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Abstract

There is no experimental study demonstrating the effects of airborne Asian sand dust (AASD) on allergic lung eosi-
nophilia. The organic substances adsorbed onto AASD collected from the atmosphere of Iki-island in Japan were
excluded by heat treatment at 360°C for 30 min. The effects of AASD or heated-AASD (H-AASD) towards allergic
lung inflammation were compared in murine lungs to investigate the role of organic substances. ICR mice were
administrated with the two kinds of AASD and/or ovalbumin (OVA) intratracheally four times at 2-week intervals.
AASD and H-AASD enhanced eosinophil recruitment induced by OVA in the alveoli and in the submucosa of
the airway, which has a goblet cell proliferation in the bronchial epithelium. AASD and H-AASD synergistically
increased Th2 cytokines—interleukin-13 (IL-13), eosinophil-relevant cytokine and chemokine, such as IL-5, and
monocyte chemotactic protein-3 (MCP-3) induced by OVA in whole lung lavage fluid. The enhancing effects were
much greater in AASD than in H-AASD. AASD induced adjuvant effects on OVA-specific immunoglobulin E (IgE)
and IgG1 production. In an in vitro study using RAW264.7 cells, AASD increased the expression of Toll-like recep-
tors 2 (TLR2) mRNA, but not TLR4 mRNA. AASD increased mRNA expression of NALP3, ASC, and IL-1p compared
with the control. H-AASD caused no expression of either mRNA. These results suggest that the aggravated lung
eosinophilia in AASD is due to activation of a Th2-associated immune response and that the activation of TLR2
and NALP3 inflammasome by microbial materials could be participating in this phenomenon.
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Asian sand dust (ASD) storms, which occur during the spring,
arise in arid and semi-arid areas of mid- and North Western
China (the Gobi Desert and the Ocher Plateau). ASD aerosol
spreads over large areas, including East China, the Korean
Peninsula, and Japan (Duce et al., 1980; Husar et al., 2001;
Kim et al., 2001). Recent epidemiologic studies have shown
that Asian dust storm events coincided with an increase in
daily admissions and clinic visits for asthma (Yang et al.,
2005), allergic rhinitis (Chang et al., 2006) or conjunctivitis
(Yang, 2006) in Taipei, Taiwan. In Japan, the deterioration of
Japanese cedar pollinosis and seasonal allergic rhinitis dur-
ing a dust storm event has been reported (Sato, 2009). Heavy
Asian dust events also increased the risk of hospitalization

Toyama, Japan (Kanatani et al., 2010). Therefore, experimen-
tal studies to confirm the epidemiological results, suggesting
that airborne ASD (AASD) causes the deterioration of allergic
diseases during a dust storm event, are in order.

In results compatible to those of these epidemiological
investigations, we have experimentally demonstrated the
ASD, collected from surface soil in the China’s Shapotou
Desert enhances antigen-related lung eosinophilia in mice
(Ichinose et al., 2006), and aggravates allergic rhinitis in
guinea pigs by Japanese cedar pollen (Ichinose et al., 2009).
However, at present, there is no experimental evidence
showing the aggravating effects of AASD on allergic lung
eosinophilia.
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In the present study, we used AASD collected from the
atmosphere of Iki-island in Japan. Comparison of allergic
inflammation between aggravating effects of heated-AASD
(H-AASD) that had been excluded of toxic materials (micro-
bial materials, sulfate, etc.) by heating and crude AASD in
murine lungs were performed to investigate the role of
organic substances.

On the other hand, Toll-like receptors (TLRs) that belong
to the pattern recognition receptors (PRRs) family in antigen
presenting cells are well known to lead to the induction of
adaptive immune responses through the recognition of
microbial components (Beutler, 2004). NALP3 (NACHT
domain, leucine-rich repeat, and pyrin domain-containing
protein 3) that belongs to the Nod-like receptor (NLR) fam-
ily in antigen presenting cells is an essential component of
inflammasomes triggered by microbial ligands like pepti-
doglycan, danger-associated molecular patterns, and crys-
tals, to form NALP3 inflammasome with adaptor molecule
ASC (apoptosis-associated speck-like protein containing
a caspase activating and recruitment domain) (Pétrilli
et al., 2007). The NALP3 inflammasome activates caspase-1
(Agostini et al., 2004) for processing and secretion of the
cytokines interleukin-1f (IL-1f3) and IL-18 (Fritz et al., 2006;
Mayor et al., 2007). This NALP3 inflammasome is a crucial
element in adjuvant effect of the innate immune response in
aluminium adjuvants (Eisenbarth et al., 2008).

In this in vitro study, the gene expression of TLR2, TLR4,
NALP3, ASC, caspase-1 and IL-13 in RAW264.7 cells was
measured in the presence of H-AASD or AASD to investigate
the role of TLRs and NALP3 inflammasome in the enhance-
ment by AASD effects. The cytokine levels in the nutrient
medium released from RAW264.7 cells were also measured.
This is the first experimental study on molecular, biochemi-
cal and pathologic evidences of AASD exacerbating lung
eosinophilia caused by ovalbumin (OVA).

Materials and methods

Animals

A total of 96 male ICR mice (5 weeks of age) were purchased
from Charles River Japan, Inc. (Kanagawa, Japan). After
1 week of screening out sick mice, mice with abnormal body
weight and mice stressed from different environmental
breeding, the remaining mice were fed a commercial diet
CE-2 (CLEA Japan, Inc., Tokyo, Japan) and given water ad
libitum. Mice were housed in plastic cages lined with soft
wood chips. The cages were placed in a conventional room,
which was air conditioned at 23°C and 55-70% humidity with
a light/dark (12h/12h) cycle. The study adhered to the U.S.
National Institutes of Health guidelines for the use of experi-
mental animals. The animal care method was approved by
the Animal Care and Use Committee at Oita University of
Nursing and Health Sciences in Oita, Japan.

Preparation of particles
The present study used AASD previously collected from Iki-
island, Japan on March 21-22 2002, after a massive 3-day

dust storm event occurred in East Asia. The average density
of the ambient particulate matter (Total suspended particle:
TSP) in March 21-22 was 672 ug/m?® in Iki-island. AASD was
collected using a high-volume air sampler with a quartz
fiber filter (2500QT-UP, Pallflex, CT). The particle diameter
of the samples was measured under a scanning electron
microscope (JSM-5800 JEOL Ltd., Tokyo, Japan). The mass
size distribution of the aerosol collected from Iki-island dur-
ing the dust event had one major peak in the coarse particle
size ranging from 2.1 to 7.0 um. Sixty-eight percent of the
total mass originating from coarse particles was larger than
2.1 pm. Nineteen percent of the total mass originating from
coarse particles was larger than 7.0 um (Mori et al., 2003). The
size distribution peak of particles was at 4.7 pm. As shown in
Figure 1, the shape of the collected particles is almost all peb-
ble, but rock-shaped particles were also occasionally found.
The collected AASD was stored at —30°C in a germfree case
with a desiccant until use.

The concentrations of chemical elements were measured
using an ICP-AES (61E Trace and ICP-750, Thermo Jarrell-Ash,
Franklin, MA). The samples were heated at 360°C for 30 min in
an electric heater to exclude toxic materials (microbiological
materials, sulfate, nitrate, etc.) adhering to them.

Detection of fungi in particles

The fungi of the AASD was detected by an all-in-one fluo-
rescence microscope (BZ-9000, BIOREVO, Keyence, Japan)
and fluorescent dye Fungiflora Y (Technicon International,
Inc., Tokyo, Japan), which specifically bound to $-linked
polysaccharides such as 3-glucan. This apparatus is a use-
ful tool for demonstrating the fungal cell wall composition
(Nishiyama et al., 1995). According to the manufacture’s
protocol, in brief, ~2.5 pg of each particle sample was sus-
pended in 40 pl Fungiflora Y, and after 5min slides of the
particles were completed. Then the slides were observed
with the all-in-one fluorescence microscope with an excita-
tion wavelength of 472.5nm, and an emission wavelength
0f 520.0 nm.

Analysis of water soluble components, lipopolysaccharide
(LPS), and B-glucan in particles

The concentration of water soluble components, such as sul-
fate (SO,*) and nitrate (NO,"), in the samples was determined
using an ion chromatograph (DX-100, Dionex, Sunnyvale,
CA) and ICP-AES (61E Trace, Thermo Jarrell-Ash). Each par-
ticle sample was measured by kinetic assay using Endospec
ES test MK (Seikagaku Cop., Tokyo, Japan) for LPS activity
and by Fungitec G test MK (Seikagaku Cop., Tokyo, Japan) for
[-glucan activity. According to the manufacture’s protocol,
in brief, approximately 2.5 mg of each particle sample was
suspended in 1ml water (LPS- and f-glucan-free; Otsuka
Co., Kyoto, Japan) for 1h and then the sample was allowed
to stand on a bench top at room temperature for 2h. Then
the supernatants were recovered and measured for LPS
and p-glucan concentration. The limits of detection in the
LPS and f3-glucan assays were <0.001 EU/ml and 2 pg/ml,
respectively.

RIGHTS LI N Kdx



Inhalation Toxicology Downloaded from informahealthcare.com by University of California Davis on 09/27/10
For personal use only

Study protocol
ICR mice were divided into six groups (rn=16, each group)
according to the treatment with particles: normal saline (con-
trol), H-AASD, crude AASD, OVA, OVA + H-AASD, and OVA +
AASD. ICR male mice were used because of their moderate
responsiveness to airway inflammation caused by OVA or
mite allergen treatment in this method (Ichinose et al., 1997;
Ichinose et al., 2003).

The particles were suspended in normal saline (0.9 %
NacCl) for instillation (Otsuka Co., Kyoto, Japan). This sus-
pension was sonicated for 5 min with an ultrasonic disrupter,

Figure 1. Fluorescent images of the particles stained with Fungiflora Y.
Bar=5pum. Allows show 3-glucan of fungi. (See colour version of this figure
online at www.informahealthcare.com/iht)
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UD-201 type with micro tip (Tomy, Tokyo, Japan), under a
cooling condition. OVA was dissolved in the same saline.
The instillation dose of particles was 0.1 mg per mouse
according to a previous report (Ichinose et al., 2008a,b; He
et al., 2010). This instillation dose of ASD can, remarkably,
elicit a slight allergic reaction caused by OVA or mite aller-
gen of 1 pug per mouse (Hiyoshi et al., 2005; Ichinose et al.,
2006, 2008a,b).

The instillation dose of OVA was set to 1 g per mouse
according to a previous report (Hiyoshi et al., 2005). Mice
were intratracheally instilled with these particles through
a polyethylene tube under anesthesia with 4% halothane
(Takeda Chemical, Osaka, Japan) four times at 2-week inter-
vals. The control mice were instilled intratracheally with 0.1 ml
of normal saline (Otsuka Co., Kyoto, Japan) per mouse. An
intratracheal instillation of OVA repeated four times at 2-week
intervals is needed for the induction of allergic lung inflam-
mation (Ichinose et al., 2008a,b; He et al., 2010). Therefore,
this repeated instillation method was chosen to investigate
the aggravating effect of AASD on allergen-related lung eosi-
nophilia. One day after the last intratracheal administration,
the mice from all groups were killed by exsanguination under
deep anesthesia by intraperitoneal injection of pentobarbital
at 12 weeks of age.

Pathological evaluation

Eight of the 16 mice from each group were used for a patho-
logic examination. The lungs were fixed by 10% neutral phos-
phate-buffered formalin. After separation of the lobes, 2mm
thick blocks were taken for paraffin embedding. Embedded
blocks were sectioned at a thickness of 3 um, and then were
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Figure 2. Effects of AASD (with or without heat treatment) on pathological changes in the lungs. The size distribution peak of AASD was observed at
4.7 um. (A) No pathological changes in lungs treated with saline. (B) No significant pathological changes in the airway and slight alveolitis in the lung
treated with H-AASD. (C) Accumulation of inflammatory cells (neutrophils and lymphocytes) in the airway, and proliferation of alveolar cells and alveo-
litis in the lung treated with AASD. (D) Slight proliferation of goblet cells that have mucus stained pink with PAS solution in the airway epithelium and
slight infiltration of inflammatory cells into connective tissue around the airway treated with OVA alone. (E) Moderate proliferation of goblet cells in the
airway and moderate infiltration of inflammatory cells into connective tissue around the airway treated with OVA + H-AASD. (F) Marked proliferation
of goblet cells and numerous inflammatory cells in the airway and accumulation of inflammatory cells in the alveoli treated with OVA + AASD. A-F: PAS
stain; Bar=100 pm. (See colour version of this figure online at www.informahealthcare.com/iht)
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stained with periodic acid-schiff (PAS) to evaluate the degree
of proliferation of goblet cells in the bronchial epithelium. A
pathological analysis of the inflammatory cells and epithelial
cells in the airway of each lung lobe on the slides was per-
formed using a Nikon ECLIPSE light microscope (Nikon Co.,
Tokyo, Japan). The degree of proliferation of goblet cells in the
bronchial epithelium was graded on the following scale: 0, not
present; 1, slight; 2, mild; 3, moderate; 4, moderate to marked;
and 5, marked. ‘Slight’ was defined as less than 10% of the
airway with goblet cells stained with PAS; ‘mild’ as 20-30%;
‘moderate’ as 40-50%; ‘moderate to marked’ as 60-70%; and
‘marked’ as more than 80% (Ichinose et al., 2006; 2008a,b; He
etal., 2010). Pathological changes were assessed on one slide
stained with PAS per mouse. This evaluation procedure was
performed by two pathologists who cross-checked the data
in blinded specimens. All values were expressed as mean +
SD (n=8).

Whole lung lavage fluids (WLLF)

The remaining eight mice were used for an examination
of the free cell contents from whole lung lavage fluids
(WLLF). WLLF and cell counts were conducted using a
previously reported method (Ichinose et al., 2006; 2008a,b;
He et al., 2010). In brief, the tracheas were cannulated after
the collection of blood. The lungs were lavaged with two
injections of 0.8 ml of sterile saline at 37°C by syringe.
The lavaged fluid was harvested by gentle aspiration. The
average volume retrieved was 90% of the amount instilled
(1.6 ml). The fluids from the two lavages were combined,
cooled to 4°C, and centrifuged at 1500rpm for 10 min.
The total amount of lavages collected from individual
mice was used in order to the measure the protein levels
of cytokines and chemokines in the WLLE. The total cell
count of a fresh fluid specimen was determined using a
hemocytometer. Differential cell counts were assessed
on cytologic preparations. Slides were prepared using
a Cytospin (Sakura Co., Ltd., Tokyo, Japan) and stained
with Diff-Quik (International Reagents Co., Kobe, Japan)
to identify eosinophils with red granules. A total of 300
cells were counted under oil immersion microscopy. The
WLLF supernatants were stored at —80°C until analyzed for
cytokines and chemokines.

Quantitation of cytokines and chemokines in WLLF

The cytokine protein levels in the WLLF were determined
using enzyme-linked immunosorbent assays (ELISA). IL-5
and IL-12 were measured using an ELISA kit from Endogen,
Inc. (Cambridge, MA). Interferon (IFN)-v, IL-1f3, IL-6, kerati-
nocyte chemoattractant (KC), monocyte chemotactic protein
(MCP)-1, macrophage inflammatory protein-1a (MIP-1a),
regulated on activation normal T-cell expressed and presum-
ably secreted (RANTES), IL-13, IL-4, and eotaxin were meas-
ured using an ELISA kit from R&D Systems Inc. (Minneapolis,
MN). IL-18 was measured using an ELISA kit from Medical
& Biological Laboratories Co., LTD (Nagoya, Japan). MCP-3
was measured using an ELISA kit from Bender MedSystems
Inc. (Burlingame, CA).

Antigen-specific IgE and IgG1 antibodies

OVA-specific immunoglobulin E (IgE) and IgGl antibod-
ies were measured using a Mouse OVA-IgE ELISA kit and
a Mouse OVA-IgGl ELISA kit (Shibayagi Co., Shibukawa,
Japan). According to the manufacturer’s protocol, 1U of the
anti-OVA IgE is defined as 1.3ng of the antibody, and 1U of
the anti-OVA IgG1 as 160 ng of the antibody. The absorption
at 450nm (sub-wave length, 620nm) for OVA-specific IgE
and IgG1 antibody was measured using a microplate reader
(Spectrafluor, Tecan, Salzburg, Austria).

Cell culture

RAW264.7 cells, which are macrophage-like cells derived from
BALB/c male mice, were cultured at 37°C in a humidified
atmosphere of 5% CO,-95% air and maintained in Dulbecco’s
modified Eagle’s medium with 10% heat inactivated fetal
bovine serum. For gene expression analysis, they were plated
at a concentration of 4x 10° cells per 60-mm dish, and then
AASD with or without heating treatment was added to cells
to give a final concentration of 3 ug/ml or LPS was added to
cells to give a final concentration of 100 ng/ml. Cells were then
incubated for 1 h and 3h (3h only in the case of LPS). For ELISA
analysis of cytokine in nutrient medium, RAW264.7 cells were
seeded at a concentration of 1 x 10° cells/ml in 96-well culture
plate of 200 pl/well. Cells were then incubated with 3 pug/ml
AASD with or without heating treatment or 100 ng/ml LPS for
0,1,3,6,12,and 24 h.

Gene expression analysis

Total RNA was extracted by standard procedures using
0.5ml of Isogen (Nippon Gene, Tokyo, Japan) per dish. After
DNase treatment of the total RNA, cDNA was synthesized
by reverse transcription using M-MLV. Quantitative PCR was
performed using an ABI Prism 7000 Sequence Detection
System (Applied Biosystems, Inc., Foster City, CA) under
the same conditions as in our previous study (Yoshida et al.,
2006; He et al., 2010). Two wells were used for each sample.
The relative expression of each sample was calculated as
the mean value divided by the mean value for GAPDH. The
primers and probes used in this in vitro study are shown in
Table 1.

Assay for cytokines in nutrient medium

The protein levels of cytokines in the nutrient medium were
determined using ELISA. IL-1f3 and IL-6 were measured using
an ELISA kit from R&D Systems Inc. IL-18 was measured
using an ELISA kit from Medical & Biological Laboratories
Co., Ltd.

Statistical analysis

Statistical analyses on the pathologic evaluation in the airway,
cytokine and chemokine proteins in WLLE, and gene expres-
sion in RAW264.7 cells and protein levels of cytokines in the
nutrient medium were conducted using Tukey for Pairwise
Comparisons (KyPlot Ver.5, Kyens Lab Inc., Tokyo, Japan).
Differences among groups were determined as statistically
significant at a level of p<0.05.

RIGHTS LI N Kdx



Inhalation Toxicology Downloaded from informahealthcare.com by University of California Davis on 09/27/10

For personal use only.

Results

The detection of fungi in AASD particles

Figure 1 shows the fluorescence of particles after being
stained with Fungiflora Y Bright fluorescence was clearly
observed in AASD.

Contents of chemical elements, water soluble components,
LPS and pB-glucan in AASD

To clarify the relationship between toxic substances and the
aggravation of allergic inflammatory responses by AASD, the
contents of chemical elements, water soluble components,
LPS and fB-glucan in AASD were measured. As shown in
Table 2, the chemical elements in the AASD sample were
61.8% SiO,, 13.6% Al O,, 5.7% Fe,0,, 5.4% CaO, 3.3% MgO,
0.01% TiO,, and 2.6% K,O. The concentration of SO,* was
15,000 pg/g in AASD and non-detected in the H-AASD sam-
ple. The concentration of NO* was 5000 pg/g in AASD and
also non-detected in the H-AASD sample. The amounts of LPS
and f-glucan in the both samples were consistent (Table 3).

Table 1. Primers and probes used in the present in vitro study.

Primers and probes Gene sequence

GAPDH sense TGCACCACCAACTGCTTAG

GAPDH antisense GGATGCAGGGATGATGTTC

GAPDH probe CAGAAGACTGTGGATGGCCCCTC
TLR2 sense GAATTGCATCAC CGGTCAGAA

TLR2 antisense CTGAGCAGA ACAGCGTTTGC

TLR2 probe CGTCAAATCTCAGAGGATGCTACGAGC
TLR4 sense AGGACTCTGATCA TGGCACTGTT
TLR4 antisense GAGTTTCTGATC CATGCATTGG

TLR4 probe CCAGGAAGCTTGAATCCCTGCATAGAGG
IL-1p sense TCCTGAACTCAACTGTGAAATGC

IL-1p antisense AGCCCAGGTCAAAGGTTTGG

IL-1f3 probe AGCAGCCCTTCATCTTTTGGGGTCCG

Nalp3 sense
Nalp3 antisense

TGGAGAAAATGCCTTGGGAGAC
GGTCAGAGCTGAACAACAGATTG

Nalp3 probe AGGCCGGAATTCACCAACCCCAGCT
CARD sense AGCTGCAAACGACTAAAGAAGAG

CARD antisense ACCCTGGCAATGAGTGCTTG

CARD probe CCACAAAGTGTCCTGTTCTGGCTGTACTCT
Caspl sense TCACGCCCTGTTGGAAAGG

Caspl antisense
Caspl probe

CTCACTGAGTTGATAAATTGCTTCC
CTTTGCCCTCAGGATCTTGTCAGCCATG

Table 2. Concentration of chemical elements in sand dust.

Chemical element compositions AASD? (%) ASD® (%)
Sio, 61.8 60
ALQ, 13.6 11.1
Fe,0, 5.7 4.1
Na,0 1.2 1.8
CaO 5.4 9.0
MgO 3.3 2.5
TiO, 0.01 0.7
K,0 2.6 2.2

2Airbone Asian sand dust (AASD) collected from the atmosphere in Iki-

Island of Japan.

PASD was collected from the desert of Inner Mongolia where dust storms

occur frequently.
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Enhancement of pathologic changes in the airway by
AASD

To evaluate the effects of AASD on airway inflammation and
goblet cell proliferation caused by OVA, lung pathology in
the eight groups of mice was investigated. Table 4 shows
the pathologic changes caused by the AASD in the murine
airway, and Figure 2 illustrates the effects of the AASD on
pathological changes in the lungs. No pathologic altera-
tions were found in the lungs of the control group (Figure
2A). Proliferation of epithelial cells in the airway was very
slight in H-AASD (Figure 2B). AASD alone caused bronchitis
and alveolitis along with proliferation of alveolar cells and
neutrophilic inflammation (Figure 2C). The treatment with
OVA alone caused slight increased infiltration of eosinophils
in the submucosa of the airway with slight goblet cell pro-
liferation in the bronchial epithelium (Figure 2D). However,
OVA + H-AASD (Figure 2E) and OVA + AASD (Figure 2F)
caused increasing proliferation of goblet cells (p<0.001) in
the airway compared with the single treatment (Table 4).
The degree of proliferation was higher in OVA + AASD than
in OVA + H-AASD (Table 4). Both combination treatments
caused more prominent infiltration of eosinophils into con-
nective tissue in the airway. The changes of OVA + H-AASD
(p<0.001) and OVA + AASD (p<0.001) were significantly
different from that of OVA alone (Table 4). The magnitude
of eosinophils infiltration was higher in OVA + AASD than
in OVA + H-AASD. OVA + H-AASD and OVA + AASD also
caused moderate to marked accumulation of lymphocytes

Table 3. Concentration of water soluble components, LPS, and 3-glucan
in particles.

B-Glucan
Particles  SO,* (Pg/g) NO, Pg/g) Cl (Pg/g) LPS (EU/mg) (pg/mg)
AASD? 15,000 5000 7000 1.06 76.0
H-AASDP ND ND ND ND ND

ND, not detected.
2AASD, crude AASD collected from the atmosphere in Iki-Island.
"H-AASD, AASD were heated at 360°C for 30 min in an electric heater.

Table 4. Evaluation of pathological changes in the murine airway.

Pathological changes

Animals Proliferation
Group* (n)  Lymphocytes Eosinophils of goblet cells
Control 8 ND ND ND
H-AASD 8 0.5+0.27 ND 0.25+0.27
AASD 8 1.06 + 0.5* 0.13+0.23 0.5+ 0.65
OVA 8 0.88 +0.58" 0.44 £ 0.42 1.19 + 0.80¢
OVA + 8 2.56 + 0.7850F* 2.13 + 0.955#* 2.94 £0.5651%*
H-AASD

OVA+AASD 8 3.44 £ 0.425MF 3.38 + 0.6451 3.56 + 0.56817
*Six groups of mice were treated intratracheally with normal saline
(Control), H-AASD (heated-AASD), AASD (crude AASD), ovalbumin
(OVA), OVA + H-AASD, and OVA + AASD, four times at 2-week intervals.
The degree of pathological changes in the airway was estimated: (0) none;
(1) slight; (2) mild; (3) moderate; (4) moderate to marked; (5) marked.
All values were expressed as mean + SD (n=8). Statistical analyses were
conducted using Tukey for pairwise comparisons.

ND, not detectable.

"p<0.05 vs. Control, ¥p<0.01 vs. Control, $p<0.001 vs. Control, "p<0.001
vs. OVA, *¥p<0.001 vs. H-AASD, "p<0.001 vs. AASD.
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in the airway. The degree of the accumulation was higher in
OVA + AASD than in OVA + H-AASD (Table 4).

Enhancement of cell numbers in WLLF by AASD

To evaluate the effects of AASD on airway inflammation and
goblet cell proliferation caused by OVA, lung pathology in
the eight groups of mice was investigated. Figure 3 shows the
cellular profile in WLLE AASD alone increased the number
of macrophages and neutrophils compared with the control
(p<0.05), but H-AASD did not. OVA alone caused no signifi-
cantincreases of free cells in WLLF compared with the control.
OVA + H-AASD significantly increased the number of macro-
phages, neutrophils, eosinophils, and lymphocytes compared
with the control, OVA and H-AASD alone. Furthermore, OVA
+ AASD resulted in a remarkable elevation of macrophages,
eosinophils, and lymphocytes compared with the control,
OVA and AASD alone (p<0.001). OVA + AASD also signifi-
cantly increased neutrophils compared with control and OVA
(p<0.001), but not AASD alone.

250
O Total cells +IS§
@ Macrophages
,_\200 | = Neutrophils
Y m Eosinophils
g m Lymphocytes
= 150 1 Y
3 4t
k)
X ¥ +1§§
<1001 I +IS§
[0]
Q
g \ ; ,
= 50 :
S ‘] +I1s§
o 1
1.

Control H-AASD AASD
Group

OVA OVA+H OVA+AASD
-AASD

Figure 3. Cellular profile in whole lung lavage fluids (WLLF). All values
expressed as mean + SE. *p<0.05 compared to Control, 'p<0.01 compared
to Control, *p<0.001 compared to Control, $p<0.05 compared to OVA, 'p
<0.001 compared to OVA, **p<0.05 compared to H-AASD, "p<0.01 com-
pared to H-AASD, #p<0.001 compared to H-AASD, $p<0.001 compared
to AASD.

Table 5. Expression of cytokines in whole lung lavage fluids (WLLF).

Enhancement of cytokines and chemokines in WLLF by
AASD

To determine which cytokines or chimokines were involved
in the AASD-mediated enhancement of OVA-induced lung
eosinophilia, we measured protein levels of IL-1f3, IFN-v,
IL-4, IL-5, IL-6, IL-12, IL-13, IL-18, RANRES, KC, MIP-1aq,
Eotaxine, MCP-1, and MPC-3.

AASD alone significantly increased protein levels of
IL-1B (p<0.001), IL-12 (p<0.01), IL-6 (p<0.001) and IFN-y
(p<0.001) compared with the control, but H-AASD did not
(Table 5 and 6). OVA + H-AASD and OVA + AASD significantly
increased the expression of IL-1f3 and IL-6 compared with the
control and OVA. However, OVA + AASD decreased IL-1f3,
IL-6, and IFN-y compared with AASD alone (Tables 5 and 6).
OVA + AASD significantly increased the expression of IL-12
compared with the control (p<0.001) and OVA (p<0.001).
IL-18 was not detected in the all groups. H-AASD and AASD
alone increased protein levels of KC and MIP-1a compared
with the control (p<0.001) (Table 7). OVA + H-AASD and OVA
+AASD also increased the protein levels of KC compared with
the control and OVA (p<0.001). However, the increased lev-
els were similar as compared with H-AASD and AASD alone.
AASD alone increased protein level of RANRES (Table 7) com-
pared with the control (p<0.01). However, OVA + AASD did
not show further increase of RANTES compared with AASD
alone. OVA + AASD tended to increase the Th2 cytokine,
IL-4 (Table 5), but OVA + AASD synergistically increased the
Th2 cytokine, IL-13 (Table 5) compared with the each single
treatment. OVA + H-AASD and OVA + AASD synergistically
increased protein levels of eosinophil-relevant cytokines, such
asIL-5, and MCP-1 in WLLLF (Tables 5 and 7) compared with
the each single treatment. OVA + AASD also synergistically
increased eosinophil-relevant chemokines like Eotaxin and
MCP-3 (Table 7) compared with the each single treatment
(p<0.001). OVA + AASD caused increases of 1.80-fold by IL-5;
1.44-fold by IL-13, 3.83-fold by Eotaxin, 1.56-fold by MCP-1,
and 2.56-fold by MCP-3 compared with OVA + H-AASD.

Enhancement of OVA-specific IgE and IgG1 in serum by
AASD

To examine whether AASD has adjuvant activity on antigen-
specific Ig production, OVA-specific IgE and IgG1 antibodies

Cytokines (pg protein/total WLLF)

Group* Animals (n) IL-13 IL-4 IL-5 IL-6 IL-12 IL-13
Control 8 11.1+7.64 ND ND 2.94+1.81 6.71 £6.71 ND
H-AASD 8 50.7+12.2 ND 2.39+2.39 57.5+19.1 311 +35.5 ND

AASD 8 245 + 32.65 ND 6.76 £ 6.76 176 £ 21.48 693 + 59.0% 3.38+3.38

OVA 8 ND ND 22.3+£6.67 1.82+1.10 27.0+14.3 ND

OVA + H-AASD 8 111 +34.9™ ND 152 + 20,1 70.1 + 18.4%1 467 +41.1 74.8 + 17285588
OVA + AASD 8 160 + 21.85F 4.67+4.67 273 + 69351 92.8 + 118! 1061 + 30057 108 + 29,157

*§ix groups of mice were treated intratracheally with normal saline (Control), H-AASD (heated-AASD), AASD (crude AASD), ovalbmin (OVA), OVA +
H-AASD and OVA + AASD, four times at 2-week intervals. Whole lung lavage was conducted 24 h after the last intratracheal instillation. All values were
expressed as mean + SE (n=8). Statistical analyses were conducted using Tukey for pairwise comparisons.

ND, not detectable.

ip<0.05 vs. Control, *p<0.01 vs. Control, 9 <0.001 vs. Control, "p<0.05 vs. OVA, **p<0.01 vs. OVA, "'p<0.001 vs. OVA, ¥p<0.05 vs. H-AASD, $5p<0.01 vs.
H-AASD, "p<0.01 vs. AASD, ¥*¥p<0.001 vs. AASD
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were measured. As shown in Figure 4, OVA + H-AASD tended
to increase OVA-specific IgE compared with the single treat-
ment. OVA + AASD markedly elevated the production of

Table 6. Expression of cytokines in whole lung lavage fluids (WLLF).
Cytokines (pg protein/total WLLF)

Group* Animals(n) IL-18 IFN-y
Control 8 ND ND
H-AASD 8 ND 8.75+8.75
AASD 8 ND 81.9 +27.6"
OVA 8 ND ND
OVA + H-AASD 8 ND ND
OVA + AASD 8 ND 12.3+12.3¢

*Six groups of mice were treated intratracheally with normal saline
(Control), H-AASD (heated-AASD), AASD (crude AASD), ovalbmin (OVA),
OVA + H-AASD and OVA + AASD, four times at 2-week intervals. Whole
lung lavage was conducted 24 h after the last intratracheal instillation. All
values were expressed as mean * SE (n=8). Statistical analyses were con-
ducted using Tukey for pairwise comparisons.

ND, not detectable.

"p<0.001 vs. Control, {p<0.01 vs. AASD.

Table 7. Expression of chemokines in whole lung lavage fluids (WLLF).
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OVA-specific IgE compared with the control, AASD and OVA
(p<0.05). OVA + H-AASD significantly increased OVA-specific
IgG1 compared with the control (p<0.05), H-AASD (p<0.001)
and OVA (p<0.001). OVA +AASD also increased the antibody
compared with the control, AASD and OVA (p<0.001). These
antibodies were higher in the OVA + AASD group than in the
OVA + H- AASD group.

In vitro analysis of mRNA expression in RAW264.7 cells

To investigate the effects of AASD on sensors for lead-
ing inflammation in the antigen presenting cells, the gene
expression of TLR2, TLR4, NALP3 inflammasome (NALP3,
ASC, caspase-1) and IL-1f3 using RAW264.7 cells derived from
macrophages of mice were measured. We also examined the
effects of LPS on them.

Figure 5A) shows the expression of TLR2 mRNA in
RAW?264.7 cells after 1 h and 3h. H-AASD caused no expres-
sion of TLR2 mRNA. AASD significantly increased the expres-
sion of TLR2 mRNA compared with the control (p<0.001)
after 1h and 3h. Figure 5B) shows the expression of TLR4

Chemokines (pg protein/total WLLF)

Group* Animals (n) RANTES KC MIP-1a. Eotaxin MCP-1 MCP-3
Control 8 ND 31.6+12.5 ND ND ND ND
H-AASD 8 13.5+9.75 593 + 89.0% 62.1 +7.29* ND 267 £ 58.5 3.98 +3.98
AASD 8 73.0£16.27 517 £ 63.1% 62.9 +4.31% ND 342 £83.8 47.2+24.6
OVA 8 ND 80.8 +18.7 ND ND ND 4.13+4.13
OVA + H-AASD 8 16.9+6.03 419 + 32,9 13.5+4.117F 12.0+6.11 1132 + 30279#* 396 + 165
OVA + AASD 8 77.1£23.8% 583 + 56.27! 21.7 £ 2,619k 45.9 £ 15,4511 1771 + 340714 1012 + 22431

*Six groups of mice were treated intratracheally with normal saline (Control), H-AASD (heated-AASD), AASD (crude AASD), ovalbmin (OVA), OVA +
H-AASD, and OVA + AASD, four times at 2-week intervals. Whole lung lavage was conducted 24 h after the last intratracheal instillation. All values were
expressed as mean + SE (n=48). Statistical analyses were conducted using Tukey for pairwise comparisons.

ND, not detectable.

"p<0.01 vs. Control, {p<0.001 vs. Control, Sp<0.01 vs. OVA, 'p<0.001 vs. OVA, *¥p<0.05 vs. H-AASD, "/p<0.001 vs. H-AASD, #p<0.001 vs. AASD.

Control
H-AASD
AASD

OVA

|
OVA+H-AASD E

OVA+AASD

§Tt
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ovnssanso | —
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Figure 4. Effect of AASD (with or without heat treatment) on OVA-specific IgE and IgG1 production in serum. According to the manufacturer’s protocol,
1U of the anti-OVA IgE is defined as 1.3ng of the antibody, and 1 U of the anti-OVA IgG1 as 160 ng of the antibody. Results are expressed as mean + SE.
*p<0.05 compared Control, 'p<0.01 compared Control, *p<0.001 compared Control, $p<0.05 compared OVA, "p<0.001 compared OVA, **p<0.001

compared H-AASD, /p<0.05 compared AASD, #p<0.001 compared AASD.
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Figure 5. Effects of AASD (with or without heat treatment) on TLR2 and
TLR4 mRNA (relative to GAPDH mRNA) in RAW264.7 mouse macrophage
cells. RAW264.7 cells were plated at a concentration of 4x 10° cells per
60-mm dish, and AASD with or without heating treatment was added to
cells to give a final concentration of 3 ug/ml. Cells were then incubated
for 1h and 3 h. Results are expressed as mean * SE. *p<0.05 compared to
Control, p<0.001 compared to Control.

mRNA in RAW264.7 cells after 1h and 3h. H-AASD and
AASD caused no change of TLR4 mRNA after 1h. However,
AASD significantly decreased TLR4 mRNA (p<0.001) after
3h compared with the control. In Figure 6 AASD significantly
increased the expression of NALP3 (p<0.001) after 1h and
3h, and in ASC after 3h compared with the control. However,
Caspase-1 exhibited no significant changes (Figure 7A).
H-AASD caused no expression of either mRNA. AASD sig-
nificantly increased the expression of IL-13 mRNA after 1h
and 3h compared with the control (p<0.001) (Figure 7B). In
Figure 8 LPS significantly increased the gene expression of
IL-1p (p<0.001), NALP3 (p<0.05) and caspase-1 (p<0.001)
after 3h compared with the control. ASC tended to increase
compared with the control.

Cytokine secretion from RAW264.7 cells by AASD
To evaluate secretion of pro-inflammatory cytokines from
RAW264.7 cells by AASD treatment, the protein levels of IL-1§3,
IL-6, and IL-18 in the nutrient medium were measured.
Control and H-AASD caused no expression of IL-1f3, IL-6
and IL-18 at any time points (data not shown). AASD signifi-
cantly increased the expressions of IL-1f3 at 24 h (p<0.001),
andinIL-6at12h (p<0.05) and 24h (p<0.01) compared with
0h, but not IL-18 (Figure 9A). LPS significantly increased the
expression of IL-1f3 protein at 12h and 24h (p<0.001), and

in IL-6 at 6h, 12h, and 24h (p<0.001) compared with 0h
(Figure 9B). LPS did not induce IL-18 at the all time points
(Figure 8B). It is well known the RAW264.7 cell cannot induce
IL-18 by LPS.

Discussion

Epidemiological studies have shown that ASD events are
associated with respiratory problems, cardiovascular and an
increase in daily mortality in Seoul, Korea (Yoo et al., 2008;
Kwon et al., 2002), and Taipei, Taiwan (Chen et al., 2004;
Chen and Yang, 2005). AASD contained sulfate (SO,*), nitrate
(NO,") derived from air pollutants, and various microbial
materials such as LPS and [3-glucan. In our previous study
we found that the amounts of SO, *;, NO,", LPS, and B-glucan
in ASD collected from surface soils in the Shapotou Desert
located in north central China were 900 pg/g, 500 ug/g, 1.9
EU/mg, and 12.0 pg/mg, respectively (Ichinose et al., 2005).
However, in the present study the amounts of SO,*, NO,", and
[-glucan in AASD were higher than those of ASD (Table 3).
On the other hand, the contents of mineral elements in the
AASD used in this study were almost similar to the ASD used
before (Table 2).

This study demonstrated that H-AASD alone, from which
toxic materials (microbiological materials, SO A etc.) had
been excluded by heating, caused considerably less severe
pathological changes. However, while crude AASD alone
caused bronchitis and alveolitis, and clearly increased
neutrophils along with its relevant chemokines MIP-1a
(Standiford et al., 1995), KC (Akahoshi et al., 1994), and
RANTES (Pan et al., 2000), and Th1 relevant cytokines IL-12
(Hsieh et al., 1993) and IFN-y (Adamthwaite and Cooley,
1994) in WLLE, H-AASD did not have the same effects.
Neutrophilic lung inflammation accompanying these
cytokines and chemokines was induced by LPS (Standiford
etal., 1995) or 3-glucan (1—3)-glucans) (Young et al., 2001).
The IL-6 and IL-1{ by treatment of crude AASD were detected
in the present in vivo and in vitro studies. IL-6 is the myeloid
differentiation factor (MyD88)-dependent cytokine released
from antigen presenting cells (Takeda and Akira 2004). These
pro-inflammatory cytokines are induced by LPS and 3(1—3)-
glucan (Wouters et al., 2002). LPS and 3-glucan contained in
crude AASD may contribute to the production of IL-6 and
IL-1B, and lead to subsequent lung inflammation in vivo.

Crude AASD enhanced allergic airway inflammation and
the proliferation of goblet cells in the airway epithelium
in OVA-stimulated mice, which was evidenced by cellular
profiles of WLLF and histological examination. The exacer-
bated antigen-related airway inflammation with eosinophils
was concomitant with amplified expression of pro-
inflammatory molecules in WLLF as well as the production
of antigen-specific antibodies. The enhancing effects were
more remarkable in the OVA + AASD group than in the OVA
+ H-AASD group. OVA causes a slight proliferation of goblet
cells and an infiltration of eosinophils and lymphocytes in the
airway, which are the pathology correlatives seen in human
asthma. The toxic-released mediators from eosinophils,
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Figure 6. Effects of AASD (with or without heat treatment) on NALP3 and
ASC mRNA (relative to GAPDH mRNA) in RAW264.7 mouse macrophage
cells. RAW264.7 cells were plated at a concentration of 4x10° cells per
60-mm dish, and AASD with or without heating treatment was added to
cells to give a final concentration of 3 ug/ml. Cells were then incubated
for 1h and 3 h. Results are expressed as mean * SE. *p<0.05 compared to
Control, 'p<0.001 compared to Control.

such as platelet-activating factors, reactive oxygen radicals,
leukotrienes, and major basic proteins, play an important
role in inducing bronchial mucosal injury (Gleich, 1990).
Eosinophils also contribute to bronchial smooth muscle cell
death in asthma (Solarewicz-Madejek et al., 2009). The trans-
formation of airway epithelial cells to goblet cells by OVA in
the crude AASD group and the H-AASD group correlated with
the amount of eosinophils introduced into the submucosa
of the airway. Therefore, the injury to airway epithelial cells
along with the proliferation of goblet cells may be induced by
the activated eosinophils.

Eosinophils, Th2 lymphocytes and their released inflam-
matory mediators play a crucial role in human allergic asthma
(Pearlman, 1999). H-AASD and AASD alone showed no
increase of asthma-related mediators in WLLF. However, OVA
+AASD especially caused synergistic increases of eosinophil-
relevant cytokines and chemokines, such as IL-5 (Robinson
et al., 1993; Foster et al., 1996), MCP-1 (Dunzendorfer et al.,
2001), MCP-3 (Nagase et al.,, 1999), Eotaxin (Rothenberg
et al., 1997), and Th2 cytokines IL-13 (D’Andrea et al., 1995)
in WLLE compared with H-AASD, AASD or OVA alone. The
expressions of these cytokines and chemokines in OVA +
AASD were much greater than those in OVA + H-AASD, sug-
gesting that organic substances, such as microbial materi-
als or chemical substances, excluded by heating are at least
partly related to the enhancement of eosinophil recruitment

Airborne Asian sand dust enhances lung eosinophilia 9
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Figure 7. Effects of AASD (with or without heat treatment) on caspase-1
and IL-1f3 mRNA (relative to GAPDH mRNA) in RAW264.7 mouse macro-
phage cells. RAW264.7 cells were plated at a concentration of 4 x 10° cells
per 60-mm dish, and AASD with or without heating treatment was added
to cells to give a final concentration of 3 pg/ml. Cells were then incubated
for 1h and 3 h. Results are expressed as mean + SE. The asterisk indicates
significance at p<0.001 compared to Control.

via these chemical mediators in the alveoli and airway. Thus,
the changes of the biological components in WLLF were
consistent with the pathological changes in the lungs.
Several epidemiologic studies have reported that the levels
of IgG and IgE antibodies related to inhaled allergens increased
significantly both in children and adults with asthma (Soliman
and Rosenstreich, 1986; Rizzo et al., 1993). Allergen-specific
antibodies may contribute to the occurrence of inflammatory
cell accumulation after an allergen challenge via IgE-mediated
degranulation of mast cells (Zweiman, 1993). A chemical
mediator, such as histamine, released from mast cells by
antigen-antibody reactions, induces epithelial permeability,
edematous changes, and allergic inflammation (White, 1990).
The IgE-activated mast cells can produce eosinophil-relevant
cytokines IL-3 and IL-5 (Gordon et al., 1990). On the other
hand, antigen-specific IgG1 antibody contributes to the occur-
rence of antigen-specific eosinophil degradation via FcyRII
on the eosinophil surface (Kaneko et al., 1995). Furthermore,
late asthmatic reactions are associated with IgG antibodies
(Durham et al., 1984). In the present study, an adjuvant effect
of AASD toward the OVA-specific IgE and IgG, production
was detected. IL-4, IL-5, IL-6, IL-10, and IL-13 released from
Th2 lymphocytes are well known to stimulate B cells to lead to
production of these antibodies (Mosmann and Coffman, 1989;
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Figure 9. Cytokines (IL-1f, IL-6, and IL-18) secretion from RAW264.7
mouse macrophage cells by AASD and LPS treatment. For ELISA analy-
sis of cytokine in nutrient medium, RAW264.7 cells were seeded at a
concentration of 1 x 10° cells/ml in 96-well culture plate of 200 pl/well.
Cells were then incubated with 3 pg/ml AASD with or without heat-
ing treatment or 100 ng/ml LPS for 0, 1, 3, 6, 12, and 24 h. Results are
expressed as mean + SE. *p<0.05 compared to 0 h, /p<0.01 compared to
0h, ¥p<0.001 compared to 0 h. ND, not detectable. Control and H-AASD
caused no expression of IL-1f3, IL-6, and IL-18 at any time points (data
not shown).

Kiihn et al., 1991). In the present study, increased expressions
of IL-4, IL-5, and IL-13 were detected in the OVA + AASD
group compared to the OVA + H-AASD group, suggesting that
increases of these cytokines may be related to the adjuvant
activity of OVA-specific IgE and IgG, production, and these
antibodies may play an important role in the aggravation of
allergic inflammation caused by the AASD.

As one of the organic substances excluded by heating, a
large amount of SO,* derived from seawater and the sulfur
oxide (SO,) in air pollutants was contained in the crude AASD
used in the present study. Previous reports have shown that
either ASD or ASD + SO,* enhanced eosinophils recruit-
ment induced by OVA in the alveoli and in the submucosa
of the airway. However, a further increase in eosinophils by
the addition of SO,* was not observed (Hiyoshi et al., 2005).
We concluded that extra sulfate did not contribute to the
increase of eosinophils in the airway and WLLF (Hiyoshi
et al., 2005). Therefore, it seems that sulfate is not involved
in the aggravating effects of lung eosinophilia and allergy
diseases.

On the other hand, LPS is a major constituent of the outer
cell wall of gram-negative bacteria and the predominant
inducer of inflammatory responses to these bacteria (Beutler,
2002; Opal and Gliick, 2003; Knapp et al., 2006). -glucan is a
unique component of the fungal cell wall (Hearn and Sietsma,
1994). The reduced effects of H-AASD on the pathological
changes could be due to the exclusion of the toxic organic
substances by heat treatment. Therefore, it seems that micro-
bial materials adsorbed on AASD contribute to the develop-
ment of bronchitis and alveolitis.
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TLRs that belong to PRRs family have been the mol-
ecules involved in the recognition of pathogen-associated
molecular patterns (PAMP) that lead to inflammatory proc-
ess (Mariathasan and Monack, 2007). TLR2 is a receptor
for zymosan (f-glucan), peptidoglycan of gram-positive
bacteria (Schwandner et al., 1999) and TLR4 is a receptor
for LPS (Beutler, 2002). TLR2-ligands can activate an OVA-
associated Th2-biased immune response, such as the induc-
tion of Th2-associated effecter molecules like IL-13, IL-5,
and OVA-specific IgG, and IgE. TLR2-ligands can have an
effect on the development of Th2-associated diseases such
as experimental asthma (Redecke et al., 2004). The AASD
tested in this study also increased the expression of TLR2
mRNA as well as ASD used in previous study (Ichinose et al.,
2008b). Therefore, microbial materials such as 3-glucan or
peptidoglycan adsorbed onto AASD may contribute to the
enhancement of lung eosinophilia related to allergen via the
activation of TLR2.

MyD88 is a common TLRs adaptor molecule found
to be essential for induction of adaptive Thl immunity
(Medzhitov et al., 1998; Schnare et al., 2001). Kaisho et al.
(2002) have shown that LPS-stimulated MyD88-deficient
(MyD88~'-) denderitic cells (DC) lacked Th1 cell-supporting
ability, but enhance instead Th2 cell-supporting ability and
LPS-stimulated the wild-type (WT) DC augmented Thl
cell-supporting ability. On the other hand, LPS-stimulated
TLR4-deficint (TLR4”-) DC did not enhance either Th1- or
Th2-supporting ability. They suggested that the MyD88-
dependent pathway through TLR4 is predominant over
the MyD88-independent one in wild-type DC, but that the
MyD88-indipendent pathway (like TIRAP/MAL) through
TLR4 can confer on DC the ability to support Th2-immune
responses. It has been reported that OVA exposure in the
presence of high dose LPS fails to induce Th2 cells, but
instead induces both IL-12 production and a Th1 reponse.
However, a low dose of LPS is not sufficient to induce Th1l
cells but is required to induce Th2 inflammation (Eisenbarth
et al., 2008). Although the AASD caused no increase of TLR4
mRNA (Figure 5B) in this in vitro study, the AASD tested
in this study contained small amounts of LPS. From these
reports, we speculate that the low dose LPS signaling through
TLR4 and MyD88-indipendent pathway in macrophages
could be important in the enhancement of OVA-associated
Th2-immune responses by AASD.

IL-18 (family member of IL-1), which is secreted from
antigen presenting cells, enhances both Thl- and Th2-
driven immune responses (Pollock et al., 2003). IL-18 can
induce IL-4 production from T cells in the absence of IL-12
(Yoshimoto et al., 2000). LPS-stimulated MyD88-deficient
(MyD88-"-) Kupffer cells (KC) secrete IL-18 without IL-1{3 and
IL-12 production in caspase-1-dependent (Seki et al., 2001).
Thus, IL-18 has an important role to lead to Th2-immune
responses. In the present in vivo and in vitro studies, how-
ever, the expression of IL-18 was not detected. Therefore,
the Th2-pathway through IL-18 may be not important in the
enhancement of OVA-associated Th2-immune responses by
AASD in this study.

Airborne Asian sand dust enhances lung eosinophilia 11

On the other hand, other PRRs such as NLR could also
be participating in the recognition of PAMP (Mariathasan
and Monack, 2007). NALP3 of NLR family members is a
cytyoplasmic receptor, which is activated by microbial
ligands like peptidoglycan as well as endogenous markers
of cellular damage (for example ATP or uric acid crystals)
(Mariathasan and Monack, 2007; Sutterwala, et al., 2007).
The activated NALP3 interacts with adaptor proteins like
ASC to form NALP3 inflammasome (Pétrilli et al., 2007). The
inflammasome activates caspase-1 (Agostini et al., 2004).
NALP3 inflammasome complex with the active caspase-1
can produce active IL-1f with pro-IL-1{ (Fritz et al., 2006).

NALP3 inflammasome is a crucial element in the adju-
vant effect of aluminium adjuvants (Eisenbarth et al., 2008).
Crystalline silica (standard quartz DQ12 with particle size
less than 5 microns) and amorphous silica also caused adju-
vant effects toward the production of OVA-specific IgE and
IgG, (Mancino and Ovary, 1980; Mancino et al., 1984), as do
aluminium adjuvants. Crystalline silica also activates NALP3
inflammasome (Dostert et al., 2008). Moreover, amorphous
silica aggravated OVA-induced lung eosinophilia (Ichinose
et al., 2008a). Recent research has shown that silica and
asbestos are sensed by NALP3 inflammasome, whose sub-
sequent activation leads to IL-1f3 production (Dostert et al.,
2008).

In this in vitro study, AASD increased the mRNA expres-
sion of NALP3, ASC, and IL-1f3, but not caspase-1. However
it seems that caspase-1 is activated, because increased mRNA
expression of IL-1f3 (Figure 7B) and IL-1f secretion (Figure
9A) were detected by AASD treatment. H-AASD caused no
expression of either mRNA, and no IL-1f3 secretion from
RAW264.7 cells, though the 60% SiO, was contained. This
phenomenon is consistent with the previous in vitro study
in which it was shown that silica induces no expression of
IL-1f in macrophages from WT mice. However, silica acti-
vates NALP3 inflammasome in the LPS-stimulated mac-
rophages, as does aluminium adjuvants (Eisenbarth et al.,
2008), and this leads to subsequent IL-1f3 secretion (Cassel
et al., 2008). Therefore we speculate that NALP3 inflamma-
some in RAW264.7 cells could be activated by LPS adsorbed
on to AASD, and lead to the increased mRNA expression of
IL-1p and IL-1f3 secretion. According to our results, LPS only
can activate NALP3 inflammasome (Figure 8) and induce
subsequent IL-1f3 secretion (Figure 9B).

In this in vivo study, the increased expression of IL-1f in
WLLF was detected by H-AASD and AASD treatment. The
increased expression of IL-13 was much greater in AASD than
in H-AASD. We speculate that the increased expression of
IL-1f in H-AASD could be due to activation of NALP3 inflam-
masome triggered by danger signals like reactive oxygen
species, because the inflammasome activation reportedly is
triggered by reactive oxygen species, which are generated by
a NADPH oxidase upon silica particle phagocytosis (Dostert
et al., 2008). However, the further increase of IL-1f3 in AASD
could be due to activation of NALP3 inflammasome triggered
by pathogen-associated molecules like LPS or peptidoglycan
adsorbed on to AASD together with reactive oxygen species.
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The increased IL-1f production by AASD may leads to sub-
sequent inflammatory response as shown by significant
increase in neutrophilis (Figure 3).

The IL-18 but not IL-1a, also is required for antigen-
specific T-cell activation and the induction of local inflamma-
tion in the delayed-type hypersensitivity responses (Nambu
et al., 2006). In the present study, therefore IL-1f3 produced
by AASD under the OVA existence activates Th2 cell, may lead
to allergic inflammation along with Th2 relevant cytokines
IL-5, IL-4, and IL-13 production, and subsequent IgE and
IgG, production.

The microbial materials and silica contained in AASD are
important in aggravating lung eosinophilia. However, our
findings obtained in the present in vivo and in vitro study
were not enough to explain the aggravating mechanism in
lung eosinophilia by AASD. Recently, we separated eight
kinds of microorganisms (bacillus and mold) from AASD.
In future work, experimental studies to clarify whether
these microbial materials adsorbed on to AASD actually
enhances an OVA-associated Th2-immune response via
TLRs, whether low dose LPS signaling through TLR4 and
MyD88-indipendent pathway in macrophages is actually
associated with the enhancement of OVA-induced Th2-
immune responses by AASD, and whether the activation
of NALP3 inflammasome by microbial materials separated
from AASD causes and then leads to enhancement of Th2-
immune response, are in order. To confirm the aggravating
mechanism, it is also necessary to conduct studies on the
comparative effects of AASD or microorganisms on TLR2-,
TLR4-, MyD88-, ASC-, NALP3-, caspase-1-deficient mice
and their WT mice.

Conclusions

This study demonstrates the aggravating effect of airborne
ASD on antigen-induced lung eosinophilia. The activations
of TLR2 and NALP3 inflammasome by AASD could be par-
ticipating in this phenomenon. The airborne ASD contains
biogenic particles such as bacteria, fungi, virus, pollen, cell
debris, etc., and transports long distances together with
mineral particles like silica. Camels living in Gansu Province
(northwestern China) for 20 years showed silicosis in their
lungs. Also, residents living in an area of high wind-sand
incidence reportedly exhibited silicotic changes in their
chest radiographs (Xu et al., 1993). Desert-dust exposure
to 0.3156mg/m?® for 6h or 0.6845mg/m?® for 4h caused
neutrophilic lung inflammation and injury in pulmonary
hypertensive rats (Lei et al., 2004). These reports indicate
that desert-dust clearly reaches human or animal lungs.
The hazardous effects of bioaerosols (biogenic particles)
and mineral dust on human respiratory disease are also
becoming a public concern. Atmospheric exposure to fungi,
bacteria, and silica-carrying particulate matters may affect
human health directly through allergic induction of respira-
tory stress. The experimental findings in the present study
may serve as a warning about the ill effects of airborne sand
dust on the human respiratory system.
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