen-associated
molecular patterns that occur in microbes. Interactions
between TLR and pathogen-associated molecular pat-
terns initiate an innate immune defense against pulmo-
nary pathogens [14]. Myeloid differentiation factor 88
(MyD88), a downstream signaling adapter molecule, is
the principal adapter protein that is essential for cytokine
production in response to TLR ligands.

In the present study, gene ‘knockout’ (TLR27-,
TLR47~, and MyD887-) and wild-type (WT) BALB/c
mice were used to investigate the role of TLR and MyD88
in B. adusta-induced lung inflammation. Alveolar mac-
rophages are key cells that provide a protective pul-
monary defense against microorganisms. BMDM from
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TLR27-, TLR4™"~, TLR2/4”~, TLR7/97~, MyD88™'"~, and
WT C57BL/6] mice were exposed to B. adusta. The in-
duction levels of proinflammatory mediators in the cul-
ture medium were compared to investigate the role of the
TLR and MyD88.

Material and Methods

Animals

Homozygous TLR2”~, TLR4™~, MyD88~"~, and WT mice (on a
BALB/c genetic background, n = 20/genotype) were purchased
from Oriental Bioservice (Kyoto, Japan). All animals were housed
under standard conditions at the Animal Resource Center of Oita
University of Nursing and Health Sciences, Japan. This study ad-
hered to the US National Institutes of Health Guidelines for the
Use of Experimental Animals.

Preparation of B. adusta

Asian sand dust bioaerosols were collected 400 m above the
ground using a tethered balloon equipped with a bioaerosol sam-
pler in the city of Suzu, located in the Noto Peninsula, Ishikawa
Prefecture, Japan, on May 7, 2008. Bioaerosol samples were inocu-
lated onto 4 culture agar plates, including nutrient agar, blood
agar, potato dextrose agar, and Sabouraud dextrose agar. After 3
days of incubation, several microbial colonies on the agar plates
were transferred to fresh agar plates. A total of 8 isolates were ob-
tained. Full sequences of 185 rRNA genes (~1,650 bp) and internal
transcribed spacer regions (~620 bp) of the fungal isolates were
determined and compared with known sequences from the DNA
Data Bank of Japan. The isolate sequences were most closely re-
lated to B. adusta (similarity >99.9%). The fungal isolate was also
confirmed to be B. adusta by microscopy [15].

After incubation of B. adusta in liquid Trypticase Peptone me-
dium for 3 days, 1 ml of culture was fixed with paraformaldehyde
at a final concentration of 1%. Samples were stained with 4,6-di-
amidino-2-phenylindole (DAPI) at a final concentration of 0.5
mg/ml for 15 min and filtered through a polycarbonate filter (0.22-
mm pore size; Whatman) stained with Sudan Black. After placing
the filter on a slide on a drop of low-fluorescence immersion oil, a
second drop of oil was added and the coverslip was placed on top.
The prepared slides were observed under an epifluorescence mi-
croscope (Olympus, Tokyo, Japan) equipped with a UV excitation
system. DAPI-stained cells of B. adusta were observed as rods
ranging from 2 to 3 mm in width, with some cells indicating a yel-
low fluorescence (fig. 1).

The density range of the asexual spores (4-5 um in size) in the
atmosphere of Suzu City during a dust storm event (May 1-3,
2011) was approximately 1-6 million particles/m?, which is re-
markably higher than normal levels (~5,000 particles/m?) [16]. It
is possible that the asexual spores have adverse effects on health.
Because B. adusta produces asexual spores from the hyphae, fun-
gal hyphae were used in this study. The cultivated fungal hyphae
were inactivated with 1% formalin for 1 day at 4°C according to
the vaccine manufacturer’s method with slight modifications. The
B. adusta that was obtained was inactivated with 1% formalin for
1 day at 4°C, followed by centrifugation at 1,200 rpm for 10 min;
the resulting pellet was suspended in a normal saline solution (Ot-
suka Co., Kyoto, Japan) [17]. The suspension was sonicated for
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1 min with a UD-201 ultrasonic disrupter with a micro-tip (Tomy,
Tokyo, Japan) under cooling conditions and then it was centri-
fuged at 12,000 rpm for 10 min. This operation was repeated 5
times. After the final centrifugation step, the supernatant was re-
moved and the residual material was dried under a reduced pres-
sure.

Analysis of Lipopolysaccharide and -Glucan in B. adusta

Analysis of lipopolysaccharide (LPS) and B-glucan in B. adusta
was conducted using a previously reported method [13]. The con-
tents of LPS and B-glucan in B. adusta were measured via a kinet-
ic assay using an Endospec ES-24S set (Seikagaku Corp., Tokyo,
Japan) for LPS activity and a Glucatell Kit (Associates of Cape Cod
Inc., East Falmouth, Mass., USA) for B-glucan activity. The ex-
periments were performed according to the manuals provided by
the manufacturers. Briefly, approximately 10 pg of B. adusta (dry
weight) were suspended in 1 ml of water (LPS and B-glucan free;
Seikagaku) and then allowed to stand at room temperature for 2 h.
The LPS and B-glucan concentrations in the supernatants were
determined using a Pyro Color-MP:Chromogenic Diazo-Cou-
pling Kit (Associates of Cape Cod). The detection limits for LPS
and B-glucan were 0.001 EU/ml and 2 pg/ml, respectively.

Study Protocol

TLR27~, TLR47"-, MyD88~~, and WT mice were intratrache-
ally instilled with normal saline (Otsuka) (control, n = 10/geno-
type) or B. adusta (0.8 ug/mouse, n = 10/genotype) through a poly-
ethylene tube under anesthesia with 4% halothane (Takeda Chem-
ical, Osaka, Japan) 4 times at 2-week intervals. Then, 24 h after the
final intratracheal administration, mice from all groups were eu-
thanized by exsanguination under deep anesthesia via intraperito-
neal injection of pentobarbital.

Bronchoalveolar Lavage

Six of the 10 mice from each group were used for bronchoal-
veolar lavage fluid (BALF) and cell counts. In brief, tracheas were
cannulated after the collection of blood. Lungs were lavaged with
2 injections of 0.8 ml sterile saline at 37°C using a syringe. The la-
vaged fluid was harvested by gentle aspiration and the mean vol-
ume retrieved was 90% of the amount instilled (1.6 ml). Fluids
from the 2 lavages were pooled, cooled to 4°C, and centrifuged at
1,500 rpm for 10 min. The total lavage collected from individual
mice was used to measure the protein levels of cytokines and che-
mokines in the BALF. The total cell count of each fresh fluid spec-
imen was determined using a hemocytometer. Differential cell
counts were assessed on cytological preparations. Slides were pre-
pared by Cytospin (Sakura Co., Ltd., Tokyo, Japan) and stained
with Diff-Quik (International Reagents Co., Kobe, Japan). A total
of 300 cells were counted under oil immersion microscopy [18-
20].

Pathological Evaluation

The remaining 4 mice were used for pathological examination.
Lungs were fixed in 10% neutral phosphate-buffered formalin. Af-
ter separation of the lobes, 2-mm-thick blocks were used for paraf-
fin embedding. The embedded blocks were sectioned to a thick-
ness of 3 um and stained with hematoxylin and eosin (HE) to eval-
uate the degree of eosinophil or lymphocyte infiltration in the
airways, as measured from the proximal to the distal airway. Sec-
tions were also stained with periodic acid-Schiff (PAS) to evaluate
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Fig. 1. Fluorescent images of B. adusta stained with DAPI. DAPI-
stained cells of B. adusta were observed as rods ranging from 2 to
3 mm in width, and some cells displayed a yellow fluorescence. The
yellow-fluorescence filaments of B. adusta are fragmented as asex-
ual spores (inset).

the degree of goblet cell proliferation in the bronchial epithelium.
A pathological analysis of inflammatory cells and epithelial cells in
the airways was performed using a Nikon ECLIPSE light micro-
scope (Nikon Co., Tokyo, Japan) [18-20]. The degree of infiltra-
tion of neutrophils, eosinophils, and lymphocytes in the airways or
proliferation of goblet cells in the bronchial epithelium was graded
in a blinded fashion as follows: 0, not present; 1, slight; 2, mild; 3,
moderate; 4, moderate to marked, and 5, marked. ‘Slight’ was de-
fined as less than 20% of the airway exhibiting an eosinophilic in-
flammatory reaction or goblet cells stained with PAS, ‘mild’ as 21-
40%, ‘moderate’ as 41-60%, ‘moderate to marked” as 61-80%, and
marked as more than 80% [18-21]. The degree of thickening of the
subepithelial layer in the main bronchus was graded on the follow-
ing scale: 0, not present; 1, slight; 2, mild; 3, moderate; 4, moderate
to marked, and 5, marked. ‘Slight’ was defined as 5-12 um of the
main bronchus with fibroblasts stained with PAS; ‘mild” as 13-20
pm; ‘moderate’ as 21-28 um; ‘moderate to marked’ as 29-36 um,
and ‘marked’ as more than 37 um [12, 13].

Isolation and Culture of Murine BMDM

WT, TLR27~, TLR4”~, TLR2/4”~, TLR7/97~, and MyD88 '~
mice (on a C57BL/6] background, n = 4/genotype) were purchased
from Oriental Bioservice [12]. Femurs were removed at 8 weeks of
age, and soft tissue was removed and flushed with Hanks’ solution
to recover the bone marrow. BMDM were cultured on plastic dish-
es in RPMI (Nissui, Tokyo, Japan) containing penicillin-strepto-
mycin (Gibco, New York, N.Y., USA) and 10% inactivated fetal
bovine serum (Thermo Scientific, South Logan, Utah, USA). Ad-
ditionally, 10 ng/ml of granulocyte-macrophage colony-stimulat-
ing factor (PeproTech EC, London, UK) was added to the cultures
on days 0 and 3. After 6 days in culture, adherent BMDM were
collected via addition of 5 ml 0of 0.02% EDTA, after which the loose
cells were scraped off the plates. BMDM were replated at a concen-
tration of 3 x 10° cells/ml into 24-well plates at 1 ml/well [20].
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WT mice were treated intratracheally with normal saline (control)
or B. adusta (0.8 mg/mouse) 4 times at 2-week intervals. One day
after the last intratracheal administration, 6 mice from each group
were killed and the lavaged fluid was harvested by gentle aspira-
tion. The total cell count of a fresh fluid specimen was determined

BMDM were incubated with PBS and B. adusta (final concentra-
tion 20 pug/ml) for 12 h. Cytokines secreted into the culture medi-
um by BMDM were measured via enzyme-linked immunosorbent
assay (ELISA).

Quantitation of Cytokines

ELISA for interleukin IL-6, IL-13, IL-17A, eotaxin, monocyte
chemotactic protein (MCP)-1, and macrophage inflammatory
protein (MIP)-1a (R&D Systems Inc., Minneapolis, Minn., USA),
IL-5 and IL-12 (Endogen, Cambridge, Mass., USA), and MCP-3
(Bender MedSystems, Burlingame, Calif., USA) were carried out
according to the manufacturer’s instructions (n = 6 per group).

Statistical Analysis

Statistical analyses of cell numbers, cytokine and chemokine
protein concentrations in BALF or in supernatants of BMDM cul-
tures, and pathological scores were conducted using Tukey’s test
for pairwise comparisons (KyPlot version 5; Kyens Lab Inc., To-
kyo, Japan). p < 0.05 was considered statistically significant.

Lung Inflammation by B. adusta via
TLR2/7/9-MyD88

the slides prepared by cytospin and stained with Diff-Quik. All
values are expressed as means + SE. ND = Not detected. * p < 0.05
vs. WT B. adusta. ® p < 0.05 vs. TLR2 B. adusta. ©p < 0.05 vs. TLR4
B. adusta.

Results

Contents of LPS and B-Glucan in B. adusta
The p-glucan content in B. adusta was 32.8 ug/mg. LPS
was not detected in B. adusta.

Inflammatory Cells in the BALF

To evaluate the roles of TLR2, TLR4, and MyD88 in B.
adusta-induced lung inflammation, the cellular profile of
the BALF was investigated (fig. 2).

B. adusta significantly increased the number of neu-
trophils, eosinophils, and total cells in WT, TLR27~, and
TLR4”~ mice compared to controls (p < 0.05); however,
no increase in the number of neutrophils, eosinophils, or
total cells in MyD88™~ mice was observed. There was no
significant difference between WT and either TLR2”~ or
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Fig. 3. Pathological changes in the lungs of mice exposed to B.
adusta. Four mice from each group were killed for lung patholog-
ical observation and the lungs were fixed in 10% neutral phos-
phate-buffered formalin. The lung specimens were stained with
PAS. The photograph shows a low magnification of lung tissue.
a WT control. b WT B. adusta. ¢ TLR2”~ control. d TLR27~
B. adusta. e TLR4”~ control. f TLR4”~ B. adusta. g MyD88™~
control. h MyD88”~ B. adusta. PAS stain. There were no patho-
logical changes in the airways exposed to saline (a, ¢, e, g). The
degrees of lung inflammation and thickening of the bronchial wall
in TLR2”~ mice were weaker than in WT or TLR4~~ mice (b, d, f).
These degrees in MyD88™~ mice were weaker than in TLR2™/~ mice

().

TLR47~ mice in terms of neutrophils or total cells in the
B. adusta-treated group, but the eosinophil number
in TLR2”~ mice tended to be less than that in WT or
TLR47~ mice. Additionally, B. adusta significantly in-
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Fig. 4. Effects of B. adusta on infiltration of inflammatory cells in
the airways. Four mice from each group were killed for lung path-
ological observation and the lungs were fixed in 10% neutral phos-
phate-buffered formalin. The lung specimens were stained with
HE. The photograph shows a high magnification of lung tissue.
a WT control. b WT B. adusta. ¢ TLR2”~ control. d TLR2”~ B.
adusta. e TLR4”~ control. f TLR4”~ B. adusta. g MyD88~'~ control.
h MyD88~~ B. adusta. HE stain. No pathological changes were de-
tected in the airways exposed to saline (a, ¢, e, g). Moderate infil-
tration of eosinophils, neutrophils, and lymphocytes in the airway
submucosa of WT mice exposed to B. adusta (b). Slight to moder-
ate infiltration of eosinophils, neutrophils, and lymphocytes in the
airway submucosa of TLR4~~ mice exposed to B. adusta (d). Very
slight infiltration of neutrophils in the airway submucosa and al-
veoli in MyD88~~ mice exposed to B. adusta (h). Arrow 1,lympho-
cyte; arrow 2, eosinophil, and arrow 3, neutrophil.

creased the number of lymphocytes in WT and both
TLR4”~ and MyD88”~ mice compared to the controls
(p < 0.05) but caused no significant increase in TLR27~
mice.
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Fig. 5. Evaluation of pathological changes in the murine airway.
a Proliferation of goblet cells. b Eosinophils. ¢ Neutrophils. d Lym-
phocytes. e Thickening of the bronchial wall. The lung specimens
were stained with PAS and HE to evaluate pathological changes.
The degree of pathological changes in the airways was estimated

Pathological Changes in the Airways

To confirm the roles of TLR2, TLR4, and MyD88 in B.
adusta-induced lung inflammation, the lung pathology of
the mice was examined.

The photograph in figure 3 shows a low magnifica-
tion of lung tissue. No pathological alterations were
noted in the lungs of the control groups of WT,
TLR2”-, TLR4”~, and MyD88’/ ~ mice (fig. 3a, ¢, e, g).
The degrees of lung inflammation and thickening of the
bronchial wall in TLR27~ mice exposed to B. adusta
were weaker than those in WT or TLR4™~ mice (fig. 3b,
d, ). Moreover, the inflammation and bronchial wall
thickening in MyD88”~ mice were less than in TLR27~
mice (fig. 3h). The photograph in figure 4 shows a high
magnification of lung tissue. No pathological altera-

Lung Inflammation by B. adusta via
TLR2/7/9-MyD88

as follows: 0, none; 1, slight; 2, mild; 3, moderate; 4, moderate to
marked, and 5, marked. All values are expressed as means + SE
(n = 4). Statistical analyses were conducted using Tukey’s test for
pairwise comparisons. ® p < 0.05 vs. WT B. adusta. ® p < 0.05 vs.
TLR2 B. adusta. € p < 0.05 vs. TLR4 B. adusta.

tions were noted in the lungs of the control groups of
WT, TLR2~, TLR47~, and MyD88”/~ mice (fig. 4a, ¢, e,
g). B. adusta caused hypertrophy of airway epithelial
cells, a slight proliferation of goblet cells in the airway
epithelium (data not shown), and infiltration of eosino-
phils, neutrophils, and lymphocytes into the airway
submucosa (fig. 4b, d, f).

Figure 5 shows the pathological scores. The degree of
goblet cell proliferation in WT, TLR2”~, and TLR4™/~
mice treated with B. adusta was slight, but no change
was observed in MyD88~~ mice. The level of neutro-
phils in WT, TLR27~, and TLR4”~ mice treated with B.
adusta was mild. The level of eosinophils in WT and
TLR47~ mice treated with B. adusta was mild to moder-
ate, but it was slight in TLR2”~ and MyD88’/ ~“mice. The
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level of lymphocytes in the 4 different mice was very
slight. The degree of thickening of the bronchial wall in
WT and TLR4”~ mice treated with B. adusta was mod-
erate, but it was mild in TLR2”~ mice and slight in
MyD88”~ mice.

Cytokine and Chemokine Levels in the BALF

To investigate the roles of TLR2, TLR4, and MyD88 in
B. adusta-induced lung inflammation, protein levels of
cytokines and chemokines in the BALF were measured
(fig. 6,7).

B. adusta markedly increased the Th2 cytokines IL-5
and IL-13 and the eosinophil-related chemokines eotaxin
and MCP-3 in WT and TLR4”~ mice compared to the
controls (p < 0.05). However, B. adusta did not affect the
expression of IL-5, IL-13, eotaxin, and MCP-3 in TLR27/-

mice and did not induce detectable levels of these cyto-
kines in MyD88~'~ mice.

102 Int Arch Allergy Immunol 2015;168:96-106
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B. adusta increased IL-17A in WT, TLR27-, and
TLR4™~ mice compared to the controls (p < 0.05), but it did
not induce detectable cytokine levels in MyD88™~ mice.

B. adusta markedly increased IL-6 and the Th1 cyto-
kine IL-12 in WT, TLR2”-, TLR4”~, and MyD88™/~ mice
compared to the controls (p < 0.05); the levels of IL-6 and
IL-12 in MyD88”~ mice were lower than those in WT,
TLR27~, and TLR4™~ mice (p < 0.05).

Cytokine and Chemokine Production in B. adusta-

Stimulated BMDM

To characterize the role of TLR and MyD88 in the pro-
duction of proinflammatory molecules induced by B.
adusta, in vitro assays were performed using BMDM
from WT, TLR2”~, TLR4”~, TLR2/4”, TLR7/97", and
MyD88~ mice (fig. 8).

The production of IL-6, TNF-a, MCP-1, and MIP-1a
in the culture medium of B. adusta-stimulated BMDM
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Fig. 7. Expression of IL-6, IL-12, IL-17A, and MCP-1 in BALF. TLR2”~, TLR4"~, MyD88~"~, and WT mice were
treated intratracheally with normal saline (control) or B. adusta (0.8 mg/mouse) 4 times at 2-week intervals. One
day after the last intratracheal administration, mice from all groups were killed and the lavaged fluid was har-
vested by gentle aspiration. The lavaged fluid was analyzed for IL-6, IL-12, IL-17A, and MCP-1 by ELISA. All
values are expressed as means + SE. ND = Not detected. * p < 0.05 vs. WT B. adusta. ® p < 0.05 vs. TLR2 B. adus-

ta. < p < 0.05 vs. TLR4 B. adusta.

was low or not detectable in TLR7/97~ and MyD88/-
cells. There was no difference in the expression of these
cytokines in WT, TLR27~, TLR47/~, or TLR2/47/~ cells, ex-
cept for IL-6 in TLR4™~ cells.

Discussion

Fungi represent the fourth leading cause of hospital-
acquired infections in at-risk populations, despite the
availability of efficient but costly antifungal therapies [22,
23]. Sensitization to fungi is an important factor in pa-
tients with allergic respiratory tract diseases, which play
a major role in the development, persistence, and severity
of lower-airway diseases, particularly asthma [24]. Re-
cently, B. adusta has received attention because of its po-
tential role in exacerbating the severity of allergic fungal

Lung Inflammation by B. adusta via
TLR2/7/9-MyD88

cough, the sole presenting manifestation of bronchial
asthma, caused by sensitization to this fungus [5-9].

Here, we show for the first time that B. adusta induc-
es pulmonary inflammation via mechanisms that are de-
pendent on TLR-MyD88 signaling. MyD88-deficient
mice had a profoundly attenuated inflammatory re-
sponse to B. adusta compared to WT mice, as their air-
way inflammatory infiltrate was virtually negligible com-
pared to that of the latter group. TLR2-deficient mice
showed attenuated B. adusta-induced eosinophils in
BALF and the airways compared to WT mice. Reflecting
this reduced inflammation, the amounts of Th2 cyto-
kines and eosinophil-related proteins released into the
airways, as measured in BALF, were lower in TLR2-defi-
cient mice than in WT mice and were undetectable in
MyD88-deficient mice after intratracheal addition of B.
adusta.
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Fig. 8. Expression of cytokines and chemokines in cell culture medium by B. adusta. BMDM were plated in 24-
well plates at a density of 3 x 10° cells/well and incubated with PBS or B. adusta (final concentration 20 pg/ml)
for 12 h. Supernatants were analyzed for IL-6 (a), TNF-a (b), MCP-1 (c), and MIP-1a (d) production by ELISA.
n = 4. Data are presented as means = SE. ND = Not detected. * p < 0.05 vs. WT.

Generally, fungi are protected by a cell wall, which is
a highly complex and flexible meshwork of carbohydrate
polymers, such as mannans, f-glucans, and chitin, that
are interwoven in a protein matrix [23]. f-Glucans of
several fungal species are recognized by TLR2 [25-27].
TLR2 ligands like Pam3Cys can activate a Th2 immune
response and promote experimental asthma in mice [28].
Chitin is a complex adjuvant that augments Th2, Thl,
humoral, and IL-17 responses, both in vivo and in vitro,
mediated by pathways involving TLR2, MyD88, and IL-
17A [29]. In this study, B. adusta containing B-glucan
and chitin may have caused eosinophil infiltration in the
airways by production of Th2 cytokines via the TLR2-
MyD88 pathway. The eosinophils have been found to in-
duce DC maturation through release of their granule
protein eosinophil-derived neurotoxin, which can act as
an agonist of TLR2 in DC [30]. These Th2 cytokines (IL-
5 and IL-13) and chemokines (eotaxin and MCP-3) are
key mediators of the symptoms of asthma and they are
critical for the recruitment and survival of eosinophils
[31].
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In the present study, the test sample of the fungus was
not contaminated with LPS. B. adusta caused an increase
in neutrophils in BALF and in the airways of WT mice.
On the other hand, TLR4-deficient mice treated with B.
adusta exhibited slightly attenuated neutrophil numbers
in BALF. However, the degree of neutrophil infiltration
in the airways was similar to that in WT mice exposed to
B. adusta. The levels of IL-6, IL-17A, and MCP-1 in the
BALF of TLR4-deficient mice were higher than those in
B. adusta-treated WT mice. Therefore, we conclude that
TLR4 may not contribute to B. adusta-induced neutro-
phil recruitment.

On the other hand, these proinflammatory mediators
were greatly attenuated or not detected in MyD88-defi-
cient mice. Interestingly, in our in vitro experiments,
BMDM from TLR7/97~ mice, similar to those from
MyD88”~ mice, secreted lower levels of cytokines into the
culture medium compared to BMDM from TLR2™,
TLR47'-, and TLR2/47"~ mice. This finding suggests that
both TLR7 and TLRY, as well as MyD88, are required to
promote B. adusta-induced lung inflammation.
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Single-stranded RNA molecules from Candida spp.
are ligands for TLR7 in mouse bone marrow-derived den-
dritic cells [32]. TLR9-mediated sensing of fungal ge-
nomic DNA appears to be conserved across fungal spe-
cies [33-36], and recruitment of TLR9 to fungi-contain-
ing phagosomes has been observed in several fungal
species [37]. In our in vitro study, our data suggest that B.
adusta also induces cytokine expression in BMDM by
TLR7/TLR9-MyD88 signaling. The induction of IL-17A
secreted from Th17 cells contributes to neutrophil infil-
tration in airway inflammation in allergic asthma and
might be involved in antifungal host defense responses
[38]. Therefore, it is possible that for TLR7 and TLR9 the
adapter protein MyD88 is important in the induction of
neutrophils and the relevant inflammatory mediators, es-
pecially IL-17A.

Dectin-1 is another innate immune receptor that me-
diates protection from fungal infection in mice and hu-
mans. Dectin-1, expressed on the surface of antigen-pre-
senting cells, like macrophages and dendritic cells, is a
sensor of invading fungi and elicits predominantly Th17-
mediated immune responses [39]. Dectin-1 consists of an
extracellular C-type lectin domain and an intracellular
immunoreceptor tyrosine-based activation motif and re-
sponds to -(1, 3)-glucan, a major cell wall component

common to most fungal pathogens [40]. Recent reports
have clearly implicated that dectin-1 and MyD88 collab-
oratively drive cellular responses to fungal 3-glucans [41].
In this study, MyD88 is a key molecule in B. adusta-me-
diating inflammatory responses, and the induction of
MyD88 might also come from another receptor dectin-1.

In summary, B. adusta induces a mixed Th2 and Th17
response and lung inflammation with eosinophils and
neutrophils in mice. Recognition of B. adusta by TLR2,
TLR7/9, and MyD88 has been implicated in the antifun-
gal host defense response. If the B. adusta-induced lung
inflammation causes an exacerbated allergic reaction,
there is an urgent need to identify a B. adusta-specific IgE
antibody in future studies. These findings will inform the
treatment of B. adusta-induced airway inflammation in
clinical settings.
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