MOLECULAR MEDICINE REPORTS 23: 378, 2021

Fine particulate matter induces airway inflammation
by disturbing the balance between Th1/Th2 and regulation
of GATA3 and Runx3 expression in BALB/c mice
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Abstract. The present study aimed to examine the effects
of 2.5 um particulate matter (PM2.5) on airway inflamma-
tion and to investigate the possible underlying mechanism.
Specifically, the focus was on the imbalance of T helper
(Th)1/Th2 cells and the dysregulated expression of transcrip-
tion factors, including trans-acting T cell-specific transcription
factor 3 (GATA3), runt-related transcription factor 3 (Runx3)
and T-box transcription factor TBX21 (T-bet). In this study,
ambient PM2.5 was collected and analyzed, male BALB/c
mice were sensitized and treated with PBS, ovalbumin (OVA),
PM2.5 or OVA + PM2.5. The effects of PM2.5 alone or
PM2.5 + OVA on immunopathological changes, the expres-
sion of transcription factors GATA3, Runx3 and T-bet, and
the imbalance of Th1/Th2 were investigated. It was found that
PM2.5 + OVA co-exposure significantly enhanced inflamma-
tory cell infiltration, increased higher tracheal secretions in
lung tissue and upregulated respiratory resistance response to
acetylcholine compared with PM2.5 or OVA single exposure
and control groups. In addition, higher protein and mRNA
expression levels of Th2 inflammatory mediators interleukin
(IL)-4, IL-5 and IL-13 in bronchoalveolar lavage fluid were
observed in PM2.5 + OVA treated mice, whereas the expres-
sion levels of GATA3 and STAT6 were exhibited in mice
exposed to OVA + PM2.5 compared with the OVA and PM2.5
groups. By contrast, PM2.5 exposure decreased the protein
and mRNA expression levels of Thl cytokine interferon-y and
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transcription factors Runx3 and T-bet, especially among asth-
matic mice, different from OVA group, PM2.5 exposure only
failed to influence the expression of T-bet. To conclude, PM2.5
exposure evoked the allergic airway inflammation response,
especially in the asthmatic mouse model and led to Th1/Th2
imbalance. These effects worked mainly by upregulating
GATA3 and downregulating Runx3. These data suggested
that Runx3 may play an important role in PM2.5-aggravated
asthma in BALB/c mice.

Introduction

Asthma is one of the most common chronic respiratory
diseases, affecting ~300 million individuals worldwide,
and the prevalence is increasing (1). Asthma is character-
ized by recurrent coughing, wheezing and chest tightness,
and affects the quality of life, bringing with it heavy social
and economic burdens to patients, their families and to
healthcare systems (2). Although asthma is considered a
heterogeneous disease, it has classically been considered as
a T helper (Th)2 cell allergic disease, with increased infil-
tration of eosinophils and enhanced immunoglobulin (Ig)
E levels. Immune dysfunction, including an imbalance in
Th1/Th2, has been reported to be involved in the pathogen-
esis of the allergic response observed in asthma for several
decades (3,4). The Th2-related cytokines interleukin (IL)-4,
IL-5 and IL-13 are essential in eosinophil accumulation,
airway hyper-responsiveness (AHR), mucus production and
further bronchial fibrosis (5,6). Thl produces interferon
(IFN)-v, which serves an important role in Thl differentia-
tion. Naive CD4* T cells have the potential to differentiate
into different T subtypes, regulated by the type and strength
of stimuli and different transcription factors (7). Naive CD4*
T cells are activated by IL-4-STAT6 signaling, resulting
in upregulation of the transcription factor trans-acting
T cell-specific transcription factor GATA-3 (GATA3).
GATAZ3 is crucial for Th2 differentiation and Th2 cytokine
production (8); the Th2 locus control region has also been
reported to regulate Th2 cytokine genes (9). T cells possess
the capacity to produce IFN-v, and this is regulated by
several transcription factors, including T-box transcription
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factor TBX21 (T-bet), eomesodermin and runt-related tran-
scription factor 3 (Runx3) (10).

Runx3 is a member of the Runt domain family of tran-
scription factors; it is expressed in the peripheral blood and
immune system and is involved in the development of T cell
differentiation (11,12). Previous studies have reported Runx3 is
associated with the pathogenesis of asthma; the expression of
Runx3 in Thl cells is higher than that in Th2 cells, and Runx3
knockout mice develop eosinophilic lung inflammation and
AHR spontaneously, suggesting that Runx3 is important in the
repression of Th2 responses (13,14). The human Runx3 gene is
located on chromosome 1p36 and contains two promoters P1
and P2. P2 is rich in CpG dinucleotides, and hypermethylation
of the CpG island adjacent to Runx3 P2 promoter can result in
the development of several diseases, including leukemia and
gastric cancer (15-17). Men et al (18) reported that methyla-
tion of the CpG islands in the Runx3 gene promoter leads to
silencing of Runx3 expression, and this underlies the progres-
sion of bronchiolitis into asthma in Chinese children. It has
previously been suggested that Runx3 and GATA3 co-regulate
each other, and the relative expression of GATA3 and Runx3
may regulate Th1/Th2 responses (19).

To date, >100 asthma-associated gene variants have been
reported to be involved in the occurrence and pathology of
asthma. However, hereditary factors explain only ~10% of the
risk of developing asthma (20-22). Asthma is affected by both
heredity and environmental exposure. Owing to rapid indus-
trialization, urbanization and population growth, atmospheric
pollution is now considered a major risk factor for the devel-
opment of asthma (1). Particulate matter (PM) composition
is the major component of air pollution. PM is divided into
three main groupings: PM10, coarse (diameter, 2.5-10 pm);
PM2.5, fine (diameter, <2.5 ym); and PM1, ultrafine (diameter,
<1 pm) (23). PM2.5 is small enough to penetrate terminal
bronchioles and alveoli, and previous studies have indicated
that PM2.5 is the most relevant with regards to asthma-related
environmental factors (24). PM2.5 has been reported to exac-
erbate airway inflammation by upregulating the expression
of transient receptor potential cation channel subfamily A
member 1 and microRNAs (25), promoting reactive oxygen
species accumulation (26), and activating toll-like receptor
(TLR)2/TLR4/myeloid differentiation primary response
protein M2yD88 and NF-«B signaling pathways in a murine
model of asthma (27,28). PM2.5 has also been reported to
induce autophagy of human bronchial epithelium cells via
nitric oxide synthase inducible signaling in vitro (29), as well
as disturb the balance between Th1/Th2 and Thl7/regula-
tory T cells (30,31). However, the precise mechanism by
which PM2.5 induces/aggravates asthma in patients remains
undetermined. Our previous study demonstrated that ambient
PM2.5 exposure aggravated airway inflammation of asthmatic
mice in a dose-dependent manner, and a high dose of PM2.5
exposure induced mixed eosinophilic/neutrophilic inflamma-
tion (32). However, to the best of our knowledge, there are no
studies that have assessed the expression of related transcrip-
tion factors, including GATA-3, T-bet and Runx3, induced by
PM2.5. Combined with our previous study, it was hypothesized
that PM2.5 aggravates airway inflammation and induces an
imbalance of Th1/Th2 cells by interfering with the expres-
sion of the transcription factor GATA3, RUNX3 and T-bet.

Therefore, the present study aimed to examine the effects of
2.5 um particulate matter (PM2.5) on airway inflammation
and to investigate the possible underlying mechanism.

Materials and methods

Collection and measurement of PM2.5. PM2.5 was collected
using a 2033B high-volume air sampler (Qingdao Laoying
Environmental Technology Co., Ltd.) at a flow rate of 100 I/min,
8 h/day for 12 months (between January and December 2018)
in Yantai, Shandong, China. After sampling, the fiberglass
filters were removed and cut into small pieces of 1x3 cm, the
fibers were immersed in ultrapure water, ultrasonic vibra-
tions were used to elute the PM2.5, which was concentrated
by freeze-drying. The PM was mixed with saline to obtain a
particle suspension prior to experimentation. The concentra-
tion of polycyclic aromatic hydrocarbons (PAHs) and metals
in the samples were determined using high-performance liquid
chromatography (HPLC; Hitachi Model 600 HPLC; Hitachi,
Ltd.) and inductively coupled plasma atomic emission
spectrometry (ICP-AES; 61E Trace and ICP-750; Thermo
Jarrell-Ash) according to the manufacturer's protocol. HPLC
was conducted at room temperature. PM2.5 samples (100 pl)
were mixed with the same volume of Na,SO,, then added into
10 ml normal hexane/acetone (1:1). The samples were extracted
by ultrasonication (20 kHz) for 20 min at room tempera-
ture and moved into the purification column (400x10 mm;
cat. no. V0301050001; Shanghai Chubo Laboratory Equipment
Co.,Ltd.) at 1.0 ml/min. Ultrasonic extraction was performed for
5 min. PAHs were determined at 254 nm using PAH standards
(cat. no. PAH525-1JM; Chemservice). ICP-AES was conducted
at room temperature, the samples were added nitric acid to limit
the acidity to 5%, the wavelength range was 165-872 nm, the
power was 1100 W, and the analysis line and detection limits
of each metal was as follows: Ca (317.933 nm; 0.003 mg/l),
Fe (328.204 nm; 0.000 mg/l), Mn (257.610 nm; 0.000 mg/1),
Zn (213.867 nm; 0.015 mg/1), K (766.490 nm; 0.12 mg/l), Ba
(455.403 nm; 0.000 mg/1), Na (589.592 nm; 0.018 mg/I) and
As (460.733 nm; 0.008 mg/1).

Animals and experimental design. A total of 48 6-week-old
male BALB/c mice (8-22 g in weight) were obtained from
Ailingfei Animals Center (Nanjing, China). The animal
experiments were approved by the Institutional Animal
Care and Use Committee of Nanjing Medical University
(approval no. 20110217). Animals were anesthetized to
minimize suffering. The mice were maintained under a 12 h
light/dark cycle at a constant temperature (22+2°C) and a rela-
tive humidity of 55+10%; all animals had ad libitum access
to food and water. The mice were randomly divided into four
groups (n=12/group) as follows: i) Control group, ii) ovalbumin
(OVA) group, iii) PM2.5 group and iv) OVA + PM2.5 group.
A 26-day model was used based on our previous study (33).
On days 0, 7 and 14, mice in the OVA and OVA + PM2.5
groups were intraperitoneally (i.p.) injected with 100 pg
OVA (cat. no. A5503; Sigma-Aldrich; Merck KGaA), which
was combined with an alum adjuvant (0.2 ml; cat. no. 77161;
Thermo Fisher Scientific, Inc.); mice in the control and PM2.5
groups were administered an equivalent volume of PBS (i.p.).
A total of 100 g PM2.5 particles in 50 ul physiological saline
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Figure 1. Overview of the experimental design. On days 0, 7 and 14 mice in the OVA and OVA + PM2.5 groups were i.p. injected with 100 yg OVA and
alum adjuvant, whereas mice in the control and PM2.5 groups were administered an equivalent volume of PBS (i.p.). A total of 100 ug PM2.5 particles in
50 ul physiological saline was administered intranasally to mice in the PM2.5 and OVA + PM2.5 groups from days 16-20, an equivalent volume of PBS was
administered intranasally to mice in the control and OVA group. Mice, except for those in the control group, were challenged with aerosolized 1% OVA (total
volume, 100 ml) for 30 min from days 21-25. OVA, ovalbumin; PM2.5, 2.5 ym particulate matter; i.p., intraperitoneally; PBS, phosphate-buffer saline.

was administered intranasally to mice in the PM2.5 and
OVA + PM2.5 groups from days 16-20, an equivalent volume
of PBS was administered intranasally to mice in the control
and OVA group. Mice, except for those in the control group,
were challenged with aerosolized 1% OVA (total volume,
100 ml) for 30 min from days 21-25. The detailed protocols
are shown in Fig. 1.

Airway responsiveness determination. Airway responsive-
ness to acetylcholine chloride (ACH) was assessed 24 h
after the final OVA challenge using an AniRes 2005 animal
lung function analysis system (Best Lab Solutions). After
anesthetizing mice with sodium pentobarbital (70 mg/kg)
via intraperitoneal injection, mice were intubated through
the trachea for mechanical ventilation and the caudal vein for
ACH administration. The mice were ventilated to measure
airway resistance using progressively increasing doses of
ACH (0, 10, 30, 90 and 180 ug/kg). All mice were ventilated
at a breath rate set at 90 breaths/min and with the volume set
as 6 ml/kg (34).

Determination of serum OVA-specific IgE and cytokines in
bronchoalveolar lavage fluid (BALF). After sacrificing mice
by cervical dislocation, blood was collected from the heart.
The blood samples were centrifuged at 3,000 x g for 10 min
at 4°C to obtain the serum. The serum levels of OVA-specific
IgE were assessed using an ELISA kit (cat. no. ab157718;
Abcam). The mice were subsequently intubated, the left
main bronchus was ligated and the airway lumina of the
right lungs were washed three times (0.4, 0.3 and 0.3 ml,
respectively) with sterile saline. The BALF was centrifuged
(12,000 x g at 4°C for 10 min) and ELISA kits were used to
detect the levels of IL-4 (cat. no. 20186; Quanzhou Ruixin
Biological Technology Co., Ltd.), IL-5 (cat. no. ab204523;
Abcam), IL-13 (cat. no. ab219634; Abcam) and IFN-y
(cat. no. abl00689; Abcam), according to the manufacturer's
protocol.

Cell counting in BALF. After centrifugation (5,000 x g at 4°C
for 10 min), part of the BALF sediment was resuspended in 1 ml
PBS, BALF cytospins were stained at room temperature for
3 min using the Wright-Giemsa method (cat. no. RBR00502;
Shanghai Rongbai Biotechnology Co., Ltd.), according to the
manufacturer's protocol, and cells were counted using a BX53
light microscope (magnification, x100; Olympus Corporation)
and a hemocytometer. To avoid errors, each sample was
counted by two independent researchers. The total number of
cells and the number of four different types of inflammatory

cells (macrophages, lymphocytes, eosinophils and neutrophils)
were recorded.

Pulmonary histopathological analysis. The left lungs of the
mice were prepared for histological analysis and fixed in 4%
triformol for 48 h at room temperature. Paraffin-embedded
sections were sliced into 5-um thick sections for staining
with the hematoxylin and eosin kit (Beijing Solarbio Science
& Technology Co., Ltd.) at room temperature for 1 h to
observe inflammatory changes using a BX53 light microscope
(magnification, x100; Olympus Corporation). Carl Zeiss
Axiovision Viewer Image software (version 4.82.SP2 1CD;
Carl Zeiss AG) were used to assess the mean liner intercept
(MLI), matrix membrane layer and smooth muscle layer of the
airways. Periodic Acid Schiff (PAS) (Beijing Solarbio Science
& Technology Co., Ltd.) staining was used to assess mucus
secretion. PAS* cells were analyzed using Axiovision Viewer
Image software and the ratio of PAS™ cells to bronchus was
calculated.

Western blotting. The right lung was removed, and total
protein was extracted using Total Extraction Sample Kit
(Sigma-Aldrich; Merck KGaA) according to the manufactur-
er's protocols. Protein concentrations were determined using
the BCA method (cat. no. 23225; Thermo Fisher Scientific,
Inc.). Proteins (30 pg) were resolved by 10% SDS-PAGE, and
then transferred to a PVDF membrane. Following blocking
with TBST supplemented with 5% skim milk powder for 2 h
at room temperature, the PVDF membranes were incubated
with antibodies against GATA3 (1:1,000; cat. no. ab106625;
Abcam), STAT6 (1:2,000; cat. no. ab32520; Abcam),
T-bet (1:500; cat. no. ab91109; Abcam) or Runx3 (1:1,000;
cat. no. ab135248; Abcam) at 4°C overnight. The membranes
were subsequently incubated with HRP-conjugated goat
anti-mouse secondary antibody (1:5,000; cat. no. ab205719;
Abcam) the following day for 1 h at room temperature. Signals
were visualized using ECL Chemiluminescence Detection kit
(cat. no. SW2010; Beijing Solarbio Science & Technology Co.,
Ltd.). Protein expression levels were semi-quantified using
Gel-Pro-Analyzer software (version 4.0; Media Cybernetics,
Inc.) with (-actin as the loading control.

Reverse transcription-quantitative PCR (RT-gPCR). Right
lung was removed, and total cellular RNA was extracted using
TRIzol® reagent (cat. no. 15596026; Invitrogen; Thermo Fisher
Scientific, Inc.). A One-step RT-PCR kit (cat. no. 639504;
Takara Bio, Inc.) was used according to the manufacturer's
protocols to reverse transcribe RNA into cDNA. Subsequently,
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Table I. Primer sequences used for reverse transcrip-
tion-quantitative PCR.

Gene Primer sequences (5'—3")
1L-4 F: TGAACGAGGTCACAGGAGAA
R: CGAGCTCACTCTCTGTGGTG
IL-5 F: CTCTGTTGACAAGCAATGAGACG
R: TCTTCAGTATGTCTAGCCCCTG
IL-13 F: TGTGTCTCTCCCTCTGACCC
R: CACACTCCATACCATGCTGC
IFN-vy F: ATGAACGCTACACACTGCATC
R: CCATCCTTTTGCCAGTTCCTC
GATA3 F: TTATCAAGCCCAAGCG
R: CCATTAGCGTTCCTCCTC
T-bet F: GTGACCCAGATGATTGTGCTC
R: GTAGGCAGTCACGGCAATG
Runx3 F: TCCAACAGCATCTTGACTCCTT
R: GGTGCTCGGGTCTCGTAT
GAPDH F: AGGTCGGTGTGAACGGATTTG

R: TGTAGACCATGTAGTTGAGGTCA

GATA3, trans-acting T cell-specific transcription factor GATA-3;
T-bet, T-box transcription factor TBX21; Runx3, runt-related
transcription factor 3; IFN-v, interferon; IL-, interleukin.

mRNA expression levels of cytokines and transcription
factors were evaluated via RT-qPCR using BlazeTaq™
SYBR® Green qPCR Mix (GeneCopoeia, Inc.) according to
the manufacturer's protocol. The following thermocycling
conditions were used for qPCR: 95°C for 30 sec; followed by
40 cycles at 95°C for 30 sec and at 60°C for 30 sec; and then
at 72°C for 30 sec. Lightcycler software (version 480; Roche
Molecular Diagnostics) was used to measure the Cq values
and the results were expressed relative to GAPDH. Primers
were selected from PrimerBank (35). The forward and reverse
sequences of the primers used for amplification are presented
in Table I. mRNA expression levels were quantified using the
2-4Cd method (36).

Flow cytometry. The spleen was taken to the ultra-clean
table, ground using a cell strainer (mesh size, 100), and the
cell suspension was obtained. After stimulation with phorbol
myristate acetate (25 pg/ml) + lonomycin (20 xg/ml) at
37°C for 4 h (Beijing Solarbio Science & Technology Co.,
Ltd.), the cells were fixed using 4% paraformaldehyde at
room temperature for 10 min. Cells were incubated with
PerCP/cyanine5.5-conjugated anti-CD4 (cat. no. 45-0042-80;
Thermo Fisher Scientific, Inc.), PE-conjugated anti-IL-4
(cat. no. 12-7041-41; Thermo Fisher Scientific, Inc.) and
FITC-conjugated anti-IFN-vy (cat. no. 11-7311-41; Thermo
Fisher Scientific, Inc.) antibodies for 20 min at room temper-
ature. Thl and Th2 cells were sorted using a FACSCanto™
flow cytometer (BD Biosciences). The corresponding
percentage of Thl cells, Th2 cells and Th1/Th2 ratio were
calculated and analyzed using FlowJo software (version 10;
BD Biosciences).

Table II. Metals and PAH composition in PM2.5.

A, Metal

Type PM2.5, ug/mg
Na 60.51
Mg 40.93
Al 37.28
Ca 32.17
Zn 18.93
Fe 11.24
K 9.17
Mn 540
Ba 492
As 3.14
B, PAHs

Type PM2.5, ug/mg
Naphthalene 1141
Acenaphthene 11.06
Phenanthrene 9.17
Benzofluoranthene 4.69
Benzo 1.59
Fluoranthene 0.97
Pyrene 0.34
Chrysene 0.25
Anthracene 0.13

PM25, 2.5 um particulate matter; PAH, polycyclic aromatic
hydrocarbon.

Statistical analysis. All experiments were performed at least
three times. Data are presented as the mean =+ standard devia-
tion, and differences between four groups were analyzed using
one-way ANOVA followed by Tukey's post hoc test. P<0.05
was considered to indicate a statistically significant difference.

Results

PM?2.5 components. The chemical constituents identified
in PM2.5 samples are listed in Table II. Metals and PAHs
accounted for the primary constituents of ambient PM2.5
samples collected in Yantai, China. The results showed that
sodium, magnesium, aluminum, calcium and zinc were the
primary metals found. Naphthalene, acenaphthene, phenan-
threne, benzofluoranthene and benzopyrene were the primary
PAHs in the ambient PM2.5. The results suggested that the
metals and PAHs may account for the exacerbating effect of
PM2.5 on the occurrence and prevalence of asthma.

Effects of PM2.5 on AHR. The results of in vivo experiments
showed that increased administration of ACH, OVA and
PM2.5 co-exposure significantly increased the lung resistance
compared with that observed in the groups treated with PM2.5
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Figure 2. PM2.5 exposure exacerbates airway hyper-responsiveness,
especially in asthmatic mice. Data are expressed as the mean + SD; n=12;
“P<0.05 vs. Control; 2P<0.05 vs. PM2.5; “P<0.05 vs. OVA. OVA, ovalbumin;
PM2.5, 2.5 ym particulate matter; RL, resistance of the lung.

and OVA alone (Fig. 2). The airway resistance of mice in
the PM2.5 group treated with ACH was significantly higher
compared with the control group, but lower than that in the
OVA group.

Effects of PM2.5 on the serum levels of OVA-specific IgE and
cytokines in BALF. The levels of serum OVA-specific IgE
increased significantly in the OVA and OVA + PM2.5 groups
compared with the PM2.5 and control groups (Fig. 3A).
Levels of OVA-specific IgE in the OVA + PM2.5 group were
increased notably compared with the OVA group. However,
there were no significant differences between the PM2.5 and
control groups. OVA + PM2.5 significantly increased IL-4,
IL-5 and IL-13 levels in BALF compared with the control,
OVA and PM2.5 groups (Fig. 3B-D, respectively); OVA and
PM2.5 alone significantly increased the levels of these cyto-
kines in BALF compared with the control group. PM2.5 alone
resulted in less secretion of these cytokines compared with the
OVA mice. The changes in expression of IFN-vy in these four
groups were opposite to that observed for IgE, IL-4, IL-5 and
IL-13 (Fig. 3E).

Effects of PM2.5 on inflammatory cell count in BALF. PM2.5
exposure increased the total inflammatory cell count and the
count of each type of inflammatory cell assessed, including
macrophages, neutrophils, eosinophils and lymphocytes, in
BALF sediments, particularly in the OVA + PM2.5 group
(Fig. 4). The increase observed in the OVA group was signifi-
cantly higher compared with the PM2.5 alone and control
groups.

Effects of PM2.5 on pathological changes in the airway. No
pathological alterations were found in the lungs of the control
group. PM2.5 alone caused a small degree of airway inflamma-
tion, whereas OVA exposure exacerbated airway inflammation,
particularly in the OVA + PM2.5 group, OVA + PM2.5 expo-
sure resulted in focal infiltration of inflammatory cells into the

airway (Fig. 5SA). PM2.5 increased mll of mice, and a signifi-
cant difference was observed between the asthmatic mice
compared with the OVA group (Fig. 5B). PM2.5 increased
matrix membrane layer thickness and smooth muscle layer
thickness significantly (Fig. 5C and D, respectively), particu-
larly in mice treated with both OVA and PM2.5. Furthermore,
mucus secretion was significantly increased in the mice of the
OVA + PM2.5 group; OVA and PM2.5 alone increased mucus
secretion significantly compared with the control group, and
the PM2.5 group showed fewer PAS* cells compared with the
OVA group (Fig. S5E).

Effects of PM2.5 on the expression of transcription factors.
The results of western blotting showed that a combination of
OVA and PM2.5 significantly enhanced the protein expres-
sion levels of the GATA3 and STAT6 compared with the
other groups (Fig. 6). The expression of GATA3 and STAT6
in the mice treated with PM2.5 alone was higher compared
with the control group. Expression of the transcription factors
in the OVA group were significantly higher compared with
the PM2.5 group. Conversely, PM2.5 lowered the expres-
sion of Runx3, and the decrease was more pronounced in
the OVA + PM2.5 group. Additionally, expression of Runx3
was significantly lower in the OVA group compared with the
control group. No significant differences in Runx3 expression
were observed between the OVA and PM2.5 groups. However,
expression of T-bet in OVA and OVA + PM2.5 groups were
significantly lower compared with all the other groups. PM2.5
alone decreased the expression of T-bet compared with the
control mice, but no significant differences were observed in
the expression levels of T-bet between the PM2.5 and control
groups. These results suggested that transcription factor
Runx3, but not T-bet served a vital role in PM2.5-induced
asthmatic pathological processes.

Effects of PM2.5 on the mRNA expression of the cytokines. The
mRNA expression levels of inflammatory cytokines and tran-
scription factors were measured by RT-qPCR. The variation in
trends and mRNA ratios were the same as those observed for
the changes in the protein expression levels (Fig. 7).

Effects of PM2.5 on the differentiation of Thl and Th2. The
proportion (%) of Th2 was significantly increased in the OVA
group compared with the control group, as measured by flow
cytometry (Fig. 8). PM2.5 exposure slightly decreased the
proportion of Thl cells and increased the proportion of Th2
cells, but no significant difference was observed compared
with the control group. Co-exposure of OVA and PM2.5 signif-
icantly decreased the population of Thl cells and increased
the population of Th2 cells. In addition, PM2.5 significantly
disturbed the balance between Th1/Th2 cells compared with
the control group, OVA + PM2.5 co-exposure exhibited an
enhanced effect, further disturbing the balance significantly
compared with the OVA group.

Discussion
Although asthma is recognized as a heterogeneous disease,

eosinophilic airway inflammation serves a classical role in
the development of asthma (37), accompanied by infiltration
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Figure 4. Total number of inflammatory cells in the BALF from the right lungs of mice. Wright-Giemsa staining method was performed to show the (A) total
number of inflammatory cells, and the differential expression of types of inflammatory cells, including (B) macrophages, (C) neutrophils, (D) eosinophils
and (E) lymphocytes, in the BALF from the right lungs of mice. Data are expressed as the mean + SD; n=12; "P<0.05 vs. Control; “P<0.05 vs. PM2.5;

"P<0.05 vs. OVA. BALF, bronchoalveolar lavage fluid; OVA, ovalbumin; PM2.5, 2.5 ym particulate matter.

of mast cells, T lymphocytes and neutrophils, which is associ-
ated with increased release of Th2-related cytokines (38). Th2
cytokines, mainly result from Th2 cells, serve a crucial role
in allergic inflammation. IL-4 promotes differentiation in
Th2 cells, IL-13 mediates AHR and mucus hyperproduction,
whereas IL-5 is highly specific to activation and recruitment of
eosinophils. IFN-y, produced by Thl cells, induces immunity
against intracellular pathogens. The cytokines form a complex
inflammatory network and regulate the immune response.

In the present study, PM2.5 alone significantly increased the
levels of Th2 cytokines IL-4, IL-5 and IL-13, and decreased
the levels of IFN-y compared with the control mice, consis-
tent with the aggravation of inflammatory cells, particularly
eosinophil infiltration into the airway, airway mucus hyper-
secretion and AHR. Although the effect was lower compared
with the OVA group, airway inflammation and AHR increased
significantly in the OVA + PM2.5 group. Together, the results
of the present study showed that ambient PM2.5 collected in
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Yantai evoked an allergic inflammatory response in the airway
of mice, and the aggravating effect was notably increased in
the mouse model of asthma. These results share some simi-
larity with previous studies (39-41). Meanwhile, an imbalance
of Th1/Th2 was found in groups exposed to PM2.5, especially
in the OVA + PM2.5 group. In the present study, it was found
that although PM2.5 decreased the percentage of Thl cell and

increased the percentage of Th2 cells slightly, PM2.5 did alter
the Th1/Th2 cell ratio significantly. The present study also
demonstrated that co-exposure of PM2.5 and OVA aggravated
the imbalance of Th1/Th2.

An imbalance in Th1/Th2 cells was observed in the groups
exposed to PM2.5, particularly in the OVA + PM2.5 group.
The capacity of T cells to produce inflammatory cytokines
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and the differentiation of T cells is programmed by transcrip-
tion factors. GATA3 is a master transcription factor involved
in induction of Th2 differentiation, which is upregulated by
IL-4-STAT®6 signaling (42). T-bet controls Thl differentia-
tion and programme cytokines patterns (43,44). Additionally,
Runx3 is another Thl transcription factor. Runt-related tran-
scription factors serve a vital role in T cell-mediated immunity,
which is also responsible for IFN-y production. Knockdown of
Runx3 results in a notable decrease in IFN-y levels in GATA3
and T-bet double-deficient mice (45). Runx3 transgenic mice

exhibited a Thl cell phenotype (45), Runx3" mice exhibited
spontaneous eosinophilic airway inflammation and AHR (46).
Zhou et al (47) demonstrated that mislocalization of Runx3
induces airway inflammation and AHR in asthmatic mice.
Furthermore, Runx3 has been reported to suppress IL-4, and
these inhibitory effects can be observed without the involvement
of T-bet (18,48). Thus, blocking Runx3 results in diminished
IFN-y production and Th2-related inflammation. In the present
study, it was hypothesized that PM2.5 evoked airway inflam-
mation by regulating the expression of transcription factors.
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It was first found that PM2.5 exposure significantly increased
the protein and mRNA levels of GATA3 and STAT6, which
demonstrated that PM2.5 may alter Th2 differentiation. The
protein and mRNA levels of T-bet in the PM2.5-treated group
(alone) did not differ significantly compared with the control
group, which was different from the OVA group. Whereas
expression of Runx3 decreased significantly compared with
the control group. OVA exposure decreased the expression of
both T-bet and Runx3, and enhanced the expression of both
GATA-3 and STAT®6. Thus, the results demonstrated that the
transcription factors GATA3, STAT6, T-bet and Runx3 served
a vital role in the pathology of asthma. The present study also
suggested that PM2.5 inhibited the Thl response primarily
through downregulation of Runx3, but not T-bet. Combined
exposure to PM2.5 and OVA exhibited a enhanced suppressor
effect on Thl differentiation.

The gene expression level of Runx3 is controlled by
promoters that are rich in CpG islands. Previous studies
have reported that methylation of promoter regions results in
silencing of Runx3 gene expression, which leads to the devel-
opment of several diseases (49-51). The present study showed
that the protein and mRNA levels of Runx3 were significantly
decreased in the PM2.5 and OVA exposure groups. However,
whether methylation of Runx3 influences its expression
remains undetermined, and will be assessed in future studies.

The primary ambient components collected in Yantai
were metals and PAHs. An increasing number of studies have
demonstrated that metals in the PM2.5 category contribute to
allergic airway inflammation (52,53). Additionally, previous
studies have reported that PM2.5-associated PAHs are involved
in the development of allergic inflammation through interac-
tions with the arylhydrocarbon receptor and PAHs have been
suggested to regulate the differentiation of T cells (54-56). The
components of PM2.5 may be responsible for the initiation
and exacerbation of asthma; however, it remains unclear which
specific metals or PAHs are responsible for the exacerbation
observed in the present study.

The present study has some limitations. Numerous tran-
scription factors are involved in the inflammatory network
of asthma, the master transcription factors GATA3, T-bet
and Runx3 have been reported to interact with each other.
Previous studies have demonstrated that GATA3 regulates
the expression of T-bet by repressing the IL-12-STAT4-IFN-y
pathway (57), and T-bet can function with Runx3 to repress
IL-4 and GATA3 expression (19). However, whether
these transcription factors interact with each other in
PM2.5-exposed mice remains unknown, thus future studies
will study the effect of gene knockout mice to assess the roles
of these transcription factors.

In conclusion, ambient PM2.5 exposure upregulated the
expression levels of the transcription factors GATA3 and
STAT6 and downregulated the expression of Runx3. This
resulted in an imbalance in the ratio of Th1/Th2 cells, and
evoked allergic inflammation and AHR in the airways, and
these effects were notably exacerbated in the mouse model of
asthma.
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