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Abstract

Background Pathobiology of asthma and chronic obstructive pulmonary disease (COPD) is associated with changes
among respiratory epithelium structure and function. Increased levels of PM, s from urban particulate matter (UPM)
are correlated with enlarged rate of asthma and COPD morbidity as well as acute disease exacerbation. It has been
suggested that pre-existing pulmonary obstructive diseases predispose epithelium for different biological response
than in healthy airways. The aim of this study was to assess the impact of PM, s on the biological response of healthy
as well as asthma and COPD respiratory epithelium using 3D/spheroid culture model.

Methods The spheroids from 5 healthy controls, 8 asthma patients, and 8 COPD patients were exposed to 100 pg/ml
of PM, s for 24 h.

Results The common pattern for healthy asthma and COPD epithelium inflammatory response to PM, 5 stimulation
include the increase in IL-143, IL-6, IL.-8 mMRNA expression, and secretion of IL-6. Asthmatic spheroids produced higher
amount of TNF-a and IL-8, whereas COPD spheroids expressed increased mRNA level of MUC5AC and decreased level
of MMP7. PM, s treatment induced changes in AHR and TLR4 expression on secretory epithelium in COPD.

Conclusion The response of airway epithelium to air pollution is different in healthy people than in obstructive
lung disease patients. The impairment of airway epithelium in asthma and COPD changes their response to toxic
environmental stimuli. This physiological dysfunction might be associated with diseases exacerbation of obstructive
lung diseases.
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Introduction

Ambient air pollution, encompassing elevated concentra-
tions of particulate matter (PM), constitutes a significant
environmental threat to public health, contributing to
4.2 million deaths worldwide each year [1]. Although a
discernible decrease in ambient air PM, ; concentrations
has been observed across many European nations over
the past thirty years, these reductions remain inadequate
[2, 3]. The primary origins of PM, ; stem predominantly
from anthropogenic sources such as fossil fuel combus-
tion and vehicular traffic [4]. The deleterious impact
of these pollutants on human health is associated their
chemical composition and particle size.

Short-term exposure to PM,; triggers acute mucus
hypersecretion in airways enhancing particle entrap-
ment efficiency. Prolonged exposure induces additional
changes with significant shifts in epithelial cell types and
its phenotype alterations [5]. A significant correlation
between increased levels of air pollution and heightened
morbidity and mortality risk, especially among people
with obstructive pulmonary diseases has been shown [6,
7]. This is closely related to the pathogenesis of chronic
obstructive pulmonary disease (COPD) and the fact that
exposure to airborne dust intensifies oxidative stress
in the airways culminating in cellular DNA damage
[8]. What is more, smokers are more susceptible to air-
borne particulate matter in comparison to non-smokers
[9]. Long-term exposure to harmful particles, including
PM, 5, contributes to a progressive decline in lung func-
tion and the development of emphysematous lesions that
significantly compromise the quality of life [10].

The effect of air pollution on the airway epithelium
is an extensively studied topic. The most commonly
employed experimental model include submerged mono-
cultures of epithelial cells derived from immortalised
cell lines as well as primary monocultures obtained from
study subjects. In vitro studies have demonstrated that
the primary mechanisms triggered by the exposure to
airborne particles encompass the heightened inflam-
matory response, oxidative stress and the disruption of
intercellular junctions [11]. In recent years, a multitude
of studies have embraced an advanced epithelial culture
model known as the air-liquid interface (ALI) for inves-
tigation of intercellular interactions involving immune
or structural cells [12]. In our recent study we harnessed
ALI-cultured nasal epithelium with monocyte derived
cells (dendritic cells and macrophages) revealing the
activation of several novel mediators (TIPARP, BPIFA2,
ENPEP) involved in epithelial response to airborne par-
ticles [13]. The latest frontier in cell culture, continually
evolving and gaining traction in toxicological and disease
studies, involves 3D spatial cultures like as spheroids [14,
15]. Those 3D cultures provide an avenue to delve into
structural and functional changes, as well as cell-to-cell
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signalling that closely mimics tissue-level interactions.
They broaden the horizons of in vitro cultures for air-
borne pollution research.

The objective of the current study was to evaluate the
impact of PM, ; on the biological response of healthy as
well as asthma and COPD afflicted respiratory epithe-
lium using 3D/spheroid culture model. The morphol-
ogy, expression of inflammatory mediators, structural
proteins as well as ROS production were evaluated in
control, asthma and COPD epithelial spheroid after 24 h
PM, ; treatment. Gaining insights into the pathophysi-
ological alterations within the airway epithelium dur-
ing asthma and COPD holds the potential to pinpoint
therapeutic targets and better anticipate exacerbations of
obstructive diseases triggered by exposure to air pollut-
ants. We suggest that pre-existing pulmonary obstructive
diseases predispose epithelium for different biological
response than in healthy airways.

Materials and methods

General study design

This was an experimental study based on cell cultures of
epithelial cells obtained from asthma, COPD patients,
and healthy subjects. The study protocol was approved by
the Ethics Committee of the Medical University of War-
saw (KB/58/A2021) and informed written consent was
obtained from all the participants.

Patient characteristics

The study involved 5 controls, 8 asthma patients, and 8
COPD patients. In all patients, the diagnosis of asthma or
COPD was previously established according to the cur-
rent recommendations of the Global Initiative for Asthma
(GINA) and the Global Initiative for Chronic Obstructive
Lung Disease (GOLD), respectively. Inclusion criteria for
COPD group were as follows: (1) the age of 40 years and
over, (2) diagnosis of COPD based on the past medical
history, history of smoking>10 packyears, typical signs
and symptoms and irreversible airway obstruction found
in spirometry (z-score of the post-bronchodilator FEV1/
FVC below - 1.645). Inclusion criteria for asthma were as
follows: (1) the age of 18 years and over, (2) diagnosis of
asthma based on past medical history, typical signs and
symptoms and demonstration of variable expiratory air-
flow limitation. The exclusion criteria included: (1) severe
asthma or severe COPD, (2) unstable or uncontrolled dis-
ease (3) a concomitant COPD and asthma diagnosis, or
any other chronic or acute lung disease, autoimmune and
haematological diseases, malignancies, severe cardiovas-
cular diseases (4) treatment with systemic or nasal cor-
ticosteroids within 4 weeks before the study enrolment
(5) asthma, or COPD exacerbation within 3 months from
mucosal sampling as well as symptoms of respiratory
tract infection in the preceding 3 months. The control
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group consisted of non-smoking participants, with nor-
mal spirometry, chronic diseses and without symptoms
of respiratory tract infection in the preceding 3 months.

Cell culture

Epithelial cells were obtained by nasal brushing (Cyto-
brush Plus GT, CooperSurgical), cultured to 80% of
confluency in Airway Epithelial Growth Medium (Pro-
moCell, Germany) with antibiotics (Thermo Fisher Sci-
entific) and then seeded into sterile plastic T25 bottles
(Thermo Fisher Scientific).

The spheroid culture was performed according to
methodology described before [16]. Matrigel Basement
Membrane Matrix (354234, Corning) and Airway Epithe-
lial Growth Medium (PromoCell) were mixed to obtain
protein concentration at least 5 mg/ml, according to
manufacturer protocol. 1.5-1.9 x 10* cells per single well
were added and seeded into 24-well plate (Greiner Bio-
One). The spheroids were cultivated in Matrigel on basal
side of the well covered with 500 pl of Pneumacult Air-
way Seeding Medium (StemCell) with antibiotics. Seed-
ing stage lasts for the first 4—6 days and afterwards the
spheroids were differentiated for 21 days in Pneumacult
Airway Differentiating Medium (StemCell). After full
differentiation, the spheroids were exposed for 24 h to
50 pg PM, s/well (100 pg/ml) added directly into culture
medium (apical side).

Spheroids were recovered from Matrigel accord-
ing to the adapted manufacturer’s protocol. Culture
medium was removed, and 1 ml of cold gentle cell dis-
sociation reagent (StemCell) was added into every single
well. Plates were put on tilting platform with agitation
30 rpm for 30 min on ice. Matrigel domes were triturated
with 1 ml pipette tip pre-rinsed in anti-adherence rins-
ing solution (StemCell) and transferred into pre-rinsed
15 ml tube (Corning). Tubes were put on ice and tilted
for 30 min, 30 rpm. Tubes were placed in stand and left
for 10 min to settle by gravity, supernatants were aspi-
rated, and spheroids were washed with 5 ml of PBS and
gently centrifuged (60 rpm, 5 min, 4 °C). The diameter of
20 spheroids of each group were measured three times
based on the spheroid width on the image (using Image]
software). The scale was set according to the microscope
image scale bar.

Particle preparation

Urban particulate matter was obtained from the Silesian
University of Technology. The samples were collected
with a low-volume PM sampler type PNS-15 (Atmoser-
vice) 1.5 m above the ground, at a flow rate of 2.3m3/ h
in Gliwice during heating season. Daily PM, s samples
were collected continuously on high-purity quartz (SiO2)
microfiber filters (QM-A Whatman) with 47 mm diam-
eter. The filters were weighed, cut into small pieces,
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suspended in PBS; the particles were detached from fil-
ters by sonication, filtrated through strainers with 70 um
pores (Corning). The sediment of the particles was dried
at 96 °C to dry mass, weighted, resuspended in PBS into
stock solution containing 5 pg/pL PM, 5, and autoclaved.
Quartz microfiber filters without particles were pro-
cessed the same way and constituted a control suspen-
sion for cell treatment.

PM, s trace elements analysis

The QM-A filter was mineralized under high pressure
and high temperature in a system for microwave min-
eralization in 8 mL HNO; and 2 mL H,O, (Merck). Ele-
mental concentrations of nine elements (Zn, Fe, Mn, Pb,
Cd, Cu, Cr, Ni and Co) were analysed for each sample by
atomic absorption spectrometry (Avanta PM, GBC Sci-
entific Equipment Pty Ltd) [17, 18].

Cell viability

To evaluate viability of nasal epithelial cells treated with
PM, ; lactate dehydrogenase (LDH) release was mea-
sured with Cytotox96 assay (Promega).

Immunofluorescence staining

Immunofluorescence staining was performed on 3D
spheroid cell cultures. Spheroids were fixed with 4%
paraformaldehyde at room temperature. Antigen
retrieval was performed in 98 °C using citrate buffer pH6
for 20 min. Spheroids were then washed in 0.3 M gly-
cine, permeabilized and blocked with 5% goat serum with
1% triton X-100 for 24 h (ThermoFisher Scientific). The
blocking solution was aspired, spheroids were divided
into two separate tubes. For half of the tubes, mouse
monoclonal pan-cytokeratin antibody (cocktail which
recognizes acidic (Type I or LMW) and basic (Type
II or HMW) cytokeratins) (1:100) (Novus Biologicals)
was added, while the other half received mouse mono-
clonal MUC5AC antibody (1:100) (Novus Biologicals).
The addition took place overnight at room temperature
with gentle agitation at 20 rpm. After washing, second
primary antibodies rabbit polyclonal anti-alpha tubulin
(1:150) (Abbexa) and rabbit polyclonal anti-tight junc-
tions’ protein 1 (1:150) (Novus Biologicals) were added
respectively, overnight at room temperature with agita-
tion 20 rpm. After triple washing, secondary antibody
anti-mouse Alexa Fluor 488 (1:500, ThermoFisher Scien-
tific) was added to all tubes for overnight at room tem-
perature with agitation 20 rpm. Further, after washing,
additional incubation of all tubes with secondary anti-
body anti-rabbit Alexa Fluor 555 (1:500, ThermoFisher
Scientific) was carried out overnight at room tempera-
ture with agitation 20 rpm. Spheroids were then washed
with PBS and transferred onto slides (Surgipath Snow-
coar Pear Slides, Leica Biosystems). Slides were mounted
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with Fluoroshield mounting medium with DAPI (Abcam)
and images were captured using fluorescence micro-
scope Nikon ECLIPSE Ts2R equipped with Hamamatsu
ORCA-Flash4.0 camera and analysed with Nikon NIS-
Elements and Image] software.

RT-qPCR
Total RNA was isolated from the cells using Tri reagent
(Sigma Aldrich). The concentration and purity of isolated
RNA was assessed by DU650 spectrophotometer (Beck-
man Coulter). cDNA synthesis was carried out with 1 pg
of total RNA using cDNA Reverse Transcription Kit with
RNase Inhibitor (Thermo Fisher Scientific). cDNA ampli-
fication was performed in ABI-Prism 7500 Sequence
Detector System (Applied Biosystems, Thermo Fisher
Scientific). For quantitative PCR (qPCR) reaction 0.7 pl
of cDNA was amplified in 14 pl PCR volume, contain-
ing a TagMan master mix (Thermo Fisher Scientific). By
real-time qPCR the expression of IL-1p, IL-6, IL-8, TNF-
a, MMP7, MMP9, MUC5AC, BPIFA2, ENPEP TIPARP,
TGF-B and EGF was quantified. 18 S rRNA served as a
reference gene. Assay ID of primers or their sequence
used for real-time qPCR are shown in Table S1. Rela-
tive quantification values were calculated by the 2744CT
method (7500 Software, Thermo Fisher Scientific), the
unstimulated spheroids of each individual were used as
a calibrator.

Protein concentration measurements

The levels of IL-8, IL-1p, IL-6, IL-10, TNF-a, IL-12p70
were measured in cell supernatants by BD Cytomet-
ric Bead Array (CBA) Human Inflammatory Cytokines
Kit (BD Biosciences, Catalog No: 551811) according to
manufacturer’s procedure. As concentrations of IL-8
exceeded the kit's detection threshold, additional mea-
surements for the cytokine concentrations were per-
formed using ELISA (Thermo Fisher). The MMP-9
level was measured by Human MMP9 ELISA (Biorbyt)
according to manufacturers’ instruction. The sensitivity
of kits was 20 pg/ml for CBA and 2 pg/ml for ELISA.

Flow cytometry analysis

After spheroid recovering from matrigel cells were dis-
sociated into single cell suspension by Accutase (BD Bio-
sciences) treatment at 37 °C, shaking at 1400 RPM for
15 min and twice PBS rinsing and centrifugation at 1800
RPM. The cell suspension was filtrated through strainers
with 70 um pores (Corning). Human TruStain FcX (Bio-
legend) (5 ul per 100 pl of sample) was added to block
non-specific bindings. Cells were stained with antibodies
against the surface binding molecules, for epithelial cells:
Tetraspanin-8 (TSPANS) (BV786, rat anti-human cat. no.
748226), CD49f (BV650, rat anti-human, cat. no. 563706),
epidermal growth factor receptor (EGFR) (BV421, mouse
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anti-human, cat no. 566254), CD151 (BB700, mouse
anti-huma, cat. no. 746219), Toll-like receptor 4 (TLR4)
(BV605, mouse anti-human, cat. no. 743692), Aryl
Hydrocarbon Receptor (AHR) (PE-CF594, mouse anti-
ARR cat. no. 565790) (BD Biosciences), in BD Horizon
Brilliant Stain Buffer (BD Biosciences), and incubated for
20 min in the dark at room temperature. After washing
away, the reagents, the cells were fixed and permeabili-
zated using lysis buffer and permeabilizations solution 2
(BD Biosciences) then stained with intracellular marker:
B-tubulin (Alexa Fluor 488 Mouse anti-B-Tubulin, Class
III, cat. no. 560381) and Transforming Growth Factor
beta-1 (TGF-B) (PE, mouse anti-huma, cat. no. 562339,
BD Biosciences, ) for 20 min in the dark.

Cells were analysed by flow cytometry using a FAC-
SCelesta instrument (BD Biosciences) equipped with
blue (488-nm), violet (405-nm), and red (640-nm) lasers.
Unstained cells and compensation beads (BD Biosci-
ences) were used to set voltages and create single stain
negative and positive controls. Compensation was set to
account for spectral overlap between the seven fluores-
cent channels used in the study. Samples were examined
by side scatter area (SSC-A) versus forward scatter area
(FSC-A), then using forward scatter height (FSC-H) ver-
sus FSC-A to select single cells, eliminating debris and
clumped cells from the analysis.

The basal, secretory and ciliated epithelial cells were
identified using markers CD49f, B-Tubulin, TSPAN
described previously [19]. The epithelial cell subpopula-
tions were defined as follows:

« Epithelial cells with basal phenotype:
CD49f + B-Tubulin- TSPAN-.

« Epithelial cells with secretory phenotype:
TSPAN + CD49f- B-Tubulin-.

« Epithelial cells with ciliated phenotype:
B-Tubulin + TSPAN-CD49f-.

Reactive oxygen species (ROS) analysis

The ROS identification was performed using the total
ROS assay kit (Invitrogen, Thermo Fisher) according to
manufacturer’s instruction. The cells were analyzed on
FACSCelesta instrument (BD Biosciences) at 520 nm
(FITC channel).

Statistical analysis

Statistical analyses were performed using Statistica 13.3
software (StatSoft Inc.) and GraphPad Prism software
(version 9.3.1) (GraphPad Software). Data are presented
as median and interquartile range (IQR) or number and
percentage. Differences between continuous variables
in 3 groups were tested using Kruskal-Wallis test and
between 2 groups using nonparametric Mann—Whitney
U test. Fisher’s exact test was used to test the differences
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Table 1 The study subjects’ characteristics
control asthma COPD (n=8) p-value
(n=5) (n=8)

Age (years) 440 (27.0- 55.0 68.0 (64.0- 0.008
515)# (38.0-74.0) 740) #

Gender (F/M)  4F/1M 6F/2M 3F/5M 0.192

BMI (kg/mz) 230 269 28.0 0.0668
(20.8-24.7) (23.0-28.7) (23.8-31.7)

Atopy (n) 2 5 0 0014

Smoking 0.0(0.0-0.0)# 0.0(0.0-08) 355(24.8- <0.0001

exposure & 50.0) #, &

(pack-years)

FEV, % 103.0 (94.0- 82.0 65.5 (60.3— 0.002

predicted) 124.5) # (75.0-87.0) 82.0) #

FEV,/VC (%) 87.1(79.7- 850(73.0- 57.2(439- 0.0004
102.0) # 91.0) & 67.0) # &

FeNO (ppb) 15.9 29.7 26.1 0.05
(13.9-20.9) (26.8-42.2)  (18.7-48.6)

ACT (points) n.a. 230 n.a. n.a.

(19.0-23.0)

ICS treatment 0 4 0.0 (0.0-0.0) n.a.

(n)

CAT (points) n.a. n.a. 6.5(5.8-105) na.

mMRC n.a. n.a. 1.0 (1.0-2.5) n.a.

(points)

Data are presented as median (IQR) or n. ACT - asthma control test, BMI - body
mass index, FeNO - fractional exhaled nitric oxide FEV, - forced expiratory
volume at first second, ICS- inhaled corticosteroids, mMRC - modified Medical
Research Council, N.A. - not applicable, VC - vital capacity. Kruskal Wallis or Chi
square test. *Control vs. asthma; # control vs. COPD; &asthma vs. COPD

Table 2 Characteristic of epithelial subpopulation in control,
asthma and CODP spheroids

basal ciliated secretory rest
control 582 (54-61.7) 8.5(8-9.6) 202 (18.1-233) 244 (22.8-
26.3)#
asthma 58.1(41-669) 84 23.8(16.5-24.8) 278
(6.1-12.8) (17.6-37.1)
COPD 43.6 9.54 246 35.9(29.6-
(43.1-50.9) (7.3-10.2) (19.2029.50 37.7)#

Data are presented as median (IQR), # control vs. COPD;

between nominal variables. A p-value of less than 0.05
was taken as the threshold of statistical significance.

Results

The characteristic of study participants

The basic clinical characteristics of patients and controls
are summarized in Table 1. The study participants did
not differ according to gender distribution and BMI. The
COPD patients were older and had the worse spirometry
test results.

PM sample characterization

The concentrations of heavy metals in PM are shown
in Table S2. Of all analyzed heavy metals UPM used in
experiments had the highest concentration of Fe and Zn.
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The spheroid morphology analysis and immunostaining
characteristics

The median diameter of epithelial spheroids after 21
days of cultivation in control group was 117.4 um (100—
132.6 um), 126.1 pm (108.7-150 pm) in asthma and
130.4 um (106.4-144.7 um) in COPD group. The exam-
ple morphology of 21-day cultured spheroids is shown in
Figure S1. The characteristic of epithelial subpopulations
of control, asthma and COPD spheroids is presented in
Table 2. The major spheroid subpopulation were basal
epithelial cells followed by secretory epithelial cells. Cili-
ated cells were the less frequent spheroid epithelial cell
subpopulation. We did not observe any changes in spher-
oid size after 24 h of PM, ; exposition.

The expression of cytokeratin, a-tubulin, MUC5AC,
tight junction protein-1 (ZO-1) was confirmed in immu-
nostaining in all evaluated groups, its distribution in
spheroids with and without PM, ; treatment is presented
on Figs. 1 and 2. The presence of UPM after 24-hour
treatment was visualized in immunostained epithelial
spheroids.

Cytotoxic analysis in control, asthma and COPD epithelial
spheroids after PM, ; treatment

24 h 100 pg/ml stimulation of PM, ; did not induce cyto-
toxicity in spheroid cultures (Fig. 3).

The effect of PM, ; on cytokines’and mediators’ mRNA
expression in control, asthma and COPD epithelial
spheroids

PM, ; stimulation increased IL-1f, IL-6, and IL-8 mRNA
expression in all evaluated groups (Fig. 4). Interestingly,
the expression of IL-1, IL-6, and TNF-a in PM, ; treated
spheroids was higher in control group than in asthmat-
ics. PM, ; stimulation upgraded MMP9, TNEF-a, BPIFA,
ENPEP, TIPARP mRNA expression in control and COPD
groups. Additionally, we found the decreased MMP7 and
enhanced MUC5AC mRNA expression after PM, ; treat-
ment in COPD spheroids only. We found the increase of
EGF and TGF-p mRNA expression after PM, ; treatment
in control epithelial spheroid only. Fold change of mRNA
expression of EGF in PM, ; treated spheroids was higher
in control comparted to asthma and COPD, whereas
TGF-p mRNA changes were higher in control group
compared to COPD.

The effect of PM, ; on cytokine proteins’ secretion by
control, asthma and COPD epithelial spheroids

Similarly, to mRNA level, the IL-6 secretion by PM,
treated spheroids was increased compared to unstimu-
lated cultures in all evaluated groups (Fig. 5). IL-1p
concentration was higher in control and asthma group
after PM,; exposure whereas the higher level of IL-8
and TNF-a was found for PM,; exposed asthmatic
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control - unstimulated

asthma - unstimulated

[COPD - unstimulated

COPD +PM2.5

Fig. 1 DAPI (blue), a-tubulin (green), pan-cytokeratin (red) expression in epithelial spheroids of control, asthma, and COPD groups with or without PM, 5
stimulation
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icontrol - unstimulated

asthma - unstimulated

COPD - unstimulated

COPD +PM2.5

Fig. 2 DAPI (blue), tight junction protein-1 (ZO-1) (green), MUC5AC (red) expression in epithelial spheroids of control, asthma, and COPD groups with or
without PM, s stimulation
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Fig. 3 Cell viability of epithelial cells spheroids from control, asthma and COPD groups. The data are presented as median (column) and IQR (whiskers)

spheroids only. We did not find the significant differ-
ences in MMP-9 protein level between PM, ; treated and
untreated spheroids in any of investigated groups, how-
ever the concentration of MMP9 tended to be higher
in PM,; stimulated spheroids of asthma (136723 pg/
ml (124520-184224 pg/ml) vs. 158296 pg/ml (138452—
178088 pg/ml) and COPD (88406 pg/ml (58292-157926
pg/ml) vs. 102394 pg/ml (68063—158367 pg/ml).

The impact of PM, ; on AHR, CD151, TLR4, EGFR, TGF-B
expression in epithelial spheroids of control, asthma and
COPD groups

The cytometric analysis revealed the highest expression
of AHR (compared to controls), TLR4, EGFR (compared
to both control and asthma group) on unstimulated
spheroids from COPD patients (Fig. 6). PM, . treated
spheroids from COPD patients expressed more TLR4
(than controls) and EGFR (than asthmatics). The 24 h
PM, 5 stimulation decreased AHR expression on epithe-
lial cells in COPD group only.

The detailed analysis of the expression of AHR, CD151,
TLR4, EGFR, TGF-p on different epithelial cells pheno-
types is shown on Figure S2 and Table S3. AHR expres-
sion was found mainly on basal and secretory epithelial
cells in all groups but not on ciliated epithelial cells from
controls. We observed the decreased AHR expres-
sion on secretory epithelial cells in COPD group after
PM,; exposure. From all evaluated epithelial pheno-
types, secretory epithelial cells were characterized by the

highest amount of CD151 +cells in all groups, however
no significant changes were found for CD151 expression
with or without PM, ; stimulation. Interestingly, TLR4
was expressed exclusively on secretory epithelial cells in
control, asthma, and COPD groups in similar level. PM, ¢
treatment decreased the number of TLR4 +secretory
epithelial cells in COPD. The number of EGFR + ciliated
epithelial cells tended to rise after PM, 5 stimulation in
control group, but this observation did not reach the sta-
tistical significance. The highest level of TGF-f + cells was
observed for unstimulated basal, secretory, and ciliated
epithelial cells of COPD patients.

ROS analysis in control, asthma and COPD epithelial
spheroids after PM, ; stimulation

We showed the elevated level of ROS (expressed as %
of control) after PM, ; exposure in asthma and COPD
groups in contrast to controls where such increase was
not found (Fig. 7).

Discussion

Ambient air pollution is ranked as the seventh leading
factor contributing to worldwide burden of disease (in
2019). Numerous toxicological and epidemiological stud-
ies have been conducted to investigate the link between
ambient air pollution and its impact on human health, in
particular on respiratory system [20, 21]. Here, we per-
formed the complex analysis of epithelial response of
healthy, asthmatic and COPD spheroids, 3D cell culture
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system after the exposure to air pollution. We found
that common (demonstrated in healthy and diseased
epithelium) inflammatory response to PM,. stimula-
tion include the increase in IL-1f, IL-6, IL-8 mRNA
expression, and secretion of IL-6. Asthmatic spheroids
produced a higher amount of TNF-a and IL-8, whereas
COPD spheroids expressed increased mRNA level of
MUCS5AC and decreased level of MMP7. COPD epithe-
lium was characterized by higher expression of AHR,
TLR4 and EGER on cells. We found that PM, ; treatment
induced changes in AHR and TLR4 expression on secre-
tory epithelium in COPD. The response of asthmatic
and COPD but not control spheroids to PM, ; exposi-
tion was associated with ROS accumulation in epithelial
cells. The results of our study might help to understand
the substantial processes associated with air pollution
toxicity and its impact on healthy and impaired epithelial
function.

The results of our study showed that the most unique
inflammatory marker of epithelial response to PM,
exposition was IL-6. This finding is in line with other
studies [22, 23]. The classic interpretation of epithelial
derived IL-6 involvement in response to air pollution
includes its role as immune system activator. This cyto-
kine induces alveolar macrophages for pro-inflammatory
response and attracts neutrophils as well as monocytes
into the airways, which might cause local tissue injury.
Interestingly, we found the highest amount of pro-
inflammatory cytokines (especially IL-6) released from
control spheroids after PM, ; treatment. Our previous
study where ALI epithelial cells co-cultivated with mac-
rophages and dendritic cells were used showed different
results: the strongest inflammatory response was attrib-
uted to asthma and COPD groups. The discrepancy in
observations is probably due to different in vitro models
used in these studies. It seems that epithelial interac-
tions with immune cells encourage these cells for stron-
ger inflammatory response to environmental stimuli in
obstructive lung diseases. It is worth to notice that IL-6
as a pleiotropic cytokine may also protect lungs exposed
to toxic air pollutants from local injury. It has been
shown that IL-6 inhibit the TGF-p-mediated differentia-
tion of naive CD4 + T-cells into regulatory T-cells (T,.),
which inhibit autoimmunity and protect against tissue
injury [24]. Moreover, also IL-1 and TNF-a signaling
was reported to be involved in regeneration processes
after tissue disruption caused by various injuries [25].
The balance between pro- and anti-inflammatory prop-
erties of cytokines depends on multiple factors such as
dose and duration of stimuli, cytokine level and cell-cell
co-interactions.

The results of our study clearly show the differential
response of asthmatic and COPD epithelium to PM, ¢
exposure than in healthy subjects. The dysfunction of
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epithelial cells is an important feature of asthma and
COPD pathogenesis. We found two diverse patterns
of asthma and COPD epithelium response to air pollu-
tion stimuli than in healthy group. Firstly, asthmatic and
COPD spheroids expressed and produced lower levels
of inflammatory mediators than spheroids from healthy
subjects. Secondly, distinct pattern of response which
included changes in expression of different mediators of
inflammation. These reactions might reflect the impaired
function of airway epithelium in obstructive lung dis-
eases. On particular note is the increased expression of
MUCS5AC in COPD spheroids following PM, ; stimula-
tion. It is well known that air pollution exposition leads to
loss of barrier integrity of the epithelium causing disrup-
tion of tight junctions and increased epithelial permeabil-
ity [26]. This phenomenon was observed by other authors
as downregulation of occludin, E-cadherin, claudin-1,
and ZO-1 pathways [27, 28]. In our study, the fastest
effect of short-term PM, ; stimulation was the increase in
secretory cell MUC5AC expression, especially in COPD
spheroids. This is consistent with the results of one

recent study which showed that MUC5AC expression is
strongly upregulated by PM, ; [29] as well as with obser-
vations that airway remodeling after the exposure to air
pollution largely refers to metaplasia of mucus secre-
tory cells and impaired function of ciliated cells. These
functional changes might lead to decreased mucocili-
ary clearance and increased mucus accumulation in the
airways. The impaired mucus secretion from mucocili-
ary epithelium upon PM exposure is probably disrupted
by ROS independent mucus granule secretory pathway
[30]. We also confirmed our previous results showing the
increased expression of BPIFA2 (which encode antimi-
crobial defense proteins produced by secretory epithelial
cells) after PM, ; stimulation [13] which in turn initiates
a mucus secretory program in the airway epithelium.
On the other hand, the observed phenomena might be
associated with short term PM, ; exposure and should
be evaluated using longer period of PM, 5 treatment. It
was shown that BEAS-2B produced various levels of e.g.
IL-6 after 1 day or 16 days of PM,; exposure [31]. As
epithelial cells of patients with obstructive lung diseases
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are impaired their response might be considerably differ-
ent after longer time of PM, ; stimulation. The results of
our study suggest that COPD patients are more suscep-
tible to epithelial remodeling changes after air pollution
exposure.

The different phenotype of epithelium in obstructive
airway diseases was confirmed by the results of the cyto-
metric analysis. Of note is higher baseline expression
of AHR, TLR4, EGFR on COPD epithelium. Moreover,
COPD epithelium was characterized by increased TGF-3
expression on basal, ciliated, and secretory cells com-
pared to other groups. It seems that epithelium of COPD
patients due to the advanced remodeling process after
prolonged cigarette smoke exposure is linked to TGF-p
and EGF signaling activation which are the important
inducer of epithelial-mesenchymal transition (EMT) [32,
33]. The PCR results revealed that fold changes of TGF-3
and EGF mRNA expression was higher in controls com-
pared to asthma and COPD after PM, ; treatment, what
suggest the impaired mRNA expression of these remod-
elling mediators in asthma and COPD after PM, ; stimu-
lation. It is worth to notice that the results of PCR used
in this study (analysed as 2-22°T) did not reflect the exact
quantity of mRNA level but its fold changes. Due to this
discrepancy, it is difficult to compare the absolute num-
ber of mRNA copies of analysed mediators with e.g. flow
cytometry results.

We believe that different profile of airway epithelium
may impact the epithelial response to toxic substances

such as PM, ; in COPD patients. In our study the number
of AHR + epithelial cells was decreased after PM, ; stimu-
lation in COPD group. Polycyclic aromatic hydrocarbons
(PAHs) contained mainly in organic fraction of PM,,
functioned through AHR receptor. AHR is an impor-
tant mediator of the toxicity of organic chemicals which
activation involves the mitogen-activated protein kinase
(MAPK), nuclear factor kappa b (NF-«xB) pathways, oxi-
dative stress and upregulates expression of inflamma-
tory markers (IL-1B, TGF-f, IL-6 or IL-22, recruitment
of neutrophils and eosinophils). It has been reported
that PM, ; upregulated MMPs, IL-33 or VEGF produc-
tion through AHR in airway epithelial cells [34-36].
The downregulation of AHR expression together with
decreased level of inflammatory mediators after PM, ¢
exposure might represent the impaired function of airway
epithelium in COPD patients. A similar surprising effect
was described by Liu et al. The authors of this study used
a murine COPD model and demonstrated a decreased
degree of airway inflammation and emphysema as well
as lower level of inflammatory cytokines (TNF-«, IFN-y,
IL-1B, IL-6) in BALf of PM, ; treated animals [36]. On the
other hand, it should be kept in mind that in our experi-
ments the water-soluble fraction of PM, ; which has low
PAH content were applied. As we did not measure the
PAHs concentration in PM suspension used for cell stim-
ulation, the AHR expression changes after PM, ; exposi-
tion should be interpreted with caution.
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Data suggest that air pollution may contribute to
increased susceptibility of asthma and COPD patients to
infectious and non-infectious disease exacerbations [37,
38]. Our study showed a lower number of TLR4 + secre-
tory epithelial cells after PM,; exposition in COPD
spheroids. The prolonged exposure to air pollution
including cigarette smoke, can lead to immune stimula-
tion of the airway epithelium. Consequently, this trained
immunity may result in a reduced response to subsequent
PM stimulation. The reduction of pro-inflammatory
TLRs on epithelial cells of COPD spheroids after PM, ;
treatment might reflect its adaptive state to environ-
mental stimuli in these patients. However, the immune
response of epithelial cells to long-term PM, ; exposure
could include different profile of biological reactions. To
evaluate these responses a duration of PM, ; stimulation
much longer than 24h is required.

We would like to acknowledge the limitations of this
study, which are outlined as follows: (1) The use of nasal
epithelial cells as easy to obtain surrogate of bronchial
epithelial cells [39] may not reflect all biological phe-
nomena occurring in lower airways after air pollution
exposition. Nasal epithelial cells are not identical proxy
for bronchial epithelial cells, it was shown that 619 genes
were similarly and 1692 genes differently expressed in
comparison of nasal and bronchial epithelial brushes
[40]. On the other hand, nasal and bronchial epithelial
cells presented the same pattern of response for toxic
stimuli such as cigarette smoke. The gene expression
profile of nasal epithelial cells identified inflammatory
processes in the lower airways what was confirmed in
asthma and might be used as non-invasive tool of asthma
endotype characterization [41]. The nasal epithelial cells
cultured in spheroids (contained different types of spe-
cialized epithelium) are functional equivalent for epithe-
lial cells from lower parts of the respiratory tract. This
study focused on comparison of healthy and diseased
epithelium in response to PM, ; exposure, and evalua-
tion of similar and different patterns of response to the
stimuli. (2) 24-hour PM, ; stimulation reflects the short-
time exposure to air pollution. It should be kept in mind
that short and long term PM, ; exposure might differ in
e.g. level of produced cytokines and cumulative effect
of noxious and oxidative stress stimulation in epithelial
cells. The observed biological response after 24-hour
stimulation with high but still not-cytotoxic PM, 5 dose
illustrates the profile of early changes in airway epithe-
lium. The prolonged air pollution exposure in in vitro
model needs to be explored in the future. (3) The use of
aqueous suspension of PM, ; did not fully reflect nega-
tive effect of air pollution on airway epithelium. For com-
plex evaluation of this issue, the organic fraction of PM, -
(which contains higher amounts of PAHs and other water
insoluble toxic substances) should be used. However, this
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fraction must be suspended in DMSO, which increases
the cytotoxicity of stimulators and impacts the dose of
PM, ; used for cell treatment.

Conclusions

The response of airway epithelium to air pollution is dif-
ferent in healthy people and obstructive lung disease
patients, however some elements such as upregulation
of IL-1B, IL-6, IL-8 mRNA expression, IL-6 secretion are
common. The short term PM,; stimulation impacted
epithelial secretory cell function in COPD patients. The
impairment of airway epithelium in asthma and COPD
weakens their anti-oxidative and anti-inflammatory pro-
tection which might be associated with tissue damage.
The effect of long term PM, ; exposure on epithelial cell
remodeling and possible induction of asthma and COPD
exacerbation should be investigated in the future.
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