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HIGHLIGHTS

e Oxidative responses are induced by
freshly emitted combustion particles.

o DNA damage responses are associated to
organic aerosol species.

e To be protective for health mass or
number metrics must be associated with
composition/aging information.

o The black carbon to organic carbon ratio
is a good proxy for composition/aging
and relevant to understanding PM
toxicology.

o Effects reported as dose-response curves
may differ from concentration-response
ones.
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ABSTRACT

Air pollution and particulate matter (PM) are the leading environmental cause of death worldwide. Exposure
limits have lowered to increase the protection of human health; accordingly, it becomes increasingly important
to understand the toxicological mechanisms on cellular models at low airborne PM concentrations which are
relevant for actual human exposure. The use of air liquid interface (ALI) models, which mimic the interaction
between airborne pollutants and lung epithelia, is also gaining importance in inhalation toxicological studies.
This study reports the effects of ALI direct exposure of bronchial epithelial cells BEAS-2B to ambient PM; (i.e.
particles with aerodynamic diameter lower than 1 pm). Gene expression (HMOX, Cxcl-8, ATM, Gadd45-a and
NQO1), interleukin (IL)-8 release, and DNA damage (Comet assay) were evaluated after 24 h of exposure. We
report the dose-response curves of the selected toxicological outcomes, together with the concentration-response
association and we show that the two curves differ for specific responses highlighting that concentration-
response association may be not relevant for understanding toxicological outcomes. Noteworthy, we show
that pro-oxidant effects may be driven by the deposition of freshly emitted particles, regardless of the airborne
PM; mass concentration. Furthermore, we show that reference airborne PM; metrics, namely airborne mass
concentration, may not always reflect the toxicological process triggered by the aerosol.

These findings underscore the importance of considering different aerosol metrics to assess the toxicological
potency of fine and ultrafine particles. To better protect human health additional metrics should be defined, than
account for the properties of the entire aerosol mixture including specific as particle size (i.e. particles with
aerodynamic diameter lower than 20 nm), the relevant aerosol sources (e.g., traffic combustion, secondary
organic aerosol ...) as well as their atmospheric processing (freshly emitted vs aged ones).

1. Introduction

coarse particles in the order of few micrograms that translates in fraction
of nanograms per square centimetre of the lungs epithelial surface (Segal

Air pollution and airborne particulate matter (PM) are among the
first causes of non-communicable disease death in the world (Cohen
et al., 2017; Ostro et al., 2018; Bennitt et al., 2021). Despite the strong
epidemiological evidence linking air pollution and health outcomes,
such as cardiopulmonary diseases and lung cancer (Raaschou-Nielsen
et al., 2013; Renzi et al., 2017; HEI Panel on the Health, 2022; Chen
et al., 2023; Manisalidis et al., 2020), recent findings show that airborne
PM, 5 can have significant health effects even at low and “safe” con-
centrations (Weichenthal et al., 2022). This raises critical questions
about the mode(s) of action of PM5 5 at low concentrations and which
specific particulate components trigger peculiar lung cells responses.

Toxicological studies have long identified oxidative stress and in-
flammatory responses as crucial drivers of the adverse biological effects
induced by airborne PM (Macnee, 2001; Campbell et al., 2021; Mgller
et al., 2014; Jia et al., 2021; Lee et al., 2014; Costa et al., 2020). How-
ever, most of the toxicological results available are based on PM expo-
sure concentrations orders of magnitude higher those typically
encountered in real life environment. In fact, modelling data starting
from outdoor PM concentrations report lung deposited mass of fine and

et al., 2002; Hofmann, 2011; Koullapis et al., 2018; Manigrasso et al.,
2020; Avino et al., 2016). Additionally, new approach methodologies
(NAMs) (Ramanarayanan et al., 2022; Escher et al., 2022; Schmeisser
etal., 2023) is providing additional strategies to better assess the hazard
and provide data for the risk assessment of PM by proper focusing on
human-specific responses and by analysing molecular mechanism and
kinetics.

In this perspective, recent advances in toxicological approaches
provide new opportunities to improve our knowledge aimed at the
evaluation of the hazard of particulates after inhalation. First, new
exposure systems allow now to mimic the actual exposure at the air to
membrane interface of lung epithelial cells (Buckley et al., 2024; Hak-
karainen et al., 2023; Bannuscher et al., 2022) mimicking the actual
human exposure. Second, novel in vitro models of the lung epithelium,
although not yet standardize and with some limitations, offer more
representative insight into lung epithelia (Selo et al., 2021; Xu et al.,
2020; Rothen-Rutishauser et al., 2023; Braakhuis et al., 2023). Finally,
the physical and chemical complexity of airborne PMjy 5 requires the
comprehension of how the different group of chemicals may affect lung
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cells. For example, PAHs are well known carcinogenic (Sarigiannis et al.,
2015) substances and they are found associated with PM particles in
different fractions. However, from a health perspective, identifying
high-impact PM sources may be more effective for risk management,
This, in fact, may help in prioritizing the efforts by reducing the emis-
sions of sources with higher impact on human health. Providing evi-
dence that specific air quality determinants have the potential to impact
human health may pave the way for a better global health (Gao, 2021).

To improve the health of the populations living in urban areas, it is
becoming more and more necessary to produce dose-response associa-
tions at low PM mass concentrations, Such curves, still missing, could
help explaining the epidemiological association between low PM mass
concentration of air pollution (Chen et al., 2023; Weichenthal et al.,
2022) and adverse human responses. Accordingly, it has been reported
the need of considering the composition of PM rather than the classical
mass concentration metric in future epidemiological studies
(Weichenthal et al., 2024).

It has been recently reported (Costabile et al., 2023) that exposure to
traffic-related nanoparticles at low concentrations of PM; may have a
major impact on an in vitro model of the lung epithelium. The experi-
mental approach of our study allowed the understanding of how
pro-oxidative aerosol properties vary according to particles aging and
condensation. We explored the potential effects of doses of exposure,
relevant for human exposure, on BEAS-2B cells, cultured and exposed at
the air liquid interface (ALI), considering different toxicological end-
points. We analysed the gene expression related to inflammation
(Cxcl-8), oxidative stress (Hmox-1 and NQO1) and DNA damage (ATM
and Gadd45-a), the release of the pro-inflammatory interleukin-8 (IL-8)
and the DNA damage via the Comet assay. The results were then
correlated with doses of exposure (in mass, number or surface area) of
total PM;, PMy; (or UFP, i.e., particles with aerodynamic diameter
lower than 100 nm) as well as selected size ranges previously associated
to different PM properties and sources (Costabile et al., 2023). The
size-related analysis provides valuable information about the potential
health risk for exposed populations. The study represents a significant
step in linking a new approach methodology, consisting in direct
exposure of a lung epithelial model to ambient PM;, to air pollution
hazard characterization and next generation risk assessment. Notably
we report here dose-response curves that can be useful to understanding
the impact of fine and ultrafine PM on human health also at low PM3 5
ambient concentrations commonly observed in urban areas of developed
countries.

2. Material and method
2.1. Cell culture and exposure

Detailed description of the exposure procedure is reported in Cos-
tabile et al. (2023) (Costabile et al., 2023). Briefly, human bronchial
epithelial cells BEAS-2B (#95102433, ECACC, Salisbury, UK) was
maintained in LHC-9 medium in a 95% humidified incubator at 37 °C
with 5% of CO,, split every three days. Mycoplasma absence was
routinely checked. 72 h before exposure BEAS-2B were seeded on
collagen coated inserts (12 wells multiplate Teflon transwell inserts with
0.4 pm pores, collagen coated Corning, NY, USA) at a density of 40 x
108 cells/insert and let to grow. The inserts were then transferred to the
site of exposure and 24 h before starting the first experiment, the me-
dium at the apical side of each transwell was removed to let the cells
differentiate at the air liquid interface. During each exposure six inserts
were transferred into the CULTEX® RFS Compact module and the basal
side of each chamber was filled with 4 mL of LHC-9 medium (Gibco, Life
Technologies, Monza, Italy). Cells were exposed in ALI to native atmo-
sphere (with a cutting cyclone to 1 pm of aerodynamic diameter) or to
filtered air at 5 mL/min for 24 h from 8 a.m. to 7:59 a.m. of the sub-
sequent day. Four different weeks of exposure were selected, three in
winter (25th — 31st of January, 1st — 7th and 15th — February 21, 2021
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and 28th of June — 4™ of July 2021). During each week of exposure four
independent experiments were performed (Table 1) and three additional
inserts were kept in the local incubator and considered as reference for
the biological response of cell cultured at ALI, but not exposed to
airborne pollutants. Exposure doses were calculated, considering the
aerodynamic diameter of particles, according to Aufderheide and col-
leagues (Aufderheide et al., 2013, 2017) by applying the physical laws
describing the random deposition for Brownian movements of particles
and the gravitational settling, of primary importance for particles with
diameter higher than 300 nm. Deposition doses, expressed as number, or
mass or surface area of deposited particles, were calculated primarily for
PM; and ultrafine particles (UFP). To specifically investigate the toxi-
cological role of specific size fractions, other than the PM; and UFP ones,
we grouped the exposure data using the following additional ranges: the
size range “8-20 nm” is considered for evaluating the impact of the
exposure to the tiniest ultrafine particles, the size range “20-100 nm” is
selected as representative of the remaining UFP fraction, the size range
“100-300” nm, i.e., the particles between 100 nm and 300 nm, that
represent the first part of the coagulation mode of the aerosol; the
“300-500” nm size range is selected as representative of the group of
particle with reduced deposition, driven mainly by gravimetric settling,
while “500-1000” nm is representative of all the remaining particles
with diameter bigger that 500 nm, which deposition determine mostly
the deposited mass.

2.2. Aerosol characterization

Aerosol physicochemical properties characterization is reported in
detail in Costabile et al. (2023). Briefly, state-of-the-art equipment,
namely the aerosol mass spectrometer (AMS), the aethalometer, the
scanning mobility particle sizer (SMPS), were used to characterise, with
time resolution of minutes, the physico and chemical properties of PM;
over the exposure periods. For details on the materials and methods and
main results on the chemical and physical aerosol properties please refer
to the above-mentioned article. For details on the organic aerosol (OA)
source apportionment refer to the open dataset available at https://doi.
org/10.5281/zenodo.11191226 (Paglione, M., and Rinaldi, M. 2024)
“Atmospheric aerosol chemical characterization and organic aerosol
source apportionment by HR-TOF-AMS in the Po Valley during RHAPS
(2021) [Data set]”. Zenodo. https://doi.org/10.5281/zenodo
.11191226). We focused here on PM; under dry conditions, but mea-
surements of PMj 5 are available and reported in Costabile et al. (2023).
In fact, PMy 5 and PM; measurements show ubiquitously tight correla-
tions (r2 > 0.7) although the PM;/PMj; 5 ratios can vary, from ~0.7 to
1.2, depending on chemical environments, water contents and instru-
ment uncertainties (Sun et al., 2020; Budisulistiorini et al., 2014). The
correlation between airborne particles physical properties (considering
number or mass of PM; or selected fractions of PM;) and their chemical
properties is already explored in Costabile et al. (2023) and here not
further discussed.

2.3. DNA damage

Just after the end of the exposure one random insert among the air
pollution exposed and one random insert among the filtered air exposed
were selected. Inserts were transferred in a sterile multiwell plate, and
cells were washed with 300 pL of sterile PBS. Cells were then detached
with 250 pL of sterile trypsin-EDTA solution 0.05% (at 37 °C for 5 min)
and removed by adding 300 pL of sterile LHC-9 medium. The cells were
collected into a sterile tube and 800 pL of freezing solution (45% FBS,
4% DMSO, 2.5% Penicillin-Streptomycin, 1.5% HEPES 1 M in LHC-9)
added before storing the cells at —20 °C.

Modified comet assay, with the use of endonuclease enzymes, i.e.
endonuclease III (ENDOIII), formamidopyrimidine [fapy]-DNA glyco-
sylase (FPG), and T4 endonuclease V (T4PDG), was performed according
to the protocol previously described (Nozza et al., 2020). For each
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Table 1
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Exposure doses to PM1 and ultrafine particles during the RHAPS campaigns. Total number (#/cm?) total mass (ug/cm?) and total surface area (um?/cm?) of particles
deposited per surface unit (square cm) of the cultured cells were calculated (n = 240 from 6 min SMPS data) for each exposure day and considering total PM1 and UFP
(diameter <100 nm) only. The columns UFP/PM1 reports the relative contribution of UFP to the PM1 for each exposure metric (number, mass, or surface area).

Date Campaign Exposure Number (#/cm?) Mass (jg/cm?) Surface area (um?/cm?)
PM; UFP (<100 nm) UFP/PM; PM; UFP (<100 nm) UFP/PM; PM; UFP (<100 nm) UFP/PM;

26 Jan W1 RH1 14712990 14561249 0,990 0,0033 0,0008 0,2288 72,47 43,48 0,60
27 Jan W1 RH2 13813361 13341096 0,966 0,0090 0,0014 0,1541 152,63 61,36 0,40
28 Jan W1 RH3 15273543 14694069 0,962 0,0120 0,0015 0,1264 190,56 68,48 0,36
29 Jan W1 RH4 9745946 8931678 0,916 0,0216 0,0012 0,0546 270,15 48,36 0,18
2 Feb W2 RH5 11052590 10490436 0,949 0,0225 0,0011 0,0482 230,86 46,86 0,20
3 Feb W2 RH6 5633033 5234850 0,929 0,0299 0,0006 0,0204 225,94 25,15 0,11
4 Feb W2 RH7 10680666 10191871 0,954 0,0172 0,0008 0,0486 185,19 37,90 0,20
5 Feb W2 RH8 8842124 8417935 0,952 0,0281 0,0007 0,0252 224,64 31,94 0,14
16 Feb W3 RH9 11259587 10788479 0,958 0,0107 0,0010 0,0972 157,69 48,28 0,31
17 Feb W3 RH10 9314540 8533563 0,916 0,0273 0,0010 0,0380 295,68 43,32 0,15
18 Feb W3 RH11 9541767 8774992 0,920 0,0345 0,0011 0,0305 330,47 44,88 0,14
19 Feb W3 RH12 8142356 7504430 0,922 0,0276 0,0010 0,0344 270,41 39,61 0,15
29 Jun S1 RH13 5645683 5582343 0,989 0,0020 0,0005 0,2349 38,81 24,30 0,63
30 Jun S1 RH14 10432955 10280539 0,985 0,0034 0,0008 0,2347 69,50 40,23 0,58
1 Jul S1 RH15 10484605 10236500 0,976 0,0045 0,0010 0,2254 90,91 47,36 0,52
2 Jul S1 RH16 6527222 6276158 0,962 0,0044 0,0008 0,1761 82,69 35,97 0,44

sample, 100 cells were analysed to quantify the tail moment with TriTek
CometScore Freeware (Sumerduck, USA).

2.4. mRNA expression

Detailed description of the procedure followed to extract the mRNA
from exposure and control samples are reported in (Aufderheide et al.,
2017). Briefly, two inserts, one control and one exposed, were selected
and cells were lysed with 300 pL of TriFast (EuroClone, Pero, Italy).
Lysates were collected in sterile tubes and directly stored at —80 °C. The
RNA was extracted via Direct-zol™ RNA MiniPrep Kit following the
manufacturers’ instructions (Zymo Research, Irvine, California). RNA
amount and purity were evaluated by spectrophotometer (NanoVue
Plus, Biochrom™, Cambridge, UK) calculating the 260/230 and
260/280 absorbance ratios. 300 ng of total RNA were retro-transcribed
with random primers (Promega, Milano, Italy) and M-MLV Reverse
Transcriptase Kit (Promega, Milano, Italy) into total cDNA, according to
manufactures’ indications. Analysis of the genes expression was carried
out with 2 pL of ¢cDNA using Luna® Universal qPCR Master Mix (New
England BioLabs, Ipswich, USA), according to the primers listed in
Table 1, and analysed on a CFX Connect Real-Time PCR Detection Sys-
tem (BIO-RAD, Hercules, USA). All reactions were run in triplicate and
the relative abundance of the specific mRNA levels was calculated by
normalising to GAPDH expression using the 224 method (Livak and
Schmittgen, 2001). The complete list of genes and primer sequences is
reported in Supplementary Table 2. All the sequences, which were ob-
tained using Primer designing tool - NCBI e NIH and purchased by
Metabion (Planegg, Germany). This restricted number of genes was
selected considering the relevant biological pathways activated in in
vitro and in vivo models exposed to PM.

2.5. Interleukin release

The release of IL-8 was analysed in the basal media of each exposed
insert. At the end of the daily exposure medium from each well was
collected and transferred to a sterile tube and immediately frozen at
—20 °C. Human IL-8 ELISA Kit (ImmunoTools, Friesoythe, Germany)
was used to quantify in duplicate the pg/mL of IL-8 released in the
medium beneath the cells for each treated and control samples after 24 h
of exposure to air pollutants.

2.7. Statistical analysis

Data are expressed as mean of medians + SEM for the modified

comet assay (n = 100 cells from each different technical replicate), and
as mean + SEM for the other experiments (n > 3 from least three
technical replicates). Statistical analysis was performed using GraphPad
Prism 8.0.2 Software (GraphPad Software, San Diego, USA). Statistical
differences were calculated using t-test considering the respective con-
trol for each exposed sample. Boxplot, correlation analyses and related
statistical analyses (ANOVA with Tukey post-hoc) were performed with
R (R Development Core Team, 2010). Finally, the R statistical envi-
ronment was run to obtain dose-response curves for selected genes and
relevant deposited doses parameters.

3. Results
3.1. Doses of exposure

Table 1 summarizes the exposure doses of PM; during each experi-
ment, presented in terms of mass, number, and surface area, along with
the relative contribution of ultrafine particles (PMg 7).

During the winter campaigns, the average number of deposited PM;
particles is 1.06 + 0.28 x 10’ number/cm? significantly higher
compared to the summer campaigns, where the average was 8.27 +
2.21 x 10° number particles/cm?. Similarly, for ultrafine particles, the
average deposited number of particles was slightly higher in winter
(1.01 + 0.29 x 107 number particles/cmz) compared to summer (8.09
+ 2.18 x 10° particles/cm?). Notably, the average PM; mass dose was
significantly higher in winter (2.03 + 0.99 x 1072 pg/cm?) than in
summer (3.30 + 0.80 x 1073 pg/cmz). Significant differences in the
average deposited surface area were also observed between winter and
summer campaigns (Table 1 and Supplementary Fig. 1). Specifically, the
second and third winter campaigns (W2 and W3) were characterized, on
average, by the highest deposited mass, while the first winter campaign
(W1) showed the highest number of deposited particles. In contrast
summer exposure (S1) recorded the lowest deposited mass but a median
deposited number of particles comparable to W2 and W3.

3.2. Biological responses

Considering the four different campaigns of exposure as homogenous
groups (W1, W2, W3, and S1 (Supplementary Fig. 1, average chemical
properties), we observed that the release of IL-8 and the expression Cxcl-
8 were significantly lower during summer exposures compared to winter
exposures (Supplementary Fig. 2).

On the contrary, the daily expression of the selected genes showed
significant differences (fold increase higher than 2 or lower than 0.5)
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between treated and control cells during both winter and summer ex-
posures (Fig. 1). Notably, all the genes analysed showed a different
modulation across the different days of exposure. Oxidative stress-
related genes (HMOX and NQO1) showed greater upregulation mostly
during winter exposures. The Cxcl-8 gene, representative of the cell
inflammatory responses, showed minor increases in winter but was
rather downregulated in (compared to controls). DNA damage-related
genes ATM and Gadd45a were upregulated in both seasons, with ATM
showing the highest upregulation during winter exposure (February 4th
relative fold increase equal to 3.8) and Gadd45a reaching the highest
upregulation during summer (July 2nd relative fold increase equal to
6.9). IL-8 levels in the medium of exposed cells were modulated in
winter (Fig. 1 and Supplementary Figs. 2 and 3), while summer PM;
exposures determined an overall reduction of IL-8. Finally, DNA dam-
age, assessed by comet assay, showed, in general, a greater impact of
summer exposure compared to winter, though with some differences
(Fig. 1 and supplementary Figure 2, 3 and 4). Specifically, the Com-
et FPG had a different pattern than the other endpoints, showing
increased damage during late winter exposures, in February, while the
other assays showed higher effects in summer although increases were
observed also during late winter experiments (for Comet T4PDG and
Comet_ENDO_III).

Chemosphere 366 (2024) 143417
3.3. Associations between gene expression and dose of exposure variables

We first considered the associations between the doses of exposure to
PM; or to PMp; (commonly referred to as ultrafine particles of UFP)
(Fig. 2A). Exposure doses are reported in terms of mass, number, or
surface areas of deposited PM; (m_PM1, N_PM1, sa_PM1) and the mass,
number, or surface area of deposited UFP (m_UFP, N_UFP and sa_UFP).
The correlation coefficient (R%) between exposure variable and genes
expression showed a similar pattern, with positive association with the
dose expressed as total N_.PM1. The dose in term of deposited mass,
m_PM1, also exhibited a positive correlation with the inflammatory
markers Cxcl-8 and IL8. A similar trend was observed considering the
surface area as the exposure metric (sa_PM1 and sa_UFP). Specifically,
oxidative gene HMOX showed a significant (p < 0.05) positive correla-
tion with the deposited N_UFP and N_PM1 (R? equal to 0.27, with p-
value of 0.04 and 0.037 for PM and UFP respectively). The release of IL-8
correlated positive with all exposure dose variables, showing significant
correlation with the deposited PM; mass (R? equal to 0.27, p-value
0.039) and partial correlation with sa_PM; (R? equal to 0.22 and p-value
= 0.069).

We then compared the dose-response (D-R) curves with the respec-
tive concentration-response (C-R) curves (Fig. 3 and Supplementary Fig.
5). Noteworthy, basing on mass and surface area metrics, the D-R and
C-R curves are comparable, exhibiting similar trends in the
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Fig. 1. Daily variation (n > 3) in gene expression and DNA damage outcomes during the different exposure experiments. The normalised control level (red straight
line) and the reference values 2 folds and 0.5 folds variation (light blue straight line) are reported. Days 1-12 are the winter exposures while days from 13 to 16
correspond to summer exposures. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Pearson (R2) and Spearman (p2) correlation matrix of modulated genes (A) and DNA damage endpoints (B) and exposure doses expressed as deposited
number, deposited mass, or deposited surface area of the total PM1 and UFP particles (n = 16). Reddish background stands for a positive association while bluish
background for negative ones. The significance of the association is reported as p value in each box. The diagonal plots report the data interpolated distribution of

the data.

interpolating curves, for the number of particles the curves may differ
substantially. This is particularly evident for the oxidative and inflam-
matory genes, HMOX, NQO1 and Cxcl-8, and to some extent for the DNA
damage-related gene ATM (Supplementary Fig. 5D). For these biological
endpoints the D-R curves were almost linearly related to the exposure
dose, whereas ambient concentrations (C-R curves) showed an inverted
U-shape. RegardingIL8 protein release, the PM; mass-based D-R and C-R
curves showed different relationships. The D-R curve indicated a smooth
but continuous increase in IL8 release whereas the C-R curve once again
suggested an inverted U-shaped relationship (Fig. 3).

Beside exposure doses, overall airborne PM; main chemical proper-
ties (mass fraction of black carbon BC - f BC, mass fraction of sulphates —

f SO4; of nitrate — f NO2; of ammonia — f NH4 and mass fraction of
organic carbon — f OA, as obtained from the data of the AMS measure-
ments as reported in (Costabile et al., 2023)) were correlated to the
biological outcomes and results are reported in Supplementary Fig. 6.

3.4. Association between comet assay and dose of exposure variables

We also screened for the correlations between the Comet assay re-
sults and the exposure parameters described in previous paragraphs.
Non-significant correlations were observed among most Comet assay
endpoints (Comet, Comet_ENDOIII and Comet_T4PDG) and the PM; and
UFP dose of exposure. Interestingly, Comet with FPG showed a unique



M. Gualtieri et al.

Chemosphere 366 (2024) 143417

B Comet Cotnet_ENDO_Il - Comet_FPG Comet_T4PDG Dmeds M_100nm M_Pht1 m_100nim m_Ph1 s&_100nm =8_PM1
0.4-
0i- Ai=015 - 058 AI=007 A2=009 fi=0p0s2  R=0016 A7=046 g0 RP=00m O
0z2- p’=00073 | pt=064 p = 00046 p =0073 pl=00066  p =002 p’=003 p’=00m2 pl= 000058 3
0.1- p=017 p=0006 =036 p=03 p=074 p=087 p=016 p=086 p=055 &
oo- |
o} =
:_ : R22= 0.059 R2=024 R: =0.0016 R: =0.0018 R: =0015 Rzz =4.3e-05 Rj =00072 R: = 5 8e-06 R: =0oos3 &
2] pi= 000058  p =027 p°=00053  p =000082  p°=0.0081 p’ = 0.0021 pl=000024  p®=0023 p’= 000039 0
] p=04 p=0078 p=083 p=088 p=067 p=098 p=077 p=083 p=079 =
; * o
T g
2 R2=0.014 R=019 /=011 A2=0028 RI=0.11 AZ=026 A2=0062 A2=03 5
1-?“\ pP= 003 pi=02 p?= 0,047 p?= 0,083 pl=0.14 pf=02 p?=013 pf=028  *
g p=083 p=012 p=025 p=057 p=026 p=0052 p=039 p=0043 o
0 @
#1 - [l L 2 2 2 2 E]
o e . R =00047  Rr=d4de-08 R =00015 R =00014 o
———— pi=0013 pi= 000058  p°=48e-05  po=0.00039 L,
1 . - e p=08 p=089 p=09 p=09 =
[ ] . ] [ ] g
125
oy »
mn-K‘ Pt - s /\_/\ A?-0De8  R7=0058 g
75 - —_— *, —_— o2 =003'17-' 3 o? =004?91 2
| . a . . » p=0 p=0. @
50 ee e . F) ' - - Ly L] .
[ . . = o . ,-_./\ =
LEEE L 3 > sl * S RO=0074  Ri=D12 =
097 | o " — e [T || e, = p°= 0.08 o0z =
0951 . ¥ -t - . p=035 p=022 g
) L ' & . -
2007 { @ ¥ - . ¢ . v - ¥ L
152407 { . = il L n| RI=04 =
i 1 ﬁ o w_!__.__ _...-‘-:"'.'—F e » -u..______v .‘_____,..-o-d =0.34 =
102407 1 4 e =) [ 0 . p-nois =
LR ('Y . . ® " . s "
Te-04 W w w w w w LJ
fe-04 1 . I3
iEZLl,__. 1 "_;.'-r""" e SPis | SN e %x:,_\-‘ ‘_o/"/ p’=047 g
- - - - =
ge-g:'.. " T o = : * & «* ? L & % . " Al L T Eat g
el
00075 { g *. ;-.. o 2o, o P-4 A ,_\/\ - =
0.0050 o - - -~ . .y W0, " 2
(Y A o . Ot T ’_".__p.-—"'. p:oogms p:clun'%?'ri =
0.0000 bee® @ 2 e . . . et 0 s s P L =
-0.0025
s w L] w L] L] L] L] L] o
401 R2=002 2
L3 SCRERG f SORS | IS B SR | SCRRR L | N L ))R/ L P=00s 2
- | =]
204 . L . - . » * . -~ . — (el 3
LI} - PR ) - . - » al ® ™ -
150 Tg7 ¥ . - 4 Cd ¥ o
. - . & o
mn--.--!.‘_.____ eopettn | o, ___,‘_.!.-l--—' sy \\'(‘. oo D * ::J_':,___...q '/"}:( :_-_;_,'_._._--' /‘/\'1
» I ‘ o .t : . . . o ® * " e i | .. L . okl T . 3 Tee® =
o1e . L] - L] - . - . . . 2 . .
= saafg‘;fgﬁa??agg;;g%gigzcgangagg
a5 & 24dgads S5 8 8
s & 24

Fig. 2. (continued).

correlation pattern with positive, significant association with the
deposited PM; surface area (R? = 0.3, p = 0.043) and, although not
significant with the deposited PM; mass (R2 =0.26, p =0.062) (Fig. 2B).
Other deposition metrics did not show statistically significant results,
although particles bigger than 100 nm had higher correlations than
UFPs. Further, we explored the association between the DNA damage
outcomes and the key chemical parameters characterized for ambient
aerosol (Supplementary Fig. 7). According to the biological process
behind DNA damaging effects of air pollution, significant positive cor-
relations were reported between Comet (R2 = 0.56 and p = 0.0021)
Comet_ENDO_III (R*> = 0.26 and p = 0.061) and Comet T4PDG (R* =
0.29 and p = 0.048) and the chemical enrichment of PM; in organic
aerosol (f OA from AMS). Interestingly, among the different organic
fractions, a significant positive correlation was reported between Comet
(R? = 0.52 and p = 0.0035) Comet_ ENDO_III (R? = 0.29 and p = 0.049)
and Comet_T4PDG (R? = 0.34 and p = 0.028) and the chemical
enrichment of oxidized organic aerosol species (f OOA from AMS).
Comet_FPG showed a specific pattern of correlation with positive asso-
ciation, although not statistically relevant, with enrichment of NOg
(£ NO3, R? = 0.27 and p = 0.056).

3.5. Association between biological outcomes and size fractioned doses of
exposure

Given the positive association of analysed genes with the number or

the mass of UFP and PM;, we further analysed correlations with addi-
tional size ranges (namely, 8-20 nm, 20-100 nm, 100-300 nm,
300-500 nm, and 500-1000 nm), representing a proxy parameter of the
prevalence of the tiniest particles versus bigger ones (Supplementary
Fig. 8). The correlations obtained using this new set of parameters are
reported hereafter (see also Supplementary Fig. 8 for genes expression
and ILS8 release).

Among the different correlations, HMOX expression showed a sig-
nificant positive association with the number, mass and surface area of
UFP lower than 20 nm (R? = 0.32 and p = 0.022, R> = 0.31 and p =
0.024 and R? = 0.32 and p = 0.023, for number, mass and surface area
respectively).

Positive correlations were also observed between the number of
UFPs, between 20 and 100 nm, and Gadd45« expression (R? =0.24 and
p = 0.054), as well as UFPs lower than 20 nm and both Cxcl-8 and NQO1
expression (R?> = 0.19 and p = 0.093 and R? = 0.22 and p = 0.068,
respectively). Finally, the release of IL-8 was significantly associated
with the number (R% = 0.3, p = 0.028) mass ®R%= 0.31, p = 0.024) and
surface area (R® = 0.31, p = 0.025) of particles between 500 and 1000
nm.
Analysing in detail the HMOX associations with finest UFPs and,
considering the source-related associations reported in Costabile et al.
(2023), it appears relevant the role of deposited primary fresh aerosol
for both the number and the mass doses of deposited ultrafine particles
(Fig. 4A and B). We found that higher HMOX gene expression occurs
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Fig. 4. Dose-response curves (linear fitting curve, n = 16) of HMOX vs number (A) or mass (B) of deposited UFPs between 8 and 20 nm. The curves, statistically
significant underline the relevance of the tiniest particles of the UFP in driving the activation of the antioxidant gene. The effects are higher in the presence of freshly
emitted particles (higher BC-to-OA, BC/OA, values) that have a higher pro-oxidant potential compared to the aged one (lower BC-to-OA, BC/OA, values).

with exposures characterized by a higher BC-to-OA ratio (representative
of fresh urban aerosol), while a reduced expression is shown in presence
of aged aerosol (low BC-to-OA) despite the nanoparticle exposure being
the same (Fig. 4A and B). Moreover, the dose of exposure expressed as
mass of deposited particles under 20 nm of diameter provided for a
stronger association with HMOX gene expression than the mass of UFP
or of PM; (Figs. 4B and 2A).

The release of IL-8 protein showed higher correlations with exposure
to dose expressed as deposited mass (R? = 0.31, p = 0.024), surface area
(R2 0.31, p = 0.025) and number (R2 0.30, p = 0.028) of particles

between 500 and 1000 nm. The dose-response curve obtained consid-
ering the deposited mass of 500-1000 nm particles (Fig. 5), also reports
the relative importance of the aged urban aerosol, possibly delivering a
more complex chemistry. This specific size is, in fact, enriched during
aging of fresh aerosol (Costabile et al., 2023) as also evidenced by the
positive association of this biological endpoint with inorganic secondary
ions (Supplementary Fig. 6).

Surprisingly, the Comet assay outcomes did not show specific asso-
ciation with the fractioned PM exposure doses (data not shown). How-
ever, Comet FPG showed a distinct association with the different
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significant p = 0.02, although with a R? = 0.315, underline the relevance of the
bigger particles in the size range we considered. The release of IL8, being mass
dependent, may be primarily influenced by aerosol enriched in organic species
also after aging processes (aging of particles and secondary aerosol formation as
suggested by the higher IL8 release associated with low BC to OA ratio).

exposure doses although none of the association was strong and signif-
icant except, partly, for the association with the number of particles in
the 500-1000 nm range (R? = 0.25 and p = 0.069).

All other results showed only a slight association with exposure
doses, highlighting the importance of the complex PM chemistry in
inducing DNA damage rather than specific PM size fractions. Examining
the association between Comet assay results and PM; enrichment in
organic aerosol (f OA, Fig. 6), it is evident that the airborne PM con-
centration alone is not predictive of potential effects.
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Fig. 6. Exposure-response curves of A) Comet assay (n = 14) results vs the
enrichment of PM1 in organic aerosol (OA). The Comet-OA curve, statistically
significant, and with a high R? = 0.559, underline the relevance of the chem-
istry determining atmospheric aerosol toxicological properties rather than the
airborne mass, number, or surface area exposure doses. Noteworthy, higher
DNA damaging effects were related to low PM; airborne concentrations.
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4. Limitation of the study

We acknowledge some limitations of the present study. First, the in
vitro model, although representative of a lung epithelial tissue is rela-
tively simplicistic as it relies on a single cell type. More complex models,
which take advantage of the interaction among various cell types, are
becoming increasingly relevant. Advances in the field also include the
use of organoids and lung-on-chip models (Xu et al., 2020; Roth-
en-Rutishauser et al., 2023; Yaqub et al., 2022; Silva et al., 2023; Doryab
and Schmid, 2022; Petpiroon et al., 2023; Miller and Spence, 2017;
Grytting et al., 2024). Additionally, the number of tests performed in
each experiment could have been expanded, both in terms of parameters
assessed, and number of replicates performed during each exposure.
Given the fixed number of inserts per each exposure, we prioritized
having a broader range of toxicological endpoints. As previously re-
ported (Costabile et al., 2023) technical triplicates were always per-
formed for each toxicological endpoint. Another limitation lies in the
number of different exposures tested. Increasing the diversity of expo-
sure could have strengthened the association observed in our study.
Future experiments could enhance the robustness of our findings by
adding additional data points to the curves presented here, thus
improving the consistency of our work.

Furthermore, our study focused on only two seasons, with a greater
number of experiments conducted in winter compared to summer. This
imbalance may have influenced the results, potentially underestimating
the effects of summer PM condition on the toxicological endpoints.
Regarding limitations related to the particles characterization, the most
relevant issues have been previously discussed in (Costabile et al., 2023)
and we kindly refer readers to that publication.

5. Discussion

We present here a comprehensive evaluation of the dose-response
association between realistic exposure doses in a lung epithelial in
vitro model and selected biological outcomes that represent key bio-
logical processes. Obtaining data under human relevant exposure levels
is pivotal for a proper risk assessment of defined compounds or pollut-
ants (Gonzalez Ortiz et al., 2021; Schulte et al., 2018; Paur et al., 2011).
In this study, we compare different toxicological parameters, with
ambient mass, surface area and particle, number concentration (ambient
fine PM or UFP concentration) or with the dose (deposited particles at
the in vitro model surface). Significantly, we show that the dose-response
and concentration-response curves may vary depending on the metric
and toxicological outcome considered. The more linear monotonic
dose-response curves agree with the recent epidemiological evidence of
a linear increase of the relative risk at low PM, 5 exposure (Weichenthal
et al., 2022), providing toxicological evidence of the adverse effect of
PM, 5 also at low doses of exposure. This is further supported by recent
association curves reporting increased relative risks of hospital admis-
sion for relevant human disease to lagged fine PM exposure (Wei et al.,
2024) and with the estimated association of global mortality burden
associated to short-term exposure to fine PM worldwide (Yu et al.,
2024). The burden of deaths in Europe is calculated as accounting on
average for 1.53% of total regional death, with a higher burden in
western (1.59%) than in other EU regions, while in northern America
the burden is expected to be lower (1.07%) and in Africa and Asia it is
expected higher (1.78% and 2.54%). This picture shows the urgency to
better understand the mechanisms and the modes of action of ambient
PM on health to tackle global short-term mortality as high as more than
one million persons (Yu et al., 2024). Moreover, exposure-response
curves are largely available in the literature, although mainly from
epidemiology (Chen et al., 2023). On the contrary dose-response curves
are scanty and the data we report here are of primary relevance for
future risk analysis. Noteworthy, recent epidemiological results report a
significant positive association between premature mortality risk and
exposure to airborne nanoparticle concentration (Lloyd et al., 2024) and
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with oxidative stress biomarkers during pregnancy in women exposed to
fine PM with high oxidative potential (Meng et al.).

Despite PM, 5 being recognized as a human carcinogen (Schmeisser
et al., 2023) and increasing epidemiological evidence of its adverse ef-
fects at low mass concentrations (Weichenthal et al., 2022), current air
quality standards and guidelines remain primarily focused on the mass
of the airborne particles, without considering other possible metrics.
Noteworthy, recent studies pinpoint the importance of analysing parti-
cle number concentration as drivers for specific adverse effects
(Vallabani et al., 2023a; Lin et al., 2022; Zhang et al., 2022; Chen et al.,
2016) or to offer better protection to sensible subpopulation (Pradhan
et al., 2023). For instance, Vallabani and coauthors (Vallabani et al.,
2023a) provided a first attempt to link the adverse health effects to UFPs
number concentration and specific transport modes, showing the
importance of car emissions also in association with co-exposure with
other airborne compounds, such as viruses, bacteria, or pollens.

However, all these studies consider UFPs as a unique homogenous
group. In contrast our study provides relevant evidence on the impor-
tance of sub-setting the UFPs into at least two groups i.e., particles
smaller than 20 nm and those between 20 and 100 nm. Although pre-
vious research (Costabile et al., 2023) suggested the potential impor-
tance of an additional size range (from 20 to 40 nm), our analysisdid not
reveal significantly different correlation compared to the two classes
already defined (data not shown). In agreement to our results, a recent
study (Wang et al., 2021) emphasized the importance of UFPs between
20 and 100 nm for pedestrian exposure in an urban environment.
Moreover, the doses of exposure we reported align with the doses re-
ported and expected by lung deposition models (Hofmann, 2011; Hama
et al., 2017; Lepisto et al., 2023; Williams et al., 2011; Vu et al., 2017)
making our findings relevant for hazard and risk assessment. In the
context of next-generation risk assessment (Li et al., 2021a; Bajard et al.,
2023; Serli et al., 2022) the data we provide address at least three key
points: i) to provide toxicological data using in vitro models; ii) to
implement NAM that are relevant for the human exposure hazard and
risk characterization and iii) to provide information at relevant human
exposure doses.

The toxicological effects of UFPs (Schraufnagel, 2020; Kwon et al.,
2020; Stone et al., 2017; Han et al., 2023; Araujo et al., 2008; Vallabani
et al., 2023b; Juarez Facio et al., 2022a) are well documented, with
numerous studies linking activation of inflammatory or pro-oxidant
pathways in the lung or other organs. Our data strongly support the
importance of considering selected size ranges of UPFs as an indicator of
distinct aerosol types and sources to activate the antioxidant responsive
element (ARE) pathway even after 24 h of exposure. Specifically, we
observed that both the upregulation of HMOX and NQO1 genes corre-
lated with the number of deposited particles in the range 8-20 nm and
20-100 nm respectively, with stronger values for urban source related
nanoparticles (i.e., traffic). The expression of these two genes is indeed
highly correlated (Fig. 2), as expected for genes activated under the ARE
pathway (Manzano-Covarrubias et al., 2023).

The associations with size fractioned UFPs were stronger than that
obtained for the whole UFP range, supporting the relevance of consid-
ering specific ranges of ultrafine particles together with the relevant
source apportionment to establish dose-response association. In previ-
ous work we used the condensation sink (CS), in association with other
parameters such as the BC-to-OA ratio, to assess how certain toxic
compounds, including ROS, condense onto larger or smaller particles
(Costabile et al., 2023). Being the CS dominated by the accumulation
mode particles (i.e. particles mostly contributing the mass concentration
of PM1), a higher CS, correspond to a higher the PM; mass concentra-
tion, and vice versa. Therefore, a low CS, potentially coupled with a high
BC-to-OA ratio, could indicate the enrichment of toxic compounds upon
fresh nanoparticles (at low PM;). Noteworthy, higher deposition of
traffic-related nanoparticles (smaller than 20 nm) may occur at low mass
ambient concentration of PMj.

Consistent with this, it has been reported that the organic fraction
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associated with quasi ultrafine particles induce higher HMOX gene
expression compared to PMjy 5 particles (Badran et al., 2020). Recent
studies (Gualtieri et al., 2022; Marcella et al., 2022) further support the
role of ultrafine particle below 20 nm in inducing oxidative species
already after 20 min of exposure; similarly, others (Gualtieri et al., 2022;
Hawley et al., 2014; Juarez Facio et al., 2022b) reported that the acti-
vation of the HMOX gene may be higher shortly after exposure to
combustion derived particles. The rapid activation of this gene (from
tens of minutes to few hours) compared to the time point of our analyses
(24 h post-exposure) might explain the relatively low R? values in our
dose-response curves. This suggests that reduced time of exposure dur-
ing specific peaks of ultrafine particles concentration should be
considered in the future.

The activation of inflammatory pathways after exposure to airborne
pollutants has been largely reported (Li et al., 2021b; Glencross et al.,
2020; Gangwar et al., 2020; Vogel et al., 2020) and the association be-
tween short-term exposure to high concentrations of larger particles (up
to 700 nm) and increased hospital admission for respiratory and car-
diovascular diseases has recently been proposed (Bergmann et al.,
2023). Accordingly, we report that while inflammatory gene expression
is associated to high particle numbers, the expression of the inflamma-
tory proteins may be more specifically determined by the mass of par-
ticles reaching the lung epithelia. Notably, the activation dose differs
between aged (higher mass dose necessary) and fresh (lower mass dose
necessary) particles. Juarez-Facio and coauthors (Juarez Facio et al.,
2022b), recently reported down regulation of IL-6 and IL-8 genes after 3
h post exposure in BEAS-2B cells, suggesting that different organic
compounds may interact in determining the up or down-regulation of
inflammatory genes. A similar down regulation was observed in a spe-
cific population exposed to volatile compounds and fine PM (Audi et al.,
2017). We add here another piece of evidence that the number of UFPs
or surface area of 8-20 nm particles may be better predictors of the
inflammatory response activation, in term of gene expression upregu-
lation, when the relative sources are properly apportioned. Being the
particle size the same, biological responses are different for nano-
particles from traffic-related emission processing and nanoparticles
from secondary processes, such as regional new particle formation
events (Aufderheide et al., 2017). Nonetheless, given the complex in-
teractions between cellular pathways, aged aerosol may support the
release of inflammatory mediators at the protein level according to the
mass deposition at the target lung tissue. In fact, while IL-8 coherently
correlates to Cxcl-8 gene expression (Fig. 2), the Cxcl-8 gene is also
associated with the HMOX gene expression, supporting a possible in-
fluence of the ARE in modulating the inflammatory gene response.

Airborne particles are known to induce DNA damaging effects (Xue
et al., 2022). Here we report a contrasting effect of direct exposure to
total DNA damage (Comet results) and oxidative DNA damage (Comet
with FPG). A recent study (Bonetta et al., 2019) analysing the mutage-
nicity and genotoxic effects of the organic extract from quasi ultrafine
PM showed the absence of increased oxidative damage running the
Comet assay with FPG. The strong correlation between total DNA
damage and the enrichment of PM1 in organic aerosol at low PM; mass
concentration, points to the importance of primary organic components
in determining the observed effects. The link between organic compo-
nents of fine PM and cancer onset has been recently reviewed (Holme
et al.,, 2023), underlying the complexity of the biological pathways
activated upon polycyclic aromatic hydrocarbons exposure. The differ-
ence between Comet and Comet with FPG may be related to differences
in the specific composition of the aerosol during the different days of
exposure as partially reported by Velali et al. (2016). The higher effect of
samples with a lower contribution from organic aerosol, but enriched
with nitrate ions, in inducing oxidative DNA damage, may be partly
explained by the pro-oxidant and pro-inflammatory effect of urban fresh
emissions rather than secondary inorganic components, even though
additional and more focused research is needed to sort-out this aspect.
Finally, it has been suggested that epidemiological studies should go
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beyond classical associations with airborne PM mass concentration
considering, at least, also the composition of the particles (Weichenthal
et al., 2024)

In conclusion, we present evidence of distinct associations between
dose or concentration of exposure and toxicological outcomes. The
relevance of developing dose-response curves is crucial for human
protection and is highly needed for improving the health of exposed
populations. Our findings are a primary attempt to contribute to the risk
assessment of ambient airborne PM; 5 by providing in vitro dose response
curves generated using a novel approach, withing the broader frame-
work of NAM, under conditions relevant for human exposure, including
low exposure doses. This kind of application may be integrated into
next-generation risk assessment approaches to improve our under-
standing about the impacts of air pollution, even at low concentrations,
on exposed populations.

Finally, the data reported strongly support the need for novel metrics
that go beyond the classical PM definitions (PM; or PMs 5 or PM;) or
even the UFP (PMy ;) one. For better protection and understanding of
the impacts on human health novel metrics should be promoted and
adopted in the future both at the research and legislation level, inte-
grating for example the size distribution of particles in the atmosphere,
considering not only the number concentration of UFPs but also the
relative contribution of the tiniest particles. Moreover, information on
the aerosol sources and on the atmospheric processing (aged vs fresh
emission) possibly using the proxy parameter BC-to-OA. should be
considered.
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