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Abstract

Ambient particulate matter (PM) from air pollution is associated with exacerbation of asthma. The

immunological basis for the adjuvant effects of PM is still not well understood. The generation of

reactive oxygen species (ROS) and the resulting oxidative stress has been identified as one of the

major mechanisms. Using a new intranasal sensitization model in which ambient PM is used as an

adjuvant to enhance allergic inflammation (Li et al., Environ. Health Perspect. 2009, 117,

1116-1123), a proteomics approach was applied to study the adjuvant effects of ambient PM. The

enhanced in vivo adjuvant effect of ultrafine particles (UFP) correlates with a higher in vitro
oxidant potential and a higher content of redox-cycling organic chemicals. Bronchoalveolar lavage

fluid proteins from normal and sensitized mice were resolved by two-dimensional gel

electrophoresis, and identified by mass spectrometry. Polymeric immunoglobulin receptor,

complement C3, neutrophil gelatinase-associated lipocalin, chitinase-3-like protein 3, chitinase-3-

like protein 4, and acidic mammalian chitinase demonstrated significantly enhanced up-regulation

by UFP with a polycyclic aromatic hydrocarbon (PAH) content and a higher oxidant potential.

These proteins may be the important specific elements targeted by PM in air pollution through the

ability to generate ROS in the immune system, and may be involved in allergen sensitization and

asthma pathogenesis.
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1 Introduction

Vehicular traffic and combustion result in increased cardiorespiratory morbidity and

mortality. Epidemiological studies have demonstrated a statistical association between air

pollutants and outcome of asthma [1]. Asthma is a chronic inflammatory disease of the

airways that involves antigen-presenting cells, Th2 lymphocytes, IgE-producing plasma

cells, mast cells, eosinophils, mucus-secreting goblet cells, smooth muscle and endothelial

cells. Ambient particulate matter (PM) has been demonstrated in both animal and human

studies as an adjuvant that promotes sensitization to common environmental allergens [2-8].

A number of biological mechanisms have been proposed to explain PM-induced adverse

health effects [9], including cytokine release, inflammation, endotoxin-mediated damage,

free radical production, oxidative stress, stimulation of capsaicin receptors, altered

autonomic nervous system activity, and the covalent modification of important cellular

biomolecules. Thus, the exact mechanisms with which PM causes adverse health effects are

complex and are not completely understood.

Perhaps among the best characterized variable is the effect of PM on airway inflammation

and the generation of reactive oxygen species (ROS) [10]. We have previously demonstrated

that excessive ROS production could lead to oxidative stress that activates a number of

redox-sensitive signaling cascades [11-14]. This may include the generation of oxidative

stress by organic chemicals, leading to the expression of specific cellular elements involved

in the immune system and the skewing of immune response towards Th2 differentiation [15,

16].

Recently, we attempted to conduct a proteomic profiling of bronchoalveolar lavage fluid

(BALF) and lung tissue from the classical OVA-sensitization murine asthma model [17].

Using two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) and liquid

chromatography-tandem mass spectrometry (LC-MS/MS), we demonstrated that the protein

levels of chitinase 3-like protein 3 (Ym1), chitinase 3-like protein 4 (Ym2), pulmonary

surfactant-associated protein D (SP-D), and resistin-like molecule α or “found in

inflammatory 1” (FIZZ1) are increased in response to OVA/alum sensitization and are

subtracted by the thiol antioxidant, N-acetylcysteine (NAC), strongly suggesting that these

proteins may be considered as the potential oxidative stress markers that can be used to

follow the role of oxidant injury in asthma [17].

As a continuation of this work, we asked the question whether there is a specific and unique

proteome profile that is associated with the adjuvant effect of pro-oxidative PM on allergic

sensitization. In the present study, we used a highly sensitive murine intranasal sensitization

model to determine if the adjuvant effect of an ambient UFP collection, which has been

shown to have strong oxidant potential by our previous report [18], could lead to a modified

proteome profile in the BALF. There are two major differences between this model and the

classical OVA sensitization model previously described by us: (a) ambient pro-oxidative

UFP was used as an adjuvant for OVA sensitization, instead of alum and (b) intranasal

instillation was used for UFP and OVA exposure instead of intraperitoneal injection [17,

18].

We hypothesize that intranasal exposure to an extremely low dose of ambient pro-oxidative

UFP, together with a low dose of allergen OVA is sufficient to change the proteome profile

in the BALF and this alteration may be used to develop biomarkers for screening the

adjuvant effect of pro-oxidative PM. We show that intranasal exposure to a precise amount

of ambient PM was able to promote a Th2 immune response characterized by enhanced
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allergic airway inflammation and that the adjuvant effect of UFP was closely correlated to a

significant change in the proteome profile in BALF.

2 Materials and methods

2.1 Animal treatment and sample collection

Six- to eight-week old female BALB/c mice were obtained from Charles River Laboratories

(Hollister, CA, USA). Mice were housed under standard laboratory conditions and

maintained on autoclaved food and acidified water. Endotoxin-free OVA and ultrafine

particles (<0.15 μm), collected in downtown Los Angeles [19] were used as the allergen and

adjuvant (Figure 1). All animal procedures were approved by the UCLA Animal Research

Committee and were performed as described previously [18]. Mice were sacrificed by

intraperitoneal injection of pentobarbital. Bronchoalveolar lavage (BAL) and differential

BAL cell counts were performed as previously described [20]. The BALF supernatants were

kept at -80°C. The left lung was kept in liquid nitrogen, and the right lung was stored in 4%

formaldehyde (Sigma-Aldrich, St. Louis, MO USA).

2.2 Sample preparation for 2D-PAGE analysis

Aliquots of BALF supernatants corresponding to 6 mice in each group were pooled and

precipitated with 75% ethanol and incubated overnight at -20°C. After washing with cold

75% ethanol, the pellet was dried at room temperature and resuspended in rehydration buffer

(7 M urea, 2 M thiourea, 50 mM DTT, 4% CHAPS, 5% glycerol, 10% isopropanol, 1%

ampholytes). Protein concentrations were quantified using a modified Bradford protein

assay procedure [21].

2.3 2D-Gel electrophoresis

All chemicals used for 2D gel electrophoresis were of electrophoresis grade. BALF protein

(100 μg) of each pooled group was dissolved in 300 μL rehydration buffer and applied to

17-cm pH 3-10 immobilized IPG strips (Bio-Rad, Hercules, CA USA). IPG strips were

active rehydrated for 14 hr at 50 V (22°C) in the Protean IEF Cell (Bio-Rad) and then

subjected to isoelectric focusing (linear ramp to 100 V in 2 hr, linear ramp to 250 V in 2 hr,

linear ramp to 4000 V in 5 hr, hold at 4000 V for 23000 vh and hold at 8000 V for 50000

vh). After isoelectric focusing, the IPG strips were equilibrated at room temperature for 20

min in SDS-equilibration buffer (0.375 mM Tris/HCl pH 8.8, 6 M urea, 20% (v/v) glycerol,

2% (w/v) SDS) supplemented with 2% DTT and for another 20 min with the same buffer

supplemented with 2.5% iodoacetamide. After equilibration, the IEF strips were applied to

8-16% SDS-PAGE gels (Protean II ready gel, Jule, Inc., Milford, CT USA). Electrophoresis

was carried out at 200 V for 2 hr and followed by 300 V for 3 hr. Gels were stained using

Sypro Ruby (Invitrogen, Carlsbad, CA USA). For gel-image analysis, gels were scanned at

high resolution with an FX Molecular Imager FX (Bio-Rad). PDQuest software version 7.2

(Bio-Rad) was used for protein spots analysis. Spots showing a greater than 1.8-fold change

in intensity were selected for mass spectrometry analysis.

2.4 Protein identification by liquid chromatography-tandem mass spectrometry (LC-MS/
MS)

Protein spots were excised from the Sypro Ruby-stained gel gels by the ProteomeWorks

spot cutter (Bio-Rad). The in-gel trypsin digestion and peptide extraction was accomplished

manually using standard protocols [17]. The resulting tryptic peptides were identified by

using an LC-quadrupole time-of-flight (QTOF) system (Dionex/LC Packings nano-LC and

Applied Biosystems/Sciex QSTAR Pulsar XL mass spectrometer). Mascot search program

(Matrix Science, London, UK) was used to search the MS/MS spectra against the Swiss-Prot
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murine protein sequence database. For searching the sequence database, the following

variable modifications were set: carbamidomethylation of cysteines, oxidization of

methionines, conversion of N-terminal glutamate and aspartate to pyro-Glu, and cyclization

of N-terminal cysteine. One missed tryptic cleavage was tolerated and the peptide and MS/

MS mass tolerance was set as ±0.3 Da. Positive protein identification was based on standard

Mascot criteria for statistical analysis of the MS/MS data. A -10Log (P) score, where P is

the probability that the observed match is a random event, of 72 was regarded as significant.

2.5 Western blot analysis

Pooled BAL fluid from each group was precipitated with 75% ethanol overnight at -20°C.

After washing with cold 75% ethanol, protein was dissolved in 7 M urea containing protease

inhibitors and subjected to protein quantification. Lungs from different mice were sonicated

in 7 M urea, containing protease inhibitors in ice bath for 10 sec × 3 times and were

subsequently centrifuged at 13,000g for 15 min at 4°C. After protein quantification,

supernatants in the same group were pooled and stored at −80°C. BAL fluid protein (20 μg)

or lung protein (50 μg) from pooled sample was electrophoresed on 10-20% SDS

polyacrylamide gels before transfer to PVDF membranes. Horseradish peroxidase-

conjugated secondary antibodies (GE Healthcare/Amersham Biosciences, Uppsala, Sweden)

were used followed by ECL reaction to develop the blots according to the manufacturer’s

instructions. Primary antibodies were used to detect the expression of the following proteins:

Ym1/Ym2 (Dr. Shioko Kimura, National Cancer Institute, Bethesda, MD, USA), γ-actin

(Sigma-Aldrich), SP-D (Chemicon International, Temecula, CA, USA), FIZZ1 (Alpha

Diagnostic International, Inc. San Antonio, TX, USA), Complement C3 (Cedarlane

Laboratories Lt., Burlington, Ontario, Canada), PIGR (R&D System, Inc., Minneapolis,

MN, USA), NGAL (Abcam Inc., Cambridge, MA, USA), and AMCase (Santa Cruz

Biotechnology, Inc., Santa Cruz, CA, USA). Band intensities from film were analyzed by

IMAGEQUANT 5.2 software (Molecular Dynamics, Sunnyvale, CA, USA).

2.6 Real-time PCR

Total RNA was isolated from lung tissue using the RNeasy kit (Qiagen, Valencia, CA

USA). Reverse transcription was carried out with the iScript cDNA Synthesis kit (BioRad)

for RT-PCR. One μg RNA from each sample was used for the 20 μL cDNA reaction. For

real-time PCR, a Bio-Rad iQ™ SYBR® Green Supermix and a myiQ™ machine were used.

The PCR primer sets used were:

FIZZ1: 5’-AGGAACTTCTTGCCAATCCA-3’ and 5’-

CAGTAGCAGTCATCCCAGCA-3’

PIGR: 5’-AGCCCCATATTTGGTCCCCAGGAGG-3’ and 5’-

TCCAGGCTGACATCGAAGGACAGGC-3’

Complement C3: 5’-CTGCTGTTGGCCAGCTCCCCATTAG-3’ and 5’-

CCCCGAAGTTTGCCACCACTGTCAC-3’

NGAL: 5’-TGGCCCTGAGTGTCATGTGTCYGGG-3’ and 5’-

TGGTCCCTGACCAGGATGGAGGTGA-3’

Ym1/Ym2: 5’-CATGAGCAAGACTTGCGTGACTATGAAGCA-3’ and 5’-

TGTGGAAGTGAGTAGCAGCCTTGGAATGTC-3’, 5’-

GTAGCAGCCTTGGAATGTGGTTCAAAGTG-3’

SPD: 5’-CCAACAGAGAATGGCCTGCCTGGTC-3’

AMCase: 5’-TGCGTGAAGCTTTTGAGCAGGAGGC-3’ and 5’-

CAGCTGGGGCTCCATTGTTCTTCCA-3’
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Samples and reference (actin) were run in triplicate and the standard curves were duplicated

on the 96-well PCR plate. PCR data was analyzed using the Pfaffl method [22, 23].

2.7 Histological staining

Lung tissue sections were immunohistochemically stained with antibodies against FIZZ1

and Ym1/2. Unstained hydrated paraffin sections were incubated with a blocking solution

(Vectastain ABC-AP kit, Vector Laboratories, Burlingame, CA USA) following the

manufacturer’s instruction. The sections were then incubated with the antibodies followed

by treatment with a secondary antibody. Some tissue sections were incubated without the

secondary antibody to check for nonspecific binding. Immunoreactive proteins were

microscopically detected after treatment with Vectastain ABC-AP complex followed by

Vector Red AP substrate solution.

2.8 Statistical analysis

Data were expressed as the mean ± SME and analyzed by Student’s t-test. All differences of

p < 0.05 were considered significant and showed as *. A p < 0.01 is represented as **.

3 Results

3.1 Adjuvant effect of ambient UFP

The ambient UFP (collected in Los Angeles) was used in the OVA intranasal instillation

model. The mice received saline (Group 1), OVA (10 μg; Group 2) or OVA (10 μg) plus

UFP (0.5 μg) (Group 3) for allergic sensitization (Figure 1). BAL analysis showed that UFP

is effective in enhancing OVA sensitization. Compared to saline and OVA alone, UFP plus

OVA induced a statistically significant increase in the BAL eosinophils (Figure 2A),

oxidant-sensitive cells considered relevant in allergic inflammation. Consistent with allergic

inflammation, the levels of OVA-specific IgG1 and IgE in the serum were also significantly

increased (Figures 2B and 2C). These immunoglobulin classes reflect Th2 immunity. Taken

together, these data suggest that ambient UFP can acts as an adjuvant to promote Th2

polarization and to enhance allergic sensitization.

3.2 Two-dimensional gel electrophoresis and mass spectrometry reveal significant
proteome profile changes

Proteome profiles of BALF displayed by two-dimensional PAGE were measured in

duplicate, and yielded >400 individual protein spots for each gel (Figure 3). Protein spots of

the control (Group 1; average number of spots, 449), OVA (Group 2; average number of

spots, 656) and OVA plus UFP (Group 3; average number of spots, 406) were matched, and

their intensities were compared.

BALF proteins from mice exposed to OVA (Group 2) showed significant changes in

intensity compared to those of the control group. Moreover, there were markedly greater

changes in the spot patterns found for the UFP/OVA group (Group 3) compared to those

found for the OVA-alone group. Differential protein expression analysis showed a total of

27 gel spots with a significant increase in intensity and 3 gel spots with a significant

decrease in intensity for Group 3 compared to the control group (Group 1). These 30 protein

spots are marked in Figure 3. After washing, trypsin digestion, and extraction, the proteins

from the individual spots were identified by LC-MS/MS and sequence database searching.

From these 30 protein gel spots, 16 unique proteins were identified (Table 1). Many of the

protein spots represent the same family of proteins or gene products with multiple potential

modifications. Among the unique proteins, 7 proteins exhibited a statistically significant

increase in intensity (approximately >4 fold) for Group 3 compared with the control group

animals. These proteins include polymeric immunoglobulin receptor (PIGR), chitinase 3-
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like protein 4 (Ym2), chitinase 3-like protein 3 (Ym1), neutrophil gelatinase-associate

lipocalin (NGAL), complement C3, acidic mammalian chitinase (AMCase), and pulmonary

surfactant-associated protein D.

3.3 RT-PCR, immunoblotting analysis, and histology confirm adjuvant effect of UFP

To examine the fidelity of these increased proteins and to confirm the 2D-PAGE

measurements and analysis, Western blotting and real-time PCR were performed for those

proteins that exhibited significant changes in intensity on the 2D-gels. To confirm equal

loading of the protein on western blots, anti-β-actin antibody was used. Primers for β-actin

were used for normalization in real-time RT-PCR experiments.

PIGR—Secretary immunoglobulin (SIgA, and to a lesser extent, SIgM) is the first line of

specific immunological defense against environmental antigens. Epithelial transcytosis of

pIgA is mediated by pIgR, a key component of the mucosal immune system. Regulation of

PIGR expression in mucous membranes involve complex interactions among host,

microbial, and environmental-derived factors such as cytokine, hormones, dietary and

microbial factors. Both western blot analysis (Figure 4B, left panel) and real time PCR

(Figure 4C) of lung tissue from OVA challenged mice exhibited significantly enhanced

expression of PIGR compared to the control group; this up-regulation is even more

significant in the UFP plus OVA group. These results indicate that, in an allergic

inflammation condition, expression of PIGR is up-regulated at the transcriptional and

translational level and the UFP exerted its effect on the transcription and translation of

PIGR. However, the level of secretary component (SC) of PIGR in the OVA plus UFP

group did not exhibit a more significantly increase compared with OVA alone as showed by

2D gel electrophoresis (Figure 4A) and western blot analysis (Figure 4B, right panel) of

BALF. Transcription and translation of the PIGR gene is clearly an important determinant of

the regulation, but post-translational mechanisms are also involved. The secretary

component is a proteolytic fragment of the integral membrane protein PIGR. Compared to

the membrane form of PIGR from the lungs, the SC of PIGR in lungs and BALF are

produced by multiple post-translational steps such as glycosylation, binding of ligands to

PIGR, cleavage of PIGR to SC and subcellular localization. From our results, UFP may not

have influenced such post-translational steps.

AMCase—Acidic mammalian chitinase is known to be expressed during Th2-mediated

inflammation. AMCase is a member of the glycosyl hydrolase 18 family and has structural

similarity with other family members, including the lectins Ym1 and Ym2, cartilage

glycoprotein-39 and chitotriosidase. Compared to the control group, 2D-PAGE, western

blotting analysis and real-time PCR all showed a significantly increased expression of

AMCase in lung tissue and BALF from OVA and UFP/OVA challenged animals (Figure 5).

In addition, AMCase levels are significantly higher in UFP/OVA-exposed mice than in

OVA-alone mice.

Complement C3—Complement C3 plays a central role in the activation of the

complement system. C3 is an acute-phase reactant; an increase in C3 synthesis is induced

during acute inflammation [24]. After translation, it is processed and cleaved into 10 chains.

Using monoclonal anti-C3 antibodies, we detected 5 C3 protein bands on the western blot

for mouse BALF (Figure 6B). 2D-gel profiles, real-time PCR and western blot analysis

clearly showed that C3 expression level in lung and BALF is significantly increased in the

OVA and OVA plus UFP group compared to the control group. Furthermore, the expression

level increased more significantly in OVA plus UFP than in OVA alone (Figure 6).
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NGAL—Neutrophil gelatinase–associated lipocalin is expressed and secreted by immune

cells. NGAL is well known for its function as a shuttle for iron and siderophores. Elevated

tissue NGAL expression has been documented under diverse infectious and inflammatory

conditions such as inflammatory bowel disease, appendicitis, diverticulitis, and urinary tract

infections [25]. However, there is no previous report about its increased expression under

asthma conditions. Compared to the control group, the OVA and OVA plus UFP groups

showed increased expression level of NGAL (Figure 7). Moreover, the OVA plus UFP

group showed a more significant increase compared to Group 2 (OVA alone).

Chitinase-like Proteins—Ym1/Ym2 is involved in allergic inflammation through the

IL-4/STAT 6 signal transduction pathway [26]. Figure 8 shows the differential expression of

chitinase-3-like protein 3 (Ym1) and chitinase-3-like protein 4 (Ym2). Both 2D-gel analysis

and western blotting demonstrated a significantly increased level of Ym1/Ym2 in OVA-

challenged mice. Introduction of UFP highly enhanced expression of Ym1/Ym2 compared

to OVA alone. As showed by Figure 8, Panel C and D, Moreover, the mRNA level of Ym1

and Ym2 significantly increased 35 and 584 fold, respectively (Figure 8C and 8D). The

level of Ym2 was higher than that of Ym1.

Pulmonary Surfactant-associated Protein D—SPD is known to play an important

role in the innate immunity of mucosal surfaces, especially in lungs, protecting against

inhaled microorganisms and allergen challenges. It is important in regulating allergic

responses [27]. In our allergic sensitization model, expression of SP-D appears to be

stimulated by OVA. However, OVA plus UFP treatment did not show a more significant

stimulation at both translational and transcriptional level compared to OVA alone (Figure 9).

Ym1/2 and FIZZ1 have been reported by us previously to be potential marker proteins for

OVA-induced allergic airway disease [17]. In our new intranasal sensitization model, the

extent of the allergic sensitization was determined by lung histology similarly. In UFP-

exposed mice, there was a markedly greater mucous cell metaplasia in the surface

epithelium lining the conducting airways compared to those in the control or OVA-alone

groups (Figure 10, AB/PAS staining). The mucosa changes were accompanied by

immunohistological evidence of over expression of Ym1/2 and FIZZ1 (Figure 10, Ym1/2,

FIZZ staining).

4 Discussion

In our recent paper, a murine intranasal sensitization model was able to demonstrate the

adjuvant effect of ambient pro-oxidative UFP on OVA sensitization and to correlate this

effect to the particles’ organic chemical content and oxidant potential [18]. Both abiotic and

biotic assays were performed to determine if the observed adjuvant effect of UFP is

correlated with the oxidative stress potential of the UFP and thereby produces ROS. The

polycyclic aromatic hydrocarbon (PAH) content of UFP is correlated with their ability to

induce DTT consumption and heme oxygenase-1 (HO-1) expression, an oxidative stress

marker induced by PM [10, 19]. The adjuvant effects of ambient UFP are determined by

their oxidant potential and could be partially blocked by thiol antioxidant NAC

administration; carbon black particles do not exert an adjuvant effect because of lack of

redox-cycling compounds. All of these results suggested that organic chemical compounds

detected in UFP, such as oxy-PAHs and quinones, known to be ROS generators, have the

ability to promote oxidative stress effects in the lung. These in vivo adjuvant effects

correlate with the ROS production by redox-cycling organic chemicals [18].

In the present study, we used the same allergic sensitization protocol as well as the same

collection of ambient UFP to show that the adjuvant effect of UFP are reflected in an altered
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proteome profile of BAL fluid from mice sensitized with UFP [18]. Using 2D-PAGE, we

demonstrated that the allergic sensitization by UFP leads to changes in intensity for 30

protein spots, representing 16 unique proteins. Among them, 7 proteins showed significant

up-regulation in lung and/or in BALF. These proteins were further confirmed by

immunoblotting and RT-PCR.

The ambient UFP used for this study has been well characterized, as described in our

previous report [18]. These UFPs (as UF#1 in [18]) have stronger intrinsic oxidant potential

and greater ability to induce oxidative stress compared to the larger PM collected at the

same time. Consistent with previously published reports, intranasal instillation of these

ambient UFP during OVA sensitization significantly increased BAL eosinophil count and

OVA-specific Ab (OVA-IgG1 and IgE) production, both of which are the hallmark features

of allergic airway inflammation and Th2 immune response (Figure 2). Eosinophils are

important mediators of allergic airway inflammation including asthma [28]. Increased

eosinophil count has been found to be associated with asthma disease severity. Eosinophils

are a rich source of cytotoxic proteins, lipid mediators, ROS and pro-inflammatory Th2

cytokines and chemokines including IL-5, IL-4, IL-6, TNF-α, IL-8, and MIP-1α [28]. Its

major basic protein (MBP) and cationic protein stimulate the release of histamine from

basophils and mast cells, which is one of the major causes of airway hyperreactivity (AHR)

during asthma.

Chitinases such as Ym1/Ym2 and AMCase showed a significant increase in their expression

by UFP introduction. The role of AMCase in allergic airway inflammation in the BALF has

been suggested by Zhu et al. [29], showing that AMCase is induced via a Th2-specific,

IL-13-mediated pathway and expressed in exaggerated quantities in human asthma. AMCase

may be a mediator of IL-13-induced responses in Th2-dominated disorders such as asthma.

Recently, it has been demonstrated that inhibition of AMCase expression by RNA

interference could significantly inhibit eosinophilic inflammation, OVA-specific IgE

production, and AHR in the classical murine asthma model [30]. Ym1 and Ym2 synthesized

by activated macrophages are homologous to chitinase and have chitinase activity [31, 32].

Ym1 is a highly induced IL-4 and IL-13 target gene in multiple macrophage populations.

The multiple signal transducers and activators of transcription 6 (STAT6) response elements

in the Ym1 promoter function in a combinatorial manner to mediate transcriptional

responses to IL-4 [26]. Deletion of STAT6 [33] or the blockade of both IL-4 and IL-13

activity [34, 35] has been observed to prevent eosinophil accumulation and airway hyper-

reactivity in murine models of allergy. Chitinases may have a direct protective role against

allergens, but also may function to amplify inflammatory responses against chitin or other

allergens [36].

Proteins involved in the immune system, PIGR and C3 complement, also demonstrated

significant increase after UFP introduction. PIGR plays a major role in reacting with

antigens over the huge area of mucosal surfaces that comprise the digestive, respiratory and

urinogenital tracts [37, 38]. Analysis of regulatory regions within and flanking the human

PIGR gene has identified several transcription factor-binding sites that mediate

transcriptional responses to pro-inflammatory cytokines such as IFN-γ, TNF, IL-1, and IL-4.

It has been shown that an IL-4-inducible STAT6 site is located in intron 1 of the human

PIGR gene [39]. Moreover, IL-4 by itself and in cooperation with IFN-γ has been shown to

up-regulate PIGR mRNA and protein levels in human intestinal and respiratory epithelial

cell lines [40]. As for C3 complement, it has been shown that complement C3-deficient mice

have reduced inflammation of asthmatic airways [41, 42]. The C3 gene is a large gene

consisting of 41 exons, and contains hundreds of SNPs; Inoue et al. suggested that an SNP

located in intron 31 of the C3 gene is associated with adult bronchial asthma [43]. Compared

with wild-type mice, C3-deficient mice also exhibited diminished airway
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hyperresponsiveness and lung eosinophilia when challenged with an allergen [44]. They also

showed decreased numbers of IL-4-producing lung cells and decreased serum-antigen-

specific immunoglobulin E (IgE) levels. The complement system also plays an important

role in mediating tissue injury after oxidative stress. It was reported that the lectin

complement pathway mediates complement activation after tissue oxidative stress [45].

Nrf2-knockout mice are prone to develop C3 deposition in their kidneys, livers, hearts, and

brains [46]. Nrf2 is a transcriptional activator essential for the coordinate transcriptional

induction of antioxidant enzymes, suggesting that nrf2 is one of the genes regulating C3

expression under oxidative stress.

Taken together, all of the above proteins are reported to be involved in certain immune

response signaling pathways, such as IL13, IFNγ, IL12 and IL4. Their expression clearly

showed correlation with UFP induction. Further study on the regulation of these proteins’

expression will provide the immunological basis for PM adjuvant effects.

Also in our studies, NGAL was found with enhanced mRNA and protein levels in lung and

BALF of OVA-challenged mice, with the OVA/UFP treatment inducing more significant

increases compared OVA alone. NGAL is expressed and secreted by immune cells,

hepatocytes, and rental tubular cells in various pathologic states. NGAL was first isolated as

a 25 kDa glycoprotein covalently bound with matrix metalloproteinase-9 (MMP-9) in

human neutrophils [47]. An absence of MMP-2, -8, and -9 activity is associated with altered

lung inflammation during allergic sensitization. TIMP-1 KO mice, an inhibitor of MMPs,

developed an asthma phenotype with enhanced Th2 cytokine mRNA and protein expression

[48]. It was also reported that NGAL expression was induced under oxidative stress

conditions and acted as a protective factor against H2O2 toxicity. Up-regulation of NGAL

expression after H2O2 treatment was canceled by the addition of anti-oxidants,

dimethylsulfoxide, or cysteamine [49, 50]. Although there is no previous report of a direct

correlation between NGAL and asthma, our results suggests that NGAL may play a role in

modulating allergic inflammation in lung via interaction with MMP-9 and TIMP-1. NGAL

may potentially amend the toxicity induced by UFP and could be a useful biomarker to

identify oxidative stress in the respiratory track.

5 Concluding remarks

Our knowledge about mechanisms underlying the pathogenesis of asthma is still limited.

The present study investigated alterations in global protein expressions in bronchoalveolar

lavage fluid in allergic airway inflammation induced by ambient PM as an adjuvant for

sensitization to OVA using a proteomics approach. Because we have shown previously that

asthma (in a mouse model) involves oxidative stress and we have also shown that ambient

UFP mediates its effect via ROS generation [10, 18], it is logical to hypothesize that the

BAL proteome using UFP as adjuvant should reveal oxidative stress proteins. Thus we

attempted to compare its protein profile to the profile measured from the standard asthma

model with alum. Seven proteins were significantly altered, including surfactant protein-D,

polymeric immunoglobulin receptor, complement C3, neutrophil gelatinase-associated

lipocalin and a family of chitinases, including chitinase-3-like protein 3, chitinase-3-like

protein 4, and acidic mammalian chitinase. Among them, Ym1, Ym2, acidic mammalian

chitinase, PIGR, complement C3 and NGAL demonstrated significantly enhanced up-

regulation by UFP with a polycyclic aromatic hydrocarbon (PAH) content and a higher

oxidant potential. We demonstrated for the first time that the expression of NGAL is

associated with allergic airway inflammation. The proteins identified in this study

potentially should be useful for studying the mechanisms of the adjuvant effect of ambient

PM on allergic sensitization related to air pollution. Thus, we suggest that proteomic
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profiling of BALF may be used as an effective approach to screen the adjuvant effect of pro-

oxidative PM.
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AMCase acidic mammalian chitinase

PAH polycyclic aromatic hydrocarbon

SP-D pulmonary surfactant-associated protein D

FIZZ1 found in inflammatory 1

QTOF quadrupole time-of-flight
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Figure 1.
Outline of protocol for the murine intranasal sensitization model. Endotoxin-free OVA and

PM (UFP) were used to sensitize the animals (6 mice/group) for demonstration of the

adjuvant effect of ambient UFP. On day 1, mice from the PM exposure group received 0.5

μg PM suspension intranasally. On day 2, endotoxin-free OVA (10 μg) was used together

with PM (UFP) (0.5 μg) to sensitize the PM exposure group by intranasal instillation, which

was repeated on days 4, 7 and 9. The OVA and control groups only received OVA and

saline. All animals in the PM and OVA groups were subsequently challenged with 1% OVA

aerosol on day 21 and 22.
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Figure 2.
The adjuvant effect of UFP on OVA-induced allergic sensitization. BAL collections and

differential BAL cell counts were performed as previously described [19]. Serum OVA-

specific IgG1 and IgE were measured by ELISA. (A) Ambient UFP increased OVA-induced

allergic inflammation in the lung. (B) Enhanced OVA-IgE production by 0.5 μg UFP

instillation. (C) Enhanced OVA-IgG1 production by 0.5 μg UFP instillation. *p < 0.05

compared to control; #p < 0.05 compared to OVA alone.
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Figure 3.
Two-dimensional gel electrophoresis profile of murine BAL fluid. Aliquots of BALF

supernatants corresponding to 6 mice in each group were pooled and precipitated with 75%

ethanol. BALF protein (100 μg) was isoelectric focused on 17-cm IPG (pH 3-10) strips

followed by 8-10% SDS-PAGE. After Sypro-Ruby staining, intensity of the spots was

determined by PDQuest software (Bio-Rad). Proteins with enhanced or decreased

expression levels in the presence of OVA plus UF compare to OVA alone were selected and

identified by LC-MS/MS. Those proteins are numbered and their identities disclosed in

Table 1.
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Figure 4.
Differential expression of polymeric immunoglobulin receptor (PIGR). (A) Two-

dimensional gel electrophoresis profile of PIGR. BAL fluid protein (100 μg) was separated

on 17-cm IPG (pH 3-10) strips, followed by 8–16% SDS-PAGE. Proteins were stained with

Sypro-Ruby. LC–MS/MS identified PIGR were labeled. (B) Western blot analysis of PIGR

level in the lung (left panel) and in the BALF (right panel). Lung tissue protein (50 μg) and

BALF protein (20 μg) from three different groups were electrophoresed on 8-16% SDS

polyacrylamide gels before transfer to nitrocellulose membranes. Goat anti-mouse PIGR

polyclonal antibody was used at 0.1 μg/mL. (C) Real-time RT-PCR analysis. Samples were

run in triplicate and the standard curves were duplicated on a single 96-well PCR plate. PCR

data was analyzed using the Pfaffl method. **p<0.01.
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Figure 5.
Differential expression of acidic mammalian chitinase (AMCase). (A) Two-dimensional gel

electrophoresis profile of AMCase. AMCase spots are labeled. (B) Western blot analysis of

AMCase level in the BALF. Polyclonal goat anti-mouse AMC antibody was used at 1:1000.

(C) Real-time RT-PCR. **p<0.01.
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Figure 6.
Complement C3 profiling. (A) Two-dimensional gel electrophoresis profile of Complement

C3. (B) Western blot analysis of Complement C3 level in the BALF. Anti-mouse

complement component C3 monoclonal antibody was used at 1:1000. (C) Real-time RT-

PCR. *p<0.05; **p<0.01.
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Figure 7.
Polymeric Neutrophil gelatinase-associated lipocalin (NGAL) profiling. (A) Two-

dimensional gel electrophoresis profile of NGAL. (B) Western blot analysis of NGAL level

in the lung (left panel) and in the BALF (right panel). Polyclonal rabbit antibody to NGAL

was used at 1 μg/μl. (C) Real-time RT-PCR. *p<0.05; **p<0.01.

Kang et al. Page 20

Proteomics. Author manuscript; available in PMC 2011 February 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 8.
Ym1 and Ym2 proteome profiling. (A) Two-dimensional gel electrophoresis profile of

Ym1/Ym2. (B) Western blot analysis of Ym1/Ym2 level in the BALF. The Ym1/Ym2

antibody was used at 1:10000. (C) Real-time RT-PCR of Ym1, **p<0.01. (D) Real-time

RT-PCR of Ym2, *p<0.05; **p<0.01.
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Figure 9.
Differential expression of pulmonary surfactant-associated protein D. (A) Two-dimensional

gel electrophoresis profile of SP-D. (B) Western blot analysis of SP-D level in the BALF.

Rabbit polyclonal anti-mouse SP-D antibody was used at 1:1000. (C) Real-time RT-PCR.

*p<0.05.
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Figure 10.
Histological examination of lung tissue. Tissues from pre-terminal bronchioles were

analyzed for morphologic features, mucosubstances in mucous cells and the presence of

some proteins associated with allergic lung inflammation. (A-C) H&E staining. (D-E) AB/

PAS staining. Arrows depict AB/PAS-stained mucosubstances in airway epithelium. (G-I)

Immunohistological staining using anti Ym1/Ym2 antibodies. Arrows depict stained Ym1/

Ym2. (J-L) Immunohistological staining using anti FIZZ1 antibodies. Arrows depict FIZZ in

the epithelium. Abbreviations: AB/PAS, Alcian blue-Periodic acid schiff double stain; AL,

airway lumen; ap, alveolar parenchyma; bv, blood vessel; e, airway surface epithelium;

H&E, hematoxylin and eosin stain.
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