Continuous exposure of PM2.5 exacerbates ovalbumin-induced asthma
in mouse lung via a JAK-STAT6 signaling pathway
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Abstract

Background. Epidemiological studies and mice models have demonstrated that air pollution containing par-
ticulate matter smaller than 2.5 um (PM2.5) exacerbates acute episodes of asthma in both children and adults.

Objectives. To investigate the effect of continuous PM2.5 treatment on asthma regulation mechanism
behind this effect.

Material and methods. In this study, the effects of continuous exposure to PM2.5 on asthma and eosinophil
recruitment was compared to the effect of a single pre-ovalbumin (OVA)-sensitization exposure to PM2.5.
Wild-type mice were either challenged once with PM2.5 4 OVA before sensitization and asthma induction
over a 27-day period, or with 5 times of PM2.5 4 OVA treatment and sensitization/asthma induction over
the same period.

Results. Continuous exposure to PM2.5 significantly increased total plasmaimmunoglobulin £ (IgE), bronchial
alveolar lavage fluid (BALF) cell numbers, eosinophils, and macrophages, leading to increased lung injury. This
effect was requlated through increased production of chemokines and cytokines, such as interleukin (IL)-1B,
monocyte chemoattractant protein 1 (MCP-1), IL-12, IL-5, IL-13, and prostaglandin D2 (PGD,). Eosinophil
recruitment during continuous PM2.5 treatment was requlated through phosphorylation of the JAK/STAT6
pathway. As this study shows, continuous PM2.5 treatment significantly worsens asthma as compared
to single exposure to PM2.5 or OVA exposure alone.

Conclusions. Our findings reveal that continuous exposure of PM2.5 exacerbates OVA-induced asthma
in mouse lung through JAK-STAT6 signaling pathway.
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Introduction

A combination of enormous population growth, rapid ur-
banization and industrialization in China has led to a mas-
sive increase of air pollution, a phenomenon previously
observed in developed countries.!® A detrimental effect
from increased air pollution is that the general population
is exposed to harmful air pollutants containing particu-
late matter (PM). Particulate matter contains an extensive
variety of toxic substances derived from industrial and
vehicular emissions, coal combustions, sea salt, and soil
dusts.? Depending on the city where the pollutant is col-
lected, PM can contain varying amounts of fossil fuel com-
bustion remains, such as polycyclic aromatic hydrocar-
bons, sulfates (SO4%7), nitrates (NO3-), microbial material,
and chemical elements such as iron, zingc, silica, sodium,
and aluminium.*-® Furthermore, these PMs can remain
in the atmosphere for a lengthy amount of time, transverse
great distances and easily trigger lung disease.” It has been
shown that the smaller the particle size, the greater injury
PM causes to the lungs.?

Particulate matter has been categorized into 2 grades:
PM10, whose aerodynamic diameter is less than or equal
to 10 pm, and PM2.5, whose aerodynamic diameter is less
than or equal to 2.5 um. PM2.5, a fine particulate matter,
poses the greatest risk, as it induces stronger pulmonary
and allergic inflammatory responses as compared to larger
counterparts when tested at an equal mass dose.”!® This
was mainly due to a larger surface area to mass ratio.
It must also be noted that, in addition to PM surface area,
the chemical composition is also an important deter-
minant of the inflammatory response. Since Asian dust
aerosols can spread over a large area, including East Asia,
the Korean peninsula and Japan, during spring, anthropo-
genic pollution has become a major public health concern
in Eastern Asia.!!

Asthma, in both children and adults, is a common re-
spiratory disease worldwide. Asthma is characterized
by chronic allergic airway inflammation, with episodes
of superimposed acute inflammation.'? Studies have now
shown that PM2.5 is correlated with the exacerbation
of asthma in Europe, the Americas, Korea, Japan, and
China,’®"'7 where ambient air PM2.5 increases such in-
cidences as asthma-related emergency department visits,
worsened wheezing and dyspnea, and children hospital
admissions for asthma.'8-2! Asthma morbidity is also posi-
tively associated with daily ambient PM2.5 levels. In Asia,
daily admissions in the clinic for asthma, acute respiratory
events in children as well as allergic rhinitis in Taipei, Tai-
wan coincided with Asian dust storm events containing
toxic pollutants.?-2

During acute exacerbations of asthma, clinical mani-
festations include eosinophilic airway inflammation
in the distal portion of the lung with symptom exaggera-
tion, such as cough, chest tightness and dyspnea.?® Dur-
ing presentation of asthma, the typical cytokine profile
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is generally observed as a T;2-type airway inflammation
with increased levels of eosinophils, immunoglobulin E
(IgE) and the production of Ty2-related cytokines such
as interleukin (IL)-4, IL-5 and IL-13.272% Interleukin 4
is necessary for the polarization of T helper cells towards
a Ty2-phenotype,? IL-5 helps promote proliferation and
differentiation of B cells®*® and IL-13 induces the induction
of T2 cells.?! Apart from eosinophil recruitment, macro-
phages are described to play a role in inflammation during
allergic airway inflammation.??33 In addition, the TLR2/
TLR4/MyD88-signaling pathway has been shown to regu-
late the exacerbation of murine lung eosinophilia during
PM2.5/ovalbumin (OVA)-induced asthma.3*

In this study, urban PM was harvested from the atmo-
sphere in Hebei, China. PM2.5 was administered to mice,
together with OVA, to examine the effects of long-term
exposure of pollutants on asthma exacerbation. This ef-
fect was compared to a short-term sensitization exposure
of PM2.5 to mice. The study investigated pathological
changes of lungs, cellular infiltration in the bronchoal-
veolar lavage fluid (BALF), inflammatory cytokine changes
in BALF, OVA-specific IgE antibodies in serum, as well
as the role of the JAK/STAT signaling pathway in the re-
cruitment of eosinophils into the lungs. This study was
performed to determine the inflammatory mechanism
responsible for asthma exacerbation resulting from long-
term exposure to PM2.5 pollutants.

Material and methods
Experimental animals

BALB/c mice were kept in pathogen-free conditions and
received sterile OVA-free food and water. The mice were
maintained on a 12-hour light/dark cycle, under constant
room temperature (24°C) and relative humidity (40—80%).
The experimental protocols shown in this study were ap-
proved by the Institutional Animal Care and Research
Advisory Committee at Chongqing Medical University,
China. The use of animals in these experiments was in ac-
cordance with the guidelines issued by the Chinese Coun-
cil on Animal Care.

PM2.5 particles preparation

Methods of preparing PM2.5 were provided by the Hu-
bei Province Center for Disease Control and Prevention,
China. First, PM2.5 was collected on a glass fiber filter
using a Thermon Anderson high-volume sampler (Ther-
mon Anderson, San Marcos, USA). The sample membrane
was equilibrated at 60°C for 6 h before weighing using
an analytical balance. The ambient PM2.5 concentration
was calculated from sample weight and air volume. PM2.5
was recovered from the membrane using a modification
of an aqueous extraction technique: the PM2.5-adsorbed



Adv Clin Exp Med. 2020;29(7):825-832

membrane was cut into 1 x 3 cm? size and immersed in ul-
trapure water for eluting PM2.5, then ‘cold-shocked’ for
30 min at low temperature 3 times. Finally, PM2.5 was
eluted with gauze filtration, vacuum freeze-dried and
stored at —20°C for future use or sale.

Study protocol

Four groups (n = 10 per group) of W'T mice were prepared
for treatment with particles as shown in Fig. 1: (A) control
group (n = 10); (B) OVA group (n = 10); (C) OVA + PM2.5
pre-treated group; and (D) OVA + PM2.5 long-treatment
group. For OVA-induced mouse model of asthma, mice
were immunized intraperitoneally with 50 mg of OVA
in 1 mg of AI(OH); in 200 mL saline on days 0, 7 and
14. On days 21, 22 and 23, the mice were nebulized with
300 mg of OVA in 5 mL saline for 25 min per day. For
PM2.5 treatment, the mice were treated with 100 pg
in sterile phosphate-buffered saline (PBS; 50 mL final
volume), where PM2.5 was slowly instilled, followed with
200 mL of clean air. For PM2.5 pre-treatment, the mice
were treated with PM2.5 for 7 days from day 0 to day 7. For
PM2.5 long-treatment, the mice were treated with PM2.5
for 27 days from day O to day 27.

Lung tissue histology analysis

Lung tissues from the mice were fixed with 10% formalin
in saline and embedded in paraffin. The paraffin blocks
were serially sectioned at 5-pm thickness and stained
with hematoxylin-eosin (H&E) staining for lung histol-
ogy analysis.

BALF analysis

Within 24 h after the final challenge, the mice were
sacrificed, and the trachea was cannulated. Plasma and
BALF were collected from mice at harvest. The BALF
was obtained by flushing the lungs 3 times with 1.5 mL
of PBS. The BALF cellular typing was determined with
cytospin preparation and Wright—Giemsa staining, fol-
lowed by counting total cell number, macrophages and
eosinophils. Plasma IgE (Invitrogen, Carlsbad, USA), BALF
IL-1P (eBioscience, Waltham, USA), MCP-1 (eBioscience),
IL-12 (eBioscience), IL-5 (eBioscience), IL-13 (PeproTech,
Stockholm, Sweden), and prostaglandin D2 (PGD,; Cay-
manchem, Ann Arbor, USA) were determined using en-
zyme-linked immunosorbent assay (ELISA) kits according
to the manufacturers’ instructions.

Western blot

The total proteins from mice lung tissues were isolated,
and the protein concentrations were determined using
a bicinchoninic acid assay. The proteins from whole-cell
lysates were used for western blot. Anti-JAKI, anti-p-JAK1I,

827

anti-JAK2, anti-p-JAK2, anti-STAT6, anti-p-STAT6, and
GAPDH (all purchased from Cell Signaling Technology,
Leiden, the Netherlands) antibodies were used. Densi-
tometry of bands from western blots was measured using
Image] software (National Institutes of Health, Bethesda,
USA), and the density of the pJAK2 or p-STAT6 proteins
relative to total JAK or total STAT6 was calculated.

Cell culture

Bone marrow-derived eosinophils were cultured in Is-
cove’s modified Dulbecco’s medium (IMDM; Invitrogen)
with 20% FBS (Invitrogen), 100 IU/mL penicillin and
10 mg/mL streptomycin, 2mM glutamine, 25 mM HEPES,
1 x nonessential amino acids, 1 mM sodium pyruvate and
0.006%o B-mercaptoethanol (Sigma-Aldrich, St. Louis,
USA) supplemented with 100 ng/mL rmSCF (PeproTech)
and 100ng/mL recombinant murine FLT-3 ligand (rm-
FLT3-L; PeproTech) from days O to 4. On day 4, the me-
dium was replaced with medium containing 10 ng/mL
rmIL-5 (PeproTech). The cells were provided with fresh
medium supplemented with rmIL-5 every 3 days until
to 14 days. A total of 1 x 10°bone marrow-derived eosino-
phils per group were treated with 5.0 pg/cm? PM2.5 for
48 h with or without 100 ng/mL ruxolitinib (InvivoGen,
San Diego, USA). After 48 h, the cell supernatants were
harvested. The concentrations of IL-1f, IL-5 and IL-13
in the supernatants were determined using ELISA.

Statistical analyses

The data was expressed as the mean and standard error
of the mean (SEM). All data was analyzed using SPSSv. 17.0
software (SPSS Inc., Chicago, USA). Comparisons among
experimental groups were performed with non-parametric
Kruskal-Wallis test (one-way analysis of variance (ANOVA)
on ranks) due to multiple group comparisons and abnormal
data distribution. Differences with p-values less than 0.05
were considered to be statistically significant.

Results

Pathological changes in airways after
PM2.5 pre-treatment and long treatment

Mice were either pre-treated with PM2.5 twice a day
(day 0 and day 7) followed by OVA administration on day 21
(OVA + PM2.5 pre-treated group) or were subjected to a mix
of PM2.5 (day 0, 7, 14, 21, and 27) and OVA administration
(day 21 to 27) (OVA + PM2.5 long-treated group) (Fig. 1).
Ovalbumin treatment with or without PM2.5 treatment
induces asthma.> To examine airway changes after OVA
and PM2.5 treatment, histopathological analysis on mice
lung tissue was conducted. In the control group, mice lung
tissue had neatly arranged airway epithelial cells with clear
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Fig. 1. Diagram outlining treatment stages of mice before OVA-induced
asthma. Mice from pre-treated group were treated with PM2.5 (7 days)
before sensitization for an additional 7 days. The mice were then
subjected to OVA on day 21 to induce asthma. In another treatment
group (long-treatment group), mice were treated with PM2.5 every 7 days
(onday 0,7 14,21,and 27). On day 21 to 27, asthma was induced in mice
through OVA treatment

bronchi and alveoli (Fig. 2, control group). Ovalbumin
treatment alone resulted in the disruption of the ordered
lung tissue structure causing widened alveolar septum,
capillary dilation and infiltration of leukocytes (eosino-
phils shown with arrows) (Fig. 2, OVA group). Combining
PM2.5 treatment with OVA caused the further breakdown
of the lung tissue with increased alveolar septum widening
and capillary dilation (Fig. 2, OVA + PM2.5 pre-treated and
long-treated group). Furthermore, increased infiltration
of leukocytes was observed with both PM2.5 treatment
methods with OVA (pre-treatment and long treatment).
However, more eosinophils in PM2.5 long treatment with
OVA compared to PM2.5 pre-treatment with OVA were
observed (Fig. 2, OVA + PM2.5 long-treated group).

PM2.5 treatment induces increased
eosinophil infiltration into the lungs

High levels of IgE are a typical indicator of asthma.
Although OVA treatment alone induced increases in plasma
IgE compared to the control, both PM2.5 exposures with

control

OVA

OVA (pre-treatment and long treatment) significantly in-
creased plasma IgE levels compared to OVA treatment alone
(p < 0.05, Fig. 3A).

To analyze cellular infiltration into the lungs in more
detail, BALF was used to examine total leukocyte numbers
together with eosinophils and macrophages. Ovalbumin-
induced asthma alone did increase total cell numbers, eo-
sinophils and macrophages as compared to control group
(p < 0.001, Fig. 3B; p < 0.001, Fig. 3C; and p < 0.01, Fig. 3D).
However, pre-treatment with PM2.5 and OVA significantly
increased total cell numbers as well as eosinophil infiltra-
tion compared to OVA treatment alone (p < 0.05, Fig. 3B;
and p < 0.05, Fig. 3C) but not macrophages. With continu-
ous long treatment of PM2.5 and OVA, total cell numbers,
eosinophils and macrophages in the lung were increased
as compared to OVA treatment alone (p < 0.001, Fig. 3B;
p < 0.001, Fig. 3C; and p < 0.05, Fig. 3D).

Increased inflammatory cytokines after
PM2.5 treatment

Cytokine levels from BALF in control, OVA-treated,
and PM2.5 pre- and long-treated mice were examined.
The BALF levels of IL-13, MCP-1, IL-12, IL-5, IL-13, and
PGD, were increased after OVA treatment (p < 0.05 for
IL-1B; p < 0.05 for MCP-1; p < 0.01 for IL-12; p < 0.001 for
IL-5; p < 0.05 for IL-13; and p < 0.05 for PGD,; Fig. 4A—F).
Pre-treatment with PM2.5 followed by OVA increased
BALF MCP-1 and IL-5 (p < 0.05 for MCP-1, Fig. 4B; and
p < 0.05 for IL-5, Fig. 4D) but not IL-1, IL-12, IL-13, and
PGD, (Fig. 4A,C,E,F). Long treatment of PM2.5 with
OVA increased IL-1p (p < 0.05, Fig. 4A), MCP-1 (p < 0.05,
Fig. 4B), IL-12 (p < 0.05, Fig. 4C), IL-5 (p < 0.01, Fig. 4D),
IL-13 (p < 0.01, Fig. 4E), and PGD, (p < 0.01, Fig. 4F)
in the BALF.

PM 2.5 pre-treated

PM 2.5 long-treated

Fig. 2. Comparison of eosinophils in lung tissue after treatment with PM2.5. Magnification x10 and x40 of (A) control group, (B) OVA group, (C) OVA + PM2.5
pre-treated group, and (D) OVA + PM2.5 long-treatment group lung samples H&E-stained for eosinophil infiltration (arrows). Magnification x10 scale bar:

100 pum. Magnification x40 scale bar: 25 um
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Fig. 3. PM2.5 treatment increases plasma IgE
and leukocyte infiltration in lung. Measurement
of (A) plasma IgE, (B) total cell numbers from
the bronchoalveolar lavage fluid (BALF), (C) total
BALF eosinophil numbers, and (D) total BALF
macrophage numbers in control group (white
bars), OVA group (black bars), OVA + PM2.5
pre-treated group (red bars) and OVA + PM2.5
long-treated group (blue bars)

O control

W OVA

B PM 2.5 pre-treated
B PM 2.5 long-treated

n =10, p* < 0.05, p** < 0.01, p*** < 0.001.

O control
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Fig. 4. PM2.5 treatment increases inflammatory cytokine levels in lungs. Measurements of BALF (A) IL-1B, (B) MCP-1, (C) IL-12, (D) IL-5, (E) IL-13, and (F) PGD2
in the control group (white bars), OVA group (black bars), OVA + PM2.5 pre-treated group (red bars), and OVA + PM2.5 long-treatment group (blue bars)

n =10, p* < 0.05, p** < 0.01, p*** < 0.001.

JAK-STAT6 pathway regulates eosinophil
infiltration and inflammatory cytokine
production in lungs

To determine the signaling pathway that regulated re-
cruitment of eosinophils,® protein levels of non-phosphor-
ylated and phosphorylated JAK/STAT6 were examined with
western blotting (Fig. 5A) and quantified using densitom-
etry. Ovalbumin increased the phosphorylation of JAK1,
JAK2 and STAT6 compared to control group by about

twofold (p < 0.05, Fig. 5B). Long treatment with PM2.5 in-
creased pJAK1 by fourfold compared to the control group
and about twofold compared to OVA treatment alone, while
pJAK2 was increased by 4-fold compared to the control
group and about 1.5-fold compared to OVA treatment
alone. Phosphorylation of STAT6 was increased 2-fold after
OVA treatment alone while PM2.5 long treatment increased
pSTAT6 by 2.5-fold compared to the control group and
1.5-fold compared to OVA treatment alone. No changes
in GADPH protein levels were observed (Fig. 5A). Moreover,
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to confirm that the JAK-STAT6 pathway was involved
in PM2.5 and asthma, bone marrow derived eosinophil
was treated with PM2.5 with or without JAK1/2 inhibitor,
ruxolitinib. PM2.5 increased IL-1p (p < 0.01, Fig. 5C), IL-5
(p < 0.01, Fig. 5D) and IL-13 (p < 0.05, Fig. 5E) production
in eosinophil medium; their production was blocked by rux-
olitinib treatment (p < 0.05, Fig. 5C,D).

Discussion

PM2.5 pollution in developing countries such as China
poses a serious public health problem, as exposure to am-
bient PM2.5 exacerbates allergic diseases. The occurrence
of asthma and allergic diseases have been on the rise in both
developed and industrializing countries due to exposure
to a variety of environmental pollutants in the air.2-37-3
As such, the effects of PM2.5 have been gaining public
attention. We investigated the effects of PM2.5 on eo-
sinophil recruitment in OVA-induced asthma. PM2.5 in-
creased the severity of OVA-induced asthma as indicated
increasing in lung injury, alveolar intervals, capillary di-
lations, and inflammatory leukocytes infiltration. PM2.5
treatment with OVA significantly increased the presence
of inflammatory cytokines in the BALF as compared
to OVA alone, which increased the number of infiltrating
eosinophils and macrophages. The infiltration of eosino-
phils was regulated through the JAK2 and STAT6 pathway,
as increased phosphorylation of both these proteins was
observed through western blotting.

The role of eosinophils has been examined in an acute
murine PM2.5 OVA-induced asthma model.* In that acute

pSTAT6

IL-13 [ng/mL]
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Fig. 5. JAK2-STAT6 pathway drives production
of inflammatory cytokines and eosinophil
infiltration. A. Representative western blot
showing increase in phosphorylated JAK1, JAK2
and STAT6 after PM2.5 treatment as compared
to control group and OVA group.

B. Phosphorylation of JAK1, JAK2 and STAT6

as calculated from western blots in control
group (white bars), OVA group (black bars) and
OVA + PM2.5 long-treatment group (blue bars),
n = 6. Measurements of medium (C) IL-16,

(D) I-5 and (E) IL-13 in control (white bars),
PM2.5-treated (black bars) and PM2.5 +
ruxolitinib-treated (blue bars) bone marrow-
derived eosinophils, n =4

O control
m OVA
B PM 2.5 long-treated

p* < 0.05, p** < 0.01.

1.2-
1.0
08
06
04
0.2
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model, mice were first sensitized to OVA, before being
exposed to PM2.5 and then challenged with OVA. Under
these conditions, the authors observed significant infiltra-
tion of eosinophils but not macrophages exposed to 10 pg
and 100 pg of PM2.5 compared to control group after OVA
challenge. In agreement with the acute model, our study
also observed an increase in eosinophils after PM2.5 pre-
treatment. With continuous exposure to PM2.5 (through
long treatment), eosinophil infiltration into the lungs was
further increased. Although no increase in macrophages
was observed in PM2.5 pre-treatment, similar to the acute
study, long treatment of PM2.5 did significantly increase
macrophage recruitment. As neutrophil recruitment dur-
ing exposure to concentrated ultrafine airborne particles
remains debated,***! neutrophil infiltration was not mea-
sured in our study.

During asthma, the presence of T1;2 cytokines IL-4, IL-5
and IL-13 are typically observed during clinical manifes-
tation of disease.*> However, particulate matter is known
to induce the production of different cytokines due
to the activation of diverse cellular and molecular mech-
anisms. For example, increased levels of IL-17 were ob-
served, but there were no changes in IL-4. In another study,
high levels of cytokines (IL-1p and IL-12), not typically
associated with T2 responses, were observed.3* This was
in addition to increases in IL-5 and IL-13. Chemokines such
as MCP-1 (which recruits monocytes and macrophages)
were also detected. In another study, increases in IL-4 and
IL-10 with decrease in interferon gamma (IFNy) were ob-
served.? In this study, PM2.5 long treatment increased
the levels of IL-1p, IL-12, IL-5, and IL-13. The increased
level of IL-12 may have been induced by the macrophage
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recruitment in BALF (Fig. 3D). Alveolar macrophages are
primed for the production of IL-10 and IL-12 in asthma.*?
However, IL-12 could induce the type I immune response
which is antagonistic with type Il immune responses. Mac-
rophages appear more as a consequence than as an initi-
ating factor of the T-cell T2 commitment and could be
involved in the resolution of the asthmatic inflammation.
Together with the chemokine MCP-1, these cytokines were
important in the recruitment of macrophages and eosino-
phils into the lung.

The JAK-STAT pathway is important in the devel-
opment of asthma.?® For example, IL-4 induces JAK1/
JAKS3 resulting in STAT6 activation, which further po-
larizes the T2 pathway. Another important pathway
in asthma development is IL-13-JAK2-STAT6 pathway,
which upon activation markedly increases mucous secre-
tion.** In this study, eosinophil recruitment was dem-
onstrated to be reliant on the phosphorylation of JAK2
and STAT6. Ovalbumin treatment alone triggers this
pathway but co-treatment with PM2.5 significantly in-
creases the amount of phosphorylation of both JAK2
and STAT6. As a result of JAK2/STAT6 pathway activa-
tion, IL-13 was significantly increased and contributed
to airway inflammation.

There are several limitations to our study. First, the poly-
cyclic aromatic hydrocarbons, chemicals and metals were
not analyzed in our study. Although these components
are typically found in PM2.5, PM2.5 from different cit-
ies are composed of different compounds, which induces
different responses in vivo. In addition, this meant that
the component which contributed most to asthma exac-
erbation in PM2.5 long, continuous treatment could not
be identified. Second, as the data is from a single city,
it might be challenging to extend these findings to other
cities due to differences in climate and pollution content.
Finally, cytokines typically associated with asthma (such
as IL-5 and IL-13), pro-inflammatory cytokines (IL-1p
and IL-12) and leukocyte chemokines (MCP-1 and PGD,)
were observed to increase during PM2.5 long treatment
in this study. These factors isolated from the BALF likely
contributed to the induction of leukocyte recruitment
into the lung and resulted in exacerbating the disease.
However, the mechanistic contribution of individual
cytokines to eosinophil recruitment was not examined
in this study.

Conclusions

Although the effect of PM2.5 has been examined by oth-
er researchers, their studies have focused on the acute ef-
fects of PM2.5 on aggravating asthma. By providing con-
tinuous treatment of PM2.5 together with OVA treatment,
our study demonstrates that prolonged exposure of PM2.5
increases the severity of asthma through exacerbated in-
flammation by increasing eosinophil recruitment.
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