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ABSTRACT

Asthma is a global and increasingly prevalent disease. According to the World Health Organization, approximately 235
million people suffer from asthma. Studies suggest that fine particulate matter (PM2.5) can induce innate immune
responses, promote allergic sensitization, and exacerbate asthmatic symptoms and airway hyper-responsiveness. Recently,
severe asthma and allergic sensitization have been associated with T-helper cell type 17 (TH17) activation. Few studies have
investigated the links between PM2.5 exposure, allergic sensitization, asthma, and TH17 activation. This study aimed to
determine whether (1) low-dose extracts of PM2.5 from California (PMCA) or China (PMCH) enhance allergic sensitization in
mice following exposure to house dust mite (HDM) allergen; (2) eosinophilic or neutrophilic inflammatory responses result
from PM and HDM exposure; and (3) TH17-associated cytokines are increased in the lung following exposure to PM and/or
HDM. Ten-week-old male BALB/c mice (n ¼ 6–10/group) were intranasally instilled with phosphate-buffered saline (PBS),
PMþPBS, HDM, or PMþHDM, on days 1, 3, and 5 (sensitization experiments), and PBS or HDM on days 12–14 (challenge
experiments). Pulmonary function, bronchoalveolar lavage cell differentials, plasma immunoglobulin (Ig) protein levels,
and lung tissue pathology, cyto-/chemo-kine proteins, and gene expression were assessed on day 15. Results indicated
low-dose PM2.5 extracts can enhance allergic sensitization and TH17-associated responses. Although PMCAþHDM
significantly decreased pulmonary function, and significantly increased neutrophils, Igs, and TH17-related protein and gene
levels compared with HDM, there were no significant differences between HDM and PMCHþHDM treatments. This may
result from greater copper and oxidized organic content in PMCA versus PMCH.

Key words: PM2.5; neutrophils; lung; TH17 cytokines; allergy; sensitization.
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Asthma is a global and increasingly prevalent disease, with at
least 383 000 attributed deaths in 2015 (CDC, 2017; WHO, 2017).
It affects 24.6 million Americans with an overall population
prevalence of approximately 7.8%, including 8.4% for children
0–18-years old and 7.6% for adults �18-years old (CDC, 2017).
China is one of the most asthma-afflicted countries, with ap-
proximately 30 million people affected by the disease (Zhang
et al., 2016). The national average prevalence of asthma was
2.46% in 2012 (Fu et al., 2016), and increased ambient levels of
particulate matter (PM) with an aerodynamic diameter �2.5 mm
(PM2.5) is a risk factor for asthma (Chen et al., 2016).

Airway inflammation is a fundamental element of asthma,
and chronic eosinophilic inflammation, a T-helper cell type 2
(TH2) immune response is common in some asthmatic patients
(Fahy, 2015). However, TH2 immune responses alone can’t ex-
plain the heterogeneous nature of asthma, including eosino-
philic and noneosinophilic phenotypes. Recent studies indicate
severe asthma is associated with increased T-helper cell type 17
(TH17), not TH2, cytokines (Kim et al., 2016; Massoud et al., 2016).

TH17 cells, which mediate neutrophil recruitment, may play
an influential role in severe asthma pathogenesis (Kim et al.,
2016). People with severe asthma show acute airway hyper-
responsiveness (AHR), robust neutrophilia, and high interleukin
(IL)-17A production (Manni et al., 2014; Moore et al., 2014). In ad-
dition to IL-17A, TH17 cells also produce IL-17F, -21, and -22,
which are known to mediate neutrophilia and influence asthma
severity (Ouyang et al., 2008). Neutrophilic inflammation is asso-
ciated with poor lung function and airflow obstruction in
asthma (Al-Ramli et al., 2009; Moore et al., 2014).

The ability of PM to promote allergic sensitization to inhaled
allergens has been studied for almost 20 years (Lambert et al.,
2000). Extensive epidemiological, clinical intervention, and ani-
mal model studies suggest urban PM, a major ambient air pol-
lutant with at least 4.2 million attributed deaths in 2015
(Landrigan et al., 2017), contributes to respiratory disease (Guan
et al., 2016), and possesses immunological adjuvant activity
that promotes allergic responses. Recently, PM was shown to in-
duce IL-17A and AHR (Saunders et al., 2010; Wang et al., 2017) as
well as downstream inflammatory products of TH17 cells in
lungs of exposed mice (Kuroda et al., 2016).This prompted us to
explore the roles of PM2.5 and TH17 cells in allergic asthma.
Previous in vivo studies demonstrated associations between al-
lergic responses and PM doses �200 mg (Gold et al., 2016; Wang
et al., 2017). However, to our knowledge, this is the first study to
investigate, in an animal model of allergic asthma, whether (1)
low-dose extracts of ambient PM2.5 from 2 geographically dis-
tinct areas can lead to enhanced allergic sensitization following
exposure to house dust mite (HDM) allergen, a ubiquitous aller-
gen that causes allergies and asthma; and (2) PM2.5 extracts
enhance allergic asthma via TH17-induced neutrophils. Most
mouse studies of PM2.5 and asthma, including those by
Casta~neda and Pinkerton (2016), Casta~neda et al. (2017), Gold
et al. (2016), and Wang et al. (2017) focused on TH2-mediated
eosinophilic asthma.

In the present study, PM2.5 was collected from Sacramento,
the capital of California, and Jinan, a provincial capital city in
China. Both cities experience high air pollution (Ryan-Ibarra
et al., 2016; Zhang et al., 2017) and asthma rates, and are located
in valleys making emissions difficult to dissipate, especially in
the winter during strong meteorological inversions. In 2012,
Sacramento County’s lifetime asthma prevalence was esti-
mated at 10.6% of children and 16.4% of adults, which is greater
for both groups compared with the national rates of 9.5% and
8.2%, respectively (California Health Interview Survey, 2012).

Sacramento is the 14th-ranked U.S. city displaying high short-
term particulate air pollution. Similarly, Jinan is one of the most
air polluted cities in eastern China. In 2013, the annual average
concentration of PM2.5 was 108 lg/m3, much greater than the
safe level (10 lg/m3) recommended by the World Health
Organization (WHO, 2016; Zhang et al., 2017). Asthma prevalence
for all ages in Jinan was 1.1% (Wang et al., 2013).

In this study, PM2.5 collected from Sacramento and Jinan was
suspended in water to produce stock extract samples of PM2.5

from Sacramento, California (PMCA) and PM2.5 from Jinan, China
(PMCH), respectively. These samples were chemically character-
ized, and administered to mice following allergic sensitization
with HDM intermittently over a 2-week period. Pulmonary func-
tion measurements were made, and pulmonary inflammation
was assessed by bronchoalveolar lavage (BAL) cell differentials
and lung histopathology. Cytokines known to induce the differ-
entiation of TH17 cells from naive T cells, neutrophilic chemo-
kines, and other TH17-related cyto-/chemo-kines were
measured.

MATERIALS AND METHODS

Ambient PM2.5 collection and extraction. Ambient PM2.5 was col-
lected during the winters (December months) of 2013 in down-
town Sacramento, California, and 2015 in downtown Jinan,
Shandong, China. The sampling site in downtown Sacramento
was located on the rooftop of a 2 story building at the northeast
corner of T Street and 13th Street (38�34’N, �121�29’W). The
sampling site in downtown Jinan was located on the rooftop of
a 3 story building at the primary school of Wang She Rem
(36�40’N, �117�09’E). Both sampling sites are within a quarter
mile of a major freeway interchange and surrounded by a mix-
ture of residential, commercial, and industrial sources.

In Sacramento, PM2.5 was collected for 7 days with a high-
volume sampler system (Tisch Environmental Inc., TE-6070V-
2.5-HVS) that was equipped with a PM2.5 size-selective head
(Tisch Environmental Inc., TE-6001), operated at a flow rate of
40 cfm, and loaded with Teflon-coated borosilicate glass micro-
fiber filters (Pall Corporation, TX40H120WW-8X10). Glass filters
from Sacramento were precleaned via successive sonication in
Milli-Q water, dichloromethane, and hexane.

In Jinan, PM2.5 was collected for 1 day on 90 mm diameter
sized quartz microfiber filters (Whatman) using a high-volume
particle collector (Thermo Anderson, USA) fitted with a PM2.5 in-
let, and operated at a flow rate of 1.13 m3/min. Quartz filters
from China were preheated at 450�C for 24 h before sampling to
eliminate endotoxin.

The primary difference between the 2 sampling systems
was the type of filter used to collect PM. Both systems deployed
PM2.5 size cuts, and flow rate and sampling time differences
only affect the total PM mass sampled. Since both filter types
used glass microfibers, it is assumed that the retention effi-
ciency with respect to PM composition is similar between
them.

After particle collection, all particle extractions and sample
preparations were performed at the University of California,
Davis. Collection sample filters were weighed to calculate the
Sacramento and Jinan PM2.5 concentrations, placed in Milli-Q
water, and bath sonicated for 1 h at 60 sonications/min. The
sonicated PM samples were then filtered using a 0.2-lm pore
size syringe filter. The filtered extracts from Sacramento and
Jinan (PMCA and PMCH, respectively; approximately 100 ml each)
were lyophilized to dry PM to determine the exact mass of
extracted PMCA and PMCH, resuspended in Milli-Q water to
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produce stock PMCA and PMCH samples with final PM concentra-
tions of 1 mg/ml, and frozen at �20�C.

It is possible that extraction protocols have compositional
biases that, when applied to samples of significantly different
composition, may produce an enrichment in 1 sample over the
other for specific classes of compounds. However, this is very
difficult to measure, and its effect on toxicological response is
assumed to be negligible in this study since the filters from
Jinan and Sacramento were extracted using identical techni-
ques, and both chemical and toxicological comparisons were
made with respect to the sample extracts. Details of extraction
methods used in this study can be found in Bein and Wexler
(2015), which describes a comprehensive inter-comparison of
the compositional variance produced by different extraction
protocols on a single PM sample. The study by Bein and Wexler
(2015) illustrates the significance of directly characterizing the
extracted PM used in toxicological studies, and standardizing
filter extraction objectives and procedures to avoid introducing
study bias.

Characterization of PM stock samples by high-resolution aerosol mass
spectrometry. All chemical characterization tests were performed
at the University of California, Davis. Frozen stock samples of
PMCA and PMCH were thawed to approximately 4�C and soni-
cated as described above for 20 min to ensure thorough disper-
sion of the PM. These samples were then analyzed for size,
organic species, nitrate (NO3

�), sulfate (SO�2
4 ), chloride (Cl�), and

ammonium (NHþ4 ) using high-resolution aerosol mass spec-
trometry (HR-AMS), a technique extensively used to character-
ize the composition of ambient aerosols (Canagaratna et al.,
2007). In this process, the defrosted and sonicated stock PMCA

and PMCH samples were diluted by a factor of 10, and 1 ml of
each sample was atomized using a constant output aerosol gen-
erator with argon. The generated aerosol passed through a silica
gel drier before being sampled by HR-AMS. The elemental com-
position of the organic fraction in each of the samples was de-
termined by the method of Aiken et al. (2008) to indicate the
average degree of oxidation of organic matter in the particles.
Additional details on the analytical methods and data analysis
for the chemical characterization of the stock samples are de-
scribed elsewhere (Sun et al., 2011).

Measurement of metals in PM stock samples by inductively coupled
plasma-mass spectrometry. Metals were measured using an
Agilent 8900 Triple Quadrupole inductively coupled plasma-
mass spectrometry (ICP-MS) at the University of California,
Davis. PMCA and PMCH stock samples were analyzed for a broad
range of elements, including but not limited to manganese
(Mn), iron (Fe), copper (Cu), arsenic (As), nickel (Ni), and lead (Pb)
(Table 1). To each of the previously defrosted stock samples,
0.06 ml of concentrated nitric acid (15.968 M, Fischer Scientific)
was added, followed by the addition of Milli-Q water. The final
volume of each sample was 2 ml, and the resulting concentra-
tions of the samples analyzed by ICP-MS were 0.34 mg/ml for
PMCA and 0.45 mg/ml for PMCH. Aerosolized particles were gen-
erated by nebulizing the samples, which were then introduced
by an argon carrier gas into a high-temperature argon plasma.
Calibration standards were run as well.

Animal model: HDM allergen and PM administration. Ten-week-old
male BALB/c mice were purchased from Harlan Laboratories
(Livermore, California). Animal housing and experiments were
reviewed and approved by the UC Davis Institutional Animal
Care and Use Committee. The mice were acclimated for 1 week

and then randomly divided into 6 groups (n ¼ 6–10 mice per
group) at the start of a 14-day intermittent exposure protocol
which included sensitization and challenge experiments (illus-
trated in Figure 1).

Prior to beginning sensitization experiments, which were
performed on days 1, 3, and 5, HDM allergen extract (Greer
Laboratories, Lenoir, North Carolina) was dissolved in
phosphate-buffered saline (PBS; delivery vehicle) to produce a 1
mg/ml HDM solution. Stock samples of PMCA and PMCH were
defrosted and sonicated as described earlier for 20 min immedi-
ately prior to administration.

During the sensitization experiments, each mouse was in-
tranasally instilled twice per day with a 15-min rest period be-
tween each instillation. Upon the first instillation of the day, all
mice received 33.3 ml of PBS (negative control) or 1 of the 2 stock
PM samples. Given that the PMCA and PMCH sample concentra-
tions were 1 mg/ml, the PM dose was 33.3 mg/mouse/day. Upon
the second instillation of the day, all mice received 25 ml of PBS
or the HDM solution (positive control). Given that the HDM solu-
tion was also 1 mg/ml, all mice instilled with it received 25 mg
HDM/day. During the sensitization experiments, the total instil-
lation volume for all mice was 58.3 ml/day.

Challenge experiments were performed on days 12–14.
During these experiments, mice were instilled once per day
with 25 ml of PBS or the HDM solution. As a result of the sensiti-
zation/challenge experiments, treatment groups included (1)
PBS/PBS; (2) PMCA/PBS; (3) PMCH/PBS; (4) HDM/HDM; (5)
PMCAþHDM/HDM; or (6) PMCHþHDM/HDM. These groups are
abbreviated as PBS, PMCA, PMCH, HDM, PMCAþHDM, and
PMCHþHDM, respectively. The experimental protocol was mod-
eled after that developed by Casta~neda and Pinkerton (2016) to
study various characteristics of air pollution (eg, PM size,
source, chemical composition) and discern how they may af-
fect allergic responses in a mouse model of asthma.

Pulmonary function measurements. On day 15 (24 h after the final
challenge), mice were deeply anesthetized with tiletamine-
zolazepam (50 mg/kg) and dexmedetomidine (0.7 mg/kg) by
intraperitoneal injection and paralyzed with an intramuscular
injection of succinylcholine (1 mg). The mice were intratra-
cheally cannulated, and a FlexiVent System (SCIREQ, Montreal,
Canada) was used for pulmonary function measurements and

Table 1. Concentrations of Various Elements Measured in the
California and China PM Samples by ICP-MS

Sample Concentration (ppm)

Element California China Fold Differencea

Potassium (K) 15.306 11.757 1.3
Calcium (Ca) 7.605 5.206 1.5
Sodium (Na) 18.805 23.677 0.8
Magnesium (Mg) 1.722 1.072 1.6
Aluminum (Al) 0.878 0.7 1.3
Manganese (Mn) 0.106 0.226 0.5
Iron (Fe) 1.119 0.337 3.3
Copper (Cu)b 2.13 0.119 17.9
Zinc (Zn) 3.735 2.045 1.8
Selenium (Se) 0.011 0.066 0.2
Nickel (Ni) 0.027 0.023 1.2
Lead (Pb) 0.046 0.305 0.2

aFold difference compares values from California and China samples.
bBold font indicates the element with the greatest fold difference.
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AHR tests, which use methacholine (MCh) challenges (doses:
1.25, 2.5, 5, and 10 mg/ml). AHR is a diagnostic index of asthma.
Measurement of AHR by MCh challenge is recommended to de-
termine asthma severity. Ventilation was set at a frequency of
200 breaths/min with a tidal volume (volume of a resting breath)
of 10 ml/kg. Respiratory system input impedance measures were
obtained to distinguish central and peripheral lung mechanics.

Resistance (a measure of airflow due the presence of airway
secretions and/or hyper-reactive airway smooth muscle tone),
compliance (a measure of the distensibility of the lungs), and
elastance (a measure of the recoil of the lungs due to the elastic-
ity of the lung tissues, ie, airways and parenchyma) were mea-
sured for the whole respiratory system. Central airway
resistance, tissue hysteresis (a measure of the function of pul-
monary surfactant of the lungs; how well the lungs inflate/de-
flate), and tissue elastance were determined after forced
oscillation perturbation was applied. The forced oscillation
technique enables measurement of lung function in mice in a
comprehensive, detailed, precise and reproducible manner. It
provides measurements of respiratory system mechanics
through the analysis of pressure and volume signals acquired in
reaction to predefined, small amplitude, oscillatory airflow
waves, which are typically applied at the mouse airway opening
(McGovern et al., 2013). All pulmonary function data were mea-
sured in triplicate and averaged for each animal (n ¼ 6/treat-
ment group). The EC200RL (effective MCh concentration that
leads to a 2-fold increase in resistance) was calculated from the
MCh challenge results to determine AHR.

BAL collection and cellular analysis. After the pulmonary function
measurements, mice (n ¼ 6/treatment group) were weighed,
euthanized with an intraperitoneal injection of Beuthanasia-D
(1 mg/ml), and intratracheally cannulated. The left lung was
clamped, while the right lung was lavaged with 2 volumes of
0.6 ml cold sterile PBS (Sigma Aldrich, St Louis, Missouri) prior
to being snap-frozen in liquid nitrogen and stored at �80�C.
The lavage fluid was centrifuged at 500 � g for 15 min at 4�C.
The resulting supernatant was removed and frozen, and the
cells were resuspended in 500 ml of PBS.

Cell numbers and viability were determined via hemocytom-
eter using a 0.4% trypan blue solution (Sigma-Aldrich). Cells
were spun onto slides (1.5 � 103 cells/slide) using a Shandon
Cytospin (Thermo Shandon, Inc., Pittsburg, Pennsylvania). Slides

were stained with hematoxylin and eosin (H&E) for cell differen-
tial analysis. A total of 500 cells per slide were counted to deter-
mine macrophage, neutrophil, eosinophil, and lymphocyte cell
composition of the BAL. All analyses on the BAL cells were blind.

Lung histopathology. From each mouse, the left lung lobe was col-
lected and inflation-fixed with 4% paraformaldehyde (Electron
Microscopy Sciences, Hatfield, Pennsylvania) at 30-cm water
pressure for a minimum of 1 h, and subsequently stored in 4%
paraformaldehyde until tissue processing. The fixed left lung
was sagittally cut into 4 slices (levels). Each slice was dehy-
drated and embedded in a paraffin block for use with histopath-
ological and immunohistochemical assays. Five-micron thick
tissue sections were cut from each of the 4 lung levels with a
microtome, mounted on glass slides, and stained with H&E and
alcian blue/periodic acid-Schiff (AB/PAS).

Tissue sections were evaluated for inflammation and mucus
using a categorical numeric scoring system of 0–4, as described
elsewhere (Massoud et al., 2016), with modifications. All histo-
pathology evaluations were done blind, and scores were aver-
aged for each animal. In general, inflammation was evaluated
throughout the parenchyma of each lung level, and for an aver-
age of 10 individual airways. For each level of the lung exam-
ined, individual airway scores were based on the following: no
inflammation (0); presence of mild inflammation (1); moderate
inflammation around a bronchiole (2); marked inflammation
around a bronchiole (3); and inflammation extending beyond
the bronchiole (4). The rubric for these scores is shown in
Supplementary Figure 1.

The abundance of stored mucosubances (based on AB/PAS
staining) was also evaluated using a numeric scoring system of
0–4. Scores were given based on the following: no evidence of
AB/PAS stained cells (0); occasional AB/PAS-stained cells found
in 1 airway (1); occasional AB/PAS-stained cells found in more
than 3 airways (2); abundant AB/PAS-stained cells in more than
3 airways (3); and abundant AB/PAS stained cells and AB/PAS
stained mucus plugs present in the airway lumen (4). The rubric
for the AB/PAS scores is shown in Supplementary Figure 2.

Lung immunohistochemistry. Immunohistochemical evaluation
was performed as described elsewhere (Casta~neda and
Pinkerton, 2016). For each mouse, 3-mm thick tissue sections
from each of the 4 paraffin-embedded lung levels were cut with

Figure 1. Allergic sensitization and challenge protocol. A total of 6 different treatment groups are shown along with their respective sensitization/challenge instillates.

Sensitization and challenge experiments are shown on the left (days 1, 3, and 5) and right (days 12–14) sides, respectively. The “X” represents the day 15 necropsy.

Intranasal instillates were PBS (white triangle), HDM allergen solution (black triangle), and/or extracts of PMCH (light gray triangle) or PMCA (dark gray triangle). Each tri-

angle in the figure represents 1 instillation. For the sensitization procedures, the first (33.3 ml/mouse) and second (25 ml/mouse) instillations of the day are represented

by the bottom and top triangles, respectively. The single instillation given during each challenge day was at a volume of 25 ml/mouse.
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a microtome, mounted on glass slides, and incubated with pri-
mary antibodies to CD4 (Abcam; ab183685) and IL-17 (Abcam;
ab79056). TH17 cells are a distinct subset of CD4þ T cells, and
have been suggested to play an important role in regulating im-
munity associated with severe asthma. IL-17 is the primary cy-
tokine secreted by TH17 cells, and has been immunolocalized to
neutrophils (Brodlie et al., 2011), macrophages (Brodlie et al.,
2011; Liu et al., 2012), and nasal polyp epithelial cells (Xia et al.,
2014), which express IL-17 receptors. A horseradish peroxidase
(HRP)-labeled antirabbit polymer secondary antibody (DAKO
EnVision System) was used with a 3, 3’-diaminobenzidine sub-
strate chromogen system (Agilent, Santa Clara, California).
Tissue sections were then counterstained with hematoxylin
and coverslipped for examination.

Four random pictures were taken per lung level, for a total of
16 pictures per mouse, using brightfield microscopy (400�).
Image J software (National Institutes of Health) was used to ex-
amine positive cells, total cells (denominator), and surface area
in all 16 pictures/mouse. Cells were identified as being positive
(þ) or unstained for CD4 and IL-17 to derive the percentages of
CD4þ and IL-17þ cells within focal areas of the highest cellular
inflammation in each level. In total, 125 cells were counted in
each picture by viewing nuclei. Thus, 500 cells were counted per
level, and a total of 2000 cells were counted per mouse (500
cells/level � 4 levels/mouse ¼ 2000 cells per mouse). There were
no significant differences in surface area among the 6 animal
groups (n ¼ 6/group).

Circulating immunoglobulins in blood serum. Serum samples were
collected from all mice at necropsy via cardiac puncture for
measurement of nonspecific immunoglobulin E (IgE), HDM-
specific IgE, and HDM-specific IgG1. High serum IgE production
is key in the development of allergic asthma (Pelaia et al., 2017).
IgG1 plays a role in immediate-onset pulmonary hypersensitiv-
ity responses (Griffiths-Johnson et al., 1993). Serum levels of
nonspecific IgE were measured by enzyme-linked immunosor-
bent assay (ELISA) according to the manufacturer’s protocol
(BioLegend, San Diego, California). To assess HDM-specific IgE
and IgG1 levels in the serum, ELISA plates were coated with 50
mg/ml HDM overnight at 4�C, and incubated with diluted serum
(1:2 IgE or 1:10 IgG1; eBioscience, San Diego, California).
Antibodies were detected using biotin-conjugated antimouse
IgE and HRP-conjugated antimouse IgG1 (Southern Biotech,
Birmingham, Alabama). Protein levels were analyzed in dupli-
cate for each animal.

Measurement of cytokine and chemokine protein concentrations in the
lung. The middle lobe of the right lung was homogenized with a
cell lysis kit (Bio-Rad, Hercules, California). The total protein
concentration was assessed via Lowry protein assay (Bio-Rad).
Mouse IL-17A and IL-17F (BioLegend) proteins in lung homoge-
nate were determined using commercially available ELISA sets.
ELISAs were performed according to the manufacturer’s
instructions. All samples and standards were measured in du-
plicate, standardized to total lung protein, and expressed as
picograms of cytokine per milligram of lung tissue (pg/mg).

Quantitative real-time polymerase chain reaction. Total ribonucleic
acid (RNA) was isolated from the right caudal lung lobe of each
mouse using a Quick-RNA MiniPrep Kit (Zymo Research, Irvine,
California), and converted to copy deoxyribonucleic acid (cDNA)
using a High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, California) to prevent degradation in
storage at �20�C. Quantitative real-time polymerase chain

reaction (qRT-PCR) was performed on a Roche LightCycler 480
using SYBR Green I Master (Roche, Indianapolis, Indiana), and
mouse-specific PCR primers were applied for the following
genes: Muc5ac; IL-17A, -17F, -21, -22, and -27; CXCL-1, -2, and -10;
CCL-1, -2, and 7; G-CSF; GM-CSF; and MMP1, 2, 3, and 9. The pri-
mers for each gene were designed on the basis of the respective
mRNA sequences using OLIGO primer analysis software pro-
vided by Steve Rozen and the Whitehead Institute/MIT Center
for Genome Research (Rozen and Skaletsky, 2000). Pulmonary
Muc5ac expression is associated with goblet cell hyperplasia and
mucus production in allergic airway disease (Evans et al., 2015).
IL-27 has been shown to inhibit TH17 cell production of IL-17
and suppress other TH17-related cytokines like IL-21 and -22
(Liu and Rohowsky-Kochan, 2011). IL-17 induces expression of
CXCL-1, CXCL-2, CXCL-10, CCL-1, CCL-2, and CCL-7 neutrophil
chemoattractants (Veldhoen, 2017); recruits immune cells
through induction of matrix metalloproteinases (MMPs) like
MMP-1, -2, -3, and -9 (Khokha et al., 2013; van Nieuwenhuijze
et al., 2015); and can also modulate responses of recruited cells,
for example, through induction of granulocyte-colony stimulat-
ing factor (G-CSF) and granulocyte-macrophage colony-stimu-
lating factor (GM-CSF), which promotes expansion and
enhances survival of neutrophils and macrophages (Parsonage
et al., 2008).

Gene expression (mRNA) was assessed using the (DD-Ct)
method (Hellemans et al., 2007), and standardized to the expres-
sion of glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
which was used as a housekeeping gene. Single-amplicon
quality was verified by melting curve analysis. Relative gene
expression was calculated using the DD-Ct method normalized
to GAPDH. Primers used in this study are detailed in
Supplementary Table 1.

Statistical methods. Presence of outliers was tested for bronchoal-
veolar lavage fluid (BALF) data using scattergraphs in SSPS soft-
ware (version 17.0). No outliers were found; however, 4 animals
were excluded from the PBS group for all measured endpoints
to ensure equal group sizes (n ¼ 6/group). All other statistical
analyses were performed using GraphPad Prism 6 software
(GraphPad, La Jolla, California). All treatment groups were com-
pared by 1-way ANOVA followed by post hoc Tukey’s multiple
comparison test. All data were expressed as means 6 SEM. A
value of p < .05 was considered statistically significant.

RESULTS

Composition of PMCA and PMCH

HR-AMS results indicated that the size of particulates in the sil-
ica gel-dried PM samples was � 2 mm (Figure 2). PMCA and PMCH

consisted largely of organic compounds (54% and 57% of total
PM mass, Figs. 3B and 3A, respectively). However, organic mat-
ter in PMCA was more oxidized (45% oxygen; Figure 3D) than in
PMCH (26% oxygen; Figure 3C) on a mass basis. Another major
difference between the 2 PM extracts was that PMCA had a much
greater percent of NO3

� (32%) and lower percent of SO�2
4 (2%) by

mass (Figure 3B) versus PMCH (15% and 14%, respectively;
Figure 3A). PMCA and PMCH contained a wide range of elements
as indicated by ICP-MS (Table 1); however, these elements dif-
fered in concentration. In particular, the concentration of Cu
was much higher in the former versus the latter (2.13 vs. 0.119
parts per million (ppm), respectively; a 17.9-fold difference) as
was that of Fe (1.12 vs. 0.337 ppm, respectively; a 3.3-fold differ-
ence) to a lesser degree.
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PMCA Exposure Exacerbated Airway Hyper-Reactivity and Impaired
Pulmonary Function in HDM-Sensitized Mice
No significant (p < .05) differences were observed between PBS,
PMCA, and PMCH mice with respect to the EC200RL (Figure 4A)
suggesting that exposure to PM alone was insufficient to pro-
duce AHR. However, mice exposed to HDM, PMCAþHDM, or
PMCHþHDM exhibited moderately increased AHR with increas-
ing doses of MCh when compared with control (PBS) mice. This
hyper-responsiveness was evinced in the significantly (p < .05)
lower MCh concentrations required to double airway resistance
in HDM, PMCAþHDM, and PMCHþHDM mice versus PBS controls
(Figure 4A). Although there were no significant (p < .05)

differences in the EC200RL between PMCAþHDM and PMCHþHDM
mice, the former had a significantly (p < .05) decreased EC200RL
(2.30-fold) when compared with HDM-exposed mice, while the
latter did not (Figure 4A). These results suggest PMCA (but not
PMCH) exposure significantly exacerbated airway responsive-
ness induced by HDM. Significantly (p < .05) different groups
reported above for the EC200RL, were the same in lung elastance
tests (Figure 4C). However, while EC200RL appeared to decrease,
lung elastance increased. Lung compliance was significantly de-
creased in HDM, PMCAþHDM, and PMCHþHDM mice in com-
parison to their PBS-exposed counterparts, but not between any
of the HDM-exposed groups. Nonsignificant, downwardly

Figure 2. HR-AMS results show that extracts of PMCA and PMCH have similar size distributions. In general terms, the graph shows the change in particle mass concen-

tration as a function of particle size. The mass-weighted size distributions are on the y-axes, and the vacuum aerodynamic diameter is on the x-axis. In the y-axes,

“dM” denotes the change in mass, and “dva” represents the change in the vacuum aerodynamic diameter.

Figure 3. The average chemical composition of wintertime PM from Jinan, China, and Sacramento, California. Characterization was done by high-resolution time-of-

flight aerosol mass spectrometry. Top pie charts (A, B) illustrate bulk PM composition, including organics. Bottom pie charts (C, D) show elemental composition.
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trending EC200RL results in PMCHþHDM mice, and lung compli-
ance results in the PMCAþHDM mice suggest that increasing the
sample size in future experiments may enable detection of sig-
nificant (p < .05) differences from the HDM group. Overall, these
results suggest that the combined exposure to PMþHDM pro-
duced AHR and difficulty breathing similar to episodes of acute
asthma. Decreased lung compliance and increased elastance
are indicative of stiffer lungs that require extra work to expand
during the inhalation breath. During episodes of asthma, air-
ways constrict, restrict outward airflow, and trap air in the
lungs. Because the lungs are already inflated, compliance is
low. Although HDM alone was sufficient to produce these asth-
matic effects, PMCA appeared to exacerbate them in HDM-
exposed animals.

PM Exposure Increased Pulmonary Inflammation in
HDM-Sensitized Mice
Airway inflammation was evaluated partly by the number of
macrophages, eosinophils, neutrophils, and lymphocytes recov-
ered via BAL (Figure 5). Significant (p < .05) increases in the total
cells, eosinophils, neutrophils, and lymphocytes (but not mac-
rophages) occurred in HDM, PMCAþHDM and PMCHþHDM mice
relative to PBS, PMCA, and PMCH mice. There were also signifi-
cant (p < .05) increases in macrophage, neutrophil, and lympho-
cyte numbers in PMCAþHDM mice compared with HDM and
PMCHþHDM mice (macrophages and neutrophils only). In con-
trast, eosinophil numbers were significantly (p < .05) increased
in PMCHþHDM versus HDM mice. Although there were no signif-
icant differences in eosinophil numbers observed between
PMCAþHDM and HDM mice in the present study, increasing the
sample size in future experiments may increase statistical
power to enable detection of significant (p < .05) differences.

When compared with the PBS-treated mice (PBS control,
PMCH, and PMCA), the HDM-challenged groups (HDM,
PMCAþHDM and PMCHþHDM) displayed typical pathologic fea-
tures of allergic airway inflammation such as numerous inflam-
matory cells in the bronchioles and adjacent perivascular
regions (Figs. 6D–F), and mucus lining the airways (Figs. 7D–F).
This was especially true for the PMCAþHDM mice, which had
significantly (p < .05) increased inflammation, mucosubstance,
and Muc5ac gene expression compared with HDM and PMCA

mice (Figs. 8A–C, respectively). PMCHþHDM mice did not have
the same response; only Muc5ac expression was significantly (p
< .05) greater than in HDM mice (Figure 8C).

PM Exposure Exacerbated Systemic and Airway Ig Secretion in
HDM-Exposed Mice
Serum levels of nonspecific IgE, HDM-specific IgE, and HDM-
specific IgG1 (Figs. 9A–C, respectively) were significantly (p < .05)
elevated in the HDM-challenged groups versus their PBS coun-
terparts, and in the PMþHDM versus HDM groups. Nonspecific
serum IgE levels were increased 3.31-fold in PMCAþHDM mice,
and 3.24-fold in PMCHþHDM mice compared with HDM mice
(Figure 9A). HDM-specific IgE (Figure 9B) was 1.64- and 1.55-fold
greater, and HDM-specific IgG1 (Figure 9C) was 1.80- and 1.54-
fold greater in PMCAþHDM and PMCHþHDM mice, respectively,
versus HDM mice. PMCAþHDM mice also had significantly
(p < .05) greater serum HDM-specific IgG1 than PMCHþHDM mice
(Figure 9C).

PM Exposure Enhanced the Development of TH17 Immune Responses
in HDM-Exposed Mice
Immunohistochemical staining revealed CD4þ (Figure 10) and
IL-17þ (Figure 11) cells located around airways and in the lung

Figure 4. Pulmonary function measurements. Graphs show results of mice in-

tranasally instilled with PBS (control), PMCH, PMCA, and/or HDM allergen. A,

Concentration of MCh required to double airway resistance (EC200RL). B, Quasi-

static lung compliance. C, Quasi-static lung elastance. Data are presented as the

mean 6 SEM. Brackets indicate a significant (p < .05) difference between groups.

“Control” animals were instilled with PBS alone during sensitization and chal-

lenge periods. EC200RL, lung compliance, and lung elastance means were calcu-

lated from 10, 3, and 3 measures per mouse, respectively (n ¼ 6 for all treatment

groups).
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parenchyma with PM and/or HDM exposure. PMCAþHDM mice
had a significantly greater percent of CD4þ and IL-17þ cells (Figs.
10G and 11G, respectively) than HDM or PMCHþHDM mice. The
IL-17 likely stained activated TH17-cells, and IL-17-bound cells
with IL-17 receptors (eg, neutrophils, macrophages, and epithe-
lial cells). It is possible that necrotic death of IL-17-bound cells
may also have contributed to the tissue staining.

Expression of TH17-related pulmonary cytokine proteins and
genes were determined in response to the high number of BAL
neutrophils found in PMCAþHDM mice (Figure 12). When com-
pared with HDM and/or PMCHþHDM mice, PMCAþHDM mice
expressed significantly (p < .05) higher protein levels of IL-17A
(Figure 12A), and IL-17F (versus HDM only; Figure12B), as well as
increased mRNA levels of IL-17A (Figure 12C), IL-17F
(Figure 12D), IL-21 (Figure 12E) and IL-27 (vs. HDM only;
Figure 12F). These differences were not found between HDM
and PMCHþHDM mice. Especially given IL-17A gene expression,
which was increased 56- and 118-fold above PBS controls in

HDM and PMCAþHDM mice, respectively (Figure 12C), the data
suggest that PMCA contributes to the development of a TH17 im-
mune response in HDM-exposed mice even when IL-27 is also
elevated. IL-27-mediated crosstalk may partially explain this
somewhat paradoxical result, as it has been shown to suppress
TH17-related cytokines (Liu and Rohowsky-Kochan, 2011), in-
duce TH17 differentiation (Nurieva et al., 2007), and facilitate eo-
sinophil accumulation (Hu et al., 2011) in different signaling
cascades.

IL-17 and Neutrophil-Related Cytokines Increase Following PM
Exposure During Allergic Sensitization
IL-17 induces the expression of key neutrophil and monocyte
chemoattractants, such as CCL2, CXCL-1, -2, and -10 (Manni
et al., 2014). Gene expression of CXCL-1, -2 and -10 and CCL2
(Figs. 13A–D, respectively) was significantly (p < .05) elevated in
the lungs of HDM-challenged mice versus their PBS counter-
parts, and in PMCAþHDM versus HDM mice. This latter change

Figure 5. Cells collected from BALF. Total numbers and differential counts of BAL cells stained with H&E are shown. Data are presented as the mean 6 SEM. Brackets

indicate a significant (p < .05) difference between groups. Abbreviations: Mac, macrophages; Neu, neutrophils; Lym, lymphocytes; Eos, eosinophils (n ¼ 6 for all treat-

ment groups).

Figure 6. PM exacerbates the airway inflammation produced by HDM allergen. Panels are brightfield microscopy images of typical responses observed in mouse lung

tissue sections stained with H&E. Images show the following treatment groups: PBS (control; A); extracts of PMCH (B); extracts of PMCA (C); HDM (D); PMCHþHDM (E); and

PMCAþHDM (F). Scale bar is 50 lm (n ¼ 6 for all treatment groups).
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in expression patterns was not found for the PMCHþHDM group.
No differences among groups were found for MMP-1, -2, -3, and
-9 or G-CSF and GM-CSF (data not shown).

DISCUSSION

Chemical Differences Between PMCA and PMCH Contributed to
Contrasting Inflammatory Responses
Although air pollution is significantly higher in China, asthma
prevalence is approximately 3-fold greater in the United States
(Fu et al., 2016; Ryan-Ibarra et al., 2016). Research suggests
asthma is influenced by environment and genetics (Chen et al.,
2016). Therefore, combined effects of PM exposure and genetic
polymorphisms likely contribute to lower asthma prevalence in
Jinan versus Sacramento.

In this study, we determined PMCA enhanced HDM-induced
allergic airway inflammation to a greater extent than PMCH

(Figs. 4A, 5, 6F, 7F, 8A–C, 9B, and 9C). PMCAþHDM also produced
a neutrophil-activating TH17 cytokine response (Figs. 10F, 11F,
12, and 13) in the lung rather than eosinophilic inflammation,
which was observed in PMCHþHDM mice (Figure 5).

Although PM sampling occurred on different continents, the
study design fostered a cohesive set of protocols. Samples were
collected during winter, when PM concentrations tend to be
higher than summer. Higher winter PM concentrations are due
to fuel combustion heating of buildings, and meteorological
conditions that allow pollutants to accumulate and concentrate
(Wang et al., 2016). Winter periods are associated with increased
hospital admissions and incidence of cardiovascular and respi-
ratory disease (Guan et al., 2016).

PM characterization suggested similar emission sources
were present in Jinan and Sacramento during winter. These
sources included fossil fuels used for heating and transporta-
tion (gasoline and diesel emissions, traffic-related air pollu-
tants), cooking, and agricultural production. Chemical analyses
of Jinan and Sacramento PM samples revealed the Cu, Fe, and
oxidized organic concentrations were much higher in PMCA ver-
sus PMCH. A previous study by our lab (Sun et al., 2017) suggested

the greater inflammatory effects (ie, BALF neutrophils and lung
CXCL-1) observed in mice upon acute exposure to PMCA versus
PM from Taiyuan, China (PMTY) was due in part to a difference
in Cu content. Sun et al. (2017) reported Cu and oxidized organic
content were 24-times and 10% higher, respectively, in PMCA

versus PMTY, while Fe content was equal. In the present study,
Cu, Fe, and oxidized organic content were approximately 18-
times, 3.3-times, and 19% higher, respectively, in PMCA versus
PMCH. The confluence of results from the 2 studies suggests that
Cu and oxidized organic content may be driving the differential
patterns of inflammation observed.

Cu is a transition metal that can reduce oxygen to produce
reactive oxygen species (ROS; Charrier et al. 2014). Oxidized
organics in PM are strongly linked to inflammatory responses
(Liu et al., 2014) and ROS generation (Ghio et al., 1996; Verma
et al., 2015). Complexation of metals by oxidized organics can
result in lipid-soluble, membrane-permeable products
(Shinyashiki et al., 2009), and the imbalance of ROS and antioxi-
dant defenses can result in oxidative stress and exacerbated
asthma symptoms. ROS are major determinants of asthma se-
verity (Sahiner et al., 2011). They can promote inflammatory
cell influx across the endothelium into the lungs (Mittal et al.,
2014); activate signaling cascades leading to goblet cell meta-
plasia and mucus hypersecretion (Casalino-Matsuda et al.,
2006); or effect epithelial cell apoptosis and inactivation of anti-
oxidant enzymes (Qu et al., 2017). In vitro studies suggest ROS
can induce calcium (Ca2þ) sparks, which may result in in-
creased airway smooth muscle cell contractility and AHR in
sensitized animals (Tuo et al., 2013). In the present study, neu-
trophilia (Figure 5), subepithelial lung inflammation
(Figure 8A), Muc5ac lung expression (Figure 8C), and AHR
(Figure 4A) were all significantly increased (p � .05) in
PMCAþHDM versus PMCHþHDM and/or HDM mice. Given that
activated alveolar macrophages and neutrophils have been
shown to generate stronger respiratory bursts (ie, more ROS) in
asthmatic versus nonasthmatic subjects, and ROS generation
has been correlated to AHR, additional ROS from inhaled Cu
and oxidized organic complexes could further unbalance redox

Figure 7. Mice treated with HDM allergen or PMþHDM have visibly increased levels of airway mucosubstances. Panels are brightfield microscopy images of typical

responses observed in mouse lung tissue sections stained with AB/PAS. Mucosubstances appear as dark staining along the airway. Images show the following treat-

ment groups: PBS (control; A); extracts of PMCH (B); extracts of PMCA (C); HDM (D); PMCHþHDM (E); and PMCAþHDM (F). Each group had an n ¼ 6.Scale bar is 50 lm.
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Figure 8. The combination of PM and HDM allergen produces significantly more

airway inflammation and mucus than all other treatments. Graphs show semi-

quantitative scoring results for airway inflammation (A), mucosubstances (B),

and Muc5acs gene expression (C). Results are from 1-way ANOVAs considering

the effect of treatment. Data in these panels are shown as the mean 6 SEM, and

brackets indicate a significant (p < .05) difference between groups (n ¼ 6 for all

treatment groups).

Figure 9. Ig protein levels measured in blood serum by ELISA. Panels show

nonspecific IgE levels (A), HDM-specific IgE levels (B), and HDM-specific IgG1

levels (C). Protein levels were analyzed in duplicate for each animal and av-

eraged for each treatment group. Data were analyzed by ANOVAs consider-

ing the effect of treatment, and are shown as the mean 6 SEM. Brackets

indicate a significant (p < .05) difference between groups (n ¼ 6 for all treat-

ment groups).
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homeostasis and increase oxidative stress and asthma symp-

tomatology (Nadeem et al., 2008).

PMCA Potentiated Allergic Asthma Responses in HDM-Exposed Mice
Inflammation, decreased lung function, airway alterations, and
increased IgE/IgG and mucus secretion are hallmarks of asthma.
Alterations in AHR, compliance, and elastance have been attrib-
uted to direct effects on airway remodeling and contractility
(Chesne et al., 2015). Elevated IgE, IgG1, and mucus are strongly
associated with the development of allergic hypersensitivity
(Sibilano et al., 2016). In the present study, PMCAþHDM treat-
ment resulted in significant (p< .05) lung neutrophilia;
(Figure 5); lung function decrements (Figure 4); and mucus,
HDM-specific IgE, and HDM-specific IgG increments (Figs. 7, 8B,
and 8C; 9B; and 9C, respectively) relative to HDM. These findings
suggest exposure to PMCA during HDM allergen sensitization
contributed to development of AHR.

Although much of the allergic asthma research on PM has
focused on TH2-dominant eosinophilic disease, in the present
study, neutrophilia appeared to be directly related to PMCA ex-
posure. Neutrophils were increased in BALF (Figure 5) and the

subepithelium of airways (Figs. 6 and 8A) in PMCAþHDM, but not
PMCHþHDM, mice compared with HDM and PMCA groups.

TH17-Associated Cytokines Influenced Asthmatic Effects Observed in
HDM and PMCA1HDM Mice
Studies suggest pulmonary TH17 cytokine levels in asthmatics
predominantly correlate with AHR incidence and asthma sever-
ity (Halwani et al., 2017; Veldhoen, 2017). Despite associations
between TH17 cytokines and severe asthma, little is known
about the regulation of TH17 cytokine production in air
pollution-associated asthma, or the mechanisms by which TH17
cytokines drive severe disease. We hypothesized increased sus-
ceptibility to AHR was associated with more production of
TH17-associated cytokines (IL-17A, IL-17F, IL-22, and IL-21).
PMCA was found to promote HDM-induced asthma, resulting in
increased protein and gene production of IL-17 (Figs. 11F–G, and
12A–D). In a study of IL-17A-related asthma (Halwani et al.,
2017), neutralizing antibodies to IL-17A homodimers strongly
blocked neutrophilic airway inflammation mediated by adop-
tive transfer of ovalbumin-specific polarized TH17 cells and air-
way challenge with antigen (Liang et al., 2007). In this study,
positive staining for IL-17 was significantly increased in

Figure 10. Exposure to California PM and HDM allergen (PMCAþHDM) produces the strongest influx of CD4-positive cells into the lungs. Panels (A–F) are brightfield mi-

croscopy images of typical responses observed in mouse lung tissue sections stained for CD4 markers of T-helper type 17 (TH17) cells. CDþ cells appear as dark staining.

Images show the following treatment groups: PBS (control; A); extracts of PMCH (B); extracts of PMCA (C); HDM (D); PMCHþHDM (E); and PMCAþHDM (F). Each group had

an n ¼ 6. Scale bar is 50 lm. Panel G shows the percent of CD4þ cells. Data were analyzed by an ANOVA considering the effect of treatment, and are shown as the mean

6 SEM. Brackets indicate a significant (p < .05) difference between groups.
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PMCAþHDM versus HDM mice (Figure 11G). IL-17F shares the
greatest homology (55%) with IL-17A and is also produced by
TH17 cells (Dubin and Kolls, 2009). IL-17 actively participates in
inducing expression of pro-inflammatory neutrophil and
monocyte chemoattractants like CCL-2, CXCL-1, CXCL-2, and
CXCL-10 (Manni et al., 2014; Veldhoen, 2017), which were
elevated in PMCAþHDM mice compared with HDM and
PMCHþHDM mice (Figure 13) in the present study. Although

IL-17 also recruits and mediates responses of immune cells
through induction of MMPs, G-CSF, and GM-CSF, their levels
were not significantly different among the various treatment
groups.

PMCA Exposure Results in Increased IL-21, an Upstream Cytokine
That Promotes TH17 Responses, in HDM-Sensitized Mice
The combination of IL-21 and transforming growth factor-b can in-
duce naive T cells to differentiate into TH17 cells (Veldhoen, 2017).
We found that IL-21 was significantly increased in PMCAþHDM
mice compared with HDM and PMCHþHDM mice (Figure 12E).
Several studies suggest IL-21, a pleiotropic cytokine capable of acti-
vating most lymphocyte populations (Parrish-Novak et al., 2000), is

produced by IL-27-induced transcription factor c-Maf (Pot
et al., 2009). IL-27 expression is reportedly significantly greater
in sputum from patients with severe neutrophilic asthma
(Li et al., 2010). Because TH17 cells are a major source of IL-21,
an autocrine amplification loop has been proposed by which
TH17 cells enhance their own differentiation and precursor fre-
quency (Nurieva et al., 2007). Researchers found that TH17 cells
produced IL-21, which exerted critical functions in TH17 cell
development (Ouyang et al., 2008). It is possible that PM2.5

activates dendritic cells and/or macrophages to produce and
secrete IL-27, which then increases IL-21 levels to induce the
differentiation of TH17 cells. This may be a key mechanism in
PM-related allergic sensitization. In the present study, we
observed elevated IL-27 in PMCAþHDM mice compared with
HDM-treated mice (Figure 12F).

To the best of our knowledge, this study is the first of its
kind to compare how exposure to different sources of PM con-
tributes to allergic sensitization, challenge, and neutrophilic in-
flammation in asthma. Future studies may benefit from
comparative analysis of equivalent doses of PMCH, PMCA, and
specific components thereof (eg, Cu ions and/or oxidized

Figure 11. Exposure to California PM and HDM allergen (PMCAþHDM) produces the strongest influx of IL-17-positive cells into the lungs. Panels (A–F) are brightfield

microscopy images of typical responses observed in mouse lung tissue sections stained for IL-17 markers of T-helper type 17 (TH17) cells. IL-17þ cells appear as dark

staining. Images show the following treatment groups: PBS (control; A); extracts of PMCH (B); extracts of PMCA (C); HDM (D); PMCHþHDM (E); and PMCAþHDM (F). Each

group had an n ¼ 6. Scale bar is 50 lm. Panel (G) shows the percent of IL-17þ cells. Data were analyzed by an ANOVA considering the effect of treatment, and are shown

as the mean 6 SEM. Brackets indicate a significant (p < .05) difference between groups.
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organics). We conclude that: (1) low-dose PM2.5 extracts can sig-
nificantly exacerbate asthmatic responses in HDM-sensitized
animals (Figure 4); (2) toxicity of PMCAþHDM is greater than
PMCHþHDM (Figs. 5, 6E, 6F, 8A, and 8C); (3) PMCA exposure during
the period of allergic sensitization to HDM significantly

increases levels of TH17-associated cytokines (IL-17A, -17F, and
IL-21; Figs. 12A–E) and IL-17-enhanced chemokines (CCL2,
CXCL1, 2, and 10) involved in neutrophil (not eosinophil) recruit-
ment (Figs. 13A–D; (4) IL-21 is a plausible activator of TH17 cyto-
kines (Figure 12E); and (5) higher levels of oxidized organic

Figure 12. Exposure to California PM and HDM allergen (PMCAþHDM) significantly increases the protein and gene expression profiles of T-helper cell type 17 (TH-17)-

cytokines above other treatments. Graphs show results obtained from analysis of mouse lung proteins via ELISA and genes (mRNA) via PCR. Analyzed proteins in-

cluded IL-17A (A) and IL-17F (B). Protein levels were analyzed in duplicate for each animal and averaged for each treatment group. Analyzed genes included IL-17A (C),

IL-17F (D), IL-21 (E), and IL-27 (F). Gene expression is shown as relative expression to the housekeeping gene, GAPDH. Gene levels were analyzed for each animal and av-

eraged for each treatment group. Data are shown as the mean 6 SEM. Brackets indicate a significant (p < .05) difference between groups (n ¼ 6 for all treatment

groups).
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compounds and Cu in PMCA may be partly responsible for its
greater toxicity (Figure 3 and Table 1, respectively).

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences
online.
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