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ARTICLE INFO ABSTRACT

Keywords: Associations between indoor air pollution from fine particulate matter (PM with aerodynamic diameter d,, < 2.5
Indoor air pollution pm) and human health are poorly understood. Here, we analyse the concentration-response curves for fine and
Classroom

ultrafine PM, the gene expression, and the methylation patterns in human bronchial epithelial cells (BEAS-2B)
exposed at the air-liquid interface (ALI) within a classroom in downtown Rome.

Polyaromatic hydrocarbons Our results document the upregulation of aryl hydrocarbon receptor (AhR) and genes associated with xenobiotic
Particulate matter metabolism (CYPIAI and CYP1B1) in response to single exposure of cells to fresh urban aerosols at low fine PM
Indoor mass concentrations within the classroom. This is evidenced by concentrations of ultrafine particles (UFPs, dp <
Epigenetic 0.1 pm), polycyclic aromatic hydrocarbons (PAH), and ratios of black carbon (BC) to organic aerosol (OA).
Additionally, an interleukin 18 (IL-18) down-regulation was found during periods of high human occupancy.

Despite the observed gene expression dysregulation, no changes were detected in the methylation levels of the
promoter regions of these genes, indicating that the altered gene expression is not linked to changes in DNA
methylation and suggesting the involvement of another epigenetic mechanism in the gene regulation.

Gene expression changes at low exposure doses have been previously reported. Here, we add the possibility
that lung epithelial cells, when singly exposed to real environmental concentrations of fine PM that translate into
ultra-low doses of treatment, may undergo epigenetic alteration in the expression of genes related to xenobiotic
metabolism.

Our findings provide a perspective for future indoor air quality regulations. We underscore the potential role
of indoor UFPs as carriers of toxic molecules with low-pressure weather conditions, when rainfall and strong
winds may favour low levels of fine PM.
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Black carbon
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1. Introduction

The World Health Organization (WHO) estimates that air pollution is
the largest environmental risk to human health (WHO global air quality
guidelines, 2021). Several studies have shown that air pollutants,
particularly fine particulate matter (aerodynamic diameter d,, < 2.5 pm;
PM;5) and nitrogen dioxide (NOy), are associated with the onset of
various diseases of the respiratory tract, cardiovascular system, cancer,
and reduced life expectancy (Chen and Hoek, 2020; Fuller et al., 2022;
Huang et al., 2018; Kumar et al., 2023; Yang et al., 2017).

Much of the literature on mortality and morbidity associated with
exposure to air pollution focuses on outdoor air pollution, although most
exposure occurs indoors (Dimitroulopoulou et al., 2023; Kumar et al.,
2023; Morawska et al., 2013).

Although a significant portion of indoor aerosol particles in urban
settings are derived from outdoor air, their physicochemical properties
undergo profound alterations through outdoor air processing within the
ambient indoor air and their mixing with indoor sources, which stem
from human and biological emissions and their metabolites, consumer
products, and human activities, such as cooking (Goldstein et al., 2021;
Kousa et al., 2002; Misztal et al., 2018; Nazaroff, 2023; Wells et al.,
2017).

Dynamic processing is important for reactive molecules (Wells et al.,
2017), as well as for PMj 5, including ultrafine particles (UFPs, d, < 0.1
pm). PMj 5 and UFPs are solid or liquid condensed-phase materials in the
air and have been studied for their potential adverse health effects, both
outdoors and indoors (Costabile et al., 2023; Kwon et al., 2020; Leikauf
et al., 2020; Oberdorster et al., 2004).

Complex dynamic processes influence indoor UFPs, including
deposition on indoor surfaces, coagulation, nucleation, condensation,
evaporation, and sorptive partitioning of semivolatile organic com-
pounds (Nazaroff, 2023). Although negative health effects have been
observed indoors, the results are inconsistent, suggesting that indoor
processing may produce pollutants with different toxicities (Nazaroff,
2023; Weschler and Wells, 2004; Wolkoff et al., 2006). Although
exposure to PMs 5 has been associated with adverse health impacts, the
understanding of the concentration-response relationships remains
incomplete, especially for UFPs at low mass concentrations of PMj 5
(Costabile et al., 2023; Stafoggia et al., 2019; Weichenthal et al., 2022).

However, the precise biological mechanisms by which PMy 5 affects
human health are still being studied and not fully understood (Li et al.,
2022). Invitro studies have demonstrated deregulation in the expression
levels of antioxidant, inflammatory, and unfolded protein response
genes in endothelial cells following exposure to air pollutants, such as
diesel exhaust particles or PM; 5, suggesting a potential mechanism by
which air pollution may contribute to cardiopulmonary outcomes
(Bengalli et al., 2019; Wang et al., 2019). Another important pathway
involved in the response to air pollution is the nuclear factor erythroid
2-related factor 2 (NRF2)-mediated oxidative stress response pathway.
The exposure of airway epithelial cells to ambient outdoor PMy 5 leads to
the upregulation of the NRF2 gene (Huang et al., 2011).

Moreover, previous studies have shown that prolonged and repeated
exposure of bronchial epithelial cells (BEAS-2B) to PM, 5 causes inacti-
vation of the NRF2 signalling pathway with impaired mitochondrial
redox homeostasis and a subsequent decrease in cellular energy supply
(Leclercq et al., 2018). On the other hand, several human studies have
demonstrated the potential clinical effects of air pollution from traffic
sources. For instance, Peretz et al. (2007) exposed healthy human sub-
jects to diesel exhaust and observed the upregulation of genes related to
inflammatory and oxidative stress pathways in peripheral blood
mononuclear cells. These findings suggested a link between diesel
exhaust exposure, inflammation, and oxidative stress. Another investi-
gation conducted in Los Angeles focused on a cohort of older adults
residing in three retirement communities and revealed positive associ-
ations between traffic-related pollutants and genes involved in oxidative
stress, inflammasome activation, and DNA damage (Wittkopp et al.,
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2016).

Although human studies as well as in vivo and in vitro models have
provided some insights into the effects of various stimuli on gene
expression, it is not yet clear how air pollution affects gene expression in
real-world environments with exposure conditions typically found in
areas where humans live.

With a novel methodology, Costabile et al. (2023) found that expo-
sure to traffic-related nanoparticles in the urban ambient air at low
PM, 5 concentrations (<5 pg m3) may be a source of oxidative stress
and inflammation. Pro-inflammatory and oxidative responses, as indi-
cated by heme oxygenase 1 (HMOX-1) and C-X-C motifchemokine ligand 8
(CXCL-8) gene expression, were observed in human bronchial epithelial
cells cultured at the air-liquid interface (ALI) and exposed directly to the
PM, 5/air mixture (no PM; s filter collection) using a recently developed
methodology (Costabile et al., 2017; Gualtieri et al., 2018). This meth-
odology allowed for assessing the low range of PMjy 5 concentrations
(<5 pg m~>) now addressed by the WHO guidelines (WHO global air
quality guidelines, 2021).

In this study, we apply this methodology (for the first time, to the
best of our knowledge) to an indoor environment within a university
classroom in downtown Rome. We exposed BEAS-2B cells to well-
characterised indoor aerosols under ALI conditions. The aim was to
mimic exposure conditions to real UFP air mixtures representative of
human inhalation and deposition and to explore concentration-response
relationships within the real range of fine particulate matter concen-
trations (including the so-called low doses) typically found indoors in a
human activity setting (a classroom) in cities in developed countries. We
characterised the physicochemical properties of real air mixtures, both
indoor and outdoor, using state-of-the-art equipment. These included
PM, 5, PM;, UFPs, primary and secondary organic aerosols, black car-
bon, and polycyclic aromatic hydrocarbons (PAH). A portable ALI
exposure module (Cultex RFS compact module) containing the BEAS-2B
cell line was used to characterise the biological response to direct
exposure to ambient air. We selected 13 genes from different biological
pathways involved in responses to air pollution exposure, including
oxidative stress, metabolism, and inflammation. Moreover, numerous in
vitro and in vivo studies have shown that PM exposure has a significant
impact on DNA methylation patterns (Clifford et al., 2017; Huang et al.,
2021; Panni et al., 2016).

DNA methylation is an epigenetic mechanism involving changes in
gene expression that do not alter the underlying DNA sequence. The
degree of DNA methylation determines whether a gene is actively
transcribed or suppressed.

The hypermethylation of promoter regions is generally associated
with the suppression of gene expression, whereas hypomethylation is
associated with gene activation (Han et al., 2011).

Alterations in DNA methylation can contribute to several diseases,
such as cancer (Kulis and Esteller, 2010), autoimmune diseases (Long
et al., 2016), and respiratory diseases (Reese et al., 2019).

To understand potential epigenetic responses to indoor air quality
and their implications for respiratory health, we analysed DNA
methylation changes in BEAS-2B cells after exposure to indoor air pol-
lutants. These findings contribute to a better understanding of the
toxicological effects of fine PM concentration-response curves at low
doses in real-world indoor environments and their impacts on gene
expression and DNA methylation patterns.

2. Material and method
2.1. Description of the measurement site

The measurements were collected in spring 2022 (8-31 March) in
the downtown area of Rome (Italy) in the Botany classroom “Giaco-
mini”’ of "La Sapienza" University (Fig. 1).

The aerosol measurements were collected both outdoors and in-
doors. The cells were then exposed solely to indoor conditions. This site
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1000m ;  Fotocamera: 15km  41'54'42°N 12'2908°E 50m

Fig. 1. Location of the measurement sites: 1 indoors, and 2 outdoors.

is representative of the urban background. Major traffic streets are
located approximately 500 m from the building. The classroom is on the
ground floor, with a theatre arrangement of 20 steps and welcomes 150
students. Owing to COVID-19 restrictions, an average of 60 students
occupied the classroom.

The pandemic has influenced indoor conditions. The doors were
opened when the students were in a classroom with natural ventilation.

We performed previous measurements in the same classroom, as
reported by Pelliccioni et al. (2020).

2.2. Sampling lines

The equipment (described in Sections 2.3-2.5) was placed in a mo-
bile unit outdoors, close to the building, to shorten the sampling lines
and minimise particle losses.

We sampled the indoor air at 1.5 m at the end of the theatre steps (i.e.
the highest part of the classroom) close to the student seats. The sample
lines entered from a small, sealed hole in a large window opposite the
entrance door. We sampled the outdoor air near the entrance door.

The sampling lines were copper tubing with a length of 5 m, inner
diameter of 4.5 mm, calculated residence time of 1.6 s, and laminar flow
conditions. The particle penetration efficiencies into the sampling lines
were 96% and 92% for particle diameters (d,) > 15 nm and >8 nm,
respectively, with diffusion losses into the lines being calculated ac-
cording to literature (Hinds and Zhu, 2022).

The aerosol sampling lines were equipped with a PM; head.

The relative humidity of the sampled aerosols was maintained below
30% with Nafion dryers. The cell exposure module sampling line was
maintained under ambient conditions. The sampling lines were identical
for better comparison of the measurements.

2.3. Equipment for aerosol measurements

The aerosol properties were measured continuously with the same
equipment sequentially at fixed intervals, either indoors or outdoors,

using a computer-controlled solenoid valve system (Table 1). Initially,
the valves were set to switch indoors to outdoors every 7 min. For
technical considerations, after 10 d, the valve switch time was adjusted
to 10 min.

The fine particle number-size distribution (dry electrical mobility
diameter from 8 to 900 nm) was measured using a TROPOS-type
mobility particle size spectrometer (MPSS, Wiedensohler et al., 2012)
equipped with a butanol-based condensation particle counter (CPC,
Model 3772, TSI Inc. USA). The major non-refractory chemical com-
ponents in PM; (sulphate, nitrate, ammonium, chloride, and organics,
hereafter indicated as OA) were measured using a high-resolution
time-of-flight aerosol mass spectrometer (HR-ToF-AMS, Aerodyne
Research Inc., USA), following standard data analysis procedures
(Antinolo et al., 2015; Canagaratna et al., 2007).

A proxy for total PAH in PM1 was derived by summating the po-
tential PAH molecular fragments (C12H8, C12H10, C13H10, C14H10,
and C16H10; Antinolo et al., 2015).

The PAH tracer was validated by comparison with the total PAH
measurements performed on the filter samples (Fig. S1).

We used a seven-wavelength (A = 370, 470, 520, 590, 660, 880, and
950 nm) dual-spot aethalometer (model AE33; Magee Scientific, USA).
In the AE33, the mass concentrations of light-absorbing carbonaceous
aerosol (LAC) at the different wavelengths are calculated by a built-in
algorithm using A-specific absorption cross-sections provided by the
manufacturer. We refer to the LAC aerosol with optical properties and
composition like soot particles from fossil fuel combustion as black
carbon (BC) (Andreae and Gelencsér, 2006). LAC concentrations at A =
880 nm are relevant for studies in environments dominated by on-road
vehicle exhaust because LAC concentrations at A < 880 nm have
stronger contributions by compounds other than BC (Targino et al.,
2024; Weingartner et al., 2003). Therefore, we here provide findings for
A = 880 nm only and refer to the AE33 signal at A = 880 nm as BC.

The concentrations of regulated air pollutants, such as PM, 5, O3 and
NO», in the ambient air of Rome were obtained from the ARPA moni-
toring station located in the nearby Villa Ada (ARPA website; https:
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Table 1
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Day and time of BEAS-2B exposure. Columns PMj 1/PM; (#) and PMy 1/PM; (mass) report the ratio between the number and the mass of the ultrafine particles (PMg 1)
and PM;, respectively. In terms of number the UFPs are mostly defining the deposition determined during all the different days of exposure, while in terms of mass,

UFPs contribution is always lower than 20%.

Exposure Start (day-time) End (day-time) PM; (g cm?) PM; (cm™2) PMy.1,PM; (#) PMy.1,PM; (mass)
Exp-1 03-08-22, 01:00 p.m. 03-09-22, 01:00 p.m. 5.97-107% 2.41-10°° 96% 16%
Exp-2 03-10-22, 01:00 p.m. 03-11-22, 01:00 p.m. 1.38.107%% 3.60-10°° 92% 16%
Exp-3 03-15-22, 01:00 p.m. 03-16-22, 01:00 p.m. 1.59-107%% 3.45.10°° 91% 13%
Exp-4 03-17-22, 01:00 p.m. 03-18-22, 01:00 p.m. 1.54.107% 3.41.10°° 92% 12%
Exp-5 03-21-22, 01:00 p.m. 03-22-22, 01:00 p.m. 1.18107% 3.00-10°° 92% 14%
Exp-6 03-24-22, 01:00 p.m. 03-25-22, 01:00 p.m. 1.84.107% 2.99-10°° 89% 10%
Exp-7 03-28-22, 01:00 p.m. 03-29-22, 01:00 p.m. 9.95.107% 3.32:10°° 94% 15%
Exp-8 03-30-22, 03:00 p.m. 03-31-22, 03:00 p.m. 9.07.107% 2.95.10°° 95% 14%

//www.arpalazio.it/).

2.4. Organic aerosol (OA) source apportionment

OA was apportioned using a positive matrix factorisation (PMF)
approach with the Multilinear Engine 2 solver controlled by Source
Finder software, SoFi v4.8 (Canonaco et al., 2013; Crippa et al., 2014;
Paglione et al., 2020). The standardised source apportionment strategy
introduced by Crippa et al. (2014) was performed for the HR-ToF-AMS
dataset consisting of organic mass spectra over time and the corre-
sponding errors. Briefly, the PMF aims to derive a linear combination of
components that reproduce the observed chemical composition and
variations in the time of the measured organic mass spectra (Zhang
et al., 2011). The interpretation of the retrieved factors as OA sources
was based on an analysis of the mass spectral profiles and their diurnal
trends. We apportioned OA into two major primary components without
constraints on the solution. Hydrocarbon-like OA (HOA), which repre-
sents fresh traffic emissions, was identified based on the prevalence of
C3H7+ at m/z 43 and the typical alkene-like structure of the mass
spectrum dominated by CxHy ions at m/z 55, 57, 69, and 71. BBOA
(biomass burning OA), representing fresh emissions from biomass
combustion likely for residential heating, was identified based on m/z
60 and m/z 73 (C2H404+ and C3H507+). We considered the
remaining OA mass (accounting for multiple oxygenated OA and rep-
resenting secondary OA) as a unique factor (OOA).

2.5. Equipment for meteorological variables

Outdoors, we used the weather station Davis Vantage Pro2, posi-
tioned at coordinates 41.889593° N and 12.514564° E. The outdoor
meteorological variables considered were wind speed, ws (m s’l), at-
mospheric pressure (hPa), temperature (°C), and precipitation (mm).
These were measured with a 5-min resolution.

The indoor temperature, wind velocity, atmospheric pressure, and
relative humidity were measured using two sonic thermometers and
anemometers (20 Hz, Gill Instruments Ltd., UK), and differential pres-
sure sensors (1 Hz, Delta Ohm, Italy).

2.6. Cell culture and exposure equipment

The human bronchial epithelial cell line BEAS-2B (RRID:
CVCL_0168; ECACC, Salisbury, UK) was maintained as described pre-
viously (Gualtieri et al., 2018). Seven days before exposure, 5 x 10* cells
were plated on collagen-coated inserts (Corning, NY, USA) grown under
submerged conditions to achieve confluence. Twenty-four hours before
the exposure, the apical medium was removed and cells were left in the
incubator at 37 °C with 5% CO».

For cell-based exposure, we used the CULTEX® RFS (Cultex®
Technology GmbH, Hannover, Germany), a radial flow system with six
different chambers connecting to multi-channel flow controllers (IQ +
FLOW, Bronkhorst High-Tech B.V. Ruurlo, Netherlands).

On the day of exposure, the cell-containing inserts were placed into

the CULTEX® RFS (Cultex® Technology GmbH, Hannover, Germany)
with 4 mL of LHC-9 medium in the basal side of each chamber and
transferred to the mobile unit before being connected by a dedicated 5-
m-long sampling line.

The sampling line, maintained under laminar ambient conditions,
transported indoor air from the classroom to the cell-exposure module.

The ambient air in the classroom was sampled at 1.50 L min~!, with
particles with d, > 1 pm being cut by a cyclone. In each chamber of the
exposure module, three inserts (numbers 1, 3, and 5) were exposed
directly to native air, and three inserts (numbers 2, 4, and 6) were
exposed to filtered air and used as internal controls (cells exposed to the
same flux, but filtered air). After 24 h of exposure, the cells and media
were recovered for subsequent analyses. Eight independent exposures
were conducted during the sampling campaign (Table 1).

The theoretical maximum deposited PM; number and mass were
calculated according to the literature (Aufderheide et al., 2013) with
minor modifications. Briefly, aerosol in the atmosphere was used for cell
exposure with an airflow rate of 1.50 L min~! for the main inlet and 5
mL min~! for the exposure chamber. Electrical force deposition was not
considered in the setup. Size distribution was considered from 8.7 nm to
1 pm to cover the cut-off of the cyclone used.

Particle density was determined according to Hu et al. (2012). The
number and mass deposition distributions were calculated and reported
considering the cumulative hourly SMPS data (Costabile et al., 2017).
The exposure doses were calculated based on the number-size distri-
butions measured using the SMPS. This module was connected to the
same sampling line as the cell exposure module.

2.7. Cell viability

The lactate dehydrogenase (LDH) activity was selected as a marker of
cell membrane damage and measured in the apical washing and baso-
lateral media collected from control and exposed cells after 24 h of
exposure via a CytoTox 96® non-radioactive cytotoxicity assay (Prom-
ega, USA) according to the manufacturer’s instructions. Samples were
read in triplicate using the Glomax Discover System (Promega, USA),
which measures absorbance at 490 nm.

2.8. Nucleic acids extraction

Genomic DNA and total RNA were extracted simultaneously from
BEAS-2B cells after 24 h of exposure using the AllPrep DNA/RNA Mini
Kit (Qiagen, Germany) according to the manufacturer’s instructions.
The quantity and purity of the extracted nucleic acids were evaluated
using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scien-
tific, USA).

2.9. Gene expression
First-strand cDNA was synthesised using 1 pg of total RNA using a

high-capacity RNA-to-cDNA kit (Thermo Fisher Scientific, USA) ac-
cording to the manufacturer’s instructions.
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Quantitative real-time polymerase chain reaction (qQRT-PCR) was
performed using TagMan Fast Advanced Master Mix (Thermo Fisher
Scientific, USA) and TagMan probe assays for the following genes
involved in different pathways: Heme Oxygenase 1 (HMOX1), NAD(P)H
Quinone Dehydrogenase 1 (NQO1), Superoxide Dismutase 1 (SOD1), Su-
peroxide Dismutase 2 (SOD2) [Oxidative Stress], Aryl Hydrocarbon Re-
ceptor (AhR), Cytochrome P450 Family 1 Subfamily A Member 1 (CYP1AI),
Cytochrome P450 Family 1 Subfamily B Member 1 (CYP1B1), NFE2 Like
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BZIP Transcription Factor 2 (NFE2L2) [Metabolism], NLR Family Pyrin
Domain Containing 3 (NLRP3), Interleukin 1 Beta (IL-1p), Interleukin 6 (IL-
6), C-X-C Motif Chemokine Ligand 8 (IL-8/CXCL8), Interleukin 18 (IL18)
[Inflammation], and Glyceraldehyde-3-Phosphate = Dehydrogenase
(GAPDH) as the endogenous control (Table S1).

The thermal cycling conditions on a QuantStudio 5 thermocycler
(Thermo Fisher Scientific, USA) consisted of a holding stage at 50 °C for
2 min and 95 °C for 20 s, followed by 40 cycles of each PCR step:

L | L1 L1 ] 1 L1 L1 L1 L1 L1 L1 11 11 L1 L1 L1 L1 L1 L1 i 3 L1 L1 L1 11
a) o —— PM1outdoor
‘= 40
g —— PM1pgoor
o
3: 204
= /\'\_/M
o
0 T T T T T T T T T T T T T T T T T T T T T T T 1
Y 02 02,102 02 .02 02102 02,102 02 02 102 102 .02 02 0202 0202 02 02 ) O
A A A A A AR A IR Al A A A N A A N Nl
b) & 30000 —— Nrot outdoor
IE —— Ntot indoor
G 20000
8 i
T T T LI T T T T T T T T T T T T T T T T T T T 3 i T T T T T T T T T
P 102 102 10D 10 a0 P 0P 0D OGP 0P 0P 107 0D 0D (0D 10D 0D 10D i D O LD
RV @7 07RO A0 0% 5107 6107 1072070107 00 O 2107 12107, 107 1607 6107 11070107 007,010 1O
| 1 1 L1 1 L1 L1 L1 11 O | 11 1 | | 1 L1 | S | L1 L1 1 1 1 11 1
C) Fea 7.5 - BCoutdoor
IE 5.0 - BCindoor
S5
2
O 2.5
O' 0 T LI T T | S | T T T T T T T T T T T T £ T T T T T 1
02 5102 (102 4102 4102 4102 1102 (102 (102 4102 6102 102 (102 4102 4102 L1010 102 102 4102 102 102 (102 1O
RO AOP AP T NG oA L@V (0P ol ) ) ,)3\ ’Lb‘\ 7jg\ ’25’\ ’I:\\ 19,\ ,19\ q)0\ £ 5T
o - ' '
E 102 ; 3 :‘g’ﬁ;\
£ 3 22§
a7 =
] 16
10! 0 s
=
PP A10% 0 502, (02, 0, (0% 410,910,010 010 2 US> 1510 D% 60, 0% 419,010 010,010 1410 5
3 | 1 |- L1 1 L1 11 L1 ) - L1 11 (- 11 |1 11 L1 A L1 11 1 1 11 |
e) é I;\ —— HOAndoor
% "ET 24 0 N vyt 0 r 0 r e 0 | & |77 BBOA ndoor
—g g F0.05o  ----- PAH,ndoor
c D71 2
g3 ; : * z
T 0 wr ot "\‘"v‘.—.\. EAS ! d A Z2Rag” YL OOOCL
T T T T T T T T T T T T T T T T T T T T T T T T 1 '
) 102 102 102 102 102 102 102 102,102 102 102 102 102 102 4102 102 U100 102 L0200 10D 00 L 0D
= POeW® \/Q\Q \/\/\Q \:1,\0 \:5\0 \)(\Q \/5\0 \/6\0 0 \© @\0 \/9\0 10\0 ,L\/\Q ,L';,\0 ,f,\o 1p\“ ,Lc)\g 1@\0 7 © ,L%\Q ,Lq\g 30\0 3x\°
Iu’ 6 - 111 L1 L1 | | L1 L1 L1 L1 11 L1 11 11 1 1 L1 L1 L1 L1 L1 L1 11 11 1 1 2 O 6
f) e : : € Wind Speed
T 47 ’|I { L 04 & ——- Rainfall
3 i =
o
wn 24 i it 0.2°¢
2 ! i) T
= i Mg
; 0 N T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1 00
9% 5102 (102 4102 4102 4102 1102 102 102 1102 4102 (182 (102 4102 4102 4102 182 18 182 4182 182 182 (102 1O
0q,\ QQ.\ \/Q\ \/\/\ \:1,\ ,\j,\ \)(\ \/c)\ \/@\ \:\\ \/re,\ \/g\ 79\ ,L\,\ ) q:5\ ’Lb‘\ ,f,\ 7g>\ ’i‘\ ’L%\ ’19\ 30\ ,5\,\
9) E ; \
T 1
< 1074
£ 3
&
o ]
10!

Q%\&Qq\03@\03\/\,\03\}\03\}\0 O

EIRNE]

Date

) 02102 102 102 02 .02
RN A S AN

>

2

2805107 61024102 0182 019,007, 0

Fig. 2. a) Time Series of indoor and outdoor PM; mass concentration. b) Indoor and outdoor total particle number concentration (Ni). ¢) Black carbon (BC) mass
concentration. D) Indoor particle number size distribution. E) Mass concentration of indoor hydrocarbon-like organic aerosol (HOA), biomass-burning organic
aerosol (BBOA), and Polyaromatic Hydrocarbons (PAH). f) Wind speed and rainfall, during the whole field. g) Indoor-to-outdoor ratios of particle number size

distributions (Cell exposure periods are indicated by a grey area).



M. Santoro et al.

(denaturation) 95 °C for 1 s and (annealing/extension) 60 °C for 20 s.

We calculated the relative fold change (FC) using the 2(-AACD)
method to determine the relative quantitative gene expression. We
selected FC > 2 (up-regulation) and FC < 2 (downregulation) with sig-
nificant changes (p < 0.05). The fold change was expressed as a heat
map using GraphPad Prism version 8 (GraphPad Software, USA). The p-
values were calculated based on a Student’s t-test of replicate 2072€T)
values for each gene. All PCRs were performed in triplicate.

2.10. Bisulfite treatment of DNA

Bisulfite treatment of DNA converts all unmethylated cytosines to
uracil, leaving the methylated cytosines unaltered. We treated Genomic
DNA (1 pg in 20 pL) with EZ DNA Methylation-Gold Kit (Zymo Research,
USA) based on the manufacturer’s instructions.

2.11. DNA methylation analysis

A DNA methylation study was carried out on genes that showed
significant up-regulation (FC > 2 and p < 0.05) or downregulation (FC
< 2 and p < 0.05) during the eight independent exposures (Table 1). For
the genes included in the methylation analysis, CpG islands were iden-
tified using the online platform MethPrimer (http://www.urogene.org
/methprimer/) (Li and Dahiya, 2002).

The complete gene lists, primer sequences, annealing temperatures,
and amplicon sizes are provided in Table S2. The specific PCR conditions
were 95 °C for 15 min, followed by 50 cycles of 95 °C for 15 s, 60 °C for
30 s, and 70 °C for 30 s, with a final extension of 10 min at 72 °C.

Biotinylated PCR products were processed using a PyroMark Q24
Vacuum Workstation (Qiagen, Germany) and subsequent pyrosequenc-
ing was performed on a PyroMark Q24 pyrosequencer using PyroMark
Gold Q24 Reagents (Qiagen, Germany).

The methylation percentage at each CpG region was quantified using
the PyroMark Q24 software, version 2.0.7 (Qiagen, Germany).

The p-values were calculated based on Student’s t-test comparing the
methylation percentage of each CpG site in the control vs. the exposed
group. The level of significance was set at p < 0.05.

3. Results
3.1. Physicochemical aerosol properties

Time series and statistics of the indoor and outdoor aerosol and
meteorological variables during the field campaign are shown in Fig. 2,
S1, and S2, and Tables 2, 3, S3, and S4.

Fig. 2a-c,e show that the PM;, OA, and BC mass concentrations in-
doors followed the outdoor values: the square of the Pearson correlation
coefficient (r) among the indoor and outdoor mass concentrations (rizn,
door-outdoor) Was 0.9. The PM7, OA, and BC mass concentrations tracked
the typical urban cycle: lower values at midday and higher at nighttime
and during the rush hours. Lower/higher outdoor mass concentrations
were observed for higher/lower wind speeds (ws), respectively. This
resulted in lower mass concentrations on Exp-1 and Exp-8, and higher
mass concentrations on Exp-6, Exp-3, and Exp-4. Fig. 2d shows that the
indoor number concentration of particles with d, < 0.1 mm (UFPs)
sharply increased during the morning rush hours when the doors were
open. In contrast, during the evening rush hours, with closed doors,
there was no sharp increase in UFPs. The highest daily values for the
indoor total particle number (N, Fig. 2b) were measured on Exp-2 and
Exp-3, with low values also occurring on Exp-6 and Exp-4. One heavy
rain event (Fig. 2f) occurred at the beginning of Exp-8 (as well as light
rain on 21 March), and the particle number size distributions (Fig. 2d)
after rainfall decreased for UFPs. The primary OAs (HOA and BBOA) and
the indoor PAH proxy (Fig. 2e) were higher on Exp-3 and Exp-6.

Fig. 2g shows the indoor-to-outdoor ratios (I/O) for the particle
number size distribution (PNSD).
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This was assessed based on hourly values to eliminate the time lag
between their temporal variations, which varied between 15 and 40
min. The I/0 values for the individual aerosol components are presented
in Table S3. The HOA (see Section 2.3) was characterised by a median I/
O of 1.1 (IQR = 1.1), showing good penetration capability for this
traffic-related OA fraction. As for HOA, BC was characterised by a me-
dian I/0 ratio of 1.0 (IQR = 0.35). The PAH tracer presented an I/0 ratio
of 0.88 (IQR = 0.46, Table S3).

We observed (Fig. 2g) significant losses of nucleation-mode particles
(Ng.30) indoors (median I/0 = 0.60, IQR = 0.54). This indicates the
absence of a major internal source, scarce outdoor penetration capa-
bility, and/or quick indoor removal. A higher I/0 value (<1) charac-
terised particles in other size ranges.

A minimum occurred for 100<d, < 200 nm (small accumulation-
mode particles), probably because of the evaporation of semivolatiles.

Throughout the campaign, the maximum I/O values occurred at
40<d, < 100 nm (soot-mode particles) and d, > 200 nm (large-accu-
mulation-mode particles). The number of indoor nucleation-mode par-
ticles (d, < 30 nm, Ng 3p) was less than half that of the outdoor Ng.30.

During Exp-8 and Exp-3, we observed peculiar conditions. On Exp-8,
Niot was lower than the average value (owing to low-pressure weather
conditions, Fig. 2¢), and the 1/0 ratios for particles with 20<d, < 300
nm were higher (Fig. 2g), especially for soot-mode particles, and lower
for particles with d, > 400 nm. On Exp-3, Ny, was higher for the Aitken
and accumulation-mode particles, and the I/0 values were higher for
particles with d, < 80 nm.

Wind speed and opening doors affected the aerosol concentrations
(Fig. S2). Forws <1m sfl, the I/0 values were <1, indicating no indoor
sources for the particle number and PAH. The I/O values with closed
doors were <1, which were lower than those with open doors
(approximately 1).

Higher ws occurred in three prevailing directions: (i) NNE, as the site
was downwind of a major traffic road; (ii) south, as the site was
downwind of a major traffic road; and (iii) west, as the site was down-
wind of the university campus (Fig. 1).

At higher ws values (1<ws < 3 m s™1), the I/O ratios were larger
(larger outdoor aerosol penetration). Under high southerly winds
(4<ws < 5m s’l), the I/0 values were >1. This condition occurred on
Exp-8, which was also evidenced by the negative value of the pressure
delta in Table 2. Indoors, the measurement site was affected by fresh
traffic aerosols from nearby streets. We interpret the higher I/O on Exp-8
as follows: (i) the indoor air entered from the door of the classroom (red
circle labelled 1, Fig. 1) and arrived from the major southern street; (ii)
the outdoor air at the outdoor measurement point (red circle labelled 2,
Fig. 1) did not arrive directly from the southern street because of the
presence of a tall building located south of the classroom building. The
PAH I/0 ratios of >1 on Exp-8, even with closed doors (Fig. S2), further
demonstrating the good penetration capability of this aerosol at high ws.

3.2. Exposure doses

The exposure data showed differences in the total number or mass
dose of PM; delivered to the cells (Table 1). The day with the highest
deposited mass was Exp-6 (1.84-107> pg cm™2) and the day with the
highest number of deposited particles was Exp-2 (3.6-10° cm™2). This
indicates a clear difference in the information provided by the different
exposure metrics. On Exp-1, the lowest deposited doses were observed in
terms of mass and number. The different exposure days were ranked
according to the deposited mass and number as follows: Exp- 6 > Exp-3
> Exp- 4 > Exp- 2 > Exp-5 > Exp-7 > Exp-8 > Exp-1 and Exp-2 > Exp-4
> Exp-7 > Exp-3 > Exp-5 > Exp-6 > Exp-8 > Exp-1. The relative
contribution of the PMy ; (UFPs) number dose was higher on Exp-1 and
Exp-2 (96% explained by UFPs); the latter was also the day with the
highest mass contribution of UFP (16%).
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Table 2
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24-h statistics of meteorological variables during the exposure periods outdoors and indoors. Statistics are calculated from 5-min data. The data are indicated as mean,
standard deviation and median, interquartile range (IQR), and number of points (#).

Variable Statistics Exposure Period
EXP-1 EXP-2 EXP-3 EXP-4 EXP-5 EXP-6 EXP-7 EXP-8
Temperature (°C) Outdoor Mean 6.3 10.7 12.2 15.3 10.2 13.1 13.9 14.1
SD 2.9 3.4 3.2 2.5 3.2 4.2 3.2 0.8
Median 6.0 10.6 12.1 14.9 9.9 12.8 13.8 14.0
IQR 6.0 5.9 6.1 4.1 6.3 8.0 6.2 1.4
# 289 289 289 289 288 289 289 289
Indoor Mean 18.6 27.1 20.8 21.3 20.3 21.5 22.8 21.9
SD 4.3 2.3 2.5 1.4 2.4 2.1 2.1 0.8
Median 16.8 28.0 20.1 20.7 19.5 21.0 22.2 21.6
IQR 2.6 1.0 3.2 2.6 2.5 1.9 1.8 1.4
# 287 287 287 244 287 288 283 288
Relative Humidity (%) Outdoor Mean 48 57 72 62 47 60 68 88
SD 11 11 12 6 11 17 11 4
Median 48 62 79 62 51 66 74 89
IQR 20 19 22 6 14 31 20 5
# 289 289 289 289 288 289 289 289
Indoor Mean 27 23 41 42 31 33 38 52
SD 4 3 4 2 4 5 3 2
Median 28 22 43 43 32 35 39 51
IQR 6 2 4 2 6 7 3 3
# 287 287 287 244 287 288 283 288
Pressure (Pa) Outdoor Mean 1021 1025 1032 1024 1033 1028 1022 999
SD 2 1 2 2 1 1 2 3
Median 1022 1025 1033 1024 1033 1028 1023 997
IQR 3 1 3 3 2 1 3 6
# 289 289 289 289 288 289 289 289
Delta Pressure (Pa) Indoor - Outdoor Mean 0.01 0.14 —0.61 —0.22 —0.02 0.07 0.15 —-1.27
SD 2.04 1.13 0.85 0.54 1.37 1.07 1.37 0.88
Median —0.58 —0.14 —-0.56 —-0.26 —0.46 —0.26 —0.26 -1.02
IQR 1.42 0.46 0.50 0.39 1.05 0.70 0.75 1.09
# 287 287 287 287 287 288 288 288
Wind Speed (m sH Outdoor Mean 2.7 1.6 1.6 1.0 1.9 1.3 1.3 2.5
SD 1.5 1.1 1.2 0.6 1.0 1.1 1.1 1.5
Median 2.6 1.4 1.1 0.9 1.6 0.9 0.9 2.3
IQR 2.4 0.9 1.7 0.7 1.2 1.3 1.2 2.6
# 289 289 289 289 287 289 289 289

3.3. Expression analysis

To correlate gene expression data with indoor air pollution, we
performed ALI exposure of BEAS-2B from 8 March to 30 March (2022) at
the same location as the aerosol measurements.

During the eight exposures, cell viability showed no significant dif-
ferences among the exposed (chambers 1, 3, and 5) and control cells
(chambers 2, 4, and 6), as determined by LDH release in the apical and
basolateral media as a marker for cell membrane damage (Fig. S3). The
expression levels of 13 genes involved in oxidative stress, metabolism,
and inflammation (Table S1) were evaluated in exposed and control
cells. The analysis was based on significant changes (p < 0.05) that were
at least 2-fold up- or downregulated compared with the controls. Using
these criteria, we found that, on Exp-3 (Table 1), the IL-18 gene was
significantly downregulated (fold change = 0.36, p = 0.049) in the
exposed cells compared with the control (Fig. 3).

Moreover, in Exp-8 (Table 1), by comparing the exposed and control
cells, we observed a significant up-regulation of the following three
genes: AhR with a fold change of 2.37 (p = 0.047), CYP1A1 with a fold
change of 3.67 (p = 0.028), and CYP1B1 with a fold change of 3.78 (p =
0.038) (Fig. 3).

3.4. DNA methylation analysis

DNA methylation analysis focused on four genes that showed sig-
nificant dysregulation in the exposed cells compared with the control
cells: IL-18 (Exp-3), AhR, CYP1A1, and CYP1B1 (Exp-8).

Using pyrosequencing analysis, we found different methylation
levels of five CpG sites analysed in the promoter region of the IL-18 gene:
CpG1 showed an average methylation level of 18-20%, CpG2, CpG4,

and CpG5 displayed an average methylation level of 40-60%, and CpG3
showed a methylation level of 85-90% without differences between
exposed and control cells (Fig. 4a).

The promoter region of the AhR gene displayed an average methyl-
ation level of 3-7% in both control and exposed cells for the eight CpG
sites analysed (Fig. 4b).

For CYP1A1, we analysed 13 CpG sites in the promoter region and
found average methylation levels of 4-6% for CpG2, CpG3, CpG4, CpG®6,
CpG7, CpG10, CpGll, and CpGl3. CpGl, CpG5, CpG8, CpG9, and
CpG12 showed average methylation levels of 10-20% in both control
and exposed cells (Fig. 4c). Finally, six CpG sites within the CYP1B1
promoter region displayed hypomethylation (2-8%), with no significant
differences between control and exposed cells (Fig. 4d).

3.5. Concentration—-response curves for PMy ; and gene expression
patterns

Fig. 5 shows the concentration-response curves for PMy; and the
gene expression patterns. The figure displays (as the colour of the data
points) the condensation sink (CS) of the accumulation-mode particles
(dp > 100 nm, CS > 10p) and the BC-to-OA ratio (size of the data point).
Fig. S4 shows the same plot, except with PM; on the x-axis, indicating
the mass concentration of PMy 5. CS - 199 is directly correlated with the
PM; mass concentration; accumulation-mode particles mostly contrib-
uted to mass.

A low CS > 100 value is an indication of atmospheric conditions
when condensable compounds (including ROS) do not sink rapidly onto
pre-existing accumulation-mode particles and may be scavenged by or
form nanoparticles (Costabile et al., 2023).

A high BC-to-OA ratio indicates fresh combustion aerosols (Saleh
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Table 3
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Descriptive statistics of aerosol parameters measured indoors and outdoors during the exposure periods (time resolution of data 7-10 min). PM;: mass concentration of
particulate matter with aerodynamic diameter <1 pm; Ny total particle number concentration; BC: Black Carbon mass concentration; OA: organic aerosol mass
concentration; HOA: hydrocarbon-like organic aerosol mass concentration; BBOA: biomass burning organic aerosol mass concentration; PAH: polyaromatic hydro-

carbon mass concentration.

Aerosol Measurements Statistic Exposure
EXP-1 EXP-2 EXP-3 EXP-4 EXP-5 EXP-6 EXP-7 EXP-8
PM; Indoor Mean 4 10 12 11 9 14 8 7
(ng m™3) SD 1 6 6 3 2 5 3 2
Median 4 11 13 10 9 13 9 6
IQR 1 8 11 3 4 10 6 3
# 44 40 36 72 71 72 72 72
Outdoor Mean 16 14 11 18 10 8
SD 9 6 4 8 5 3
Median 19 12 10 18 10 7
IQR 18 4 5 15 9 4
# 37 73 72 73 73 72
Niot Indoor Mean 3908 7736 7514 7159 6069 6972 6281 5175
(em™3) SD 1088 2581 2572 1676 1220 2079 1714 1567
Median 3506 8109 8635 6925 5949 7003 6544 5594
IQR 1477 2409 4781 2719 1647 3509 2743 2333
# 44 40 36 72 71 72 72 72
Outdoor Mean 8881 9600 8299 9567 8782 6478
SD 4124 4607 3253 4179 4051 3692
Median 9129 8727 7833 9417 8226 5637
IQR 8250 5911 4262 7035 4579 5689
# 37 73 72 73 73 72
BC Indoor Mean 449.3 1593.0 1770.9 1758.4 1164.4 1963.7 1338.6 964.5
(ng m™>) SD 158.3 1025.0 961.5 739.2 520.0 1092.1 696.1 463.5
Median 433.0 1736.0 2083.0 1535.5 1196.0 1888.0 1498.0 904.5
IQR 213.0 1746.5 1676.5 971.3 848.0 1876.8 1235.0 670.5
# 503 475 503 574 501 558 560 534
Outdoor Mean 1907.7 1682.8 1100.1 2052.2 1377.7 1365.0
SD 1175.2 1009.9 639.7 1209.0 819.9 759.7
Median 2098.0 1350.5 1015.5 1920.0 1392.5 1211.0
IQR 1983.3 971.0 927.8 1815.8 1366.3 895.5
# 480 558 512 560 558 574
OA Indoor Mean 2.31 4.04 5.77 5.87 4.70 7.19 3.46 2.34
(ug m~3) SD 0.48 2.17 1.78 1.37 0.90 1.87 0.93 0.93
Median 2.21 3.86 6.11 6.04 4.48 6.57 3.67 2.20
IQR 0.46 4.09 3.08 1.81 1.17 3.55 1.59 0.88
# 84 177 103 72 71 71 71 72
Outdoor Mean 7.61 6.86 5.71 9.29 4.39 2.30
SD 4.18 2.73 2.11 3.78 1.93 0.78
Median 8.09 6.01 5.11 9.57 4.78 2.12
IQR 6.82 3.29 1.86 6.11 3.29 1.10
# 103 72 73 72 71 72
HOA Indoor Mean 0.26 0.74 0.52 0.54 0.30 0.56 0.41 0.48
(ug m~3) SD 0.23 0.76 0.33 0.42 0.15 0.41 0.29 0.46
Median 0.17 0.45 0.53 0.36 0.30 0.46 0.41 0.34
IQR 0.18 0.83 0.40 0.51 0.22 0.71 0.42 0.24
# 79 177 95 67 71 70 71 72
BBOA Indoor Mean 0.04 0.14 1.20 0.66 0.37 1.05 0.50 0.20
(ug m™3) SD 0.04 0.14 1.07 0.41 0.39 0.91 0.42 0.32
Median 0.03 0.08 0.96 0.56 0.17 0.67 0.38 0.09
IQR 0.04 0.20 2.02 0.40 0.56 1.58 0.76 0.15
# 29 114 99 70 63 67 56 57
PAH Indoor Mean 0.01 0.02 0.02 0.02 0.01 0.02 0.01 0.01
(pg m™3) SD 0.00 0.01 0.02 0.01 0.01 0.02 0.01 0.01
Median 0.00 0.01 0.02 0.01 0.01 0.02 0.01 0.00
IQR 0.00 0.02 0.02 0.01 0.01 0.02 0.01 0.00
# 82 177 103 72 71 71 71 72

et al., 2014), with lower values for aged aerosols.

Fig. 5 and S4 show that the data points of aged aerosols (low BC-to-
OA ratio) were on the right side of the plot (higher PMy 1, PM;, and
PMS, 5 mass concentrations) and associated with larger CS - 109. Among
these data points with higher mass concentrations, we did not observe
any statistically significant gene expression, except for Exp-3, where we
observed downregulation of the IL-18 gene. Data points with lower CS -
100 and higher BC-to-OA ratios were on the left side of the plots and
identified exposure to fresh combustion aerosols. Among these, on Exp-8
we observed high expression patterns of several genes, including AhR,
CYP1A1, and CYPI1BI.

Exp-8 was the only day with low-pressure weather conditions and
rainfall (Fig. 2, Table 2) at the beginning of the 24-h exposure period.
Rainfall decreased the PM; mass concentration and CS . 199. Strong
southerly winds persisted during rush hour at the end of the exposure
period (Fig. 2). Fig. 2g shows that, at the end of Exp-8, with open doors,
strong southerly winds caused a large penetration of fresh urban aerosol
particles (particularly from a southern traffic road) indoors during rush
hours. This was indicated by the high I/0 ratios for UFPs and the PAH
peak (Fig. 52).

We also observed a concurrent low CS > 100, due to the outdoor rain
scavenging.
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Fig. 3. Heat map representation of fold changes. Upregulation and down-
regulation of gene expression levels are indicated in blue and white boxes
respectively. Student’s t-test of control vs. exposed cells * (p < 0.05) and ** (p
< 0.02). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 5 and S4 show no statistically significant correlation between the
PMj; and fine PM mass concentrations, and the biological responses.

4. Discussion
In this study, we exposed BEAS-2B cells under ALI conditions indoors

to urban aerosols within a university classroom in downtown Rome
(Fig. 1) in the spring of 2022. We characterised fine aerosol
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physicochemical properties using state-of-the-art equipment and
assessed biological responses through the expression and methylation
profiles of 13 genes involved in various biological pathways (Table S1).
The aim was to explore the concentration-response relationships for fine
PM in an urban background indoor environment.

During Exp-8 (Table 1), we observed significant upregulation of AhR,
CYP1A1, and CYPIBI genes (Fig. 3). We identified a statistically sig-
nificant association between the deregulation of these genes and fresh
combustion-generated aerosols at low PM; levels (Fig. 5). Exp-8 was
characterised by the indoor penetration of traffic-related nanoparticles
(down to 8 nm, Fig. 2g) with higher PAH content and BC-to-OA ratios
and low PM; concentrations (Figs. 2 and 5) during traffic rush hours.

The observed biological response to this fresh indoor urban aerosol is
consistent with our recent findings (Costabile et al., 2023). Consistent
with the present observations, the previous biological response occurred
on winter weekdays, when traffic rush hours followed low-pressure
weather conditions. Rainfall and strong winds caused (both outdoor
and indoor) decreases in accumulation-mode particles and thus PM;
mass concentration, resulting in a low condensation sink of particles
with a dp > 0.1 pm (or 100 nm, CS . 190, Fig. 5 and S4). At low CS . 190,
toxic molecules (such as the PAH observed in Fig. 2) could be enriched in
nanoparticles rather than in accumulation-mode particles.

This may elicit a more potent toxicological response in agreement
with a Trojan-horse mechanism for nanoparticles acting as carriers for
toxics (Costabile et al., 2023; Gualtieri et al., 2018).

Notably, on Exp-8 we observed low deposition doses in terms of
particle mass and number. These results indicate that the “classical”
metrics used for human health protection are not predictive of possible
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Fig. 4. Methylation analysis of IL-18, AhR, CYPIA1 and CYP1BI1 loci by pyrosequencing. Up panels showed CpG islands (blue region) identified by the MethPrimer
program (Li and Dahiya, 2002). a) IL-18 promoter region with vertical red bars that indicated the position of CpG sites numbered from 1 to 5. The PCR primers used
in this study are indicated as arrows. Lower panel: Histogram of the average methylation percentage in control (black) and exposed cells (white). b, ¢ and d) AhR,
CYP1A1 and CYP1B1 promoter regions respectively. Vertical red bars indicated the position of CpG sites numbered from 1 to 8 for AhR, from 1 to 13 for CYP1A1 and
from 1 to 6 for CYP1B1. The PCR primers used in this study are indicated as arrows. Lower panel: Histogram of the average methylation percentage in control (black)
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Fig. 5. Concentration-response curves for PMg; and gene expression patterns.
Datapoints are colored by the condensation sink calculated for particles larger
than 100 nm and sized by the black carbon to organic aerosol (BC-to-OA) ratio.
Statistics: medians and St.dev. Linear regression curves with Confidence In-
tervals are shown.

epigenetic alterations.

Gene expression changes at low exposure doses have been previously
reported. Here, we demonstrated that lung epithelial cells, when singly
exposed to real environmental concentrations of fine PM that translate
into ultra-low doses of treatment, may undergo epigenetic alterations in
the expression of genes related to xenobiotic metabolism.

AhR is a cytosolic receptor that is activated by binding to certain
environmental chemicals, such as PAH and persistent organic pollutants
(POPs) (Vogel et al., 2019; Weng et al., 2018). After AhR binds to its
ligands and translocates to the nucleus, it binds to specific DNA regu-
latory sequences, such as xenobiotic-responsive elements (XREs) (also
known as dioxin-responsive elements) (Vogel et al.,, 2019). This de-
termines the expression of phase I enzymes, such as CYP1A1, CYP1A2,
and CYPI1B1, and phase II enzymes, such as NQOI, Glutathione
S-Transferase Alpha 2 (GST-A2), UDP Glucuronosyltransferase Family 1
Member A1 (UGT1A1), and UDP Glucuronosyltransferase Family 1 Member
A6 (UGT1-A6) (Nebert, 2017; Rothhammer and Quintana, 2019; Vogel
etal., 2019). The upregulation of CYP1A1 and CYP1BI is consistent with
AhR’s role in the activation of phase I xenobiotic-metabolising enzymes,
which are essential for metabolising and activating xenobiotics. In
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addition, the upregulation of AhR, CYP1A1, and CYP1B1 was not due to
changes in DNA methylation of their promoter regions (Fig. 2b-d). This
agrees with Miura et al. (2021), who found, in fNF-exposed HepG2 cells,
a preferential binding of activated AhR to unmethylated XRE sequences
located in the transcriptional regulatory regions of CYPIAI and
CYPIBI. It is likely that the regulation of these genes involves additional
epigenetic mechanisms, including histone acetylation, hydrox-
ymethylation, microRNAs, and long non-coding RNA, as well as expo-
sure to environmental chemicals.

In contrast, we observed significant downregulation of the IL-18 gene
on Exp-3 (Fig. 3). IL-18 is a product of inflammasome activation and
plays a critical role in the inflammatory response by promoting the
activation of immune cells and other proinflammatory molecules (Pin-
kerton et al., 2017). This cytokine is activated in response to various
stimuli, including pathogens (such as bacteria and viruses), environ-
mental factors, and host-derived danger signals. No changes in DNA
methylation were observed in the IL-18 promoter region (Fig. 4a).

Fig. 2g shows an increase in the I/O ratios for nucleation-mode
particles at the beginning of Exp-3 (at approximately 14:00), but this
was not associated with any increase in organic compounds, as was the
case on Exp-8 (i.e. during rush hour, Fig. 2). In addition, at the end of
Exp-3 (at approximately 12:00), an increase in the I/O for accumulation-
mode particles occurred. However, the PAH concentration was high but
not higher than that during other exposure periods (e.g., Exp-6). Inter-
estingly, Exp-3 was associated with the highest number of students in
classrooms during the COVID-19 period. We speculate that the observed
inflammatory response may be related to the exposure to pathogens
because of the relatively high number of individuals in the classroom.
On the other hand, Exp-3 was characterised by the highest BBOA con-
centration among the exposure days; a possible role of biomass burning
should also be considered, as already reported in the literature (Pardo
et al., 2020; Park et al., 2018).

Finally, we used BEAS-2B cells derived from normal bronchial
epithelium. These cells have inherent limitations, such as low differen-
tiation levels, low levels of tight junctions, and the absence of MUC5AC
expression, which plays a critical role in mucociliary clearance (Stewart,
2012). Despite these limitations, BEAS-2B cells are reliable for investi-
gating various biological aspects, such as cell structure, metabolism,
inflammation, and oxidative stress (Kinnula et al., 2012; McGovern
et al.,, 2010). Notably, several studies have employed BEAS-2B cells
under ALI conditions to simulate aerosol exposure in vitro, using Cultex
RFS or Vitrocell® exposure systems (Costabile et al., 2023; Gualtieri
et al., 2018; McGovern et al., 2010; Weber et al., 2013). However,
further studies are required to validate these findings. In particular, the
characterisation of other cell lines derived from different bronchial re-
gions, such as mucus- or surfactant-producing cells, macrophages, and
other immune cells, may help in exploring the possible combined effects
of different cell types that were not considered in this study.

5. Conclusions

We characterised the gene expression and DNA methylation patterns,
together with the physicochemical properties of fine and ultrafine
aerosols within a university classroom, in downtown Rome using a novel
methodology. The findings demonstrate the influence of outdoor aerosol
sources (primarily urban vehicular traffic) on indoor aerosol toxicity.
The findings also demonstrated how this influence was modulated in a
complex manner by weather conditions and indoor air processing. This
typically occurs in urban areas during traffic rush hours and low-
pressure weather events in winter. During traffic rush hour, fresh
vehicle emissions occur after rainfall and strong winds may decrease the
mass concentration of accumulation-mode particles (and thus their CS).
These conditions may favour an increase in traffic-related nanoparticles
associated with PAH at low indoor levels of fine PM. Under these con-
ditions, we observed the upregulation of AhR and genes related to
xenobiotic metabolism (CYP1A1 and CYP1BI1). Moreover, we observed
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downregulation of IL-18 during high student occupancy (possibly asso-
ciated with biomass-burning aerosols), with no changes in their DNA
methylation levels.

Our findings provide a perspective for future indoor air quality
regulations, with recommendations for indoor air quality metrics. These
metrics should consider how potentially toxic molecules in the air
mixture are distributed between fine and ultrafine particles.
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