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ARTICLE INFO ABSTRACT

Edited by Professor Bing Yan We developed a mobile laboratory allowing field exposure of lung tissue models to ambient air at localities with
various pollution sources (Background, Industrial, Traffic, Urban) in different seasons (summer/fall/winter). In
samples originating from healthy and asthmatic individuals, we assessed the parameters of toxicity, lipid per-
oxidation and immune response; we further performed comprehensive monitoring of air pollutants at sampling
sites. We measured lactate dehydrogenase (LDH) and adenylate kinase (AK) production and transepithelial
electrical resistance (TEER), analyzed 15-Fo-isopostane (IsoP) and a panel of 20 cytokines/chemokines/growth
factors. In the ambient air, we detected particulate matter (PM), and other relevant chemicals (benzene, benzo[a]
pyrene (BaP), NOx). In the Traffic locality, we found very high concentrations of ultrafine particles and NOx and
observed low TEER values in the exposed samples, indicating significant traffic-related toxicity of the ambient
air. In the Urban locality, sampled in winter, we observed high PM and BaP levels. We found lower AK levels in
samples from healthy individuals exposed in this locality than in the asthmatic samples. In the samples from the
Industrial locality, sampled in summer, we detected higher concentrations of TNFa, MIP-1a, Eotaxin, GROa, GM-
CSF, IL-6 and IL-7 than in the Urban locality samples. We hypothesize that pollen or other plant-related com-
ponents of the ambient air were responsible for this response. In conclusion, our data proved the feasibility of our
mobile laboratory for field measurements of the biological response of lung tissue models exposed to ambient air,
reflecting not only the levels of toxic compounds, but also season-specific parameters.
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1. Introduction

Ambient air pollution significantly affects human health worldwide.
While chronic exposure to air pollutants increases the incidence of
cardiovascular, respiratory or neurodegenerative disorders, short-term
acute exposure exacerbates asthma and chronic obstructive lung dis-
ease (COPD) (Yatera and Nishida, 2024). Importantly, outdoor air
pollution has been classified as carcinogenic to humans (IARC Working
Group on the Evaluation of Carcinogenic Risks to Humans, 2016). It is

estimated that particulate matter of aerodynamic diameter < 2.5 ym
(PM2.5), an important constituent of air pollution, contributes to excess
deaths of up to 8 million/year (the estimates differ depending on the
source) (Pozzer et al., 2023).

Air pollution is characterized by its complexity: it consists of a
mixture of particulate matter (PM) of various sizes, chemical compounds
bound to it and gaseous components. The combination of these con-
stituents as well as their physical and chemical properties predetermine
the health impacts of air pollution. These specific characteristics
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Institute; COPD, chronic obstructive lung disease; EEPS, Engine Exhaust Particle Sizer; IPF, idiopathic pulmonary fibrosis; IsoP, 15-F2t-isoprostane; NOx, nitrogen
oxides; PM, particulate matter; TEER, transepithelial electrical resistance; VOC, volatile organic compound.
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complicate the in vitro research of the mechanisms of ambient air
toxicity. Traditionally, research of outdoor air pollution exposure health
consequences has been performed in human populations, laboratory
animals or in in vitro cell models, each of these approaches having its
specific drawbacks. While human studies allow the results relevant to
real-life scenarios to be obtained, they are bound by strict ethical reg-
ulations. This is also true, although to a lesser extent, for laboratory
animal investigations. However, some species-specific differences may
complicate extrapolation of these results to the human organism.
Finally, in vitro cell model studies have mostly been limited to tests of
separate components of air pollution (particles, or organic/inorganic
extracts from particles) (Chen et al., 2018; Hanzalova et al., 2010;
Libalova et al., 2021; Rahmatinia et al., 2022), thus omitting interaction
between the air pollution components, that may have fundamental im-
pacts on the biological activity of air pollution.

Over the years, attempts have been made to address the drawbacks of
in vitro exposure to air pollution and to construct systems allowing
exposure to all components of polluted air (referred to as complete
pollution). Aside from commercial instruments, various in-house appa-
ratuses have been developed (Rossner et al., 2021), that were often used
to evaluate the toxicity of engine emissions, but also to other aero-
sols/gases (Guénette et al., 2022; Wang et al., 2019). However, a very
limited number of studies focused specifically on the effects of envi-
ronmental (ambient) air pollution (Bisig et al., 2018; Costabile et al.,
2023; Gualtieri et al., 2018; Santoro et al., 2024; Vizuete et al., 2015).

In in vitro testing, the selection of the model system is another
important consideration. Traditionally, submerged cell cultures con-
sisting of a single cell type, often of cancer origin, have been used. This
approach has several limitations, including the fact that it does not allow
complete pollution tests, as well as the specific response of the tumor
cells, particularly on the molecular level, thus requiring cautious con-
clusions when assessing e.g. gene expression changes (Lujan et al.,
2019).

With the above-mentioned limitations in mind, we designed the
current study that focuses on characterization of the biological response
of the human primary cells of the airway epithelium (MucilAir™), an in
vitro cell model grown on the air-liquid interface (ALI). The cell cultures,
obtained from both healthy and asthmatic human subjects, were
exposed to ambient air in field conditions at four localities of the Czech
Republic differing in concentrations and characteristics of air pollutants
[Background, Industrial, Traffic, Urban] as well as meteorological con-
ditions. We used our previously developed compact exposure chamber
(Vojtisek-Lom et al., 2019) and modified it so that it can be used as a
mobile laboratory.

The aim of our study was to develop an ALI exposure system that
serves as a mobile laboratory and that can be used, after meeting certain
technical requirements, to assess the molecular response of lung tissue
models to ambient air pollution in virtually any locality. We further
focused on the identification of a possible different biological response
in lung tissue samples originating from healthy and asthmatic subjects.

2. Materials and methods
2.1. Cell cultures, exposure conditions and localities

In all experiments, the model of human airway epithelium (Muci-
1Air™; Epithelix Sarl, Geneva, Switzerland) was used. The model was
described in detail in our previous study (Rossner et al., 2019). In brief,
MucilAir™ is a bronchial epithelial model reconstituted from primary
human cells of healthy/asthmatic volunteers. For the study, samples
derived from eight healthy donors (6 males, 2 females) and six asthma
patients (1 male, 5 females) were used. The cell models were grown at
ALI at 37 °C, 5 % CO», and relative humidity > 90 % in 24-well format
Transwell® cell culture inserts (Sigma-Aldrich, St Louis, MO, USA) in
culture medium provided by the cell model manufacturer. Prior to using
the cultures in experiments, they were grown for at least 3 weeks in the
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laboratory and checked for their stability. The culture medium was
replaced every 2-3 days and apical wash was performed every week to
eliminate the accumulated mucus.

For the field experiments, a previously developed compact exposure
chamber was used (Vojtisek-Lom et al., 2019). To address the specific
requirements of this study, particularly to achieve mobility of the sys-
tem, the equipment was further modified. The exposure boxes (up to two
for exposed samples and two for the controls) were placed in a com-
mercial small scale (40x35x45 cm inner dimensions) incubator, in which
the pump, membrane humidifier and other accessories were incorpo-
rated, thus allowing sample conditioning to 5 % CO», 37 °C, and relative
humidity above 90 % (Figs. 1, 2, 3).

CO, was introduced at the inlet of the incubator for both sample
types (controls and exposed) (Fig. 1, part A). Before the incubator inlet, a
flow of approximately 3.3-3.6 Ipm was diverted for an online analysis. A
flow of around 0.4 lpm passed through the incubator wall (Fig. 1, part
B), then through the heat exchanger (Fig. 1, part E), where it was heated
to 37 °C, and through a membrane humidifier [model MH-110-12S-2
(Perma Pure LLC, Lakewood, NJ, USA)] (Fig. 1, part C). Deionized water
was supplied from a water reservoir (Fig. 1, part D) installed on top of
the humidifier. The relative humidity exceeded 90 % to ensure survival
of the cells. On the humidifier outlet, a flow of 0.4 lpm was divided
equally to two exposure chambers. A flow of 0.2 Ipm passed through
each of the four exposure chambers. The flow was controlled by rota-
meters with a needle valve and two air pumps (Fig. 1, part F). Each of the
chambers was equipped with its own rotameter, plus two rotameters for
CO2 (one for each line) and two air pumps (one for each line). The
control air flow was pre-controlled by rotameter placed on the incubator
inlet.

This setting became the basis for the mobile laboratory, deployable
either in a van or outdoors in a suitable shelter protected from the ele-
ments. The laboratory further included a small laminar flow box for
manipulation with cell cultures, an additional incubator for housing
exposure boxes that were not actively undergoing exposure, a freezer
and pressure bottles with COy (conditioning) and synthetic air (control
sample) (Supplementary Figure 1A-D). As the equipment requires elec-
tric power, the mobile laboratory should ideally be located within reach
of an electrical outlet. Optionally, we used a rechargeable battery of
sufficient capacity to power the systems.

The field experiments were performed in four localities selected so
that each represented specific ambient air characteristics (Fig. 4,
Table 1). Kosetice (Background), was a control locality used as a back-
ground station of the Czech Hydrometeorological Institute (CHMI)
(Supplementary Figure 2). The station is surrounded by fields/
meadows/forests with no traffic/heating/industrial sources of pollution.
Kvasiny (Industrial locality) was a town (population approx. 1700) with
industrial production (automotive, wood processing/painting), where
significant pollution of volatile organic compounds was expected
(Supplementary Figure 3). The specific location of the station in the
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Fig. 1. Development of the exposure system: a schema of the modified incu-
bator. A. Exposure chamber; B. Commercial incubator; C. Humidifier; D.
Deionized water reservoir; E. Heat exchanger; F. Flow control and air pumps.
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Fig. 2. Development of the exposure system: a commercial incubator housing
exposure chambers and other equipment.

Fig. 3. Development of the exposure system: details of the exposure boxes in
which cell cultures were placed.

town was selected following consultations with local inhabitants with
knowledge of possible hotspots for air pollution. In the capital city of
Prague (Traffic locality), a traffic hotspot at a 6-lane road with an
average number of 100,000 passing cars/day was selected
(Supplementary Figure 4). The city of Ostrava (population approx.
290,000) (Urban locality) represented a locality with a combination of
traffic/industrial/heating air pollution (Supplementary Figure 5). The
Ostrava region is a known hotspot of the Czech Republic with high
concentrations of air pollutants (Rossner et al., 2015).
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To simulate a potential scenario of human exposure to ambient air
across the selected localities, emphasizing repeated exposures, the ex-
periments were carried out over a five-day period. Each day followed
this exposure regimen: 2-hour ambient air exposure, 2-hour resting
period in the incubator, followed by another 2-hour exposure (Fig. 5).
Control samples underwent the same pattern but were exposed to con-
trol air (Synthetic Air, Linde plc, Dublin, Ireland). Prior to exposure to
both ambient and control air (at time point T0), we collected cell me-
dium (basal medium and apical wash) and measured TEER to capture
data from the cells unaffected by handling or exposure. Subsequently,
after each exposure session, the cells were housed overnight for the next
day’s exposure and in the morning, the basal cell medium was changed.

2.2. Online air pollutant analysis

Total number concentrations of particles, including volatiles, were
measured in all locations by a condensation particle counter (UF-CPC
200, Palas) with a 50 % counting efficiency (d50) at 5 nm.

Particle size distributions in 32 channels over the 5.6-560 nm range,
classified by electric mobility diameter, were measured with a fast
electric mobility particle sizer (Engine Exhaust Particle Sizer, EEPS), in
all locations except the Background location, where the concentrations
were deemed to be too low and close to the detection limit.

Particle mass concentrations in PM2.5 and PM10 categories was
measured by gravimetry at Background and Urban sites and by online
measurements at the Traffic hot spot; at the Industrial location only
PM10 concentrations (gravimetrically assessed) were obtained.

According to the expected pollutants of concern, volatile organic
compounds were measured at the Industrial location, nitrogen oxides
(NOx) were measured at the Traffic hotspot, and particle-bound benzo
[alpyrene (BaP) was measured at the Urban mixed sources site. The
overview of the measurements is shown in Table 1.

The results provided by the EEPS included concentration (#/cm®) as
a function of time measured in 32 output size channels, and particle size.
The detection range of particles diameter of these channels was from
6.04 nm to 523.3 nm. The data were summed across the whole day to
show the size distribution. Another set of data provided by the EEPS was
the total concentration of particles (#/cms) as a function of time. These
data were used to show the total concentration of particles through the
whole set of exposures for each of the localities. The EEPS scans every
second and these data were averaged to get the concentration values for
every 60 seconds of exposure.

2.3. Meteorological conditions

For further characterization of the parameters that may have affected
exposure experiments, meteorological conditions (minimum/
maximum/mean temperature, mean air humidity, precipitation, sun-
shine and mean wind speed) during the field campaigns were noted. The
information was obtained from the website of the CHMI (https://www.
chmi.cz/historicka-data/pocasi/denni-data/Denni-data-dle-z
.-123-1998-Sb; in Czech). The data from the stations closest to the actual
sampling sites were used (Supplementary File S1).

2.4. Transepithelial electrical resistance (TEER)

TEER measurements were conducted using an EVOM2 ohm meter
(World Precision Instruments, Sarasota, FL, USA) paired with an STX2
electrode. This approach offers a quantitative, non-destructive method
for assessing the integrity of tight junctions in cell culture models. All
measurements were taken under sterile conditions to maintain cell
culture viability. Prior to each measurement, 200 ul of preheated
MucilAir™ medium was added to the apical side of the inserts. The
electrode was then equilibrated by rinsing with sterile phosphate-
buffered saline (PBS) followed by preheated medium. Measurements
were taken before exposure (T0) and on the fifth day prior to cell harvest
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Table 1
Sampling locations characteristics.
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Fig. 4. A map of the Czech Republic with depicted localities of the field experiments.

atT5

Parameter Locality (city/town name)
Kosetice Kvasiny Prague Ostrava
Locality type Background Industrial Traffic Urban
GPS coordinates 49.5734883 N, 15.0808208E 50.2085744 N, 16.2553864E 50.1176100 N, 14.4614689E 49.8465047 N, 18.2836922E
Time of sampling (date) 4.8.-8.8.2023 21.8. — 25.8. 2023 18.9. - 22.9. 2023 2.12. - 6.12. 2023
Time of sampling (hours; each day) 6:30 — 16:00 6:30 — 16:00 6:30 — 16:00 6:30 — 16:00
PM10 yes yes yes yes
PM2.5 yes no yes yes
Particle number conc. yes yes yes yes
Size distribution yes yes yes yes
vocC no yes no yes
NOx no no yes no
BaP no no no yes
Basal cell medium
: X 2 h exposure 2h 2 h exposure :
collection, apical 3 A 4 > Cells housed overnight
. wash and TFE)ER ‘ e ey ’ rest in cell . IRzl ’ in incubator .
T or control air) incubator or control air)
. 2 h exposure 2h 2 h exposure .
Basal cell medium L . ¥ 4 Cells housed overnight
. collection B iy . rest in cell . i aly ’ in incubator i
or control air) incubator or control air)
: 2 h exposure 2h 2 h exposure .
Basal cell medium 3 . 2 % Cells housed overnight
‘ collection ’ el il ’ rest in cell ‘ ity ’ in incubator -
or control air) incubator or control air)
* 2 h exposure 2h 2 h exposure -
Basal cell medium % i ; 5 Cells housed overnight
. e ’ (ambient air . rest in cell ‘ (ambient air . R &
or control air) incubator or control air)
2 h exposure 2h 2 h exposure Bas) call mee i
Basal cell medium . : 2 . collection, apical wash
Day 5 . collection . bz el . restin cell ’ (ambient air . and TEER measuremet
or control air) incubator or control air)

(T5). The resistance values were calculated using the formula: TEER

(ohm*cm?) = (resistance of the test tissue (ohm) - resistance value of the
untreated membrane (ohm)) x surface area of the epithelium (cmz).
Here, the resistance value of the untreated membrane was set at 100

Fig. 5. The overview of the exposure experiments.

ohm, and the epithelium surface area was 0.33 cm?.
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2.5. Cytotoxicity measurements

Lactate dehydrogenase (LDH) and adenylate kinase (AK) activities
were analyzed in the basal cell culture medium using the Cytotoxicity
Detection Kit (Roche, Basel, Switzerland) and Adenylate Kinase Cyto-
toxicity Assay Kit (Abcam, Cambridge, UK), respectively. Both methods
were performed according to the manufacturer’s instructions with some
modifications: each sample was analyzed in technical duplicate using
50 pL sample/well. In the case of LDH, 50 pL of the reaction mixture
(Catalyst in H0 + Dye solution) was added to each well; the samples
were incubated for 30 minutes at 37 °C in the dark and for 30 minutes at
room temperature (RT) in the dark. For AK, 50 pL of the AK reaction
mixture was added to each well; the samples were incubated for
15 minutes at RT in the dark. At the end, absorbance at 490 nm for LDH
detection and luminescence for AK assay was measured by Spec-
traMax®M5e (Molecular Devices, San Jose, CA, USA). The final out-
comes were expressed as the percentage of cytotoxicity relative to the
positive control (1 % v/v Triton X-100, 1 h, and 37 °C).

2.6. Cytokine production

The production of selected cytokines, chemokines and growth factors
(a complete list is indicated in Supplementary File S2) into the basal cell
culture medium was assessed using The Human ProcartaPlex™ Mix &
Match 22-plex (Thermo Fisher Scientific, Wilmington, DE, USA) ac-
cording to the manufacturer’s instructions. Briefly, 50 pL of the Capture
Bead Mix was added to each well of the 96-well plate. After a washing
procedure using a Hand-Held Magnetic Plate Washer, 50 pL/well of
prepared standards and samples in technical duplicates were added and
shook at 600 rpm for 2 hours at RT. After washing the plate, 25 pL/well
of the Biotinylated detection Antibody Mix was added and shook at
600 rpm for 30 minutes at RT. After another washing step, 50 pL/well of
Streptavidin-PE was added and shook at 600 rpm for 30 minutes at RT.
After the final washing process, 120 pL of reading buffer was added into
each well and shook at 600 rpm for 5 minutes at RT before running the
plate on the XMAP™ instrument BIOPLEX 200 System (Luminex, Austin,
TX, USA). Data were analyzed in Bio-Plex Manager 6.0 (Bio-Rad Labo-
ratories, Hercules, CA, USA).

2.7. 15-Fgrisoprostane detection

The concentration of 15-Fy-isoprostane (IsoP) in the basal cell cul-
ture medium was analyzed using the 8-isoprostane ELISA kit (Cayman
Chemicals Company, Ann Arbor, MI, USA) according to the man-
ufacturers instructions. Calibration standards were prepared in the cell
medium, each sample (50 pL) was analyzed in a technical duplicate and
the absorbance was detected by SpectraMax®iD3 (Molecular Devices,
San Jose, CA, USA) at 405 nm. Results were calculated based on the
standard calibration curve with a detection range of 0.8 — 500 pg/mL.

2.8. Statistical analysis

MucilAir™ samples exposed to ambient air in each tested locality
originated from either healthy donors (eight persons) or asthmatic do-
nors (six persons, two technical replicates). Exposure of the control
MucilAir™ samples to control air was performed simultaneously with
the ambient air exposure using the same healthy/asthmatic samples. For
the purpose of the statistical analysis, the control samples (separately for
healthy and asthmatic) from all localities were pooled; each consisted of
a total of thirty-two replicates. The parameters were compared using the
Kruskal-Wallis non-parametric test with Dunn’s (post-hoc) multiple
comparison test in GraphPad Prism version 8 (GraphPad Software Inc.,
San Diego, CA, USA). Data were presented as boxplots. For the multiplex
immunoassay, data were not examined for conditions where the result
was calculated to be zero for more than five out of eight replicates or
twenty out of thirty-two replicates, respectively. The statistically
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significant difference between indicated pairs were denoted by asterisks
(*p < 0.05, **p < 0.01, ***p < 0.001).

3. Results
3.1. Air pollution characterization, meteorological conditions

The field experiments were organized so that diverse types/con-
centrations of ambient air pollutants and meteorological conditions
were evaluated. For general characterization of air pollution, particles in
the ambient air were assessed. In all localities, PM10 concentrations
(pg/mg), as well as particle number concentration (#/cm®) and, except
for the Background location, particle size distributions (dN/dlogDp
[#/cm®]) were analyzed (Table 1).

PM2.5 (ug/m>) was measured in all but the Industrial locality, where
only daily PM10 values were available (the CHMI monitoring station
was not equipped with the PM2.5 measuring system) (Table 1).

Depending on the source of pollution in the given locality, specific
compounds were further monitored (Table 1). Thus, volatile organic
compounds (VOC) were analyzed in the Industrial and Urban locality
and information on benzene concentrations (ug/m®) were reported. NOx
was measured in the Traffic locality and BaP was monitored in the Urban
locality, in which high concentrations of this polycyclic aromatic hy-
drocarbon have been repeatedly found in the past. The contribution of
these contaminants to the overall ambient air pollution in other local-
ities was insignificant and thus they were not included in the battery of
air pollution measurements.

The hourly concentrations of PM10/PM2.5 were determined during
individual exposure periods as shown in Fig. 6A-D. Detailed information
on particle number concentration (#/cm®) and the size distribution
(dN/dlogDp [#/cm?]) is provided in Fig. 7A-D and Fig. 8A-D. The total
number of deposited particles per cm? (at 1.5 % deposition rate) along
with their size distribution is reported in Fig. 9. The total number of
deposited particles was 5.3 million in the Traffic, 1.9 million in the
Urban, 1.7 million in the Industrial, and 0.33 million in the Background
locality, respectively.

For the parameters in Figs. 6-8, we further calculated average daily
values (Tables 2-Table 5). The data revealed that considerably higher
levels of PM10/PM2.5 were detected in the Urban locality compared to
other sampling sites. The sampling season may be responsible for this
observation, as in the winter local heating significantly contributes to
concentrations of ambient air pollutants. This observation is also in
agreement with previous studies conducted in the Ostrava region.

Average daily particle number concentrations revealed that the
Traffic locality was burdened by an extremely high number of particles,
which several times exceeded the particle numbers in other localities.
Size distribution analysis showed that the highest proportion of particles
in this station was around 14.3 nm in size; the second peak was around
80 nm. In the Urban locality, a smaller peak at 50 nm was observed.

From other analyzed contaminants, we did not find any excessive
concentrations of benzene, a VOC with a concentration limit of 5 pg/m?>.
Its values were lower in the Industrial locality than in the Urban station.
In contrast, BaP concentrations in the Urban locality were several-fold
higher than the limit of 1 ng/m® Finally, in the Traffic locality,
average NOx concentrations exceeded more than two-fold the concen-
tration limit of 30 pg/m®. However, it should be highlighted that the
concentration limits are set for yearly averages, while our measurements
were based on 5-day observations. Concentrations of other organic
compounds determined in the Industrial and Urban localities are shown
in Supplementary File S3 and Supplementary File S4.

Meteorological conditions varied throughout the field campaigns
(Tables 2-5). There was a significant amount of precipitation during the
experiments in the Background locality, while in the Industrial and
Traffic localities the weather was mostly dry, with rather high temper-
atures. The campaign in the Urban locality was performed in the winter
season, with light snow/snow accumulation and low temperatures
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(below 0 °C).
3.2. Biological analyses

3.2.1. TEER measurement

TEER measurement is an important indicator of tissue integrity. The
TEER values for each sample were measured at two-time intervals,
before exposure (T0) and after five-day exposure (T5) to ambient air in
tested localities/control air. As illustrated in Fig. 10, the TEER level of
MucilAir™ tissue from asthmatic subjects was generally slightly lower
than the respective tissue from healthy donors within each locality and
time interval (with the exception of asthma tissue exposed in the

Industrial locality at T5 versus healthy tissue at the same time interval).
The difference was, however, not significant in either case. The TEER
level of both asthmatic and healthy tissues exposed in the Traffic locality
at T5 was deeply below the minimal acceptable value (200 Q.cm?)
indicating poor condition of cells at this time interval. A significant
difference was found between MucilAir™ asthma tissue exposed in this
locality at T5 versus asthma tissue from the Industrial locality at T5 and
TO. We further observed a significant difference in TEER level of
MucilAir™ healthy tissue exposed in the Traffic locality at T5 versus
MucilAir™ healthy tissues exposed in other localities at T5 (Back-
ground, Industrial, Urban), the control healthy tissue as well as healthy
tissue exposed in the Traffic locality at time interval TO. Due to cell death
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Fig. 7. Particle number distribution over the five-day exposure period in A) Background, B) Industrial, C) Traffic and D) Urban localities.

after the five-day exposure, no other parameters [except for adenylate markers of cytotoxicity. Relative LDH and AK activities were measured
kinase (AK) levels, a marker of cytotoxicity] were measured in tissues in the exposed and control MucilAir™ tissues after five-day exposure
exposed in the Traffic locality. (T5) to ambient air in the cell culture medium. In the Traffic locality, the
AK levels were analyzed in most of time intervals (TO — T3, T5). The LDH

3.2.2. Cytotoxicity relative activity was around 30 % in both asthmatic and healthy Muci-
The release of intracellular enzymes lactate dehydrogenase (LDH) 1Air™ control tissues and also in both MucilAir™ tissues exposed in
and AK are associated with cell lysis upon damage and are used as Background, Industrial and Urban localities (Fig. 11A). Relative AK
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Fig. 8. Size distribution of particles over the five-day exposure period in A) Industrial, B) Traffic and C) Urban localities.

levels in MucilAir™ from healthy tissues exposed to polluted air in the
Urban locality were significantly lower than those of MucilAir™ from
asthmatic samples exposed in the same city and also lower than control
MucilAir™ from healthy tissues. The highest median AK levels did not

exceed 5 % except for the MucilAir™ asthma sample exposed in the
Urban locality that reached 6.12 % (Fig. 11B). In the Traffic locality, AK
levels have reached high values, mostly exceeding 40 %, in the first to
third day of exposure (T1-T3; at T4, the sample was not collected). At T5,
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days, a flow rate of 25 cm®/min per insert, 6 mm insert diameter, and 1-2 % deposition efficiency by diffusion (the dominant mechanism as the number of larger
particles was very small), the total deposited dose per cm? was 0.33 million in the Background, 1.7 million in the Industrial, 1.9 million in the Urban and 5.3 million
in the Traffic locality, respectively. No particle size distribution is given for the Background locality due to low particle concentrations.

Table 2
Mean daily concentrations of relevant ambient air contaminants and meteorological conditions in the Background locality (yearly exposure limits for relevant pa-
rameters in parentheses).

Kosetice-Background Sampling date Mean
4.8.2023 5.8.2023 6.8.2023 7.8.2023 8.8.2023
PM10 (pg/m>) (exp. limit 40 pg/m%) 7.5 6.7 4.5 4.7 3.0 5.3
PM2.5 (ug/m>) (exp. limit 20 ug/m>) 5.4 3.9 2.4 2.7 3.0 3.5
Particle number conc. (#/cm®) 4319 3258 1507 924 2620 2526
Min. temperature (°C) 15.2 13.7 12.9 10.7 9.9 14.7
Max. temperature (°C) 22.6 18.2 16.9 14.7 19.4 18.4
Mean temperature (°C) 18.8 14.2 13.8 12.2 14.7 12.5
Mean air humidity (%) 61 95 88 85 68 79.4
Precipitations (mm) 8.0 30.3 9.7 6.5 2.6 11.4
Sunshine (h) 2.0 0.0 0.3 0.6 3.9 1.4
Mean wind speed (m/s) 2.3 5.3 5.6 7.3 4.5 5.0
Table 3

Mean daily concentrations of relevant ambient air contaminants and meteorological conditions in the Industrial locality (yearly exposure limits for relevant parameters
in parentheses).

Kvasiny-Industrial Sampling date Mean
21.8.2023 22.8.2023 23.8.2023 24.8.2023 25.8.2023

PM10 (pg/m®) (exp. limit 40 ug/m%) 21.7 18.5 16 17.5 17.4 18.2
Particle number conc. (#/cm®) 12496 12557 7400 7353 14083 10778
Benzene (ug/m°) (exp. limit 5 ug/m>) 0.20 0.20 0.20 0.10 0.10 0.16
Min. temperature (°C) 20.1 18.8 17.3 16.5 18 18.1
Max. temperature (°C) 28 28.3 23.8 25.4 25.9 26.3
Mean temperature (°C) 22.2 23.2 19.3 20.7 21.3 21.3
Mean air humidity (%) 78 66 67 61 74 69.2
Precipitations (mm) 0 0 0 0.1 0.4 0.1
Sunshine (h) 7.3 9.3 9.8 10.8 8.9 9.2
Mean wind speed (m/s) 2.4 2.1 2.2 1.3 2.2 2.0
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Table 4

Mean daily concentrations of relevant ambient air contaminants and meteorological conditions in the Traffic locality (yearly exposure limits for relevant parameters in

parentheses).
Prague-Traffic Sampling date Mean

18.9.2023 19.9.2023 20.9.2023 21.9.2023 22.9.2023

PM10 (pg/m®) (exp. limit 40 ug/m%) 10.7 15.4 26.2 15.4 16.9
PM2.5 (ug/m>) (exp. limit 20 pg/m®) 4.9 6.6 14.1 7.6 8.3
Particle number conc. (#/cm3) 42166 20536 30949 48295 23737 33137
NOx (ug/m®) (exp. limit 30 ug/m%) 46.39 83.48 133.94 61.31 81.28
Min. temperature (°C) 13.7 14.9 11.8 12.5 12.9 13.2
Max. temperature (°C) 28.7 23.7 25.5 23.6 18.7 24.0
Mean temperature (°C) 19.9 17.8 18.6 18.1 15 17.9
Mean air humidity (%) 73 62 63 77 82 71.4
Precipitations (mm) 0.9 0 0 0 4.8 1.1
Sunshine (h) 8.9 5.3 11.1 6.8 0.1 6.4
Mean wind speed (m/s) 2.5 5.2 3.2 2.7 3.6 3.4

Table 5

Mean daily concentrations of relevant ambient air contaminants and meteorological conditions in the Urban locality (yearly exposure limits for relevant parameters in

parentheses).
Ostrava-Urban Sampling date Mean

2.12.2023 3.12.2023 4.12.2023 5.12.2023 6.12.2023

PM10 (ug/m®) (exp. limit 40 pg/m?) 41.0 15.1 37.8 53.6 54.5 40.4
PM2.5 (ug/m®) (exp. limit 20 ug/m>) 38.4 13.9 32.6 48.6 49.8 36.6
Particle number conc. (#/cm®) 10736 6103 16344 14073 12800 12011
Benzene (ug/m?) (exp. limit 5 ug/m®) 3.90 2.90 3.60 4.70 4.00 3.82
BaP (ng/m®) (exp. limit 1 ug/m®) 6.20 1.00 5.50 5.80 8.00 5.30
Min. temperature (°C) —-2.8 —6.6 —6.5 —8.6 -1.9 -5.3
Max. temperature (°C) -0.3 -1.5 —-0.2 1.1 0.9 0.0
Mean temperature (°C) —-2.5 —4.5 -3.2 -1.8 -0.2 —2.4
Mean air humidity (%) 94 86 77 82 91 86.0
Precipitations (mm) 10.6 3.4 0 0 2.4 3.3
Sunshine (h) 0 1.6 5.6 3.2 0 2.1
Mean wind speed (m/s) 3.2 1.2 0.9 1.4 1.3 1.6

the levels sharply dropped, probably reflecting cell death at this time
interval (Supplementary Figure 6).

3.2.3. 15-Fy-isoprostane

IsoP is a product of lipid peroxidation, therefore, it was used to
evaluate and characterize the potential oxidative damage following five-
day exposure. However, no significant changes in IsoP levels were
observed in any locality indicating no impacts of our experimental set-
tings on the levels of peroxidized lipids (Fig. 12).

3.2.4. Cytokines, chemokines and growth factors

The production of selected immune response-related molecules was
analyzed following the five-day exposure. The set of inflammatory
markers consisted of 20 molecules, including cytokines (TNFa, IL-6, IL-
7, IL-1a, IL1-p and IL-1RA) chemokines (Eotaxin, GROa, IP-10, MCP-1,
MIP-1a, MIP-1B, RANTES, SDF-1a) and growth factors (BDNF, EGF, GM-
CSF, LIF, PIGF-1, VEGF-A). Overall, we observed the most pronounced
differences between samples exposed in the Urban and Industrial lo-
calities. For this comparison, a significantly higher production of
Eotaxin, GM-CSF, GROa, MIP-1a and TNFa in both the asthmatic and
healthy tissues exposed in the Industrial locality was found; GROa
production was not detected in the Background station. The level of IL-6
and IL-7 was specifically elevated only in the asthmatic tissue exposed in
the Industrial locality when compared with the Urban locality while an
increase of SDF-1 concentrations was observed only for the healthy
tissue for this comparison. IL-1b production was elevated in asthmatic
tissues exposed in the Background station than those in the Urban sta-
tion. The same cytokine was not detected in any of these tissues exposed
in the Industrial locality. IP-10 was not detected in either Urban sample
(Fig. 13).
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4. Discussion

Investigating the mechanisms of the biological effects of ambient air
pollution is a challenging task for which researchers have not yet found a
satisfactory solution. Due to the complexity of the human organism,
conclusive information can only be obtained in population studies.
However, such projects are limited by their costs and logistics, as well as
by ethical considerations. Therefore, in toxicology, various cell models
and exposure scenarios have been introduced (Faber and McCullough,
2018). Over the years it has become apparent that experiments in
strictly laboratory settings (i.e., a single cell line, commonly of a tumor
origin; unrealistic testing doses; chemicals applied individually, rather
than in mixtures) are too artificial to generate data that can be extrap-
olated to real-world human exposure. For inhalation toxicology, finding
the optimal mode of application of air pollutants is one of the greatest
obstacles. This fact stems from the presence of mixtures of contaminants
differing in chemical composition and state (a combination of solid,
gaseous and liquid components). The introduction of the ALI systems
was a step in the right direction, as they have the potential to deliver
mixtures of air pollutants to the cells in a form that better resembles the
real tissue/organ (Aufderheide, 2005). However, due to their technical
construction, these systems are usually restricted to being used in lab-
oratory settings, with a very limited option of mobility. Therefore, they
cannot satisfy the need to monitor the biological impacts of air pollut-
ants in field conditions.

In our study, we have built upon our previously constructed exposure
box (Vojtisek-Lom et al., 2019), combined it with a modified commer-
cial cell incubator, added other laboratory and technical equipment (a
flow box, a freezer, another cell incubator, CO5 flasks, energy source,
systems to monitor air pollutants as needed for the experiment) and
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Fig. 10. Transepithelial electric resistance measurement following the exposure of MucilAir tissues to ambient air in distinct localities (Background, Industrial,
Traffic, Urban) or control air (Control) at two-time intervals, TO and T5. Tissues were reconstituted from asthmatic (filled circles) or healthy (empty circles) donors.
Asterisks denote significant difference between indicated pairs (*p < 0.05, **p < 0.01, ***p < 0.001, Kruskal-Wallis test).

transported it in a van to diverse localities of the Czech Republic. We
proved that such a setting satisfies the required aims and that the lung
tissue models respond to the ambient air in diverse ways, reflecting
differences in air pollution and/or meteorological conditions, as well as
disease (asthma)/health status.

Despite an improvement in air quality in developed countries, air
pollution still remains a significant factor responsible for increased
morbidity and excess mortality. It is estimated that in 2019, 74 % of
total deaths resulted from non-communicable diseases, of which 20 %
can be attributed to environmental factors. Among them, ambient air
pollution is estimated to be responsible for 50 % of the deaths (Pozzer
et al., 2023). Negative health impacts are manifested even at very low
ambient concentrations of PM2.5, if the exposure lasts long enough.
Importantly, excess mortality from ambient air pollution has increased
over the last decade (Pozzer et al., 2023). All these facts implicate the
importance of further research in the field of the biological impacts of
environmental air pollutant exposure.

Our study was intended as a step in this direction, aiming to develop
an innovative system for the field monitoring of ambient air pollution-
related molecular changes in a relevant lung tissue model. To the best
of our knowledge, only three attempts have been made to monitor
ambient air pollution using an ALI system. In 2015, Vizuete et al. re-
ported the development of a system allowing the measurement of gene
expression changes in human lung cells upon direct exposure in the field
(Vizuete et al., 2015). They exposed the human epithelial lung A549 cell
line to air pollution sources from the Houston Ship Channel for three
days and observed changes in expression of genes related to immune
response and inflammation. Although measurements in the field were
performed, the system was not designed to be mobile thus limiting its
deployment to any location. It should also be noted that the cell model
was of tumor origin, which may have negatively impacted the data
interpretation, particularly if this was based on gene expression
analyses.

In a study published in 2018, Bisig et al. exposed a multicellular lung
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model to ambient air in Fribourg, Switzerland (Bisig et al., 2018). The
3-day exposures were conducted in summer and winter in the same lo-
cality. In the winter samples, increased expression of pro-inflammatory
genes was noted reflecting higher concentrations of air pollutants in this
season. Although the system was declared as mobile, the authors did not
show any attempt to deploy it to different localities and demonstrate the
feasibility of its relatively easy transportation nor publish follow-up
studies as planned in the conclusions of the article.

In 2018, Gualtieri et al. reported the application of a system allowing
direct exposure of BEAS-2B cells cultured at ALI to environmental con-
centrations of particulate matter (Gualtieri et al., 2018). In this and
follow-up studies by the same group (Costabile et al., 2023; Santoro
et al, 2024) the authors investigated the expression of immune
response, oxidative stress and xenobiotic metabolism-related genes, as
well as DNA methylation in promotor regions of selected genes. Inter-
estingly, while impacts of PM on gene expression were detected, DNA
methylation in was not affected suggesting the involvement of other
epigenetic mechanisms in the gene deregulation.

Our system is unique in its ability to be freely transported to any
location and optionally be operated even without direct access to elec-
trical power (provided that a battery of sufficient capacity is used). This
was demonstrated by the system deployment at four diverse localities of
the Czech Republic. We designed our experiments so that they represent
various types of environment and sampling seasons. As we did not aim to
directly compare effects of different concentrations of air pollutants and
impacts of meteorological conditions, our experiments were conducted
during the entire year in localities with diverse sources of ambient air
toxicants. Overall, the biological changes that we observed are relatively
weak: apart from the Traffic locality, where the air pollutants caused the
early death of cell cultures, we did not find any major differences in
TEER, cytotoxicity and lipid peroxidation in relation to the exposure of
ambient air. These results were unexpected as there were potentially
significant variables that may have impacted overall biological impacts
of ambient air exposure, particularly the sampling season (winter
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Fig. 11. Cytotoxic response following the five-day exposure of MucilAir™ tis-
sues to ambient air in distinct localities (Background, Industrial, Urban) or
control air (Control). Cytotoxicity was analyzed by measuring the relative levels
of A) lactate dehydrogenase and B) adenylate kinase released from the exposed
or control tissues into the basolateral medium. Tissues were reconstituted from
asthmatic (filled circles) or healthy (empty circles) donors. Asterisks denote
significant difference between indicated pairs (*p < 0.05, **p < 0.01,
***p < 0.001, Kruskal-Wallis test).

months are characterized by increased concentrations of pollutants due
to local heating and/or atmospheric inversions).

Although ambient air pollutants are present in a complex mixture of
many compounds, particulate matter, especially that of a small aero-
dynamic diameter, is a key component driving the primary biological
response of the target organism. PM is mostly responsible for the in-
duction of oxidative stress (Daiber et al., 2020), a relatively non-specific
response that is, however, linked with a number of biological changes in
the organism (Klaunig, 2018). Therefore, we specifically focused on
particles characterization by assessing their number concentration and
size distribution (using our monitoring systems), as well as PM2.5 and
PM10 concentrations (using the equipment/data of the CHMI, where
available). As expected, in the Background locality the PM contamina-
tion was very low. In contrast, in the Urban locality PM2.5 and PM10
concentrations were the highest, even exceeding recommended

12

Ecotoxicology and Environmental Safety 289 (2025) 117495

400+ 0000 Asthma
OOOO Health
PY eathy
300
5
£
2 2004
o
o
®
100
0 o 6 &

1 11
Background

Industrial Urban Control

Fig. 12. The level of IsoP determined in MucilAir™ tissues after the five-day
exposure to ambient air in distinct localities (Background, Industrial, Urban)
or control air (Control). Tissues were reconstituted from asthmatic (filled cir-
cles) or healthy (empty circles) donors. Asterisks denote significant difference
between indicated pairs (*p < 0.05, **p < 0.01, ***p <0.001, Kruskal-
Wallis test).

exposure limits. This result confirmed the data of the long-term air
pollution monitoring in this locality identifying it a hotspot of ambient
air pollutants in the Czech Republic (Rossner et al., 2013). In agreement
with PM levels, the concentrations of BaP were also high. Interestingly,
differences in PM concentrations were not reflected in the biological
parameters assessed in our study. We believe that the exposure time was
too short for the effects to be manifested.

In the Traffic locality we unexpectedly were not able to perform our
analyses at the T5 time point, as the cell cultures were not viable at this
exposure interval. The analysis of particle characteristics revealed an
exceptionally high total number concentration, as well as ultrafine
particles concentration (peaks at around 14 nm and 100 nm) when
compared with other localities. In addition, NOx concentrations more
than two-fold exceeded the exposure limits for this pollutant. As previ-
ously shown, traffic is a major source of ambient air ultrafine particles
and NOx (Wahlina et al., 2001). Thus, our exposure system reflected the
high environmental burden caused by heavy traffic. This was confirmed
by the analyses of cytotoxicity, that was significantly elevated in the
exposed samples already in the first day of the experiment. Follow-up
studies with shorter exposure intervals will allow us to identify the
mechanisms of the biological response of the MucilAir™ model affected
by high concentrations of traffic-related pollutants.

The residents of the Industrial locality have complained of subjec-
tively poor ambient air quality, commonly reporting a smell of unknown
origin and smoke of various colors emitted by the wood-processing
plant. The measurements have been repeatedly conducted by factory
owners and state authorities, however, none of the analyzed pollutants
exceeded exposure limits. We thus intended to use our exposure system
to identify possible biological changes in the tissue model, given that no
alterations in the chemical composition of the ambient air were detec-
ted. In addition, we performed a comprehensive chemical analysis of the
ambient air, specifically focusing on the compounds contained in the
paint (e.g., VOCs and other organics), but did not find any excessive
values in those common pollutants that were analyzed; this does not rule
out the possible presence of other problematic compounds, especially
these that may be objectionable or harmful at relatively very low
concentrations.

The biological tests, however, showed differences in some immune
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Fig. 13. Production of immune response-relevant molecules by MucilAir™ tissues after the five-day exposure to ambient air in distinct localities (Background,
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response-related molecules (TNFa, MIP-1a, Eotaxin, GROo and GM-CSF
for both types of samples; IL-6, IL-7 for asthmatic only; SDF-1 for healthy
only) when compared with the Urban locality.

The multifunctional cytokine TNFa is produced by a variety of cells
and acts as an important mediator in many cytokine-dependent in-
flammatory events. Due to its pro-inflammatory and pro-oxidant prop-
erties, TNFa represents a complication for many diseases: it plays a
significant role in pulmonary pathophysiology, has been implicated in
asthma, chronic bronchitis, COPD, acute lung injury and acute respira-
tory distress syndrome (Mukhopadhyay et al., 2006). The secretion of
TNFo in lungs in response to the exposure to airborne PM or diesel
exhaust particles has been evidenced by several studies (Camarinho
et al., 2019; Kumar et al., 2017; Tsai et al., 2012; van Eeden et al., 2001).

MIP-1a (CCL3) is a pro-inflammatory chemokine produced by lym-
phocytes, resident and recruited monocytes and macrophages, fibro-
blasts, and epithelial cells during infection or inflammation. It exerts
chemotactic activities toward a variety of immune cells thus mediating
inflammation and participates in many pulmonary diseases. A recent
study (Roffel et al., 2020) suggested the possible role of CCL3 as an
important mediator in asthma and COPD due to its function as a che-
moattractant for monocytes/macrophages and neutrophils. Several
studies have investigated the role of CCL3 in respiratory allergies. Grass
pollen, ragweed or birch and oak dusts have been shown to increase
CCL3 levels in vivo and in vitro (Erin et al., 2005; Kostova et al., 2015;
Maatta et al., 2005).

Eotaxin (CCL11) is crucial in eosinophil chemoattraction and acti-
vation in the pathogenesis of asthma and has also been associated with
COPD (George and Brightling, 2016). It may also enhance lung fibrosis
(Puxeddu et al., 2006) and lung cancer (Lin et al., 2021). Upregulated
expression of CCL11 was observed in human lung cells following
exposure to diesel exhaust particles (Takizawa et al., 2003) or complete
ambient air 12.

GROa (CXCL1) acts as a chemoattractant for neutrophils, an
important component of the immune defense barrier. These cells are one
of the first cells recruited to the site of infection thus playing a crucial
role in several pulmonary diseases (Arora and Singh, 2024). GROx ac-
tivity has been associated with asthma, COPD, chronic rhinosinusitis
and infectious respiratory diseases (Korbecki et al., 2022). In accordance
with our study, upregulated expression of CXCL1 was observed in lung
alveolar macrophages following exposure to diesel exhaust particles
(Salvi et al., 2000) and in lung bronchial epithelial cells following
exposure to PM2.5 (Zhou et al., 2015).

GM-CSF is a major regulator of inflammatory cells of the myeloid
lineage. Besides this function it also has several biological activities on
eosinophils, the predominant cells in bronchial asthma and plays a key
role in many autoimmune and inflammatory diseases. GM-CSF has been
implicated in lung bacterial, fungal, and viral infections, interstitial lung
disease, allergic lung disease, alcoholic lung, and other disease states
(Chen et al., 2023). It was demonstrated that particulate pollutants such
as ambient particulate matter or diesel exhaust particles stimulate pro-
duction of GM-CSF in human lung cells (Boland et al., 2000; Reibman
et al., 2002).

Air pollution is known to be associated with the increased incidence
of asthma and also with the worsening of the symptoms of current
asthma. We observed that IL-6 and IL-7 levels were significantly
increased specifically in asthma tissue exposed in the Industrial locality
compared to the asthma tissue exposed in the Urban site. IL-6 is a
pleiotropic cytokine that influences inflammatory reactions such as
acute phase protein generation, inflammation or antigen-specific im-
mune responses. It is also involved in many physiological processes such
as hematopoiesis, apoptosis, differentiation, and cellular metabolism
(Uciechowski and Dempke, 2020). As evidenced by numerous studies,
IL-6 signaling plays a critical role in the development of asthma.
Elevated IL-6 levels have been found in the serum, induced sputum and
bronchoalveolar lavage fluid (BALF) of asthmatic patients, and have
been linked to impaired lung function and asthma severity (Chen et al.,
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2022). Despite the fact, that increased IL-6 is implicated in other in-
flammatory diseases, its role in asthma diagnosis is undisputable and has
been acknowledged as a biomarker of asthma severity (Pan et al., 2023;
Peters et al., 2020).

The role of IL-7 in asthma is not fully elucidated. However, it was
demonstrated that IL-7 increases the production of eosinophils (Chen
et al., 2021). Accumulation of these cells in airways defines an asthma
subtype called eosinophilic asthma. Eosinophils play a critical role in
asthma diagnosis, and it has been reported that eosinophils are impor-
tant predictors of disease severity and progression (Hussain and Liu,
2024).

SDF-1 (CXCL12) was the only chemokine specifically elevated in
healthy tissue exposed in Industrial versus Urban locality. This chemo-
kine is secreted mainly by pulmonary fibroblasts and together with its
receptor CXCR4 it participates in multiple pathological mechanisms of
fibrosis such as inflammation, epithelial-mesenchymal transition, and
angiogenesis (Wu et al.,, 2023). It has been demonstrated that
CXCL12/CCR4 axis is a potential shared mechanism for diverse types of
pulmonary fibrosis which can occur in a number of lung disorders such
as idiopathic pulmonary fibrosis (IPF), pneumoconiosis, COPD, and
coronavirus disease (Qi et al., 2024).

Overall, our data show that exposure of asthmatic and healthy
MucilAir™ tissues to complete ambient air in the Industrial locality
resulted in the modulation of selected immune response-related mole-
cules. This may potentially lead to the development of various respira-
tory diseases or exacerbation of existing diseases such as asthma, COPD,
pulmonary fibrosis and many others. Biologically, these observations are
very important; however, the question of which factors were responsible
for such differences remains. The levels of air pollutants that were
monitored in our study and possess pro-inflammatory properties (PM,
BaP, benzene) were higher in the Urban locality. This would imply that
cytokine/chemokine levels should be increased in the samples exposed
in this locality when compared with the Industrial one. The opposite
results that we obtained can be explained by the sampling period (winter
vs. summer) and ambient air contaminants related to the growing sea-
son. Some plant-related products, particularly pollen grains, are strongly
immunogenic and have been shown to induce cytokine production
(Cecchi et al., 2022; Gilles et al., 2012). The effects may even be
potentiated by the presence of environmental pollutants, such as diesel
exhaust (Candeias et al., 2022). Our data thus indicate that the expres-
sion immune response-related molecules can be elevated in an envi-
ronment where concentrations of industrial/traffic pollutants do not
exceed recommended exposure limits. This also corresponds to the fact
that we did not observe a significant difference in the immune
response-related molecules between the Industrial and Background lo-
calities which had the lowest level of air pollutants. Finally, we can also
speculate that other chemical compounds that we did not monitor were
present in the ambient air of the Industrial locality resulting in elevated
production of these molecules. For this hypothesis, however, we do not
have any experimental data.

5. Study limitations

Despite being carefully planned and performed, the study has some
potential limitations that need to be acknowledged. (1) The study design
does not allow to distinguish between the effects of particles and other
ambient air pollutants (e.g., volatile compounds). However, the primary
aim of our investigation, to prove the feasibility of a mobile exposure
system deployed at diverse locations at various environmental condi-
tions, was achieved. (2) Although several classes of ambient air pollut-
ants were monitored, only characteristics of particulate matter were
commonly assessed in all studied localities. This approach was mainly
driven by the relevance of individual types of pollutants in the localities.
As PM, especially that of a small size (ultrafine particles), represents a
significant health risk, we believe that our results still bring valuable
information on biological impacts of air pollution. (3) The samples that
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we exposed to ambient air originated from human volunteers of both
genders, that might affect the results, as we did not include sex as a
confounding factor in our analyses. This is also true for potential effects
of genetic polymorphisms in relevant genes. However, our sample size
was too small to account for these parameters. It should be mentioned
that we intentionally designed the study to include diverse samples to
mimic differences in real human population.

6. Conclusions

In our study, we demonstrated the feasibility of a mobile laboratory
consisting of an exposure system, cell culture and air pollution mea-
surement equipment and its application to assess the effects of ambient
air pollutants on the lung tissue model grown at the air-liquid interface.
Although the effects were generally weak, we proved the induction of
immune response-related molecules, with a diverse response of the
healthy and asthmatic tissues. We also showed traffic-related toxicity
that significantly reduced the viability of the cell cultures. Our system
proved to be an innovative approach for monitoring the biological
response of environmental air pollution in a lung tissue model, with
implications for health effects in human populations.
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