International Journal of Chronic Obstructive Pulmonary Disease

Dove

ORIGINAL RESEARCH

PM2.5 Induces the Expression of Inflammatory
Cytokines via the Wnt5a/Ror2 Pathway in Human
Bronchial Epithelial Cells

Weifeng Zou '
Xiaogian Wang?
Wei Hong3
Fang He*
Jinxing Hu'
Qing Sheng'
Tao Zhu'

Pixin Ran®

IState Key Laboratory of Respiratory
Disease, Guangzhou Chest Hospital,
Guangzhou, Guangdong, People’s
Republic of China; 2State Key Laboratory
of Respiratory Disease, Guangzhou
Medical University, Guangzhou,
Guangdong, People’s Republic of China;
3GMU-GIBH Joint School of Life
Sciences, Guangzhou Medical University,
Guangzhou, Guangdong, People’s
Republic of China; *The Research Center
of Experiment Medicine, Guangzhou
Medical University, Guangzhou,
Guangdong, People’s Republic of China;
SState Key Laboratory of Respiratory
Diseases, National Clinical Research
Center for Respiratory Diseases,
Guangzhou Institute of Respiratory
Health, The First Affiliated Hospital of
Guangzhou Medical University,
Guangzhou, Guangdong, People’s
Republic of China

Correspondence: Pixin Ran

State Key Laboratory of Respiratory
Diseases, National Clinical Research
Center for Respiratory Diseases,
Guangzhou Institute of Respiratory
Health, The First Affiliated Hospital of
Guangzhou Medical University, 151
Yanjiang Road, Yuexiu District,
Guangzhou, Guangdong 510120, People’s
Republic of China,

Tel +86 1392276581 |

Email pxran@gzhmu.edu.cn

This article was published in the following Dove Press journal:
International Journal of Chronic Obstructive Pulmonary Disease

Background and Purpose: Recently, fine particulate matter (PM2.5) was identified as the
main exposure risk for COPD, and inflammation is central to the development of COPD. In
this study, we investigated whether PM2.5 can induce the secretion of interleukin-6 (IL-6),
IL-8 and IL-1p in human bronchial epithelial cells (HBECs) in vitro via the wingless-related
integration site SA (WntS5a)/receptor tyrosine kinase-like orphan receptor 2 (Ror2) signaling.
Methods: The expression of Wnt5a and Ror2 was assessed by immunohistochemistry in
motor vehicle exhaust (MVE)-induced Sprague-Dawley rats. HBECs were transfected with
small interfering RNA (siRNA) targeting Wnt5a or Ror2 and subsequently stimulated with
PM2.5.The secretion of IL-6, IL-8 and IL-1p was assessed by ELISAs, and the expression of
Whnt5a/Ror2 signaling were assessed by RT-PCR and Western blotting.

Results: Both Wnt5a and Ror2 protein were increased in the lung of MVE-induced rats.
HBECs exposed to PM2.5 for 24 h significantly upregulated Wnt5a and Ror2 expression and
subsequently promoted the nuclear translocation of NF-«B, which increased the production
of IL-1P, IL-6 and IL-8. Wnt5a siRNA prevented these outcomes. Wnt5a antagonist (BOXS5)
also prevented inflammatory effects. Furthermore, Ror2 siRNA blocked the NF-kB activity
and inhibited the release of IL-6, IL-8 and IL-1f from PM2.5-exposed HBECs.
Conclusion: PM2.5 induces the secretion of IL-6, IL-8 and IL-1p in HBECs via the Wnt5a/
Ror2
inflammation.
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signaling, demonstrating a novel mechanism for PM2.5-associated airway

Introduction

Chronic obstructive pulmonary disease (COPD) is one of the leading causes of
morbidity and mortality worldwide, resulting in a growing social and economic
burden. COPD is a chronic disease characterized by the blocking of lung airways
because of degeneration of lung parenchyma and inflammation. Recently, PM2.5
exposure was identified as a major risk factor for COPD,' and substantial epide-
miological studies revealed that PM2.5 is associated not only with an enhanced risk
of COPD hospitalization, morbidity and mortality, but also with the exacerbated
and aggravated respiratory dysfunction and symptoms experienced by COPD
patients, such as shortness of breath, coughing and wheezing.*> Air pollution
amelioration would substantially benefit COPD patients.® However, the mechan-
isms by which PM2.5 induced the airway inflammation of COPD remained to be
fully elucidated.
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Recently, several studies have demonstrated that
increased noncanonical Wnt signaling activated by
Wnt5a contributes to COPD pathogenesis.” Increased
expression of Wnt5a was detected in two distinct ani-
mal models of emphysema/COPD.Wnt5a has positive
or negative regulatory effects on canonical Wnt signal-
ing according to the kind of receptor involved.®
Moreover, further investigation demonstrated that CSE
exposure increased Wnt5a expression in conjunction
with inflammatory cytokines production in the model
of COPD.’

Inflammation is central to the development of COPD.'°
However, the research on Wnt5a participating in airway
inflammation of COPD have been actually unsubstantial,
therefore, we designed the present study to explore the
effects of WntSa in the airway inflammation of COPD
induced by PM2.5.

Materials and Methods

Cell Culture and Treatment

Human bronchial epithelial cell line 16HBE was provided
by Guangzhou Medical University (Guangzhou, China),
an agent of ATCC. 16HBEC were cultured in DMEM
(Sigma, Louis, USA) containing 10% FBS (Sigma,
Louis, USA) and 1% penicillin (Sigma, Louis, USA).
The cells were serum starved for 24 h, subsequently trans-
fected with BOX5 (Sigma, Louis, USA), siRNA duplexes
(either control siRNA, Wnt5a siRNA, or Ror2 siRNA;
Santa Cruz, CA, USA) for 48 h and treat with 5-20 pg/
mL PM2.5 in medium for 3-24 h.

Cell Counting Kit-8 (CCK8) Cell Viability

Assay

Cells were exposed to PM2.5 (5, 10, 20, or 40pg/mL) in
medium for 24 hours. Then CCK8 (Dojindo, Kumamoto,
Japan) assays were used to detect the viability of 16HBE
cells according to the manufacturer’s instructions, and the
optical density (OD) of each well was read at 490 nm.

Animals and Sample Lung Tissues

Eighteen female Sprague-Dawley rats (body weight of
180-200 g, 6—8 weeks old) were socially housed in the
Center of the First Affiliated
University. All
the
Institutional Animal Care and Use Committee of
Medical

Laboratory Animal

Hospital of Guangzhou Medical

in vivo manipulations were approved by

Guangzhou University, and performed

following the regulations designated by the Chinese
Association for Laboratory Animal Science Policy. The
experimental environment is carried out according to
our previous study.'' The rats were randomly allocated
to an MVE group and a clean air control group. The rats
in the MVE group were exposed to MVE (1.5 mg/m®)
for 2 h periods, 5 days per week for 1 month. In the
MVE exposure room, the concentrations of PM2.5 were
1.46+ 0.034mg/m’.

Rats were sacrificed by intraperitoneal injection of
sodium pentobarbital (100 mg/kg) for the duration of
the testing. The lung tissues were then embedded in
paraffin, then cut into 4 pm thick section, which were
for and eosin (H&E),

stained hematoxylin

immunohistochemistry.

Collection and Extraction of PM2.5

The aerodynamic impactors were used for the collection of
traffic ambient PM2.5, Soluble parts of PM2.5 were
extracted by DMSO. Sufficient specific samples for biolo-
gical experiments were collected by high volume impac-
tors assembled with glass fiber filter from arterial traffic
road. The specific physicochemical characterizations of
PM2.5 were analyzed by gravimetric analysis. The details
of PM2.5 samples and analysis methods can be found in
our previous research.'” The PM2.5 sample was stored at
—80°C until use.

siRNA Transfection

HBECs were cultured to reach 60% density prior to trans-
fection. The cells transiently transfected for 48h with
targeting siRNA or control siRNA. Transfection was per-
formed with the ratio of the plasmids, and the transfection
reagent consisted of 1 mg:2 mL. Western blot analysis
were performed to examine the efficiency.

RNA lIsolation and Quantitative
Real-Time PCR

Total RNA was extracted from cultured HBECs using the
RNeasy plus mini kit (Qiagen), which was performed as
manufacturer’s described. The primer sequences used was:
GAPDH, 5'-ATCACTGCCACCCAGAAG-3' and 5'-TCC
ACGACGGA CACATTG-3'. Wnt5a, 5'-GCCAGTATCAAT
TCCGACATCG-3" and 5-TCACCGCGTATGTGAAGGC
-3'; Ror2, 5-GGCAGAACCCATCCTCGTG-3' and 5'-CG
ACTGCGAATCCAGGACC-3'. GAPDH served as the
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housekeeping control. The data were expressed relative to the
control (control, set as 1.0).

Histology and Immunohistochemistry

The samples of lung tissue were stained with H&E for mor-
phometric measurement. The sections were deparaffinized and
incubated with Wnt5a antibodies (1:200, Santa Cruz, CA,
USA) and Ror2 antibodies (1:400, Santa Cruz, CA, USA),
respectively. These sections were then incubated with the
peroxidase (HRP)-conjugated anti-rabbit or anti-mouse IgG
and diaminobenzidine, which was performed following man-
ufacturer’s protocols. Immunochemistry staining of the sec-
tions was evaluated with the confocal microscope at 200x
magnification. We quantified the optical density (OD) of
Whnt5a- and Ror2-positive cells using a semiquantitative scor-
ing system.

Protein Extraction and Western Blot
Analysis

Protein extraction and Western blot were performed accord-
ing to our previous description'? and the manufacturer’s
instructions. The concentrations of the antibodies were as
follows: Wnt5a antibody (1:1000), Ror2 antibody (1:1000),
and NF-kB p65 antibody (1:1000, Santa Cruz, CA, USA).
GAPDH (1:5000), B-tubulin (1:2000), and lamin B (1:500)
antibodies were used as loading controls. Results were

expressed relative to the control (control, set as 1.0).

ELISAs

Cell supernatants were collected, and IL-6, IL-8 and IL-1B
(R&D systems, Minneapolis, MN, USA) levels were mea-
sured using IL-6, IL-8 and IL-1B ELISA Kkits, following pro-
tocols provided by the ELISA kit manufacturer. Standard
curve was prepared using standard solution, and the concen-
trations of samples were calculated according to the standard

curve.

Statistical Analysis

All statistical analyses were performed using SPSS 25.0
statistical software, the results are presented as the means
+standard deviation (SD) of three independent experi-
ments. Student’s #-test was used to evaluate statistical
significance, and that among multiple groups was deter-
mined by ANOVAs. p<0.05 was considered statistically

significant.

Results

MVE-Induced Inflammatory Changes and
the Upregulation of Wnt5a and Ror2 in
the Lungs of Rats

H&E staining was utilized to observe the changes of lung
histology, and lung histologic analysis revealed that MVE
exposure led to the increase of inflammatory cells and dis-
played enlarged alveolar space (Figure 1A). Furthermore,
immunostaining results revealed that the expression of
Wnt5a and Ror2 in the lungs tissues was increased in the
MVE-exposed rats compared to those exposed to air as
controls (Figure 1B and 1C).

Effect of PM2.5 on Viability of the HBECs

To assess the cytotoxicity of PM2.5 on HBECs, cells were
exposed to various concentrations of PM2.5 (0, 5, 10, 20,
40pg/mL). After exposure for 24h, the cell viability was
measured by CCKS assay. The results showed that the cell
viability did not significantly change after 24 h of PM2.5
(5-20ug/mL) exposure, but the cell viability were signifi-
cantly declined at PM2.5 treatment of 40 pg/mL in con-
trast to the control group (Figure 2). So concentrations of
PM2.5 (5-20pg/mL) were selected for the following

experiments.

Whnt5a and Ror2 Expression is Induced
by PM2.5 Stimulation in HBECs

Since PM2.5 is the major ingredients of an MVE exposure
space in our previous study, we examined whether PM2.5
stimuli enhance the expression of Wnt5a and Ror2 in the
HBECs. As expected, Western blotting data revealed
Whnt5a production did not significantly change after 24
h of PM2.5 (5-10pg/mL) exposure, but the production
were significantly increased at PM2.5 treatment of 20 pg/
mL in contrast to the control group (Figure 3A), RT-PCR
revealed a dramatic upregulation of Wnt5a mRNA and
Ror2 mRNA expression after 24 h of PM2.5 (20 ug/mL)
stimulation (Figure 3B), which suggested that Wnt5a and
Ror2 upregulation occurred at the transcriptional level.
Moreover, Western blotting data also revealed that Wnt5a
and Ror2 expression did not significantly change after 3
h and 12 h of PM2.5 (20 pg/mL) stimulation, but the
expression were significantly increased after 24 h of
PM2.5 exposure compared with the control group
(Figure 3C).
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Figure | MVE-induced inflammatory changes and the upregulation of Wnt5a and Ror2 in the lungs of rats.

Notes: (A) H&E staining showed that MVE exposure led to the increase of inflammatory cells and displayed enlarged alveolar space. (B) Immunohistochemical staining
showed that the expression of Wnt5a and Ror2 in the lungs tissues was increased in the MVE-exposed rats compared to those exposed to air as controls (original
magnification 200x, bar 100 um). (C) The ODs of Wnt5a and Ror2 positive cells were higher in the MVE-exposed rats compared to those exposed to air as controls.

#P<0.05, versus MVE group, n=3.
Abbreviation: MVE, motor vehicle exhaust.

Whntba Knockdown Reduced Ror?2
Expression in PM2.5-Exposed HBECs

Next, we sought to examine the effect of Wnt5a in
PM2.5-modulated  the WntSa
We specifically knocked down Wnt5a

production  of

receptors.

expression with Wnt5a siRNA. Wnt5a siRNA comple-
tely blocked the production of WntSa and Ror2 in
PM2.5-exposed HBECs (Figure 4). On the other side,
control siRNA did not prevent the elevated Wnt5a and

Ror2 expression (Figure 4), demonstrating that the
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Figure 2 Effect of PM2.5 on viability of the HBECs.
Notes: CCK8 assay showed that the cell viability did not significantly change after
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and elevated nuclear extracts of NF-kB. Since Wnt5a has c
been demonstrated to activate NF-«kB pathway dependent — Pm2s@gmy ah 12h 2h
survival signalling in vitro. We examined whether the Wnt5a
expression of NF-«kB is modulated by Wnt5a/Ror2 signal- Ror2 -
ing in PM2.5-exposed HBECs, mRNAs were used to N ————
deplete Wnt5a or Ror2. In comparison to the control
siRNA groups, Wnt5a siRNA led to increased cytoplasmic
. o . 3
accumulation and inhibited nuclear translocation of NF-kB ﬁcmm
. . . 3h
in PM2.5-exposed HBECs (Figure 5A). Ror2 siRNA sup- Ni12n
E24n

pressed the PM2.5-induced expression of Ror2 (Figure
5B). Consistently, Ror2 siRNA led to increased cytoplas-
mic accumulation and inhibited nuclear translocation of
NF-kB in PM2.5-exposed HBECs (Figure 5C), indicating
that PM2.5-upregulated the NF-kB activation is dependent
on Wnt5a/Ror2 signaling in HBECs.

PM2.5 Increased the Production of IL-6,
IL-8 and IL-1B Through Wnt5a/Ror2
Signaling in HBECs

To gain further insight into the mechanism underlying
PM2.5-modulated the production of IL-6, IL-8 and IL-1p in
HBECs, we examined Wnt5a/Ror2 signaling and the produc-
tion of IL-6, IL-8 and IL-1B.ELISA results showed that the

Whnt5a and Ror2/GAPDH protein

Ror2 Wntba

Figure 3 Wnt5a and Ror2 expression is induced by PM2.5 stimulation in
HBECs.

Notes: (A) Western blot showed that Wnt5a production did not significantly
change after 24 h of PM2.5 (5-10 g/mL) exposure, but the production were
significantly increased at PM2.5 treatment of 20 pg/mL. (B) Real-time PCR
results showing the dramatic upregulation of Wnt5a mRNA and Ror2 mRNA
after 24 h of 20 pg/mL PM2.5 stimulation. (C) Western blot showed that
Wnt5a and Ror2 protein expression did not significantly change after 3 h
and 12 h of 20 pg/mL PM2.5 stimulation, but the expression were significantly
increased after 24 h of 20 pg/mL PM2.5 exposure. *P<0.05, versus control
group. n=3.

Abbreviation: PM2.5, particulate matter<2.5 pum.
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Figure 4 Wnt5a knockdown reduced Ror2 expression in PM2.5-exposed HBECs.

Notes: Western blot showed that Wnt5a siRNA blocked the expression of Wnt5a and Ror2 in PM2.5-exposed HBECs. #P<0.05, versus control group. *P<0.05, versus

PM2.5 group, n=3.
Abbreviations: PM2.5, particulate matter<2.5um; siRNA, small interfering RNA.

levels of IL-6, IL-8 and IL-1p protein were increased in these
cells after 24 h of exposure to PM2.5 (Figure 6A and B). Not
surprisingly, Cells transfected with Wnt5a or Ror2 siRNA
showed decreased secretion of the inflammatory cytokines
IL-6, IL-8 and IL-1PB compared with cells stimulated with
PM2.5, the cells transfected with the control siRNA did not
show attenuation of the enhanced production of IL-6, IL-8
and IL-1B after PM2.5 treatment (Figure 6A and B).To
further validate the specificity of WntSa siRNA in airway
inflammation, we also used BOXS5 (200uM), the Wnt5a-
derived antagonistic peptide, to prevent the production of
cytokines. As expected, BOXS prevented the upregulation
of IL-6, IL-8 and IL-1p induced by PM2.5 (Figure 6C). To
sum up, these data suggest that inhibition of the Wnt5a/Ror2
signaling attenuated the production of IL-6, IL-8 and IL-1f in
PM2.5-exposed HBECs.

Discussion
Recent epidemiologic reports have revealed the relation-
ship between PM2.5 exposure and the exacerbation of

preexisting COPD."*'* In the current study, we demon-
strate that exposure to MVE causes aberrant upregulation
of Wnt5a and Ror2 in vivo in rats and PM2.5 also induces
the expression of Wnt5a in vitro in HBEC models.
Upregulated Wnt5a leads to upregulated Ror2 expression,
facilitates the nuclear translocation of NF-kB, and induces
the production of the inflammatory cytokines IL-6, IL-8
and IL-1PB in HBECs:, targeting the Wnt5a/Ror2 signaling
may present as an effective therapeutic strategy for PM2.5-
associated airway inflammation in COPD.

HBECs in the airway form the first barrier against
environmental insults, such as inhaled PM2.5, and they
can also initiate the pathogenesis of COPD. Chronic
inflammation is a critical characteristic in the pathogenesis
of COPD.'” Consistently, a variety of proinflammatory
cytokines produced by AECs are increased in COPD,
including IL-1p, IL-6, IL-8 and TNF-a.'® In accordance
with previous studies, our present results revealed that the
production of IL-1B, IL-6 and IL-8 were increased in
PM2.5-exposed HBECs. In addition, our previous study
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Figure 5 The NF-kB activity was regulated by Wnt5a/Ror2 signaling in PM2.5-exposed
HBECs.

Notes: (A) Western blot showed that Wnt5a siRNA led to increased cytoplasmic
accumulation and inhibited nuclear translocation of NF-kB in PM2.5-exposed HBECs.
(B) Western blot showed that Ror2 siRNA suppressed the Ror2 protein expression in
PM2.5-exposed HBECs. (C) Western blot shows that Ror2 siRNA led to increased
cytoplasmic accumulation and inhibited nuclear translocation of NF-kB in
PM2.5-exposed HBECs. #P<0.05, versus control group. *P<0.05, versus PM2.5 group,
n=3.

Abbreviations: PM2.5, particulate matter<2.5um; siRNA, small interfering RNA.

also showed that the profibrotic cytokines is induced by
PM2.5 stimulation in HBECs. These results suggest that
PM2.5 exposure is involved in the formation of airway
inflammation in COPD.

Canonical and noncanonical Wnt signaling are both
indispensable for proper lung development. It has been
reported that Wnt5a increases the production of inflamma-
tory cytokines such as IL-6 and TNF-a and is increased in
experimental and human COPD.'” Lung-specific overex-
pression of Wnt5a during development has been demon-
strated to negatively affect epithelial branching in vivo.'®
Furthermore, 100 pg/mL of PM2.5 exposure promotes
Wnt5a production and airway inflammation in COPD,"’
which is differences from the dose of PM2.5 (20 ug/mL) in
our study. Some studies showed that compositions of
ambient PM2.5 are not completely similar to those of
extracted PM2.5 for the methods and marker analyzed.?
Therefore, we analyze the inconsistency of dose is due to
different extraction methods lead to the compositional
alterations of PM2.5. Combined with previous reports,
the relationship between Wnt5a and inflammatory cyto-
kines due to PM2.5 exposure was also established in our
study.

Ror2 is a key recipient of WntSa-induced effects rea-
lized during development, as demonstrated by the remark-
able phenotypic resemblance between Ror2- and Wnt5a-
knockout mice.”! A study indicated that higher levels of
Wnt5a and ROR2 expression were found in human bron-
chial epithelial cells.”* It has previously been indicated
that Wnt5a interacts with Ror2, which participates in the
regulation of inflammatory signaling pathways.>> Wnt5a
activates the translocation of NF-kB to the nucleus to
promote the secretion of inflammatory cytokines.>*?
Some studies have shown that NF-kB is an important
transcription factor, as it activates several inflammatory
genes after PM stimulus.”® In our study, we also found
that PM2.5 induced HBECs to upregulate Wnt5a, elevated
Ror2 expression, and increased the amount of NF-kB in
the nuclei. Reports have previously indicated that inhibi-
tion of Wnt5a reduced the increase of inflammatory cyto-
kines produced in COPD.' Our findings demonstrated
that Wnt5a siRNA or BOXS5 (a specific Wnt5a antagonist)
alone significantly inhibited the PM2.5-induced release of
IL-1B, IL-6 and IL-8. Wnt5a siRNA decreased Ror2 pro-
duction, and suppressed the NF-kB activity, demonstrating
that Wnt5a is predominantly participated in the elevated
inflammatory cytokines IL-1B, IL-6 and IL-8 caused by
PM2.5 in COPD.

In addition, to further test whether Ror2 is the impor-
tant receptor involved in the Wnt5a-mediated inflamma-
tory response in PM2.5-exposed HBECs, Knockdown of
Ror2 to prevent the production of cytokines and activate
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Figure 6 PM2.5 increased IL-6, IL-8 and IL- I production through Wnt5a/Ror2 signaling in HBECs.

Notes: (A) ELISA results showed that Wnt5a siRNA decreased PM2.5-induced IL-6, IL-8 and IL-1B production in HBECs. (B) ELISA results showed that Ror2 siRNA
decreased PM2.5- induced IL-6, IL-8 and IL-1f production in HBECs. (C) ELISA results showed that BOX5 decreased PM2.5-induced IL-6, IL-8 and IL-Ip production in
HBECs. #P <0.05, versus control group. *P<0.05, versus PM2.5 group, n=3.

Abbreviations: PM2.5, particulate matter<2.5um; siRNA, small interfering RNA.
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NF-kB. Our current data demonstrated that Ror2 siRNA
influenced NF-kB activation and the production of the
inflammatory cytokines IL-1B, IL-6 and IL-8 after
PM2.5 exposure, demonstrating that Ror2 plays an

important role during the process of PM2.5-mediated

airway inflammation. Recent studies also show that

Bufei Huoxue Capsule reduces expression of inflamma-

tory factors in PM2.5-induced mouse lungs and may via

regulation of related signaling pathways (BCL2, STAT3,

andP38).>” Based on these findings, we speculate that
although the combined inhibition of Wnt5a and Ror2
will not lead to complete suppression of PM2.5 induced

inflammatory responses, but Wnt5a/Ror2 pathway plays

a critical role in PM2.5-induced airway inflammation.

Conclusion
In summary, our report demonstrates that PM2.5 induces the

upregulation of Wnt5a that in turn elevates Ror2 expression,

accompanies with positively regulating NF-kB activity,
which promotes the production of IL-1p, IL-6 and IL-8 in
HBECs. The present study provides evidence that Wnt5a/
Ror2 signaling may be used as an effective therapeutic target

for PM2.5-associated airway inflammation in COPD.

Further in vivo manipulation of Wnt5a/Ror2 signaling is

needed to characterize its role during airway inflammation.
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