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ABSTRACT

The knowledge of the underlying mechanisms by which particulate matter (PM) exerts its health effects
is still incomplete since it may trigger various symptoms as some persons may be more susceptible than others.
Detailed studies realized in more relevant in vitro models are highly needed. Healthy normal human bronchial
epithelial (NHBE), asthma-diseased human bronchial epithelial (DHBE), and COPD-DHBE cells, differentiated
at the air-liquid interface, were acutely or repeatedly exposed to fine (i.e., PM2s.0.13, also called FP) and quasi-
ultrafine (i.e., PMo i3, also called UFP) particles. Immunofluorescence labelling of pan-cytokeratin, MUCS5AC,
and ZO-1 confirmed their specific cell-types. Baselines of the inflammatory mediators secreted by all the cells
were quite similar. Slight changes of TNFa, IL-1{, IL-6, IL-8, GM-CSF, MCP-1, and/or TGFa, and of H3K9
histone acetylation supported a higher inflammatory response of asthma- and especially COPD-DHBE cells,
after exposure to FP and sepcially UFP. At baseline, 35 differentially expressed genes (DEG) in asthma-DHBE,
and 23 DEG in COPD-DHBE, compared to NHBE cells, were reported. They were involved in biological
processes implicated in the development of asthma and COPD diseases, such as cellular process (e.g.,
PLA2G4C, NLRPI, SI00A5, MUCI), biological regulation (e.g., CCNEI), developmental process (e.g.,
WNTI0B), and cell component organization and synthesis (e.g., KRT34, COL6A1, COL6A?2). In all the FP or
UFP-exposed cell models, DEG were also functionally annotated to the chemical metabolic process (e.g.,
CYPI1A1, CYPIBI1, and CYP1A2) and inflammatory response (e.g., EREG). Another DEG, FGF-1, was only
down-regulated in asthma and specially COPD-DHBE cells repeatedly exposed. While RAB37 could help to
counteract the down-regulation of FGF-1 in asthma-DHBE, the deregulation of FGR, WNT7B, VIPRI, and
PPARGCIA could dramatically contribute to make it worse in COPD-DHBE cells. Taken together, these data
contributed to support the highest effects of UFP versus FP and highest sensitivity of asthma- and notably

COPD-DHBE versus NHBE cells.
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1. INTRODUCTION

Due to associated cardiorespiratory mortality and high costs to society, ambient particulate matter (PM)
emission remains a global matter of concern for the 21" century. Reported health issues seem to be mostly
caused by the finest particles due to their ability to diffuse deeply in the respiratory tract, where pulmonary
clearance is less effective (Oberddrster et al. 1994). Indeed, PM smaller than 2.5 um in aerodynamic equivalent
diameter (AED < 2.5 pm, also called PM;s), commonly known as fine particles (FP), has the greatest effect on
human health (WHO, 2016). Plenty of experimental studies have already demonstrated the lung toxicity of FP,
mostly through oxidative stress-induced airway inflammation, genotoxicity, epigenetic modifications or cell
cycle alterations, which could be involved in the initiation and/or exacerbation of chronic lung diseases as well
as lung cancers (Abbas et al. 2010, 2016, 2019; Bocchi et al. 2016; Dergham et al. 2012, 2015; Gargon et al.
2006; Gualtieri et al. 2010, 2011; Halonen et al. 2015; Leclercq et al. 2016, 2017, 2018; Longhin et al. 2013,
2016). On the contrary, to date, only very few studies have paid close attention to PM smaller than 0.1 pm in
aerodynamic equivalent diameter (AED < 0.1 pm, also called PMy.1,), also called ultrafine particles (UFP), which
can represent more than 70% of the total particle number (Peters et al. 1997). Because of their high specific
surface area, UFP is likely to be more reactive with target tissues and involved in large part in the reported
adverse effects of FP. Their nanometric scale increases both their deposition efficiency and their retention in the
airways as well as their cellular uptake and systemic distribution (Recordati et al. 2016). However, the scientific
community is still far from having a detailed mechanistic explanation of the causal relation between ambient FP
and/or UFP inhalation and harmful lung effects, clearly suggested by epidemiological evidence. Most of the
experimental studies have focused on the toxicity of short-term acute exposure to relatively high doses of FP
although recent evidences support that the underlying mechanisms induced by long-term repeated exposures to
lower and therefore more realistic doses may be different (Vales et al. 2015; Zhou et al. 2016, 2017).

Airway epithelium, which is the first line of defense against inhaled pollutants, plays a key role in
initiating and orchestrating inflammatory response by recognizing pathogenic patterns and secreting
inflammatory mediators (Holtzman et al. 2014). Inflammatory cytokines (e.g., tumor necrosis factor-alpha,
TNFa; interleukine-1 beta, IL-1p; interleukine-6, IL-6; interleukine-8, IL-8), chemokines (e.g., monocyte
chemoattractant protein 1, MCP-1, and regulated upon activation normal T cell expressed, RANTES), and
growth factors (e.g., granulocyte macrophage-colony stimulating factor, GM-CSF, and transforming growth

factor-alpha, TGFa) have a major role in initiating, maintaining and/or aggravating airway inflammation



(Schugila, 2015). Following injury, airway epithelium can undergo partial desquamation and loss surface
integrity, but can repair and regenerate its functions by secreting extracellular matrix molecules, adhesion
proteins, and promoting basal cells spreading and migration at the wound site, followed by epithelial cell
proliferation and differentiation (Puchelle et al. 2006). However, some of these innate mechanisms can be
gradually altered among population with chronic inflammatory lung diseases such as severe asthma or chronic
obstructive pulmonary disease (COPD), by dint of repeated injuries and chronical regeneration processes
(Aoshiba and Nagai 2004).

Although its role in chronic inflammatory lung diseases has been clinically established, the knowledge of
the underlying mechanisms by which ambient PM exerts its harmful health effects is still incomplete and
detailed in vitro studies are therefore, highly needed. Novel tissue engineering tools, helping in recapturing the
native lung environment ex vivo, are now available for all the major target areas of the respiratory tract.
However, clinical and basic science applications have mainly focused on the bronchial epithelium, given that
numerous pathologies result from disruption of this region (Pillai et al. 2014). A large part of the toxicological
studies that are interested in ambient PM are routinely using immortalized cells lines, which are transformed to
enable indefinite proliferation and generally cultured in submerged monolayer to screen toxicological endpoints.
These immortalized cell lines provide the researcher with an almost limitless source of material. However, the
pertinence of the data produced is not ensured, as some historical cell lines may not be the cell type originally
reported and the response to a same chemical can be markedly different from that in primary cells (Balharry et
al. 2008). Using a more relevant in vitro model such as primary cells is also critical to the better understanding of
toxicological mechanisms related to the exposure to ambient PM (Bérubé et al. 2010). Primary cells sourced
from bronchial biopsies and differentiated at the air-liquid interface (ALI) are more physiologically relevant
since there are not genetically modified and can express differentiation markers such as mucins (MUC5AC),
tight junctions (zonula occludens-1, ZO-1), and adhesion proteins (E-Cadherin) (Stewart et al. 2012). They also
maintain the diseased phenotypes observed in vivo when they are isolated from patients with asthma or COPD
(Burgel et al. 2011). Accordingly, Freihsat et al. (2011) demonstrated that in vitro differentiated normal human
bronchial epithelial (NHBE) cells secreted cytokines basally after wounding, and that specific cytokine levels
were increased in diseased epithelia. Recent proteomic analyses of in vitro NHBE and human lung apical
secretions were similar in identity and quantity to those found in vivo (Kesimer et al., 2009). The use of ALI
cultures offers a real opportunity for the direct deposition of toxicant onto the semi-dry apical cell surfaces, a

situation that better mimics the deposition of PM onto the lung surface in vivo. Several bronchial epithelial cell



models have been cultured at the ALI, and differences in cell morphology, biochemistry or response to test
materials were observed, compared to submerged cultures (Ghio et al. 2013).

In this work, we conducted in vitro assays, acutely and repeatedly exposing ALI-differentiated models of
healthy NHBE, or asthma- or COPD-DHBE cells to relatively low doses of fine (i.e., PM2s.0.13, also called FP)
and quasi-ultrafine (i.e., PMo.s, also called UFP) particles. We aimed to better evaluate and compare (i) the
usefulness of healthy and diseased 3D organo-typic mucocilary-phenotype models for studying the toxicity of FP
and UFP, (ii) the respective sensitivities of these healthy or diseased cell models towards FP or UFP, and (iii) the
respective toxicities of FP or UFP. Hence, after having checked the effective differentiation of healthy or
diseased cell models at the ALI, we first studied the cytotoxicity caused by the exposure strategies we applied to
ensure the choice of doses allowing to reduce exposure as much as possible while keeping a sufficient dose to
study underlying mechanisms and contribute to be as close as possible to human exposure levels. Thereafter,
attention was focused on the respective ability of FP and UFP to induce inflammatory, epigenetic, and
transcriptomic endpoints to better decipher the molecular underlying mechanisms possibly governing their
pathogenesis. Taken together, these innovative results could offer new insights into the crucial signaling
pathway-related pathogenesis of lung diseases such as asthma and COPD, arguably aggravated and/or initiated

by ambient PM.



2. MATERIALS AND METHODS

2.1. Chemicals

All the culture reagents for healthy or diseased 3D organo-typic mucocilary-phenotype model
differentiation were provided by LONZA (Verviers, Belgium). All the chemicals were from Sigma-Aldrich
(Saint-Quentin Fallavier, France). CellTiter-Glo® Luminescent Cell Viability was from Promega (Charbonniere-
les-Bains, France). Vybrant Cytotoxicity Assay Kit, Hank’s Balance Salt Solution (HBSS), and all the molecular
biology reagents were from Thermo-Scientific (Illkirch, France). Merck-Millipore (St Quentin-en-Yvelines,
France) provided mouse monoclonal anti-human pan cytokeratin (clone PUS), mouse monoclonal anti-human
MUCSAC (clone CLH2), rabbit polyclonal anti-human ZO-1 (clone 5G6.1), goat polyclonal anti-mouse
antibody Alexa Fluor® 488 conjugate, goat polyclonal anti-rabbit antibody Alexa Fluor® 568 conjugate, and the
MILLIPLEX® MAP Human Cytokine/Chemokine Magnetic Bead Panel-Immunology Multiplex. Histone
extraction kit, and HAT and HDAC Assay kits were from Active Motif (La Hulpe, Belgium). Cell Signaling
Technology (Ozyme, Montigny-le-Bretonneux, France) provided rabbit monoclonal anti-human acetyl-Histone
H3 (Lys9; clone C5B11), Novus Biologicals (Bio-Techne, Lille, France) provided rabbit monoclonal anti-human
Histone H3 antibody (clone 1B1-B2), and R&D Systems (Bio-Techne, Lille, France) provided rabbit polyclonal
anti-mouse IgG HRP conjugated Antibody (clone HAF007) and goat polyclonal anti-rabbit IgG HRP conjugated
antibody (clone NB7160). AllPrep® DNA/RNA/miRNA Universal Kits were from Qiagen (Courtaboeuf,

France).

2.2. PM sampling and physicochemical characterization

Both FP and UFP sampling and physicochemical characterization methods have been already detailed by
Saleh et al. (2019). Briefly, particles were collected in Dunkerque, a coastal city highly industrialized, located in
the north of France. A high-volume impactor sampler has been set up to collect fine fraction (i.e., PM25.0.18, with
AED between 2.5 um and 0.18 pm) by impaction, and quasi-ultrafine fraction (i.e., PMy. i3, with AED < 0.18
um) by filtration on A4 sized-polycarbonate filter. Weekly samples were collected between September 9, 2013
and April 14", for 26 weeks in total, quickly stored at -20°C, and combined together. Size distribution and zeta
potential were carried out by dynamic light scattering using zetasizer nano ZS (Malvern Instruments©, Malvern).
After microwave mineralization under acid conditions, trace metal and metalloid concentrations of FP and PUF

were carried out by inductively coupled plasma mass spectrometry (NeXion 300x, Perkin Elmer, Waltham, MA,



USA), as published by Alleman et al. (2010) and Mbengue et al. (2014). Before the analysis of surface contents
by X-Ray photoelectron spectroscopy (XPS_K ALPHA, Thermo Scientific), FP and UFP were setting up on
silicon wafer, introduced in primary vacuum chamber (10”7 mbar, 60 min) to degas, and transferred in analysis
chamber (10 mbar, 320 min). Pressurized liquid extraction using a Dionex ASE 200 instrument (ThermoFisher
Scientific) and extract evaporation for enrichment under a gentle stream of nitrogen in a TurboVap II water bath
held at 60°C (Zymark, Roissy, France) were needed before analyzing PAH concentrations of FP and UFP by
high-pressure liquid chromatography (i.e., Waters 2695 Alliance system, on-line 996-photodiode array, and a
2475-fluorimetric detector; Waters SA, Saint-Quentin-en-Y velines, France), as published elsewhere (Crenn et al.

2017).

2.3. NHBE, and asthma- and COPD-DHBE cells and culture conditions

NHBE, and asthma- and COPD-DHBE cells were commercially available primary cells, established from
biopsies isolated from four healthy, four asthma-, and four COPD-diseased donors, respectively. Table S1 shows
the characteristics of all the donors and the cells (see also supplemental data). Culture conditions have been
published elsewhere (Leclercq et al. 2016). Briefly, cells were grown in CellBIND® surface plastic flasks with
bronchial epithelial growth medium (BEGM™; Bronchial Epithelial BulletKit™, LONZA) supplemented with
1% (v/v) penicillin/streptomycin. Once the cells have reached 80% of confluence, they were seeded at 200,000
cells/cm? on Transwell® polyester permeable membrane cell culture inserts (i.e., 24 mm insert diameter, tissue
culture treated-polyester membrane; 0.4 um pore diameter, 4 x 10° pores/cm?; 4.67 cm? insert membrane growth
area; 10 pm nominal membrane thickness; 0.03% (v/v) type-I collagen from rat tail membrane-coating) in 6-well
Transwell® microplate supports (Costar, Corning, USA). Once cells had reached confluence, ALI conditions
were established by adding 0.2% (v/v) inducer in the B-ALI™ differentiation medium (B-ALI BulletKit™,

LONZA).

2.4. Immunohistochemistry

NHBE, and asthma- and COPD-DHBE cells were fixed with 1% (v/v) paraformaldehyde for 3 min at 37
°C and then methanol at -20 °C for 5 min. Thereafter, they were permeabilized for 3 min with 0.2% (v/v) Triton
X-100 in phosphate-buffered solution (PBS), rinsed three times for 5 min in PBS, and incubated for 1 h at 37 °C
with primary antibodies diluted in PBS containing 3% (v/v) bovine serum albumin (BSA), 0.05% (v/v) Tween,

and 0.08% (v/v) sodium azide. Mouse monoclonal anti-human pan cytokeratin, mouse monoclonal anti-human



MUCS5AC, and rabbit polyclonal anti-human ZO-1 were respectively diluted at 1/100, 1/250, and 1/500 (Merck
Millipore). Cells were rinsed three times for 5 min in PBS and incubated for 30 min at 37 °C with a goat
polyclonal anti-mouse antibody-Alexa Fluor®488 conjugate or goat polyclonal anti-rabbit antibody-Alexa
Fluor® 568 conjugate, diluted at 1/400 in PBS containing 3% (v/v) BSA, 0.05% (v/v) Tween, and 0.08% (v/v)
sodium azide (Merck Millipore). Cells were mounted with SlowFade® Gold Antifade Mountant with DAPI
(Life Technologies) and images were acquired on a confocal scanning microscope LSM 710 (Zeiss, Oberkochen,

Germany).

2.5. Transmission electron microscopy (TEM) observations

NHBE, and asthma- and COPD-DHBE cells were fixed for 20 min with paraformaldehyde-
glutaraldehyde (2% v/v) in PBS, and then for 40 min by renewing the fixation solution. After a post-fixation
with osmium tetroxide (1% v/v) in PBS, cells were progressively dehydrated in graded alcohols and embedded
in an Epon/ethanol mixture and thereafter in Epon. Sections (85 nm) were cut and stained with uranyl acetate
(2% vIv) and Reynolds lead citrate prior to their observation in TEM (Zeiss EM900, Carl Zeiss SAS, Marly le

Roi, France).

2.6. Exposure strategy to FP and UFP

FP and UFP samples were suspended at 46.7 ug/mL in HBSS (Thermofisher) supplemented with 1%
(v/v) amphotericin-B (250 pg/mL). Each cell lot was assigned into 5 groups: control group (i.e., exposed to
vehicle solution: HBSS with 1% (v/v) amphotericin-B (250 pg/mL), FP acute exposure group (i.e., exposed to
FP once for 6 h), FP repeated exposure group (i.e., exposed to FP three times for 6 h with 18 h intervals), and
similarly, UFP acute exposure group (i.e., exposed to UFP once for 6 h) and UFP repeated exposure group (i.e.,
exposed to UFP three times for 6 h with 18 h intervals). The rationale for selection of the FP and UFP dose of 5
pg/cm? in the exposure strategy applied in this work was based on the literature reporting the harmful occurrence
of oxidative stress, pro-inflammatory responses, genetic and epigenetic modifications, and/or mitochondrial
function alteration in NHBE and/or COPD-DHBE cells repeatedly exposed to ambient FP and/or at relatively
low doses ranging from 1 to 10 pg/cm? (Boublil et al. 2013, Leclercq et al. 2016, 2017, 2018). Just before cell
exposure, FP and UFP were suspended at the expected concentrations with sterile HBSS with 1% (v/v)
amphotericin-B (250 pg/mL), and twice sonicated for 2 min. After the last exposure, cell-free culture media

were collected and quickly-frozen at -80°C for the future study of extracellular glucose-6-phosphate



dehydrogenase (G6PD) activity and inflammatory mediator secretion, whereas adherent cells were washed once
with 1 mL-aliquots of cold sterile PBS, and either quickly prepared for microscopic observation or
immunofluorescence labelling, used for the determination of intracellular ATP concentrations, quickly frozen at
-80°C until the future determination of the histone acetyltransferase (HAT) and deacetylase (HDAC) activities
and histone post-translational modifications, or quickly lysed in QIAzol lysis reagent (Qiagen) and frozen at -

80°C until the future determination of transcription expression profiles.

2.7. Toxicological endpoints

2.7.1. Cytotoxicity: Viability of FP and UFP-exposed NHBE, and asthma- and COPD-DHBE cells
was evaluated through the determination of intracellular ATP concentration (CellTiter-Glo® Luminescent Cell
Viability, Promega) and G6PD activity (Vybrant Cytotoxicity Assay Kit, ThermoFisher Scientific).

2.7.2. Inflammatory mediators: Concentrations of TNFa, IL-1B IL-6, IL-8, GM-CSF, MCP-1,
RANTES, and TGFa have been investigated in cell-free culture media using MILLIPLEX® MAP Human
Cytokine/Chemokine Magnetic Bead Panel-Immunology Multiplex Assay, according to the manufacturer’s
recommendations (Merck-Millipore; Blasco et al. 2017).

2.7.3. Histone post-translational modification: HAT and HDAC activities were analyzed using HAT
Assay kit and HDAC Assay kit (Active Motif). Histone extracts (3 ug), prepared using commercially available
histone extraction kit (Active Motif), were separated by electrophoresis on SDS-PAGE gels and then transferred
on nitrocellulose membranes. After their blockage in 5% non-fat dry milk for 45 min, membranes were
incubated firstly with primary antibodies (i.e., rabbit monoclonal anti-human acetyl-Histone H3 (Lys9), Cell
Signaling Technology, and rabbit monoclonal anti-human Histone H3 antibody, Novus Biological) overnight at
4°C, secondly for 1 h with secondary antibodies (i.e., rabbit polyclonal anti-mouse IgG HRP conjugated
antibody and goat polyclonal anti-rabbit IgG HRP conjugated antibody, R&D systems) at room temperature, and
at least with ECL prime Western Blotting Detection reagent (GE Healthcare). Chemiluminescence was detected
by Fusion FX Spectra (Vilbert-Lourmat, Marne-la-Vallée, France).

2.7.4. Gene expression: Gene expression analysis was carried out by using microarrays. Briefly, total
RNA contents were extracted using the AllPrep® DNA/RNA/miRNA Universal Kit (Qiagen®, Courtaboeuf,
France), and total RNA yield and quality were further assessed on the Agilent 2100 bioanalyzer (Agilent
Technologies, Massy, France). After the reverse transcription, one color whole Human (039494 slides) 60-mer

oligonucleotides 8x60k microarrays (Agilent Technologies) were used to analyze gene expression. cRNA



labelling, hybridization and detection were carried out according to supplier’s instructions (Agilent
Technologies). For each microarray, Cyanine 3-labeled cRNA were synthesized with the low input QuickAmp
labeling kit from 25 ng of total RNA. RNA Spike-In were added to all tubes and used as positive controls of
labelling and amplification steps. The labelled cRNA were purified and 600 ng of each cRNA were then
hybridized and washed following manufacturer’s instructions. Microarrays were scanned on an Agilent G2505C
scanner and data extracted using Agilent Feature Extraction Software© (FE version 10.7.3.1). Raw intensities
from all sample were converted to log2, normalized to the 75" percentile, and probes under background were
eliminated. Statistical analyses were performed with linear models for microarray data package version 3.22.7
(Ritchie et al. 2015) using the moderated t statistics with normalized data. Given the low exposure dose and
small sample sizes used in this study, and since our objective was to identify more differentially expressed genes
(DEG) in each group, selected DEG were those with a raw p value < 0.01 and absolute fold change (FC) > 1.5.
2.7.5. Signaling pathways: Gene function analysis was done by using the PANTHER classification
system, version 13.1 (Mi et al. 2013) based on the gene ontology (GO) consortium database. Enrichment
analysis was performed with the freely available web-based tool Enrichr (http://amp.pharm.mssm.edu/Enrichr)
(Kuleshov et al. 2016) to identify statistically deregulated pathways on the basis of Kyoto Encyclopedia of
Genes and Genomes (KEGG) database (Fisher exact test, adj p value < 0.05). The gene interaction networks

were generated through the use of Ingenuity Pathway Analysis (Qiagen, Courtaboeuf, France).

2.8. Statistical analyses

Statistical comparisons were achieved with GraphPad Prism version 7.0. A non-parametric test of Kruskal
Wallis with a post hoc test of Dunn’s for multiple comparison correction have been used to compare the different
conditions (i.e., exposed versus control cells, asthma- or COPD-DHBE group versus NHBE group). Results were

considered significant when adjusted p value < 0.05.



3. RESULTS

3.1. Physicochemical characteristics of FP and UFP

Both FP and UFP physicochemical characterization have been already detailed by Saleh et al. (2019). The
UFP represented 10.5% of the total FP fraction mass estimated over the sampling period. This percentage was
higher than the usual values (i.e., < 5%) encountered in ambient air probably because of the inclusion of particles
slightly larger than the typical UFP and the localization of the high-volume impactor sampler near at once large
industries and heavily trafficked roads. The size distribution showed a monomodal distribution for FP (i.e., 1265
+ 239 nm), and a bimodal distribution for UFP, (i.e., 188.0 £ 39.9 nm and 1078 +305 nm), corresponding to UFP
and UFP aggregates, respectively. Particle surface analysis revealed quite similar atomic compositions of FP and
UFP with the presence, according to decreasing proportions, of C, O, Cl, Si, N, S, and Ca (Figure S1, see also
supplemental data). As shown in Table 1, FP and UFP have quite similar elemental compositions; however,
some variations in the enrichment degree of certain elements (i.e., Mn and Zn for FP, and As, Ni, Pb, and V for
UFP) were reported. Because of the use of HBSS, the concentrations of Na, Mg, and K in UFP could not be
considered. Total element concentrations, without Na, Mg, and K, in FP and UFP were 50,572 pg/g and 36,097
ng/g, respectively. As shown in Table 2, PAH profiles were almost similar in both FP and UFP; nonetheless, a
slight increase (10%) of total PAH concentrations was reported in FP. In FP and UFP, total PAH concentrations

were 94 ug/g and 84 pg/g, respectively, whereas BaP concentrations were 3.8 pug/g and 5.3 ug/g, respectively.

3.2. NHBE and COPD-DHBE cells differentiation

The effective differentiation into bronchial epithelia of NHBE, and asthma- and COPD-DHBE cells at the
ALI was checked (Figure 1). Cells were firstly cultivated in immerged conditions until confluency (Figure 1A).
After 28 days of differentiation at the ALI, cell layers formed a characteristic relief structure (Figure 1B).
Ultrafine sections of differentiated cells showed ciliated areas at the apical pole of the cell layer (Figure 1C).
Immunofluorescence labelling of an epithelial characteristic group of proteins, which comprised pan-cytokeratin,
MUCSAC, and ZO-1, was carried out (Figure 1D, 1E, and 1F, respectively). Cytokeratin protein expression
supported the epithelial cell-types of NHBE, and asthma- and COPD-DHBE cells (Figure 1D). Secretion of
MUCSAC, a mucin representing one of the major lung mucus components, revealed the presence of some
mucus-producing cells (Figure 1E). ZO-1 protein expression confirmed the integrity of the tight junctions, which

constitute the barrier between the apical and the basolateral domains of the plasma membrane (Figure 1F).



3.3. Cytotoxicity of FP and UFP in NHBE, and asthma- and COPD-DHBE cells

The Figures 2A and 2B respectively show the intracellular ATP concentrations of NHBE, and asthma-
and COPD-DHBE cells after acute or repeated exposures to FP or UFP at 5 pg/cm?. In acutely exposed-cells, FP
did not alter any ATP concentration whereas UFP slightly reduced them, with a significant change only in
COPD-DHBE cells (p < 0.05). In repeatedly exposed-cells, both FP and UFP significantly decreased ATP
concentrations in NHBE and asthma-DHBE cells, but only UFP significantly altered them in COPD-DHBE cells
(p <0.05). The Figures 2C and 2D respectively show the lack of any change of G6PD activity in cell-free culture
media of NHBE, or asthma- or COPD-DHBE cells acutely or repeatedly exposed to FP or UFP at 5 pg/cm?.
Taken together, these results supported the use of the low-cytotoxic dose of 5 pg/cm? to apply for the further

study of the toxicological endpoints in all the cell models under study.

3.4. Inflammatory mediator secretion in NHBE, and asthma- and COPD-DHBE cells

No significant difference between the levels of the inflammatory mediators secreted in cell-free culture
media by the different cell models were reported at their basal states (Figure 3). Both FP and PUF exposures did
not induce any significant change of their secretion by NHBE cells (Figures 4 and 5). In contrast, in cell models
with diseased phenotypes, especially in COPD-DHBE ones, exposures to FP and notably UFP induced slight and
sometimes statistically significant increases of the secretion of inflammatory mediators (i.e., TNFa, IL-1(3, IL-6,
IL-8, GM-CSF, MCP-1, and/or TGFQ) as compared to their respective controls and, moreover, NHBE cells. For
exemple, as shown in Figure 4-A and B, slight increases of TNFa secretion were observed in asthma-DHBE
cells acutely exposed to PUF, whereas higher, even statistically significant, increases of this cytokine were seen
in COPD-DHBE cells acutely or especially repeatedly exposed. Both GM-CSF and MCP-1 have almost similar
secretion profiles as the one of TNFa (Figures 5-A and B, 6-A and B, respectively). As shown in Figure 4-C and
-D, there were slight increases of IL-1[ secretion in asthma- and COPD-DHBE cells acutely and/or repeatedly
exposed to PUF and/or especially PUF. Secretion profiles of IL-6, IL-8, and TGFa were almost similar as the
one of IL-1 (Figures 4-E and F, 4-G and H, and 5-G and H, respectively). Taken together, these results
indicated a higher inflammatory response triggered by relatively low doses of FP and in particular UFP, but
without any clear influence of the exposure strategy, in sensitive asthma- and notably COPD-DHBE cells.
However, the above-reported trends were generally non significant due to the relatively high intra-variability of

the inflammatory mediator secretion within each cell model.



3.5. HAT and HDAC activities, and H3K9 histone acetylation in NHBE, and asthma- and

COPD-DHBE cells

The Figure 6 shows both HAT and HDAC activities in NHBE, and asthma- and COPD-DHBE cells,
acutely and repeatedly exposed to either FP or UFP. In all the cell models, but especially COPD-DHBE cells,
exposure to both FP and in particular UFP induced a slight trend to HDAC activity reduction, resulting in a
slight trend to HAT/HDAC ratio increase. A slight trend to H3K9 histone acetylation was seen in asthma- and
especially COPD-DHBE cells, acutely and/or rather repeatedly exposed to FP and/or in particular UFP. For
exemple, HDAC activity was slightly decreased and H3K9 histone acetylation slightly increased in COPD-
DHBE cells repeatedly exposed to PUF (Figures 6-D and H, respectively). Overall, these results indicated a
slight trend of HDCA activity reduction thereby resulting in H3K9 histone acetylation triggered by FP and in
particular UFP, but without any clear influence of the exposure strategy, in all the cell models but rather in
sensitive COPD-DHBE cells. However, one more time, the above-reported changes were generally non

significant due to the relatively high intra-variability within each cell models.

3.6. Gene expression profiles in NHBE, and asthma- and COPD-DHBE cells

To better characterize diseased cell phenotypes, DEG between asthma- or COPD-DHBE, and NHBE
cells, at baseline were first analyzed (i.e., see also supplemental data for complete gene lists, Table S2). Indeed,
35 DEG (i.e., 16 up- and 19 down-regulated) were reported in control asthma-DHBE, and 23 DEG (i.e., 11 up-
and 12 down-regulated) in control COPD-DHBE, compared to control NHBE cells.

Thereafter, pan-transcriptomic data of NHBE, or asthma- or COPD-DHBE cells acutely or repeatedly
exposed to FP and PUF were compared to their respective controls. The almost similarity between the gene
expression patterns reported in all the cell models after both FP and UFP exposures supported the choice to limit
future analyses only on the DEG triggered by UFP (i.e., see also supplemental data for complete gene lists, Table
S3). In NHBE cells, 32 (i.e., 23 up- and 9 down-regulated) and 57 (i.e., 39 up- and 18 down-regulated) DEG
were reported, respectively after acute and repeated exposures (Table 3). There were respectively 56 (i.e., 45 up-
and 11 down-regulated) and 43 (i.e., 27 up- and 16 down-regulated) DEG in asthma-, and 73 (i.e., 62 up- and 11
down-regulated) and 67 (i.e., 52 up- and 15 down-regulated) in COPD-DHBE cells (Tables 4 and 5). The
number of DEG was quite higher in asthma and rather COPD-DHBE cells than those in NHBE cells (Figure 7).

As shown in Figure 7, respectively 9 (i.e., cytochrome P4501A1: CYPIAI, neuronal pentraxin 1: NPTX1I,

cytochrome P4501B1: CYPIBI, Solute Carrier Family 7 Member 5: SLC7AS, Ectonucleoside Triphosphate



Diphosphohydrolase 8: ENTPDS, G Protein-Coupled Estrogen Receptor 1: GPERI, Receptor tyrosine kinase-
like orphan receptor 1: RORI, Enhancer of mRNA-decapping protein 3: EDC3, and Transmembrane Protein
138: TMEM138) and 10 (i.e., CYPIAI, cytochrome P4501A2: CYPIA2, CYPIBI, Cysteine Rich Tail I:
CYSRTI, Long Intergenic Non-Protein Coding RNA 886: LINCO0886, Transmembrane Protein 156: TMEM 156,
MFNG O-Fucosylpeptide 3-Beta-N-Acetylglucosaminyltransferase: MFNG, Epiregulin: EREG, and Enhancer
Of MRNA Decapping 3: EDC3, KIT Ligand: KITLG) DEG were reported as common to all the cell models
acutely or repeatedly exposed to UFP. In addition, respectively 6 (i.e., EREG, LINC00886, Solute Carrier
Family 45 Member 4: SLC45A4, TCDD Inducible Poly(ADP-Ribose) Polymerase: TIPARP, Slingshot Protein
Phosphatase 1: SSHI, FOS Like 1, and AP-1 Transcription Factor Subunit: FOSLI) and 8 (i.e., ENTPDS, Acyl-
CoA Oxidase Like: ACOXL, TIPARP, LOC284072, SLC45A4, FOSLI, Cbp/P300 Interacting Transactivator
With Glu/Asp Rich Carboxy-Terminal Domain 2: CITED?2, and Fibroblast Growth factor 1: FGFI) DEG were
reported as common to both the DHBE cell models acutely or repeatedly exposed.

Gene ontology (GO) analyzes were used to identify main molecular functions of DEG and the biological
processes in which they are involved. As shown in Figures 8-A and 8-B, the biological processes (e.g., biological
process cellular process, metabolic process, biological regulation, response to stimulus, developmental process)
and molecular functions (e.g., binding, catalytic activity, transporter activity, receptor activity, signal transducer
activity) activated by the repeated exposures to PUF were quite similar to those triggered by acute exposure to
PUF in all the cell models. Interestingly, the numbers of DEG involved in them were higher in COPD- than in
asthma-DHBE and NHBE cells. Some biological processes (e.g., immune system process, biological adhesion,
locomotion) and molecular functions (e.g., translation regulatory activity) were activated only in diseased and
particularly COPD-DHBE cells.

The network classification system of IPA software was used to identify gene clusters in term of
interactions between them and causal relationships. Despite some slight differences between the cell models (i.e.,
NHBE and asthma-DHBE vs COPD-DHBE) and exposure strategies (i.e., acute vs repeated), top networks were
generally associated with inflammation (Interleukin-24: IL-24), AHR signaling pathway (i.e., Aldehyde
Dehydrogenase 3 Family Member Al: ALDH3AI, CYPIAI, CYPIBI, CYPIA2, NAD(P)H Quinone
Dehydrogenase 1: NQOI, and TIPARP), and cell cycle, cellular movement, and cell growth and proliferation
(i.e., Choline Dehydrogenase: CHDH, Epithelial Mitogen: EPGN, EREG, GPERI, FGFI, FGR Proto-
Oncogene, Src Family Tyrosine Kinase: FGR, GPRI110, KITLG, RORI, SLC7AS5, Stanniocalcin 2: STC2,

Vasoactive Intestinal Peptide Receptor 1: VIPRI, and Wnt Family Member 7B: WNT7B) (i.e., see also



supplemental data for complete top networks, Table S4). However, some specific DEG allowed to discriminate
specific signaling pathways in asthma- (i.e., FGFI and RAB37) and specially COPD-DHBE (i.e., FGF1, PPARG
Coactivator 1 Alpha: PPARGCIA, FGR, WNTB7, and VIPRI) cells acutely or repeatedly exposed to PUF,

thereby supporting their highest sensitivity.



DISCUSSION

To be closer to realistic exposure conditions, in this work, NHBE as well as asthma- and COPD-DHBE
cell models have been developed. Besides cancer-derived or immortalized cell lines, more relevant epithelial-
based in vitro models, such as 3D organo-typic mucocilary-phenotype models, need urgently to be used because
of their physiological relevance to in vivo (Bérubé et al. 2009; Prytherch and BéruBé, 2014). The cell culture
conditions we used ensured that the three 28 days-differentiated cell models exhibit specific phenotypes with
many similarity points with the in vivo human bronchial epithelium (Bérubé et al. 2010). Indeed, cell layers
formed a characteristic relief structure and microscopy revealed the characteristic presence of mixed specific cell
types such as goblet, basal, or ciliated epithelial cells (Leclercq et al. 2016, 2018). Immunofluorescence labelling
of pan-cytokeratin, MUCS5AC, and ZO-1 respectively supported (i) their epithelial cell-types, (ii) the ability of
some of them to specifically secrete mucus, with asthma- and COPD-DHBE epithelia containing the highest
number of goblet cells, and (iii) the integrity of their tight junctions (Boublil et al. 2013). However, it is
noteworthy that, despite these 3D organo-typic mucocilary-phenotype models could be extremely relevant to
further toxicity studies, to date, only few studies have used them to evaluate ambient FP and/or UFP toxicity.

Based on previous works, healthy and diseased cell models were acutely or repeatedly exposed to ambient
FP or UFP at 5 pg/cm?. The dose we applied was among the lowest reported to give harmful effects whilst
limiting a massive cell death (Boublil et al. 2013; Leclercq et al. 2016, 2017, 2018). It is also of great importance
to reduce PM exposure as much as possible to keep a sufficient dose allowing studying underlying mechanisms
while contributing to the effort to be closer to human exposure levels.

Asthma and COPD are both characterized by chronic inflammation in the lung, but the nature and sites of
the inflammation differ between diseases and also within each disease. Over 100 inflammatory mediators have
been implicated in asthma and COPD, and they may have a variety of effects on the airways that in combination
account for the pathological features of these diseases (Barnes et al. 2009, 2017). In this work, somewhat
surprisingly, baseline secretions of inflammatory mediators by healthy and diseased cells were almost quite
similar. Accordingly, Hackett et al. (2011) reported that asthmatic-derived ALI cultures responded without any
significant change in the secretion of inflammatory mediators (i.e., IL-6, IL-8, and GM-CSF), compared to non-
asthmatic derived ALI cultures. Leclercq et al. (2016) rather found higher constitutive levels of some of them
(i.e., TNFa, IL-1B, IL-8, and GM-CSF) in COPD-DHBE in comparison with NHBE cells, thereby indicating

that this diseased phenotype still conserved its basal inflammatory status. These mediators are found as increased



in COPD, because of their participation to inflammation aggravation and/or maintenance, by promoting
inflammatory cell differentiation and survival, favoring structural cell proliferation and/or activation, or even
recruiting inflammatory cell from the circulation (Barnes et al. 2017). The apparent discrepancy between our
results and those published by Leclercq et al. (2016) might notably rely on the inter-individual variability of the
cell donors, notably due to possible difference in disease stages and/or drug therapy, only limited data having
been provided by the cell supplier. Both FP and UFP exposures did not induce any change of the inflammatory
mediator secretion by NHBE cells. In asthma- and especially COPD-DHBE cells, both FP and UFP exposures
triggered rather slight and sometimes even significant increases of almost all the inflammatory mediators (i.e.,
TNFa, TNF, IL-6, IL-8, GM-CSF, and/or TGFa). Overall, these results indicated a higher inflammatory
response in diseased cells, especially COPD-DHBE cells, exposed to relatively low doses of UFP rather FP.
Although the above-reported trends were generally non-significant due to the above-mentionned inter-individual
variability of the cell donors, these data seemed consistent with those reported by Leclercq et al. (2016, 2018)
revealing the secretion of some members of the inflammatory network mainly in COPD-DHBE cells repeatedly
exposed to ambient FP. According to Lodovici and Bigagli (2011), the correlation between some redox-active
compounds of PM (e.g., metals, PAH) and inflammatory events might rely on the regulation of redox sensitive
transcription factors, such as nuclear factor-kappa B (NF-kB). The activation of the NF-xB pathway and the
subsequent inflammatory mediator secretion have been well-demonstrated in these target cells after metal or
PAH rich PM-exposure (Leclercq et al. 2018; Schuliga et al. 2015; Vales et al. 2015; Zhou et al. 2016, 2017).

In addition, despite the relatively high inter-individual variability of the cell donors, exposure to FP and
rather UFP induced a slight trend to reduce HDAC activity, resulting in slight trends in H3K9 histone acetylation
within diseased cells, with a greater effect within COPD-DHBE. Accordingly, HDAC activity has been reported
as decreased in bronchial-biopsy from patients suffering from COPD, this latest been correlated with both the
disease severity and inflammation intensity (To et al. 2016). Acetylation of lysine residues on H3 histone has
been related to the gene transcription that promotes inflammation (Chen et al. 2015). Although only very few
data are available about the post-translational modifications of histones induced by air pollutants, and, in
particular, ambient PM, Leclercq et al. (2016, 2017) reported dose- and exposure-dependent changes of site-
specific acetylation of H3 histone and HDAC activity, particularly within COPD-DHBE cells, after ambient FP
exposure. Other authors closely supported that metal and/or PAH rich ambient FP contributed to dysregulated
H3K9 histone acetylation (Cantone et al. 2014; Ding et al. 2017; Wang et al. 2012). Overall, despite the

relatively high inter-individual variability of the cell donors, our results supported that the slight trend of H3K9



histone acetylation, mainly reported in sensitive COPD-DHBE cells repeatedly exposed to FP and UFP, could be
related to the trend of the aggravation and/or maintenance of inflammation within these sensitive diseased cells.
Thereafter, to better identify the underlying pathways deregulated by ambient FP or UFP exposure in
healthy or diseased cell phenotypes, a transcriptomic profiling by microarray technology has been applied.
Firstly, at baseline 35 DEG (i.e., 16 up- and 19 down-regulated) in asthma-DHBE and 23 DEG (i.e., 11 up- and
12 down-regulated) in COPD-DHBE were reported, compared to NHBE cells. Interestingly, Barnes et al. (2017)
reported that some of these DEG were involved in critical biological processes implicated in the development of
both asthma and COPD diseases, such as cellular process (e.g., PLA2G4C, NLRP1, SI00A5, MUCI), biological
regulation (e.g., CCNEI), developmental process (e.g., WNTIOB), and cell component organization and
synthesis (e.g., KRT34, COL6A1, COL6A2). Despite the relatively low number of DEG, probably reflecting the
relatively high inter-individual variability of the cell donors, taken together, these results indicated specific
transcriptomic patterns allowing discriminating between the basal healthy and diseased cell phenotypes.
Secondly, DEG in all the FP or UFP-exposed cell models revealed almost quite similar patterns for both
the size fractions. Having therefore chosen to focus attention on UFP-induced DEG patterns, respectively 9 (i.e.,
CYPIAI, NPTXI1, CYPIBI, SLC7A5, ENTPDS, GPERI, RORI, EDC3, TMEM138) and 10 (i.e., CYPIAI,
CYPIA2, CYPIBI, CYSRTI, LINC0O0886, TMEM156, MFNG, EREG, EDC3, KITLG) DEG were reported as
common to all the exposed-cell models. The most common modulated DEG were functionally annotated to the
chemical metabolic process (e.g., CYP1A1, CYP1BI, and CYP1A2) and inflammatory response (e.g., EREG).
Indeed, some of the DEG common to all the cell models acutely or repeatedly exposed (i.e., CYPIAI,
CYPIA2 and CYPIBI), and some other DEG specifically reported only in the cell models repeatedly exposed
(i.e., ALDH3AI or TIPARP) are respectively canonical and less well-characterized aryl hydrocarbon receptor
(AhR) target genes, and also in line with the relatively high contents of PAH within the UFP (Strap4dfova et al.
2018). Le Vee et al. (2016) recently reported an AHR-dependent up-regulation of the heterodimeric amino acid
transporter LAT1 (SLC7A5)/CD98hc (SLC3A2) by diesel exhaust particle (DEP) extract, thereby supporting that
DEP-derived PAH and other related compounds induced functional overexpression of amino acid transporter. In
this work, SLC7A5 was also among the DEG up-regulated in the cell models acutely or repeatedly exposed to the
PAH-rich PUF under study. Moreover, Luo et al. (2018) demonstrated that IL-24 expression is highly induced
by environmental AhR agonists, as well as PAH. IL-24 was among the main up-regulated DEG only found
within the sensitive COPD-DHBE cell model acutely exposed to the PAH-rich PUF. Another DEG possibly up-

regulated in all the cell models by AhR agonists is ENTPDS, through its hydrolase activity (Chari et al. 2007).



Other DEG reported in healthy and diseased cells acutely or rather repeatedly exposed to UFP are
members of the epidermal growth factor (EGF) family, which are EGF-like ligands for the epidermal growth
factor receptor (EGFR) and play a role in cell survival, proliferation and migration. Indeed, among the seven
ligands bind to and activate EGFR, EREG and EPGN, which constitute low-affinity ligands, were up-regulated,
with the highest FC found within sensible COPD-DHBE cells. EREG is shown to assist in the proliferation,
repair, or regeneration (or a combination of these) (Bauer et al. 2017, Singh et al. 2016). EPGN, the most
recently discovered EGFR ligand, is still understudied; however, NRF2 activation-induced EPGN upregulation
under pathological conditions such as chronic inflammatory lung diseases (Riese and Cullum, 2014).

Besides all the above-mentioned DEG, found as deregulated in almost all the cell models under study,
other DEG, as FGF-1, were only down-regulated in diseased and specially COPD-DHBE cells repeatedly
exposed to UFP, thereby supporting their highest sensitivity. Simbori et al. (2016) underlined the importance of
FGF-1, which notably participates in cell growth and differentiation, angiogenesis, and tissue repair, by
reporting its ability to prevent lung to fibrosis and limit the progression of already established fibrosis by
inhibiting TGF-B1-induced myofibroblast differentiation and downstream signaling pathways.

However, in this work, overexpression of RAB37 could help to counteract the specific down-regulation of
FGFI in asthma-DHBE cells repeatedly exposed to PUF. Indeed, RAB37 has been postulated as a tumor
suppressive small GTPase for trafficking anti-tumor cargos. Cho et al. (2018) reported an uncharacterized
mechanism by which RAB37 mediates exocytosis of secreted frizzled-related protein-1, an extracellular
antagonist of WNT, to suppress WNT signaling and cancer stemness in vitro and in vivo.

In the opposite, in COPD-DHBE cells acutely and/or repeatedly exposed to PUF, several critical DEG
(i.e., FGR, WNT7B, VIPRI up-, and PPARGCIA down-regulation) could dramatically contribute to aggravate
the repression of FGFI-downstream signaling pathways. Among the Src family kinases, well-known for their
role in malignant transformation and tumor progression, as well as in signaling through cell surface integrins,
FGR mediated outside-in signaling by B1 and (2 integrins, generally related to the immune complex-induced
generation of an inflammatory response (Kovécs et al. 2011; Mazzi et al. 2015). However, upon injury, surviving
differentiated epithelial cells spread to maintain barrier function and recruit integrin-linked kinase to adhesion
sites, which notably lead to WNT7B expression and secretion to further break quiescence, induce proliferation,
and initiate epithelial repair (Volckaert et al. 2013, 2017). Both VIPR1 and VIPR2 help vasoactive intestinal
peptide (VIP) to carry out its biological functions such as the regulation of airway mucus secretion, thereby

suggesting their possible involvement in the pathogenesis of chronic bronchitis (Miotto et al. 2004). At least,



Lebleu et al. (2014) reported that invasive cancer cells used transcription co-activator, PPARGCIA, to increase
mitochondrial biogenesis and respiration, also needed for proliferation, primary tumor growth or epithelial-to-
mesenchymal program. According to Leclercq et al. (2018), the down-regulation of PPARGCIA specifically
seen in COPD-DHBE cells repeatedly exposed to PUF could aggravate the mitochondrial dysfunction,
frequently encountered in this diseased phenotype. Indeed, Lerner et al. (2016) have recently reported the critical
role of mitochondria during inflammation, and better described how mitochondrial dysfunction contributes to the
initiation and/or aggravation of chronic inflammatory pulmonary diseases, such as COPD.

Studying the transcriptomic profiles of normal human bronchial epithelial BEAS-2B cells exposed to FP,
Zhou et al. (2016) and Longhin et al. (2016) reported the activation of some genes mainly involved in signaling
pathways related to antioxidant response, xenobtiotic stimuli, metabolism, and inflammation and immunity,
which might contribute to FP-related lung diseases. Besides, Grilli et al. (2018) showed that DEP induced the
secretion of biomarkers associated to inflammation and transcription factors relevant for cardiovascular and lung
diseases. By means of network reconstruction, they identified four genes (i.e., STAT3, HIFIA, NFKBI, KRAS)
emerging as major regulators of transcriptional response of BEAS-2B cells to diesel exhaust.

Taken together, despite the non-negligeable inter-individual variability of the cell donors, the
transcriptomic profiling by microarray technology we applied allowed identifying some new relevant signaling
pathways, closely involved in the toxicity of acute or rather repeated exposure to FP and rather UFP. Moreover,
the diseased cell models and notably COPD-DHBE cells showed a higher sensitivity. Accordingly, recent human
studies supported the highest sensitivity of COPD outpatients towards air pollution-induced adverse health
effects (Gao et al. 2019, Lee et al. 2019, Zhang et al. 2019). Interestingly, to our knowledge, this is the first work
using relevant healthy and diseased 3D organo-typic mucocilary-phenotype models for better studying the
toxicity of FP and UFP, their respective sensitivities towards FP or UFP, and the respective toxicities of FP or
UFP collected at the same time in a similar urban surrounding.

However, future experiments will be required to limit the inter-individual variability between the cell
donors of each cell phenotype, and, thereafter, to validate the activation of all the reported signaling pathways at
the protein level. Although primary cells are regarded as the most physiologically relevant thanks to their closest
resemblance to the native tissue in healthy and disease status, difficulties stemming from the isolation procedure
and complex cultivation requirements, heterogeneity and high inter-donor variability and lastly their limited life
span, still hinder their use for large scale experiments such as toxicant screening (Fizesan et al. 2018). Even

though an in vitro model which would be able to respond to all questions of interests is still far from being



achieved, further improvements of the current models should fill the gap between in vivo and in vitro studies and

further allow cheaper, ethically acceptable and high throughput toxicity evaluation (Feng et al. 2015).



CONCLUSION

Aiming to better evaluate and compare the underlying mechanisms closely involved in the toxicity of FP
and UFP, on the one hand, and the sensitivity of healthy and diseased cell models, on the other hand, we have
applied a relevant experimental strategy to acutely and repeatedly expose healthy and diseased 3D organotypic
mucocilary-phenotype cells. By studying cytotoxic, inflammatory, epigenetic, and transcriptomic endpoints, we
not only highlighted some trends to highest effects of UFP versus FP but also to highest sensitivity of asthma-
and particularly COPD-DHBE versus NHBE cells. However, a further challenge will be to better characterize
primary human airway epithelial cells and reduce the inter-individual variability between the cell donors. The
use of innovative in vitro exposure systems as healthy and diseased 3D organo-typic mucocilary-phenotypes

could yet be consider as a very useful and powerful promising tool in the field of the respiratory toxicology.
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FIGURE LEGENDS

Figure 1: Observations with a Zeiss Axio Vert.Al photonic microscope (magnitude x 1000) of chronic
obstructive pulmonary disease (COPD) diseased human bronchial epithelial (DHBE) cells cultivated in
immerged conditions until confluency (Figure 1A) and after 28 days of differentiation at the air-liquid interface
culture conditions (Figure 1B). Observations with a Zeiss EM900 transmission electronic microscope
(magnitude x 20,000) of COPD-DHBE cells after 28-days of differentiation (Figure 1C). Observations with a
Zeiss confocal scanning microscope LSM 710 (magnitude x 5,000) of pan cytokeratin, mucin-5ac (MUCS5AC),
and zonula occludens-1 (ZO-1) immunostaining of COPD-DHBE cells (Figures 1D, 1E, and 1F, respectively).

Nuclei are revealed in blue with DAPI.

Figure 2: Normal human bronchial epithelial (NHBE), and asthma- and chronic obstructive pulmonary disease
(COPD)-diseased human bronchial epithelial (DHBE) cells were grown and thereafter differentiated for 28 days
at the air-liquid interface. ATP concentrations (RLU) in cells and glucose-6-phoshate dehydrogenase (G6PD)
activity (RFU) in cell-free culture media were measured immediately after one (Figures 2A and 2C) or three
(Figures 2B and 2D) 6 h exposures with 18 h intervals to FP or UFP at the dose of 5 pg/cm?. Values are depicted
as means and standard deviations (n = 4). (Non-parametric test of Kruskal Wallis with a post hoc test of Dunn’s

for multiple comparison correction; versus NHBE, asthma- or COPD-DHBE controls: *: p < 0.05).

Figure 3: Tumor necrosis factor-alpha (TNFa), interleukine-1 beta (IL-1p), interleukine-6 (IL-6), interleukine-8
(IL-8), granulocyte macrophage-colony stimulating factor (GM-CSF), monocyte chemoattractant protein 1
(MCP-1), regulated upon activation normal T cell expressed (RANTES), and transforming growth factor-alpha,
TGFa) concentrations (pg/mL) determined in cell-free culture media of control normal human bronchial
epithelial (NHBE), and asthma- and chronic obstructive pulmonary disease (COPD)-diseased human bronchial
epithelial (DHBE) cells, grown and thereafter differentiated for 28 days at the air-liquid interface. Values are
depicted as means and standard deviations (n = 4). (Non-parametric test of Kruskal Wallis with a post hoc test of

Dunn’s for multiple comparison correction; versus NHBE controls).

Figure 4: Tumor necrosis factor-alpha (TNFa), interleukine-1 beta (IL-1B), interleukine-6 (IL-6), and

interleukine-8 (IL-8) concentrations (pg/mL) determined in cell-free culture media of normal human bronchial



epithelial (NHBE), and asthma- and chronic obstructive pulmonary disease (COPD)-diseased human bronchial
epithelial (DHBE) cells, grown and thereafter differentiated for 28 days at the air-liquid interface, and after one
(Figures 4A, 4C, 4E, and 4G) or three (Figures 4A, 4C, 4E, and 4G) 6 h exposures with 18 h intervals to FP or
UFP at the dose of 5 ng/cm?. Values are depicted as means and standard deviations (n = 4). (Non-parametric test
of Kruskal Wallis with a post hoc test of Dunn’s for multiple comparison correction; versus NHBE, asthma- or

COPD-DHBE controls: *: p < 0.05).

Figure 5: Granulocyte macrophage-colony stimulating factor (GM-CSF), monocyte chemoattractant protein 1
(MCP-1), regulated upon activation normal T cell expressed (RANTES), and transforming growth factor-alpha,
TGFa) concentrations (pg/mL) determined in cell-free culture media of normal human bronchial epithelial
(NHBE), and asthma- and chronic obstructive pulmonary disease (COPD)-diseased human bronchial epithelial
(DHBE) cells, grown and thereafter differentiated for 28 days at the air-liquid interface, and after one (Figures
5A, 5C, 5E, and 5G) or three (Figures 5A, 5C, 5E, and 5G) 6 h exposures with 18 h intervals to FP or UFP at the
dose of 5 pg/cm?. Values are depicted as means and standard deviations (n = 4). (Non-parametric test of Kruskal
Wallis with a post hoc test of Dunn’s for multiple comparison correction; versus NHBE, asthma- or COPD-

DHBE controls: *: p < 0.05).

Figure 6: Histone acetyltransferase (HAT) and deacetylase (HDAC) activities (RFU) determined in normal
human bronchial epithelial (NHBE), and asthma- and chronic obstructive pulmonary disease (COPD)-diseased
human bronchial epithelial (DHBE) cells, grown and thereafter differentiated for 28 days at the air-liquid
interface, and after one (Figures 6A and 6C) or three (Figures 6B and 6D) 6 h exposures with 18 h intervals to
FP or UFP at the dose of 5 pg/cm?. Values are depicted as means and standard deviations (n = 4). H3K9 histone
acetylation (H3k9ac) determined in NHBE, and asthma- and COPD-DHBE cells, grown and thereafter
differentiated for 28 days at the air-liquid interface, and after one (Figures 6E and 6G) or three (Figures 6F and
6H) 6 h exposures with 24 h intervals to FP or UFP at the dose of 5 pug/cm?. Total H3 histone was used as
standard control to study H3 histone acetylation. Values are presented as H3K9/H3 expression ratio, and results
have been normalized to controls. Mean + standard mean of error (SEM). (Non-parametric test of Kruskal Wallis
with a post hoc test of Dunn’s for multiple comparison correction; versus NHBE, asthma- or COPD-DHBE

controls: *: p < 0.05).



Figure 7: Venn diagram representing the changes of gene expression in normal human bronchial epithelial
(NHBE), and asthma- and chronic obstructive pulmonary disease (COPD)-diseased human bronchial epithelial
(DHBE) cells, grown and thereafter differentiated for 28 days at the air-liquid interface, and after one (Figure
7A) or three (Figure 7B) 6 h exposures with 18 h intervals to UFP at the dose of 5 pg/cm?. Linear models for
microarray data package version 3.22.7 using the moderated t statistics with normalized data was used (n = 4).

Differentially expressed genes were reported with a raw p value < 0.01 and absolute fold change > 1.5.

Figure 8: Biological processes and molecular functions triggered in normal human bronchial epithelial (NHBE),
and asthma- and chronic obstructive pulmonary disease (COPD)-diseased human bronchial epithelial (DHBE)
cells, grown and thereafter differentiated for 28 days at the air-liquid interface, and after one (Figure 8A) or three
(Figure 8B) 6 h exposures with 18 h intervals to UFP at the dose of 5 pg/cm?. Gene function analysis was done
by using the PANTHER classification system, version 13.1 based on the gene ontology consortium database.
Gene ontology classification of genes differentially expressed between PUF treated and untreated samples. The
functions of genes identified cover two main categories: biological process and molecular function. The left y
axe indicates the number of genes in a category. Enrichment analysis was performed with the freely available
web-based tool Enrichr (http://amp.pharm.mssm.edu/Enrichr) to identify statistically deregulated pathways on
the basis of Kyoto Encyclopedia of Genes and Genomes database (Fisher exact test, adj p value < 0.05). The
gene interaction networks were generated through the use of Ingenuity pathway analysis (IPA, QIAGEN Inc.,

https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis).

Figure S1: Particles surface content in FP or UFP, as investigated by X-Ray photoelectron spectroscopy.
Analyses have been carried out using monochromatic source MgKa which spot size can be adjust from 400 um
to 30 um diameter. Samples were setting up on silicon wafer, introduced in primary vacuum chamber (107 mbar,

60 min) to degas and transferred in analysis chamber (10 mbar, 320 min).
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Table 1: Elemental concentrations in FP and UFP

Element (ug/g) FP UFP
As 23.0 64.8
Ba 140.3 64.4
Be 0.4 0.3
Cd 16.9 19.3
Ce 8.5 6.3
Co 5.4 9.3
Cs 4.4 8.9
Cu 367.0 425.2
La 8.4 3.1
Mn 1350.4 582.2
Mo 25.6 36.7
Ni 98.7 199.7
Pb 399.4 541.9
Rb 26.3 44.1
Sh 47.1 49.3
Sn 49.6 111.1
Sr 91.8 49.3
Ti 3.0 5.7
Zn 4000.2 2460.7
Cr 97.3 120.7
\% 75.0 196.3
Al 5252.2 3621.1
Ca 17,904.5 11,857.4
Fe 16,406.1 10,267.0
K 1240.3 #
Mg 6591.3 #
Na 43,510.8 #
Si 9383.5 7568.1

# Values not considered in the analysis due to their high amount in HBSS.



Table 2: PAH concentrations in FP and UFP

PAH (ug/g) FP UFP
FLA 5.1 4.3
PYR 4.2 3.7

BcPHE 0.4 0.2
BaA 6.9 4.2
CHR 6.8 2.8

5MCHR 1.1 34
BeP 9.9 0.8
BbF 7.6 8.0
BjF 4.7 9.9
BkF 7.4 4.6
BaP 3.8 5.3
DalP 0.8 0.4
DahA 2.6 1.5
BghiP 12.0 12.5

IP 14.0 12.1
DaeP 3.6 2.7

ANTH 0.1 3.3

COR 2.9 4.5

2 Fluoranthene (FLA), Pyrene (PYR), Benzo(c)phenanthrene (BcDE), Benzo(a)anthracene (B(a)A), Chrysene (CHR),
5-Methylchrysene (5-MCHR), Benzo(e)pyrene (BeP), Benzo(b)fluoranthene (BbF), Benzo(j)fluoranthene (BjF),
Benzo(k)fluoranthene (BKkF), Benzo(a)pyrene (BaP), Dibenzo(a,l)pyrene (Da,IP), Dibenzo(a,h)anthracene (Da,hA),
Benzo(g,h,i)perylene (Bg,h,iPe), Indeno(1,2,3-c,d)pyrene (I-1,2,3-c,dP, Dibenzo(a,e)pyrene (Da,eP), Anthanthrene
(ANTH), and Coronene (COR)



Table 3: Top 30 list of the differentially expressed genes in NHBE cells acutely or repeatedly
exposed to UFP

Acute exposure Repeated exposures
Gene symbol Fold change p value Gene symbol Fold change p value
CYP1Al1 32.11 1.08E-06 CYP1Al1 34.22 7.58E-07
NPTX1 10.97 8.23E-04 ALDH3A1 11.51 1.65E-03
CYP1B1 6.31 8.69E-07 CYP1A2 7.65 1.20E-04
SLC7A5 4.77 3.08E-04 CYP1B1 5.88 1.85E-08
ENTPDS 4.66 1.71E-03 EPGN 5.24 3.49E-03
GPER1 4.29 8.84E-04 MYZAP 4.38 4.03E-04
ROR1 4.23 9.02E-04 VIPR1 4.31 3.83E-03
DLX2 3.85 2.74E-04 BCAS2 4.22 4 .45E-03
NKAIN1 3.38 2.94E-03 LOC344887 3.81 3.95E-03
COX10 3.11 6.26E-03 NQO1 3.59 7.30E-03
CYSRT1 3.09 8.37E-04 ARHGEF2 3.24 4.14E-03
MFNG 2.40 2.77E-03 CRHR1-IT1 3.20 4.36E-03
LOC284072 2.30 4.78E-03 CYSRT1 3.18 4.78E-04
ZNF799 211 2.66E-03 GPR110 2.90 8.75E-03
ATF6B 2.10 3.39E-03 RBM23 2.72 5.23E-03
KCTD18 1.90 9.88E-04 LINC00886 2.69 1.43E-03
SRR 1.87 4.98E-04 Clilorfol 2.60 3.17E-03
EDC3 1.86 1.28E-03 TMEM156 2.50 6.21E-04
LINC00673 1.77 9.22E-03 DHX30 2.44 4.66E-03
PHTF1 1.76 7.12E-03 MFNG 2.43 2.42E-03
TMEMG64 -1.68 4.27E-03 FAM120C -1.98 7.61E-03
LOC100131831 -1.91 9.34E-03 KITLG -2.02 4.44E-03
TET2 -2.06 5.45E-03 LOC100131831 -2.02 4.82E-03
ZNF552 -2.19 1.00E-03 GPR155 -2.06 6.74E-03
BMP2K -2.24 5.58E-03 PER2 -2.16 2.33E-03
NHLRC3 -2.43 9.78E-03 LRIG3 -2.36 4.00E-03
KCTD19 -2.44 6.55E-03 Inc-CRISP2-1 -2.43 1.52E-03
LOC100507520 -2.58 7.77E-03 C2orf50 -2.48 9.54E-03
HLA-DOA -2.85 7.18E-03 BOLA3-AS1 -3.60 8.80E-03

SLC1A3 -4.89 1.01E-05




Table 4: Top 30 list of the differentially differentially expressed genes in asthma-DHBE cells
acutely or repeatedly exposed to UFP

Acute exposure Repeated exposures

Gene symbol Fold change p value Gene symbol Fold change p value
CYP1Al 27.54 9.77E-07 CYP1Al 26.49 4.67E-08
NPTX1 11.38 3.92E-04 ALDH3Al 6.75 1.23E-06
ENTPDS8 7.48 3.44E-05 SLC16A6 5.59 3.07E-06
EPGN 6.12 9.18E-04 RAB37 5.25 1.00E-04
F2RL3 5.76 3.02E-03 CYP1B1 5.15 3.24E-04
SLC16A6 5.56 8.16E-04 ENTPDS8 4.90 7.31E-04
CYP1B1 5.41 1.77E-06 UNC13C 4.81 7.83E-04
NKAIN1 4.88 8.64E-05 EPGN 4.80 8.63E-04
UNC13C 4.81 6.22E-03 CYP1A2 4.13 9.27E-04
STC2 4.52 5.43E-03 XLOC_12_11627 3.60 9.82E-04
SLC7A5 4.13 5.24E-04 LINC00880 3.51 1.18E-03
CHDH 3.93 9.14E-03 SLC7A5 3.25 1.43E-03
GPER1 3.76 1.04E-03 LINC00886 3.24 1.86E-03
XLOC [2_11627 3.74 6.75E-04 GPR110 3.02 2.17E-03
LOC100128317 3.47 4.29E-03 EREG 2.80 3.23E-03
ROR1 3.03 6.19E-03 CYSRT1 2.72 3.35E-03
DLX2 2.95 1.74E-03 ACOXL 2.45 3.53E-03
LINC00880 2.84 5.35E-03 MENG 2.35 3.63E-03
FAM167A 2.83 3.03E-03 TIPARP 2.22 3.91E-03
RPS6KA5 2.66 6.71E-03 Inc-SLC44A5-4 2.22 3.93E-03
TRPS1 -1.55 5.98E-03 FAM46A -1.71 8.41E-03
CITED2 -1.57 1.98E-03 SERTAD4 -1.78 8.59E-03
HERC2 -1.57 8.80E-03 PDES5SA -1.78 8.66E-03
TIGD2 -1.62 1.11E-04 ALDH1B1 -1.80 8.84E-03
RIN2 -1.70 1.89E-03 ATP1A1-AS1 -1.87 8.88E-03
TRAK1 -2.08 4.99E-03 KITLG -1.95 9.41E-03
Inc-C160rf55-1 -2.30 8.34E-03 HEY1 -2.29 9.64E-03
SERTAD4 -2.32 2.16E-04 CTGF -2.66 9.73E-03
FAMB84A -2.45 3.30E-03 FGF1 -4.78 9.87E-03

CASC10 -2.83 2.00E-03 CNIH3 -5.03 9.92E-03




Table 5: Top 30 list of the differentially expressed genes in COPD-DHBE cells acutely or
repeatedly exposed to UFP

Acute exposure Repeated exposures
Gene symbol Fold change p value Gene symbol Fold change p value
CYP1Al 98.13 1.91E-09 CYP1A1 103.02 1.45E-09
IL24 7.88 2.53E-09 CYP1B1 7.32 2.53E-09
NPTX1 7.84 1.46E-07 ZNF644 7.15 1.76E-07
CYP1B1 7.44 3.42E-06 CYP1A2 6.31 3.54E-05
C5AR2 6.42 1.47E-04 SCL45A4 5.15 1.35E-04
CYP1A2 5.41 2.31E-04 ENTPDS8 4.72 3.39E-04
ENTPDS8 4,74 2.48E-04 SNHG11 4.14 3.45E-04
VIPR1 4,59 3.30E-04 VIPR1 4.03 3.81E-04
E2F7 4,53 4.88E-04 FGR 3.64 4.21E-04
SLC7A5 4.24 5.76E-04 EREG 3.24 4.64E-04
WNT7B 4,12 6.06E-04 WNT7B 3.22 5.10E-04
ROR1 4.01 6.28E-04 ACOXL 3.14 8.07E-04
HILS1 3.82 7.51E-04 LOC344887 3.04 1.02E-03
GPER1 3.40 9.23E-04 LOC284072 2.85 1.06E-03
DEF6 3.34 9.76E-04 LINC00886 2.73 1.10E-03
FGR 3.12 1.05E-03 C2CD3 2.72 1.10E-03
LOC284072 3.12 1.09E-03 TIPARP 2.50 1.12E-03
ACOXL 3.10 1.23E-03 CYSRT1 2.50 1.21E-03
GPR157 2.93 1.54E-03 ANKRD42 2.45 1.25E-03
Inc-SLC15A4-12 2.87 1.57E-03 Inc-GPR55-2 2.43 1.59E-03
TIGD2 -1.40 8.23E-03 KITLG -2.05 8.36E-03
CITED2 -1.59 8.45E-03 ID3 -2.11 8.58E-03
NR2F2 -1.59 8.50E-03 LINC00313 -2.22 8.76E-03
Inc-DNAI1-1 -1.87 8.82E-03 Inc-DMRT2-1 -2.38 8.81E-03
ZDHHCS8 -1.87 8.83E-03 FAM171A2 -2.71 8.83E-03
SUMO2 -2.04 9.01E-03 SENCR -2.75 8.91E-03
FAM13A -2.21 9.10E-03 LFNG -3.04 9.02E-03
ZSCAN1 -2.41 9.28E-03 MYLK -3.10 9.14E-03
TMPRSS7 -2.42 9.93E-03 PPARGCI1A -4.81 9.75E-03

REGI1P -2.83 9.97E-03 FGF1 -5.36 9.96E-03






