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ABSTRACT

Traffic-derived air pollution (TDAP) frequently exceeds the 2021 World Health Organization air quality guideline
levels and is linked to respiratory diseases through molecular mechanisms such as oxidative stress and inflam-
mation. To determine these mechanisms without relying on animal models and inter-species extrapolation,
physiologically relevant human in vitro models are promising tools.

We sought to investigate the oxidative stress and inflammatory responses to TDAP in a co-culture model of the
human lung. Additionally, we aimed to examine the variability arising from different exposure days and across
primary human in vitro models from different donors.

Therefore, primary human bronchial epithelial cultures from three donors, each combined with primary
alveolar macrophages, were exposed to a continuous flow of ambient TDAP from a high-traffic street in Diis-
seldorf, Germany on three consecutive days. A versatile aerosol concentration enrichment system was used to
increase the fine particulate matter levels from 8 to 42 pg/cm? to 54-143 pg/cm?

Gene expression of four oxidative stress markers and four inflammatory cytokines was analyzed by quanti-
tative reverse transcriptase PCR. Compared to incubator controls, even low airflow itself induced the expression
of the oxidative stress marker heme oxygenase 1 and the cytokines interleukin 8 and tumor necrosis factor alpha.
TDAP exposure, compared to clean air controls, upregulated interleukin 6 in one of the three co-cultures. Because
TDAP exposure had minimal effects, exposure day-specific responses could not be discerned. In four of twelve
genes, we observe exposure-independet donor differences. Transcriptomic analysis suggested TDAP-induced
differential expression of four lung disease-related genes which, however, could not be confirmed by qRT-PCR.

Higher TDAP concentrations or repeated exposures may be required to detect robust effects in this system. Our
findings highlight inter-donor variability, underscoring the need for larger donor panels. Future studies should
also minimize background effects from airflow to enhance model reliability for real-time TDAP exposure studies.

1. Introduction

matter (PM) with a diameter of less than 1 pm from vehicles with
combustion engines (Winijkul et al., 2015). Fine (PM2.5) and coarse

Despite attempts to minimize traffic-derived air pollution (TDAP), (PM10) particulate matter from brake, tire, and road wear also
the World Health Organization (2022) air quality guideline limits are contribute to the cocktail of solid pollutants (Fussell et al., 2022).
regularly exceeded in urban areas (Lepisto et al., 2023). TDAP consists of Additionally, combustion engines emit gaseous toxicants such as nitro-
solid and gaseous components. The main solid component is particulate gen oxides and volatile organic compounds (Saarikoski et al., 2023).
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From a long-term perspective, TDAP changes across location and
time due to geographical conditions, technological advancements, and
the implementation of political regulations (Fowler et al., 2020; Bai
et al., 2022). These changes entail the need to continuously reassess the
health effects of TDAP. Only a timely understanding of health effects
from a molecular to a population-based level can ensure proper regu-
latory action to protect human health. Many studies have addressed the
molecular effects of TDAP using collected and resuspended PM (Chen
et al., 2022). However, this approach disregards gaseous compounds
and fluctuations in the composition of TDAP.

To achieve more realistic conditions, online exposure systems have
been developed to expose rodents or lung in vitro models. Sampled air
can directly be guided to biological test systems (e.g., Li et al. (2019);
Gualtieri et al. (2024)). Additionally, to increase the concentration of
PM2.5 by up to 10-fold and facilitate discovering biological effects, Kim
et al. (2001) developed the versatile aerosol concentration enrichment
system (VACES). The concentration of gaseous compounds remains
unaltered in the VACES. The chemical composition as well as the size
distribution from 50 nm up to at least 1.9 pm is well-preserved (Kim
etal., 2001; Khlystov et al., 2005; Saarikoski et al., 2014), whereas there
is a slight decrease in the concentration factor for smaller particles and
larger particles that are less relevant for TDAP cannot pass the device.
The VACES has already been applied in several mouse exposure studies
(Kleinman et al., 2007; Ran et al., 2021). In combination with the
VACES, realistic rodent inhalation exposure can be achieved using either
a nose-only or whole-body exposure setup. For the exposure of in vitro
air-liquid interface (ALI) models to aerosols from dynamic sources, de-
vices have been developed that allow subjecting ALI models to a con-
stant airflow (Miilhopt et al., 2016).

Most in vivo and in vitro studies applying ambient PM2.5 by online
exposure address pathways known to be induced by other pulmonary
toxicants. In mice, Wan et al. (2010) observed an induced expression of
the oxidative stress marker gene heme oxygenase 1 (HMOX1), and Li
et al. (2019) found inflammatory cytokines, neutrophils, and activated
macrophages in the bronchioalveolar lavage fluid. In vitro, Volckens
et al. (2009) and Gualtieri et al. (2024) analyzed the expression of
oxidative stress marker genes HMOX1 and NAD(P)H dehydrogenase
(NQO1) and the inflammatory cytokine interleukin 8 (IL8), amongst
others. To exceed pre-existing hypotheses, Ding et al. (2021) applied
RNA-sequencing and discovered that cytochrome P 450 oxidases were
involved in oxidative stress induced by ambient PM2.5.

With the drive to replace animal experiments with advanced in vitro
models, i.e. new approach methodologies (NAMs), a better under-
standing of molecular mechanisms and the development of realistic in
vitro models are becoming indispensable (Schmeisser et al., 2023).
Considering the abovementioned changes in TDAP composition and the
expected associated variability in affected molecular mechanisms,
further studies going beyond pre-existing hypotheses are necessary. An
important limitation in the development of realistic in vitro models
assessing the effects of TDAP is that inter-individual differences have
barely been addressed. To the best of our knowledge, merely Volckens
et al. (2009) used cells from three different donors but did not investi-
gate systematic differences between them. One goal of this study was to
evaluate the effect of TDAP in a realistic scenario, applying a
hypothesis-driven approach focusing on oxidative stress and
inflammation-related gene expression. Simultaneously, we applied a
hypothesis-generating approach based on transcriptome-wide RNA
sequencing. We also aimed to evaluate the variability in the complex
co-culture model and the background effect of exposure in the ALI
exposure system.

Here, we used freshly generated TDAP, concentrated the PM2.5
fraction with a VACES, and used a commercially available continuous
flow ALI exposure system. We combined primary human bronchial
epithelial cells from three donors with primary human alveolar macro-
phages and exposed each on three consecutive days.
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2. Material & methods
2.1. Exposure setup

The in vitro exposure study was performed at the IUF - Leibniz
Research Institute for Environmental Research in Diisseldorf. In vitro
exposures were conducted on May 2nd (day 1), May 3rd (day 2), and
May 4th (day 3), 2023. Air was drawn into a metal pipe (@ 10 cm) about
1 m above the ground level. The inlet was situated in a grass field at
about 5 m distance from the road. The road comprises two traffic lanes in
each direction and two tram lanes in between and is located within the
low-emission zone of Diisseldorf that only permits vehicles fulfilling
Euro 4 (diesel) or Euro 1 (gasoline) emission standards. The exposure
site has an estimated traffic volume of 30,000 vehicles per day. Devices
for aerosol sampling, aerosol characterization, particle concentration,
and in vitro exposure were connected to the other side of the metal pipe
with a length of 70 m. The passage time of the aerosol through the metal
pipe was calculated to be 82 s and the Reynolds number was 5600.
VACES concentrators were used to deliver TDAP to a Vitrocell AES. A
schematic diagram of the VACES and the aerosol characterization de-
vices is provided in Figure Al. Four VACES modules were placed in
parallel to concentrate PM2.5 in incoming ambient air (400 L/min). The
temperature of the VACES humidifiers was adapted to the ambient
conditions to reach humidity close to saturation. In this way, the
incoming air was saturated with water vapor and subsequently cooled to
increase the size of particles before the air was passed through parallel
virtual impactors, each operating at 100 L/min. Particles >3 pm mass
median aerodynamic diameter were lost by impaction on the walls of the
inlet and saturator. Particles with a diameter of about 20 nm or less are
not efficiently concentrated by the VACES. The combined output minor
flow from the four impactors (10 L/min) was dried in a heated transfer
line to restore the original particle state. The negative control in this
study was HEPA-filtered clean air from the air-liquid exposure system
(Vitrocell, Waldkirch, Germany).

2.2. Characterization of the ambient and in vitro atmospheres

The ambient conditions and the air entering the VACES and the AES
were continuously monitored. The meteorological conditions, i.e. tem-
perature, relative humidity, wind direction, and wind speed (Table Al
and Figure A2) were obtained from station 1078 of the German Weather
Service. Ambient NO, concentrations were obtained from the moni-
toring station “DENW430 Merowingerstrasse, Diisseldorf” of the
“Landesamt fiir Natur, Umwelt und Verbraucherschutz Nordrhein-
Westfalen” located 780 m away from the sampling site. The concen-
trations of NO and NO,, before entering the VACES were measured using
a Chemiluminescence Nitrogen Oxides Analyzer model 200E (Advanced
Pollution Instrumentation T-API, San Diego, CA, USA). Particle numbers
entering the VACES and the AES were measured using condensation
particle counters (CPC; TSI, Shoreview, MN, USA) model 3022 and
model 3752, respectively. On day 1, lawnmowers worked close to the
sampling site. This led to peaks in the particle numbers entering the
VACES, which exceeded the upper detection limit of the CPC model
3022, resulting in an underestimation of the overall ambient particle
count for that day. A scanning mobility particle sizer (U-SMPS DEMC;
Palas, Karlsruhe, Germany) combined with a UF CPC 100 (Palas) was
used to record the size distributions between 20 nm and 780 nm of the
aerosol entering the AES. Per exposure day, six measurements were
performed, one per hour. The average PM2.5 concentrations entering
VACES and AES on each exposure day were determined gravimetrically
using Teflon filters with 2.0 pm pore size and 47 mm diameter (Pall Life
Sciences, Port Washington, NY, USA). Before and after particle loading,
filters were weighed on a Sartorius ME-5 microbalance after overnight
temperature and humidity acclimatization. For the air entering the AES
on day 2 and day 3, the gravimetrical measurement was compromised.
Instead, PM2.5 concentrations were extrapolated from the particle count
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based on data from pilot studies (Figure A3). No quartz crystal micro-
balance (QCM) was used to measure the deposited dose, because the
calculated deposition was about 0.45 ng/cm?, and thus below the res-
olution of 10 ng/cm? and the lower detection limit of 170 ng/cm? of the
QCM Cloud 6 microbalance (Ding et al., 2020).

2.3. Cell culture procedure

Primary human bronchial MucilAir cultures on 12-well transwell
inserts, frozen primary human alveolar macrophages (AM), and cell
culture medium (CCM) for MucilAir cultures were purchased from
Epithelix (Archamps, France). MucilAir cultures originated from three
different donors, and AM from a fourth donor (Table 1). According to the
supplier, all donors were self-reported non-smokers and had no reported
pathologies.

After reception, the CCM of MucilAir cultures was changed. After 24
h, the apical side was washed with 300 pL CCM. The cultures were
maintained at 37 °C, 5 % CO», and saturated humidity for 5, 6, or 7 days,
with changes of the basolateral CCM every 2-3 days. Subsequently, 34
pL CCM containing 110,000 unfrozen AM was added onto the apical side
of each MucilAir culture. After 24 h, these co-cultures were used for
experiments. Hereinafter, they will be referred to as co-culture-A (cc-A),
cc-B, and cc-C.

2.4. Exposure procedure

On each exposure day, three of each of the co-cultures were used.
One of each co-culture was used as incubator control, one as clean air
control, and one for TDAP exposure (Figure A4). Per combination of co-
culture, exposure day, and exposure type, a single replicate was used.
The AES exposure modules were pre-heated to 37 °C. A leak test ensured
no ambient air was drawn to the co-cultures. Wells were filled with 6.5
mL CCM before transferring co-culture inserts to the AES. The exposure
modules were closed with the trumpets directing the flow 2 mm above
the cells. The co-cultures were exposed at a flow of 5 mL/min for 6 h.
The exposure air was humidified to 85 %. After the exposure, co-cultures
were transferred to a 12-well plate with fresh CCM for TEER measure-
ment and RNA isolation. The conditioned CCM from the AES was
collected for the lactate dehydrogenase (LDH) cytotoxicity assay.

To assess the effect of airflow, incubator controls were handled in
parallel. During the exposure time, incubator controls were placed into a
12-well plate with 1.5 mL fresh CCM and kept at 37 °C, 5 % CO,, and
saturated humidity. After the exposure time, the conditioned CCM from
incubator controls was collected and diluted to 6.5 mL with fresh CCM.

2.5. LDH assay

To assess cytotoxicity in the co-cultures, the LDH assay was per-
formed. After exposure, 2x50 pL conditioned CCM per sample was
transferred to a 96-well plate. The assay was performed as described
previously (Busch et al., 2021). The LDH reaction was stopped after 10
min.

2.6. TEER measurement

To assess the barrier integrity, transepithelial electrical resistance
(TEER) was measured. To the apical side of co-cultures, 0.5 mL CCM was

Table 1
Age, sex, and origin of donors.
Alveolar MucilAir
macrophages Donor A Donor B Donor C
Age 62 years 62 years 15 years 64 years
Sex Male Male Male Female
Origin Caucasian Hispanic Caucasian Caucasian
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added, and the plate was allowed to temperature-equilibrate for 1 min.
For TEER measurement, an EVOM Volt-ohmmeter with STX2 chopstick
electrode (World Precision Instruments, Sarasota, FL, USA) was used.
The results were corrected for the blank value of 100 Q obtained from
Epithelix and the transwell area of 1.12 cm?.

2.7. Targeted gene expression analysis by qRT-PCR

The expression of apurinic/apyrimidinic endonuclease 1/redox
effector factor 1 (APEI1/REF1), Clq and TNF related protein 6
(C1IQTNF6), gamma glutamate-cysteine ligase (GGCS), HMOX1, IL1A,
IL1B, IL6, IL8, lymphotoxin beta (LTB), NQO1, reticulocalbin 3 (RCN3),
and tumor necrosis factor alpha (TNFA) was assessed by quantitative
reverse transcriptase PCR (QRT-PCR). RNA was isolated from co-cultures
using the Roche High Pure RNA Isolation kit according to the manu-
facturer’s instructions. As a measure of RNA quality, the ratio of the
absorbances at 260 nm and 280 nm was examined. For all except one
sample, the ratio was between 2.03 and 2.10. Only for the TDAP-
exposed cc-A from Day 3, the ratio was 1.94. For this sample, the RNA
Integrity Number (RIN) equivalent was measured and was higher than 7.
RNA quantification, DNase I digestion, reverse transcription, and qPCR
were performed as described previously (Kampfer et al., 2021). qPCRs
were performed on a QuantStudio™ 3 device (Thermo Fisher Scientific,
Waltham, MS, USA). The primer pairs are listed in Table A2. Ct values
were determined using the QuantStudio™ Design & Analysis Software
and corrected for primer efficiencies. Gene expressions are reported as
ACry values in comparison to the reference gene actin beta (ACTB). ACTB
was selected as the reference gene due to its low variability in Cr values
across all 27 samples, i.e., standard deviation of 0.38.

2.8. Transcriptomics by long-read RNA sequencing

To assess the effect of exposure to TDAP on gene expression more
comprehensively and examine the variability between exposure days
and co-cultures, RNA sequencing was performed. A total of twelve
samples were examined. Per co-culture, the control samples from the
three exposure days were pooled. Per co-culture and exposure day, one
TDAP exposure sample was assessed (Figure A5). Total RNA was
extracted (see 2.7) and RNA integrity was determined using an RNA
Screen Tape on a TapeStation 4200 System (Agilent, Santa Clara, CA,
USA). RNA with an RIN equivalent >7 was subjected to double-stranded
cDNA (ds-cDNA) synthesis, amplification, and sequencing library
preparation. 200 ng of total RNA was subjected to the previously
described procedure (Dobner et al., 2024) with the adaption of per-
forming eight cycles of ds-cDNA amplification in duplicate.

2.9. Sequencing data analysis and statistics

Signals derived from long-read sequencing were basecalled using
Guppy (version 6.4.6). Subsequently, FASTQ files were mapped to the
human reference genome (GRCh38) with Minimap2 (version 2.24).
Sequencing reads were counted using Rsubread (version 2.12.3) and
normalized to counts per million. Differentially expressed transcripts
were identified using edgeR (version 3.40.2) and gene set enrichment
analysis was performed using clusterProfiler (version 4.6.2). Graphs and
statistical visualizations of sequencing data were created with ggplot2
(version 3.4.2).

LDH release, TEER, and the expression of targeted genes were
analyzed with the following statistical methods: The effects of airflow
and co-culture were assessed by two-way ANOVAs. Per exposure group,
Tukey’s post hoc tests were applied to examine differences between co-
cultures. The TDAP effect on each exposure day was assessed with
paired t-tests with Siddk’s correction. When jointly analyzing the three
exposure days, the effects of TDAP and co-culture were assessed using
repeated measurements two-way ANOVAs with Tukey’s multiple com-
parison tests to examine co-culture differences per exposure group and
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exposure effects per co-culture. Siddk’s corrections were calculated
using R (version 4.4.2). All other statistics and visualizations were per-
formed with GraphPad Prism (version 10.2.0). Statistical significance
was inferred at p < 0.05.

3. Results and discussion
3.1. Exposure conditions

In this study, we translated urban TDAP into realistic in vitro expo-
sure. The ambient PM2.5 concentrations of 8-42 pg/m® on the three
study days (Table A1) were typical for European cities (Lepisto et al.,
2023). Using a VACES, particle number concentrations were increased
by factors 9.4, 8.0, and 10.1 for in vitro exposure resulting in PM2.5
concentrations of 54-143 pg/m> (Tables 2 and A3). Although these
concentrations substantially exceeded the annual and 24-h WHO air
quality guideline values of 5 pg/m® and 15 pg/m3, respectively (World
Health Organization, 2022), they were not unrealistic, being frequently
reached in highly polluted urban areas (Salo et al., 2021; Goodarzi et al.,
2023). Concentrating PM2.5 with the VACES also compensated for
experimental underestimations in our model. Firstly, in the AES, only
about 1 % of the particles deposit onto the cells (Lucci et al., 2018). In
contrast, the deposition of ultrafine and fine particles in the human
bronchial region lies between 0.3 % and 9.6 % according to ICRP (1994)
and between 3.5 % and 7.6 % according to Lv et al. (2021) depending on
particle size as well as a person’s age, sex, physical activity, breathing
habit and breathing rate. Secondly, the in vitro exposure time is limited
to 6 h, while TDAP exposure is chronic for people living or working in
high-traffic areas.

The 6 h average concentrations of NO and NO; were highly similar
throughout the three exposure days (Table 2). The NO;, concentrations
did not exceed the annual WHO air quality guideline value of 10 pg/m?®.

Additionally, we recorded time-resolved and size-distribution-
resolved concentrations for each exposure day. We observed the high-
est peaks in particle number concentration during a 15-min time win-
dow on day 1 caused by lawnmowing activities with a two-stroke petrol
engine close to the sampling site (Figure A6). These peaks were not
accompanied by elevated concentrations of nitrogen oxides (Figure A7).
Disregarding the period of lawnmowing activities, the highest peaks in
particle number concentration and nitrogen oxide concentration were
still observed on day 1. Analyzing the size range of 20-780 nm, particles
<100 nm were more frequent than particles >100 nm on day 1 but not
on days 2 and 3 (Figure A8).

3.2. Effects of airflow

For in vitro exposure, we incubated primary human co-cultures of
bronchial MucilAir tissue and alveolar macrophages in a Vitrocell AES.
To evaluate how airflow exposure in the AES affected cytotoxicity,
barrier integrity, oxidative stress, and inflammatory cytokines, we
compared clean air controls to the simultaneously cultured incubator
controls. After exposure for 6 h, LDH release as a marker for cytotoxicity
was not increased in the clean air controls (Fig. 1a). This agrees with
studies in primary human bronchial epithelial cells (Volckens et al.,
2009), bronchial epithelial 16HBE140™ cells (Aufderheide et al., 2011),
and co-cultures of bronchial epithelial BEAS-2B cells and THP-1

Table 2
Exposure concentrations of particles and nitrogen oxides.
Particle count PM2.5 conc.” NO conc. NO,, conc. NOy conc.
Day1l  150,687/cm® 143 pg/m3 2pg/m® 7 pg/m? 9 pg/m*
Day2  42,831/cm® 54 pg/m* 2 pg/m? 7 pg/m> 9 pg/m>
Day3  67,655/cm® 90 pg/m> 2 pg/m* 8 pg/m°® 10 pg/m®

@ Mass concentrations were extrapolated from the particle count because of
compromised gravimetric measurements.
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macrophages (Paur et al., 2008).

Meanwhile, elevated TEER indicated increased barrier function
(Fig. 1b), which might be related to airflow acting as a mechanical
stimulus. Sidhaye et al. (2008) associated mechanical stimulation with
the increased expression of tight junctions.

Airflow also increased the expression of the oxidative stress marker
gene HMOX1 by about 2-fold and the expression of the inflammatory
cytokines IL8 and TNFA by about 1.5-fold and 3-fold, respectively
(Table 3, Figure A9a,g,h). The expression of the oxidative stress marker
genes NQO1, APE1/REF1, and GGCS as well as the cytokines IL1B and
IL6 was not affected by airflow (Table 3, Fig. 1b—f). In agreement with
our results, Paur et al. (2008) observed that airflow slightly increased
IL-8 release from BEAS-2B/THP-1 co-cultures. However, they reported
no effect on HMOX-1 protein levels. Other studies using similar exposure
settings did not include incubator controls (Panas et al., 2014) or merely
assessed cytotoxicity (Volckens et al., 2009; Aufderheide et al., 2011).

Additionally, we assessed the variability between co-cultures
without and with airflow. Although the constitutive TEER value was
about 200 Q*cm? higher in cc-C than in cc-B, we did not observe
inherent donor-related differences in gene expression. However, after
exposure to airflow in the AES, the IL6 expression was about 3-fold
higher in cc-C than cc-A.

Together, these results reveal that subjecting in vitro models to
airflow in the complex AES poses oxidative and inflammatory stress
which is partly specific for different individuals. This AES-stress may
obscure the effects of the toxicants under investigation.

3.3. Effects of TDAP

We assessed the cytotoxicity of TDAP and its effects on barrier
integrity and the gene expression of oxidative stress marker genes and
pro-inflammatory cytokines. First, we evaluated each exposure day
separately and could not detect any effect (Table 4, Fig. 2, A.10, and
A.11). Subsequently, we analyzed the data from the three exposure days
together to examine co-culture-specific TDAP effects and differences
between co-cultures in each exposure group. Merely in cc-B, TDAP
exposure induced IL6 expression by about 2-fold (Figure A11j) indi-
cating inter-individual differences in sensitivity. For NQO1 expression,
there was a statistically significant interaction between co-culture and
exposure. However, the post hoc test did not reveal a significant TDAP
effect for any of the co-cultures (Figure A10j). Therefore, we must reject
the hypothesis that oxidative stress-related genes are induced by TDAP
while the effects on pro-inflammatory cytokines are minimal in our
exposure scenario.

Previous in vitro and in vivo studies on ambient PM widely contrast
the absence of oxidative and inflammatory effects. PM2.5 from down-
town Los Angeles induced oxidative activity in rat alveolar macrophages
(Pirhadi et al., 2020a, 2020b). However, the authors exposed submerged
cultures to resuspended PM sampled via VACES or electrostatic pre-
cipitator. Volckens et al. (2009) observed increased expression of
HMOX1 and IL8 in primary human bronchial epithelial ALI cultures in
response to concentrated coarse ambient PM. In addition to the differ-
ence in particle size, their concentration of 2 pg/cm? was significantly
higher than in our study. In an exposure set-up similar to our study, but
without a particle concentration step, Gualtieri et al. (2024) exposed
human bronchial BEAS-2B cells to urban PM; from Bologna for 24 h. On
zero, two, and four of 16 days, they observed a > 2-fold upregulation of
IL8, HMOX1, and NQO1, respectively. Wan et al. (2010) exposed mice to
VACES-concentrated PM2.5 from Ohio for ten weeks and observed an
induction of HMOX1 expression. Besides the different models, the
contrast between our results and those of Gualtieri et al. (2024) and Wan
et al. (2010) may be caused by the 4-times and 50-times higher exposure
time in their studies, respectively.

Among the TDAP-exposed samples, LDH release was higher for cc-A
than cc-C. Among the clean air controls, APE1/REF1 expression was
higher in cc-B than in the other co-cultures. The differences between co-
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Fig. 1. Effects of airflow. The MucilAir macrophage co-cultures A-C were exposed to airflow for 6 h (Clean Air), while controls were placed back into the incubator.
The LDH assay was performed on the basolateral medium (a) and TEER was measured (b). Two-way ANOVAs were applied to assess the effect of exposure and co-
culture. Differences between co-cultures per exposure were analyzed using Tukey’s multiple comparison tests (***p < 0.001). Abbreviations: LDH, lactate dehy-
drogenase; OD, optical density; TEER, transepithelial electrical resistance.

Table 3

Effects of airflow on the gene expression of oxidative stress marker and inflammatory cytokines listed as logy(fold change).
Gene Incubator Clean Air

cc-A cc-B cc-C Mean + SD cc-A cc-B cc-C Mean + SD

HMOX1 0.00 £ 0.50 0.36 +£1.25 —0.27 £ 0.28 0.03 £0.31 1.23 + 0.58 1.76 £ 0.29 1.23 £ 0.17 1.41 + 0.30%**
NQO1 0.00 + 0.77 —0.15 £ 0.41 0.25 + 0.58 0.03 + 0.20 0.08 £+ 0.52 —0.17 £ 0.45 —0.23 £ 0.56 —0.10 £ 0.16
APE1/REF1 0.00 + 0.78 —0.23 £ 0.32 —0.49 £+ 0.24 —0.24 £ 0.25 0.01 +0.21 0.28 +0.18 —0.10 £ 0.14 0.06 £+ 0.20
GGCS 0.00 £ 0.78 —0.08 +£ 0.3 —0.28 £ 0.21 —0.12 £ 0.15 —0.06 + 0.03 0.27 £ 0.33 —0.38 +£0.29 —0.05 + 0.32
IL1B 0.00 £ 0.71 0.02 £+ 1.00 0.13 £ 0.82 0.05 £+ 0.07 1.15+ 1.64 —0.07 + 1.00 —0.06 + 1.02 0.34 £ 0.70
IL6 0.00 £ 0.59 —0.52 + 0.54 0.45 + 0.52 —0.02 + 0.49 —0.47 + 0.79%# -0.24 +0.14 1.00 + 0.697* 0.09 £ 0.79
IL8 0.00 £ 0.45 —0.16 + 0.25 —0.42 £ 0.12 —0.19 £ 0.21 0.44 £ 0.45 0.45 £ 0.38 0.53 £ 0.55 0.48 £+ 0.05%*
TNFA 0.00 £ 0.79 —-0.14 £ 1.95 0.67 + 0.93 0.18 +£ 0.43 1.77 £ 1.40 1.29 £ 0.32 2.11 £+ 0.98 1.72 + 0.41*

Gene expression was measured by gqRT-PCR. For each co-culture (cc) mean values of log,(fold changes) over the incubator control of cc-A were calculated and standard
deviations were derived from ACry values. Additionally, mean values with standard deviations (SD) across cc-A, cc-B, and cc-C were calculated. N = 3 independent
experiments were performed. Two-way ANOVAs were applied to assess the effect of airflow exposure and co-culture and differences between co-cultures per exposure
were analyzed using Tukey’s multiple comparison tests (*p < 0.05, **p < 0.01, ***p < 0.001 comparing incubator controls to clean air exposed samples; **p < 0.01
comparing cc-A and cc-C within the same exposure group; no significant differences between cc-B and any of the other co-cultures obtained).

Table 4

Effects of TDAP exposure on the gene expression of oxidative stress marker and inflammatory cytokines listed as log,(fold change).
Gene Day 1 Day 2 Day 3

cc-A cc-B cc-C Mean + SD cc-A cc-B cc-C Mean + SD cc-A cc-B cc-C Mean =+ SD

HMOX1 0.42 —-0.14 1.69 0.66 + 0.94 -0.19 0.00 —0.06 —0.08 £ 0.10 0.96 0.84 0.12 0.64 £ 0.45
NQO1 0.22 0.04 0.45 0.24 + 0.20 0.37 —0.58 0.23 0.01 £+ 0.52 0.22 -0.12 0.12 0.07 £ 0.17
APE1/REF1 0.20 -0.16 —0.18 —0.04 + 0.21 0.11 -0.21 0.18 0.03 £ 0.21 —0.07 —0.12 —0.11 —0.10 £+ 0.02
GGCS 0.46 —0.25 0.47 0.23 + 0.41 0.45 —-0.50 0.09 0.01 £+ 0.48 0.25 0.22 —0.03 0.14 £ 0.15
IL1B -1.71 2.09 0.21 0.19 +1.90 0.01 2.93 -0.76 0.73 £1.94 —-1.36 —0.02 0.31 —0.36 + 0.89
IL6 -0.25 0.88 —-0.25 0.13 £+ 0.65 0.69 1.20 -0.29 0.53 £ 0.76 0.36 0.50 —0.08 0.26 £+ 0.30
IL8 —0.46 0.59 0.32 0.15 + 0.55 1.23 0.28 0.14 0.55 £+ 0.59 0.50 0.32 0.25 0.36 £ 0.13
TNFA —0.31 0.78 —0.26 0.07 £ 0.62 2.16 0.88 -0.71 0.77 +£ 1.44 0.74 1.05 0.63 0.81 £0.21

Gene expression was measured by qRT-PCR. The effect of TDAP on each of the exposure days was analyzed separately using a paired t-test with Siddk’s post hoc
correction (no statistical significance was obtained).

cultures we found here differ from those obtained for the same samples
when comparing with the incubator controls. To adhere to good scien-
tific practice, we performed the qRT-PCR measurements with the same
clean air controls twice, once for direct comparison with incubator
controls and once for TDAP exposure samples. Hence, it is not surprising
that significances are not consistently reached, considering the rela-
tively small differences between the co-cultures as well as the expected

methodological variation and that only the analysis of TDAP exposure
demanded a repeated measurement design in the statistical evaluation.

3.4. Effects of TDAP on lung disease-related genes

To generate hypotheses on lung disease-related genes, we globally
examined gene expression by transcriptome sequencing. We found that
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Fig. 2. Effects of TDAP exposure. The MucilAir macrophage co-cultures A-C were exposed to clean air as control and TDAP for 6 h. The LDH assay was performed
on the basolateral medium (a) and TEER was measured (b). The effect of TDAP on each of the exposure days was analyzed separately using a paired t-test with
Sidak’s post hoc correction (no statistical significance was obtained). Additionally, the days were jointly analyzed using a repeated measurement two-way ANOVA to
assess the overall effect of TDAP exposure as well as differences between co-cultures per exposure group and exposure effects per co-culture applying Tukey’s
multiple comparison tests (**p < 0.01). Abbreviations: LDH, lactate dehydrogenase; OD, optical density; TEER, transepithelial electrical resistance; TDAP, traffic-

derived air pollution.

the lung disease-related genes IL1A, LTB, C1QTNF6, and RCN3 were
differentially expressed in response to TDAP exposure on at least two
study days (Table 5). Importantly, all 34 DEGs that were > 4-fold dys-
regulated on two or three days were either consistently upregulated or
downregulated (Table B1).

IL-1a has been shown to drive pulmonary inflammation in response
to silica dust (Rabolli et al., 2014) and cigarette smoke (Botelho et al.,
2011). LT-p receptor signaling has been connected to the development of
severe asthma (Miki et al., 2023). Moreover, LT-p has been shown to be
induced in BEAS-2B cells upon exposure to crystalline silica and lipo-
polysaccharides (Ovrevik et al., 2009). C1qtnf6 has been reported to be
protective against the inflammation induced by the urban particle
sample SRM 1649b in mice (Wang et al.,, 2020). RCN3 has been
described to be involved in the transforming growth factor-p1-mediated
orchestration of fibroblast activation (Wu et al.,, 2023) and
lipopolysaccharide-induced acute lung injury (Shi et al., 2021), whereas
Jin et al. (2018) found that RCN3-deficiency enhanced bleomycin
toxicity.

However, we could not corroborate the differential expression of
IL1A, LTB, C1QTNF6, and RCN3 by qRT-PCR (Table 6, Figure A11).
According to Schurch et al. (2016), the relatively low number of repli-
cates might entail false positive results in the RNA sequencing analysis.
The robustness in the direction of the effect detected by RNA sequencing
disagreed with the DEGs being merely false positives. Additionally,

Table 5
Genes > 4-fold dysregulated on at least two exposure days.

Days Upregulated genes Downregulated genes

1,2, TMEMZ225B, VIPR2 PLP1

and

3
1 and GPR27, IL1A, RGPD1 B3GNTS8, BCAM, BEX1, LTB, POC1B-

2 GALNT4, RAB3A, RCN3, RELL2,

RUSF1, SPNS1, SPSB3, SRGN, SYT8
1 and C1QTNF6, CD101, ETV4, ENSG00000241962, TYR
3 GMIP, GUCA1B, HIC1, PAG1,
TMEMZ238, TNXB

2 and C170rf67, PRR19 DIRAS3, F2RL2

when a gene was differentially expressed on two of three days according
to RNA sequencing, and we analyzed the three days by qRT-PCR, the
clean air controls of none of the days systematically deviated from the
others. This indicated that pooling the controls from different days is an
unlikely reason for obtaining false positive results from RNA sequencing.

The qRT-PCR experiments showed differences between co-cultures
in CIQTNF6 and LTB expression among the clean air controls and
TDAP exposures, respectively. Analysis of incubator controls indicated
that airflow did not obscure TDAP effects on IL1A, LTB, C1QTNF6, and
RCN3 (Table A4, Figure A13).

3.5. Variability among exposure days and co-cultures

Ultimately, we investigated the variability in our exposure setup.
Differences between the co-cultures were revealed in the qRT-PCR data.
As described above, TDAP only induced IL6 in one co-culture. The
expression of IL6, LTB, APE1/REF1, and NQOI1 differed between co-
cultures. The small overlap between the co-cultures regarding DEGs
identified by RNA sequencing supported co-culture-specific differences
(Figure Al4a). Many of the overlapping DEGs were upregulated in one
co-culture and downregulated in another (Table B1). However, as dis-
cussed above, our RNA sequencing data likely contained false positives
which would contribute to the low overlap. To our knowledge, no
similar study has been performed assessing air pollution in cultures from
different donors by RNA sequencing. Applying qRT-PCR, Bowers et al.
(2022) reported 7.0-14.2-fold ranges of the induction of oxidative stress
and inflammation-related genes in ozone-exposed primary human
bronchial epithelial air-liquid interface cultures from 25 donors. More-
over, Hossain et al. (2022) described high inter-individual differences in
air pollution-related health risks among 21 individuals.

The absence of TDAP effects in the targeted gene expression analysis
rendered the investigation of exposure day-specific effects based on
qRT-PCR impossible. The small overlap in DEGs identified by RNA
sequencing (Figure A14b) and the differences in enriched gene sets be-
tween the exposure days (Figure A15) suggested high variability be-
tween the exposure days. However, the reliability of these results could
again be affected by false positive DEGs. In correspondence with vari-
ability between exposure days, Volckens et al. (2009) reported high
differences in HMOX1 and cyclooxygenase 1 expression between six
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Table 6

Effects of TDAP exposure on the expression of lung disease related genes listed as log,(fold change).
Gene Day 1 Day 2 Day 3

cc-A cc-B cc-C Mean + SD cc-A cc-B cc-C Mean + SD cc-A cc-B cc-C Mean + SD

IL1A -0.74 1.99 0.36 0.54 +1.38 -0.12 2.99 —-0.72 0.72 £ 1.99 —1.47 -0.16 0.20 —0.47 + 0.88
LTB —1.04 2.65 -1.95 —0.11 £ 2.43 4.28 0.39 -0.39 1.42 £ 2.50 —0.81 —-2.97 1.16 —0.87 £ 2.06
CIQTNF6 0.22 -0.77 —1.45 —0.66 + 0.84 0.45 -1.78 —0.07 —-0.47 £1.17 0.49 1.26 0.76 0.84 £ 0.39
RCN3 -0.39 0.77 0.18 0.18 + 0.58 -1.21 -1.16 0.24 —0.71 + 0.82 0.50 0.07 -0.73 —0.06 + 0.62

Gene expression was measured by qRT-PCR. For each exposure day, mean values and standard deviations (SD) across cc-A, cc-B, and cc-C were calculated. The effect of
TDAP on each of the exposure days was analyzed separately using a paired t-test with Siddk’s post hoc correction (no statistical significance was obtained).

exposure days. Similarly, Gualtieri et al. (2024) obtained varying dif-
ferential expressions of seven genes assessed on 16 exposure days.
Moreover, Chen et al. (2020) reported variability in the induction of
oxidative stress and inflammatory cytokine release in association with
the seasonal differences in the composition of PM2.5.

4. Limitations and recommendations

A limitation of our exposure is that the relatively long sampling line
and particle concentration in the VACES may have changed the mixture
reaching the cells compared to what a subject can inhale at the sampling
inlet. The Reynolds number of 5600 indicating turbulent flow as well as
the applied flow rate and diameter of the sampling line suggest that
minimal losses could be expected for PM2.5. We also cannot rule out
that the residence time in the sampling line has resulted in coagulation
of compounds or the accumulation of particles by gas-to-particle re-
actions that may have affected the toxic potency of the aerosol to which
the cells were exposed (Kumar et al., 2008). It is unlikely that, apart
from ozone, losses of gases have occurred in the sampling line. More-
over, the particle-to-gas ratio shifts due to the enrichment process of the
VACES which already changes the composition compared to the ambient
condition. The VACES performance also drops below ~20 nm as such
small particles do not grow to the size for which the virtual impactors
are designed and behave like gas molecules and are neither concentrated
nor lost. In contrast to the particle-to-gas ratio, the chemical composi-
tion of the particles is not markedly changed when passing an aerosol
through the VACES (Freney et al., 2006).

From our data, it is difficult to estimate which exposure day was
more hazardous and which co-culture was most sensitive. The additional
exposure caused by the lawnmower activity on day 1 in concert with
higher PM2.5 concentrations on this day was not reflected in biological
effects. The cc-B-specific IL6 effect and the high number of DEGs in cc-B
suggest it is more susceptible to TDAP. However, none of the other
investigated genes showed a co-culture-specific TDAP effect in qRT-PCR.
While combining different exposure days and co-cultures composed of
cells from different donors served our aim to estimate the viability in our
complex study design, it limited our ability to detect effects on specific
genes.

Focusing on cells from one donor will reduce variability, simplify
identifying DEGs, and decrease workload and costs. However, the
donor-associated differences in our study showed that such a limitation
may introduce substantial bias. Rather, cells from a larger number of
donors should be assessed in future studies to increase statistical power.
Another option could be to use pooled donors, as has already been
applied to nasal cells (Bardet et al., 2016). Potential biases by using cells
from a single donor should also be avoided in static systems, i.e., sub-
merged exposure or nebulization of suspended PM. On the other hand,
using immortal cell lines improves the comparability between experi-
ments and even offers the possibility to perform large interlaboratory
studies. In the future, physiological relevance and broad availability and
comparability may be reached by the development of stem cell-based
models (Fritsche et al., 2021).

Variable biological effects, as observed for the slightly overlapping
DEGs per exposure day, were associated with the TDAP load fluctuating

from day to day. Based on this, the coverage of several exposure days
significantly increases the value of studies. Instead of single exposure
days, repeated exposures over several days may be considered. When
attempting repeated in vitro exposures, it will be challenging to cope
with the risk of contaminating cell cultures with bacteria and fungi or
their spores contained in the unfiltered outdoor air.

Moreover, our data also revealed the potential obscuring of results
through stress caused by the transfer of ALI cultures from the incubator
to altered conditions in the continuous flow exposure system. As in our
study, in most studies relying on continuous exposure (Panas et al.,
2014; Bowers et al., 2022; Gualtieri et al., 2024), ALI cultures are
maintained in an incubator until exposure to a test atmosphere under
airflow conditions. Our results show that the switch from incubator to
exposure device conditions alone poses a potent stressor. This stressor
might alter the reaction of lung cells that should already be physiolog-
ically accustomed to airflow. Therefore, future studies should address
whether ALI cultures can be preconditioned to airflow by clean air ex-
posures preceding the exposure to the toxicant under investigation. A
preconditioning protocol must either be established before starting with
exposures, or both unexposed incubator controls and unexposed pre-
conditioned controls must be performed. The comparison of the two
controls among each other and with exposures will help distinguish
airflow-induced effects from exposure-induced effects.

Another limitation of our study is the restriction to gene expression
data. Future studies should validate key findings from RNA sequencing
at the protein level, for example, by ELISA, Western blot, or functional
assays. Although such validation would require more biological mate-
rial, it would substantiate the relevance of dysregulated genes.

5. Conclusion

Here, we combine devices for online aerosol characterization, a
VACES for aerosol concentration, and a continuous flow ALI exposure
system for real-time continuous TDAP exposure of primary human ALI in
vitro models from multiple donors. Besides the upregulation of IL6 in one
of the three co-cultures, we could not confirm our hypothesis that TDAP
induces oxidative stress and inflammatory cytokines in our model. Our
approach might serve to generate hypotheses on TDAP-regulated lung
disease-related genes such as IL1A, LTB, C1QTNF6, and RCN3. However,
we could not corroborate these hypotheses by gRT-PCR. Increased
concentrations or exposure times may lead to obtaining more robust
effects with our experimental approach. Overall, our setup constitutes
an important step towards more realistic in vitro conditions. However, in
contrast to controlled laboratory exposure settings, e.g., diesel exhaust
or spark-generators, this model needs further establishment to increase
robustness and enable a reasonable application for online exposure.
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