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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Fine particulate matter (PM2.5) as risk 
factor for the onset of COVID-19 disease.

• PM-driven increased expression of ACE2 
increase the infectability of lung cells.

• Enhanced capability of SARS-CoV-2 
internalization in PM2.5 primed cells.

• PM2.5 as factor increasing the inflam
matory responses to SARS-CoV-2 
infection.
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A B S T R A C T

Airborne pathogens represent a topic of scientific relevance, especially considering the recent COVID-19 
pandemic. Air pollution, and particulate matter (PM) in particular, has been proposed as a possible risk factor 
for the onset and spread of pathogen-driven respiratory diseases. Regarding SARS-CoV-2 infection, exposure to 
fine PM (PM2.5, particles with an aerodynamic diameter < 2.5 μm) has been associated with increased incidence 
of the COVID-19 disease.

To provide useful insights into the mechanisms through which PM might be involved in infection, we exposed 
human lung cells (A549) to PM2.5 and SARS-CoV-2, to evaluate the toxicological properties and the molecular 
pathways activated when airborne particles are combined with viral particles. Winter PM2.5 was collected in a 
metropolitan urban area and its physico-chemical composition was analyzed. A549 cells were exposed to SARS- 
CoV-2 concomitantly or after pre-treatment with PM2.5. Inflammation, oxidative stress and xenobiotic meta
bolism were the main pathways investigated. Results showed that after 72 h of exposure PM2.5 significantly 
increased the expression of the angiotensin-converting enzyme 2 (ACE2) receptor, which is one of the keys used 
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by the virus to infect host cells. We also analyzed the endosomal route in the process of internalization, by 
studying the expression of RAB5 and RAB7. The results show that in cells pre-activated with PM and then 
exposed to SARS-CoV-2, RAB5 expression is significantly increased. The activation of the inflammatory process 
was then studied. Our findings show an increase of pro-inflammatory markers (NF-kB and IL-8) in cells pre- 
activated with PM for 72 h and subsequently exposed to the virus for a further 24 h, further demonstrating 
that the interaction between PM and SARS-CoV-2 determines the severity of the inflammatory responses in lung 
epithelial cells. In conclusion, the study provides mechanistic biological evidence of PM contribution to the onset 
and progression of viral respiratory diseases in exposed populations.

1. Introduction

According to the Global Burden of Disease Study (GBD), infectious 
diseases (IDs) represent a major cause of human morbidity and mortality 
(Abbafati et al., 2020). Although progress has been made in the treat
ment and prevention of IDs, the emergence of viral pathogens remains 
one of the greatest threats to human health (Michaud, 2009).

In recent years, we have faced the COVID-19 pandemic whose 
pathogen is the Severe Acute Respiratory Syndrome Coronavirus 2 
(SARS-CoV-2). The emergence has had, and still is having, a global 
impact on human health and caused approximately 7 million deaths, as 
reported by the World Health Organization (WHO) (https://covid19. 
who.int/). Over the past decades, several infectious diseases caused by 
viral pathogens have emerged, such as SARS-CoV-1, MERS-CoV, H5N1, 
H1N1, H7N9 (Wei et al., 2016) and more recently, the aforementioned 
SARS-CoV-2. It is therefore urgent to understand if, among the possible 
risk factors underlying the appearance and spread of these diseases, 
environmental quality may play a role, especially considering that most 
of these are of zoonotic origin (Michaud, 2009).

Air pollution is considered one of the variables involved in the onset 
of these diseases, as it is supposed to play a role in the increases in 
incidence, severity of morbidity and mortality. Numerous studies have 
already proposed airborne pollutants, and particulate matter (PM) in 
particular, as important risk factors for respiratory and cardiovascular 
diseases and therefore they could play a role in conditioning the 
vulnerability to infections, the development of the pathology and the 
prognosis of pathogen-driven diseases (Hsiao et al., 2022; Nor et al., 
2021; Santurtún et al., 2022). Therefore, surveillance of viral disease 
outbreaks highlights the need for in-depth investigations on the impact 
of airborne pollution on respiratory viral infections.

Regarding SARS-CoV-2 infection, it has been suggested that air 
pollution and more precisely, fine PM (PM2.5), CO, and NO2, may be 
associated with a greater incidence and severity of clinical manifesta
tions of COVID-19. The hypothesis of a close relationship between virus 
spread and infectivity and high air pollution has been postulated since 
the beginning of the pandemic, when a high number of COVID-19 cases 
was recorded in highly polluted areas (Hernandez Carballo et al., 2022; 
Loaiza-Ceballos et al., 2022). There is still a lively debate if and whether 
the SARS-CoV-2 virus can be transmitted via PM. Some authors have 
suggested that SARS-CoV-2 could be transmitted by indirect contact via 
the aerosol generated by infected individuals who deposit on PM sus
pended in environments. Thus, according to this hypothesis, PM should 
act as a vector for SARS-CoV-2 virions, facilitating its entry in the lung 
(Nor et al., 2021; Setti et al., 2020). Nevertheless, this hypothesis has not 
been verified by experimental data. Several studies have focused on the 
presence of viral genetic material (RNA) in PM filters collected in 
polluted areas in search of clear evidence. This approach has however 
led to controversial results (Chirizzi et al., 2021; Licen et al., 2022; Nor 
et al., 2021; Pivato et al., 2022; Setti et al., 2020). A recent publication 
provides detailed information on the molecular interactions between PM 
and SARS-CoV-2 Spike protein. The authors demonstrate that a physical 
link between PM and SARS-CoV-2 virus is possible, and this link is strong 
enough to reduce the possibility of infection of the virus (Romeo et al., 
2023).

In parallel, some authors have proposed that PM could have a direct 

and/or indirect systemic impact on the human body thus, reducing 
resistance to infection and making people more susceptible to pathogens 
(Bontempi et al., 2020; Conticini et al., 2020; Domingo et al., 2020; 
Murgia et al., 2021).

In the last decades, numerous studies have investigated the effects of 
PM in in vitro and in vivo models, depending on its chemical composi
tion and/or size, both in short and long-term exposure. In these studies, 
exposure to PM has been found to affect lung defense mechanisms and 
cause chronic inflammation, oxidative stress and genotoxic and muta
genic effects, making the respiratory system more susceptible to viral 
infections and exacerbating the pathogenesis of respiratory diseases 
(Botto et al., 2023; Domingo et al., 2020; Loaiza-Ceballos et al., 2022; 
Longhin et al., 2018; Mantecca et al., 2010; Morakinyo et al., 2016; 
Sancini et al., 2014; Valavanidis et al., 2008). It is therefore of great 
relevance to collect data that clarify which interactions PM and SARS- 
CoV-2 may have on human cells, considering the lung epithelium as 
the primary target tissue.

The association between SARS-CoV-2 infection and exposure to PM 
could be explained by the overexpression of the angiotensin-converting 
enzyme 2 (ACE2) in the human airways, promoted by the pollutant. 
ACE2 activation is known to occur in response to PM-induced inflam
mation and oxidative stress as a protective mechanism to reduce the 
severity of lung damage by inhibiting both the inflammatory response 
and oxidative stress. In fact, ACE2 acts by inhibiting the intracellular 
nuclear factor-kB (NF-kB) that is a mediator of the pro-inflammatory 
response and in parallel, activates the nuclear factor NRF2, which in 
turn is responsible for the anti-inflammatory response (Fang et al., 
2019).

The transmembrane spike (S) glycoprotein of SARS-CoV-2 facilitates 
viral entry by binding the ACE2 receptor and fusing with human cells. 
Therefore, the expression of this receptor represents a decisive step in 
infection (Borkotoky et al., 2023; Praharaj et al., 2022). The trans
membrane protease serine type 2 (TMPRSS2) has also been suggested as 
key enzyme for viral spread. It has been proposed that SARS-CoV-2 uses 
the ACE2 receptor for entry into target cells and TMPRSS2 for S protein 
priming. The S protein is in fact composed of S1, which includes the 
receptor-binding domain (RBD) that binds to ACE2, and the S2 subunit 
that mediates membrane fusion. Priming of the S protein by proteases is 
necessary for cellular and viral membranes fusion (Hoffmann et al., 
2020a; Iwata-Yoshikawa et al., 2022).

The possible relation between PM exposure and ACE2 expression has 
been suggested by previous papers (Botto et al., 2023; Li et al., 2021). 
However, to our knowledge, there are few studies investigating the 
combined exposure of biological models to PM and SARS-CoV-2, 
although the possible interactions of airborne and viral particles on 
the same biological model are extremely relevant to understand the 
toxicology of SARS infection in urban and polluted areas. Moreover, 
none of these previous studies investigated at molecular level the effects 
of the combined exposure.

In a recent study we suggested a plausible biological mechanism that 
might explain how exposure to urban fine PM can lead to an increase in 
cellular infection to SARS-CoV-2 (Marchetti et al., 2023). The study 
highlights the key role played by ACE2 receptor in promoting virus entry 
in the lung and supports the results of ecological studies showing a 
positive correlation between COVID-19 cases or mortality associated 
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with poor air quality.
The present study aims at providing mechanistic insights of the 

toxicological effects of viral particles when combined with airborne 
PM2.5 exposure at cellular level, also considering the particles physico- 
chemical composition. After the characterization of the PM2.5 
collected in a metropolitan urban area, human lung A549 cells exposed 
to SARS-CoV-2 either concomitantly or after preliminary treatment with 
PM2.5. At the end of the incubation period, the biological mechanisms 
related to oxidative stress, xenobiotic metabolism and inflammation 
have been investigated.

2. Material and methods

2.1. PM sampling and extraction

PM2.5 was collected at Torre Sarca (Milan, Italy, 45◦31′ 18.4″ N 
9◦12′45.3″E) during winter 2021 (December 2020-March 2021). Parti
cles were collected on glass fiber and Teflon filters using a low-volume 
gravimetric sampler (Hydra dual sampler, FAI Instruments, Rome, 
Italy). For biological exposures, Teflon filters were pooled and particles 
were detached by using an ultrasonic bath (Sonica®, SOLTEC, Milan, 
Italy) to maximize particle recovery. Particles were recovered from fil
ters in ultra-pure water with four cycles of 20 min each, with a water 
bath kept within 15 ◦C by ice, collected in sterile tubes and dried into a 
desiccator (for more details see Marchetti et al., 2019). Finally, the 
sterile tubes were differentially weighed before and after extraction to 
determine the mass of the extracted particles and stored at minus 20 ◦C 
until use. For exposure experiments, PM2.5 aliquots were suspended in 
sterile water to obtain suspensions at a final concentration of 2 μg/μL. 
Particles were sonicated for 30 s just prior to cell exposure. For the 
detection of Polycyclic Aromatic Hydrocarbons, organic particles were 
extracted from glass fiber filters with hexane in an ultrasonic bath for 30 
min. The extraction solvent was then filtered (0.45 μm) and evaporated 
with N2.

2.2. Characterization of particle suspensions

The morphology and size of particles were determined by trans
mission electron microscopy (TEM) analysis. 25 μg/mL of PM suspen
sion and 2.4 × 103 genome copies/mL of SARS-CoV-2 (ATCC® 
VR1986HK™) were added dropwise onto a Formvar®-coated 200-mesh 
copper grid. After o/n drying, TEM micrographs were acquired using a 
transmission electron microscope (JEM 2100 Plus, JEOL, Japan) oper
ating at an acceleration voltage of 200 kV and equipped with an 8-mega
pixel (Gatan, US) Rio complementary metal-oxide-superconductor 
(CMOS) camera.

2.3. Chemical analysis

The total carbon and inorganic carbon content of sampled PM was 
analyzed on 1 cm2 glass fiber filter punches selecting different filters 
along all the sampling campaign. A total carbon analyzer for solid 
samples measurements was used (Shimazu SSM 5000 A). On the same 
filters, the ionic species (anion and cation) were quantified by liquid 
chromatography (ThermoFisher Scientific-Dionex ICS 1100, details in 
Stracquadanio et al., 2019). PAHs were analyzed on parallel filters by 
gas chromatography/mass spectrometry according to Marchetti et al., 
2021. Finally, metal and trace elements were analyzed by XRF (ED-XRF, 
NEX CG Rigaku, details in Stracquadanio et al., 2019) on Teflon filters 
collected in parallel to glass fiber filters covering the same sampling 
period.

2.4. Endotoxin content

Endotoxin content in the extracted PM2.5 was quantified by the 
Limulus Amebocyte Lysate (LAL) test accordingly to the manufacturer's 

instructions (Pierce Chromogenic Endotoxin Quant Kit, Thermo Scien
tific). Briefly, PM extracts were diluted with endotoxin-free LAL reagent 
water to the concentration of 25 μg/mL. Samples were mixed with LAL 
reagent and incubated at 37 ◦C for 12 min before a chromogenic sub
strate was added followed by additional 6 min of incubation. The re
action was then stopped with 25 % acetic acid and the absorbance of the 
samples was measured at 405 nm by a spectrophotometer (Tecan, 
Männedorf). The endotoxin content was calculated from a standard 
curve of Escherichia coli (LPS) and the concentration was expressed as 
endotoxin units per milligram (EU/mg) of tested particles.

2.5. Cell culture and exposure

The A549 cell line, that have been extensively used in studies of 
infection with intact SARS-CoV-2 viruses (Chu et al., 2020; Hoffmann 
et al., 2020b; Schreiber et al., 2022), is representative of lung type 2 
alveolar epithelial cells and was purchased from ATCC (ATCC® CCL- 
185, American Type Culture Collection, Manassas, VA, US). The cells 
were maintained in OptiMEM medium (Gibco, Life Technologies, 
Monza, Italy) supplemented with 10 % fetal bovine serum (FBS; Gibco) 
and antibiotics (penicillin/streptomycin, 100U/mL) (Euroclone, Pero, 
Italy) at 37 ◦C in a 5 % CO2 humidified atmosphere. Heat-inactivated 
SARS-CoV-2 was purchased from ATCC (VR1986HK).

For experiments, cells were seeded and grown up for 24 h in Opti
MEM medium with 10 % FBS. The day after, the culture medium was 
replaced with OptiMEM medium with 1 % FBS, to reduce particle-FBS 
interactions, and PM2.5 suspension was added directly to it to obtain 
the concentration of exposure and for the different exposure times. Cells 
were exposed also to 10 μg/mL Lipopolysaccharides, from Escherichia 
coli O111:B4 (LPS, Sigma Aldrich, Saint Louis, MO, USA) as positive 
control for inflammatory responses and to set-up of the experimental 
model.

Cells were exposed to SARS-CoV-2 viral particles depending on the 
different biological endpoints investigated. Viability, cytokines release, 
gene expression and protein analysis were analyzed after 72 h of expo
sure to PM2.5, SARS-CoV-2, and PM+SARS-CoV-2 (cells simultaneously 
exposed to airborne and viral particles). Endosomal markers (RAB5 and 
RAB7 expression) and cell ultrastructure analysis were performed on the 
following treatment: cells exposed only to PM2.5 for 72 + 2 h (PM), cells 
primed with PM2.5 for 72 h and then exposed to viral particles for 
additional 2 h (PM+SARS) and cells left in culture unexposed for 72 h 
and then exposed to SARS-CoV-2 for additional 2 h (Control+SARS). 
RAB5 and RAB7 were measured also on cells exposed only to SARS-CoV- 
2 for 72 + 2 h (SARS) to assess if a prolonged exposure to SARS may 
activate the endocytic pathway. Cytokines release, gene expression and 
protein analysis were studied also on cell exposed to PM2.5 and SARS- 
CoV-2 for 72 + 24 h, i.e. cells primed with PM for 72 h and then 
exposed to SARS-CoV-2, without removing PM, for additional 24 h 
(PM+SARS) and on cells left in culture for 72 h and then exposed to viral 
particles for the last 24 h (Control+SARS).

All in vitro experiments were evaluated in three independent bio
logical replicates.

2.6. Cell viability

The viability of cells exposed to PM2.5 and/or SARS-CoV-2 particles 
was assessed by means of Alamar Blue assay (Life Technologies, Monza, 
Italy) accordingly to the manufacturer's instruction.

Depending on the incubation time, A549 cells were seeded at 
different densities (2 × 104 cell/cm2 for 24 h of exposure, 1 × 104 cell/ 
cm2 for 48 h and 5 × 103 cell/cm2 for 72 h) and exposed to particles after 
24 h. For set-up experiments, cells were also exposed to different PM2.5 
concentrations (1, 2.5, 5, 7.5 and 10 μg/cm2) for 24, 48 and 72 h. Cells 
were also exposed for 72 h to different SARS-CoV-2 concentrations (1.2 
× 102, 2.5 × 102, 3.8 × 102, 5 × 102 and 6.3 × 102 genome copies/cm2) 
to select the optimal condition for experiments with viral particles (see 
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Supplementary data 1).
After treatment, a solution containing 1:10 of Alamar Blue reagent 

and OptiMEM medium with 10 % FBS was added into each well for 3 h. 
After incubation, the absorbance of each sample was read to the spec
trophotometer (Infinite 200 Pro, TECAN, Männedorf, Switzerland) at 
570 nm and compared to control values.

The relative viability [%] related to the control samples (untreated 
cells) was calculated according to the formula: 

Cell viability = (ODsample/ODcontrol)×100 

Results reported as percentage of viable cells are expressed as mean 
± SEM of viable cells in comparison to the controls (untreated cells).

2.7. Pro-inflammatory cytokines release

The protein levels of IL-6 and IL-8 considered as representative of the 
inflammatory response were analyzed by ELISA matched antibody pair 
kit (Invitrogen, Life Technologies, Monza, Italy) in the supernatants 
collected at the end of the different exposures.

At the end of treatments, cell culture supernatants were recovered 
from exposed and control cells and centrifuged at 12000 rpm for 6 min 
at 4 ◦C to remove debris and floating cells. The resulting supernatants 
were collected and stored at minus 80 ◦C until protein analysis.

ELISA was performed according to the manufacturer's instructions. 
The absorbance of each sample was measured by a multiplate reader 
(Infinite 200 Pro, TECAN) at 450 and 630 nm and the pg/mL of released 
pro-inflammatory proteins was calculated based on a standard curve.

2.8. Western blotting analysis

Cells for protein expression evaluation were seeded into 6-well plates 
at a concentration of 5 × 103 cells/well and exposed to PM2.5 (2.5 μg/ 
cm2) and SARS-CoV-2 (2.5 × 102 genome copies/cm2) for the selected 
exposure times (72 h, 72 + 2 and 72 + 24 h). At the end of exposure, 
cells were lysed on ice in RIPA buffer (150 mM NaCl, 1 % Triton X-100, 
0.5 % sodium deoxycholate, 0.1 % SDS, 50 mM Tris pH 8.0) and 0.1 % of 
proteases inhibitor, added just before use. The total protein content was 
measured by the Bicinchoninic Acid Protein assay kit (Sigma Aldrich, 
Milano, Italy) according to the manufacturer's instructions. Equal 
amounts of proteins were loaded onto 10 % SDS-PAGE (Sodium Dodecyl 
Sulphate - PolyAcrylamide Gel Electrophoresis) gels, separated and 
finally transferred on nitrocellulose membranes. Membranes were 
incubated for 1 h with blocking buffer (TBS + 0.1 % Tween20 + 5 % (w/ 
v) BSA). Afterward, membranes were incubated at 4 ◦C overnight (O/N) 
with the following primary antibodies (diluted according to datasheets): 
ACE2, RAB5, RAB7 (Invitrogen, Life Technologies), NF-κB p65 and HO- 
1 (Cell Signaling Technology, Danvers, USA). β-actin was used for 
loading control (Cell Signaling Technology, USA). The following day, 
membranes were incubated with the specific HRP-linked secondary 
antibodies (anti-rabbit and anti-mouse IgG, 1:2000, Cell Signaling) for 1 
h at room temperature (RT). Finally, proteins were detected by 
enhanced chemiluminescent (ECL, Euroclone) and digital images taken 
by means of a luminescence reader (Biospectrum-UVP, LLC, Upland, CA, 
United States). The densitometry analysis was performed with dedicated 
software (VisionWorks LS).

2.9. Gene expression

Cells for RNA analysis were seeded into 6-well plates for the selected 
exposure times (72 h and 72 + 24 h). At the end of exposure, cells were 
collected, centrifuged and the pellet resuspended in RNA Lysis Buffer 
and stored at minus 80 ◦C until RNA isolation. Monarch Total RNA 
Miniprep Kit (New England Biolabs, Euroclone) was used to extract total 
RNA from cells, according to the manufacturer's instructions. Total RNA 
samples were treated with DNase I - RNase-free to remove genomic DNA 
contamination. One μg of RNA was reverse transcribed with LunaScript 

RT SuperMix Kit (New England Biolabs, Euroclone). Gene expression 
analysis was performed by real-time PCR. PCR reactions were run on 
QuantStudio 3 Real-Time PCR System (Applied Biosystems, Life Tech
nologies) using Luna Universal qPCR Master Mix (New England Biolabs, 
Euroclone) and the following program: initial denaturation at 95 ◦C for 
60 s, then 40 cycles of 95 ◦C for 15 s and 60 ◦C for 30 s, followed by a 
melting curve. The amount of target cDNA in each sample was calcu
lated by the ΔΔCt method, normalized to the expression of a reporter 
gene, and expressed as log2 of the fold change relative to control cells. As 
reference genes, STBD and β-Actin were used. The complete list of genes 
and primer sequences is reported in Supplementary data 2.

2.10. Cell ultrastructure analysis

For TEM analysis, cells cultured in 6-well plates as described above, 
were trypsinized, washed in PBS, and immediately fixed for 60 min at RT 
in a 2 % glutaraldehyde fixative solution prepared in the same medium. 
Subsequently, cells were centrifuged for 10 min at 13200 rpm to obtain a 
pellet, and fixative solution was replaced with 2 % glutaraldehyde and 2 
% paraformaldehyde solution prepared in 0.1 M phosphate buffer (PB). 
After 1 h of fixation, cell pellets were washed with PB 0.1 M and post- 
fixed for 1 h in 1 % Osmium Tetroxide solution prepared in PB 0.1 M 
at 4 ◦C in the dark. After several washes in PB 0.1 M, samples were 
dehydrated in an ascending ethanol series, transferred in a final con
centration of propylene oxide, and then embedded in Epon resin. After 
resin polymerization at 60 ◦C for 48 h, samples were cut with Rickert- 
Jung ultramicrotome, and ultra-thin sections were collected on TEM 
grids. Ultrathin sections (50-70 nm) were stained with uranyl acetate 
and lead citrate solutions. Samples were observed with a JEM 2100 Plus 
Transmission Electron Microscope (JEOL, Japan), operating at 80 kV 
acceleration voltage and equipped with an 8-megapixel (Gatan, US) Rio 
complementary metal-oxide-superconductor (CMOS) camera.

2.11. Statistical analysis

Data are presented as Mean and Standard Error of Mean (SEM) of 
three independent experiments. Statistical analyses were performed 
using GraphPad Prism 6 software, using One-way or Two-way ANOVA 
with Dunnett's post hoc multiple comparisons tests. Values of p < 0.05 
were considered statistically significant.

3. Results

3.1. Particles characterization

Shape and state of aggregation of particles were analyzed by TEM. 
PM2.5 presents aggregates of nanometric electron-dense particles (up to 
50 nm for each primary particle and aggregates of a few hundreds of nm, 
up to few micrometers), typical of soot emissions from combustion 
processes (Fig. 1A, B, C). The morphology of SARS-CoV-2 was also 
characterized by negative staining. The virions display a spherical shape 
and a diameter of approximately 80-90 nm (Fig. 1D, E, F).

The chemical composition was determined by characterizing the 
total carbon (TC), inorganic ions (Table 1) and metals and trace ele
ments (Table 2). The main polycyclic aromatic hydrocarbons (Table 3) 
were also characterized, as organic species.

Water-soluble inorganic ions represented the major chemical frac
tion of PM2.5 collected in Milan during winter 2021. As typical of the 
winter season, Nitrate was the most abundant (Table 1). The lowest 
concentrations were found for Calcium and Magnesium.

Table 2 reports the elements detected by XRF. From that table, it is 
evident that S, K, Cl were the dominant elements, followed by Na and Fe. 
The minimum concentrations were observed for Cu, Co, Cd and As.

Table 3 summarizes the Polycyclic Aromatic Hydrocarbons (PAHs) 
content (ng/μg) of the PM2.5 samples. PAHs represent an important 
toxicological class of chemicals in the organic fraction. The sum of the 
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16 analyzed PAHs (expressed as the average of four independent repli
cates) was 66.7 ± 38 ng/μg. It can be noticed that 5- and 6 rings PAHs, 
such as benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[ghi]per
ylene, indeno[1,2,3-cd]pyrene and benzo[a]pyrene, were the most 
abundant compounds.

3.2. PM2.5 exposure concentration tests

In the present study, a single sub-toxic PM2.5 concentration of 2.5 μg/ 
cm2 was selected for in vitro investigations. To determine it, a time- and 
dose-response study of PM-induced toxicity was preliminary performed 
on A549 cells. None of the treatments produced significant alterations in 
cell viability when compared to the corresponding control except for 
cells exposed to PM for 72 h to 10 μg/cm2 (Fig. 2A).

As a measure of PM-induced pro-inflammatory effects, the release of 
IL-8 was measured after 24, 48 h and 72 h of exposure. After 72 h, a 
weak secretion of IL-8 was found only on cells exposed to 2.5 μg/cm2 PM 
(see Supplementary data 3). The level of NF-kB p65 in cell lysates was 

also measured in cells exposed to the lower PM concentrations (1 and 
2.5 μg/cm2) for 72 h using an InstantOne ELISA kit. Results confirmed 
that inflammatory response is slightly modulated only after exposure to 
2.5 μg/cm2 of PM2.5 (see Supplementary data 3). Considering these re
sults, the exposure concentration of 2.5 μg/cm2 was retained as the one 
avoiding cell death and ensuring the activation of the inflammatory 
pathway of interest.

To confirm the activation of the inflammatory response, we 

Fig. 1. TEM pictures of PM2.5 and SARS-CoV-2 suspensions. Typical soot-like aggregations of nanometric carbonaceous particles are evident as expected for the 
urban source of fine PM (A, B, C). SARS-CoV-2 virions are well recognizable with a diameter in the order of 100 nm (D, E, F).

Table 1 
Relative mass (expressed as mg of chemical species/mg of PM) for TC, IC, and 
ionic species in PM2.5 collected during winter 2021. Organic species (TC) and 
ionic ones (specifically nitrates) are explaining the majority of the sampled mass, 
as expected from a winter urban PM sample collected in the Po valley.

Main PM components Relative mass 
(mg/mg of PM)

Standard deviation 
(mg/mg of PM)

TCa 0.593 0.112
Chloride 0.015 0.007
Nitrate 0.621 0.265
Sulfate 0.071 0.035
Sodium 0.017 0.012
Ammonium 0.132 0.054
Potassium 0.036 0.016
Magnesium 0.001 0.000
Calcium 0.003 0.002
Not explained mass 0.215 0.183

a Inorganic carbon was always under the LOQ.

Table 2 
Relative content of metals/trace elements in PM2.5 collected during winter 2021 
(ng/μg).

Metals and trace elements Relative content  
(ng/μg of PM)

Standard deviation 
(ng/μg of PM)

Na 7.80 7.56
Mg 2.67 2.39
Al 1.86 1.70
Si 4.59 3.39
K 19.56 14.72
Cu ND ND
Ca 4.02 3.61
Ti 0.26 0.25
V 0.03 0.03
Cr 0.12 0.09
Mn 0.41 0.36
Fe 6.13 6.90
Co 0.00 0.00
Ni 0.05 0.06
Zn 1.99 2.20
As 0.02 0.02
Br 0.49 0.58
Rb 0.20 0.11
Pd 0.61 0.76
Sb 0.19 0.14
Ba 2.35 1.66
Pb 0.46 0.56
Cd ND ND
Cl 13.95 16.85
S 28.12 26.08
Σ metals and trace elements (μg) 95.87 90.03
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measured ACE2 protein expression (Fig. 2B) and cytokines release (IL-8 
and IL-6, Fig. 2C and D) at 24, 48 and 72 h of exposure to the selected 
concentration of PM2.5 (2.5 μg/cm2) compared to parallel exposure of 
cells to LPS (10 μg/mL), used as a positive control.

Results showed that PM2.5 induces a time-dependent increase in 
ACE2 (Fig. 2B) and IL-6 levels (Fig. 2D), although not significantly. LPS, 
as expected, induced a significant IL-6 secretion at all the time points 

investigated. IL-8 was instead increased by LPS treatment only after 72 h 
of exposure (Fig. 2C).

Considering these results, we selected 72 h of exposure at 2.5 μg/cm2 

as the time point of interest for subsequent experiments.
Similarly, tests with SARS-CoV-2 were performed to define an 

appropriate exposure concentration, considering cell viability and in
flammatory response (IL-8 release) as the endpoint of interest (see 
Supplementary data 1). 2.5 × 102 genome copies/cm2 was defined as 
SARS-CoV-2 concentration for the subsequent experiments.

3.3. PM2.5 and SARS-CoV-2 combined effects on lung cells: inflammation 
and oxidative stress

The combined effects of PM2.5 and SARS-CoV-2 simultaneously 
added to the cell culture were tested to assess the possibility that 
airborne particles might play a role in facilitating viral infection.

Cells were exposed to PM (2.5 μg/cm2) or SARS-CoV-2 (2.5 × 102 

genome copies/cm2) alone and to PM and SARS added simultaneously 
(PM&SARS) for 72 h. None of the treatments produced significant al
terations in cell viability (Fig. 3A) when compared to the relative control 
(not exposed cells).

Protein expression of ACE2, NF-kB and HO-1, as key markers of the 
inflammatory status and the oxidative stress response, were then 
investigated. PM exposure (also in combination with SARS) promoted a 
statistically significant increase in the expression of the anti- 
inflammatory marker ACE2, when compared to the control, while 
SARS alone was not able to promote such increase (Fig. 3B), confirming 
the importance of PM exposure to increase ACE2 expression and sup
porting that ACE2 is not altered by the viral infection.

NF-kB was found to be increased, although not significantly, by PM 

Table 3 
Relative content of Polycyclic Aromatic Hydrocarbons (PAHs) in PM2.5 collected 
during winter 2021 (ng/μg). nd = not detected.

PAHs Relative content 
(ng/μg of PM)

Standard deviation 
(ng/μg of PM)

naphthalene nd nd
acenaphthylene nd nd
acenaphthene 0.456 0.128
fluorene 0.097 0.044
phenanthrene 1.57 0.581
anthracene 0.17 0.05
fluoranthene 2.91 1.20
pyrene 3.57 1.41
benzo[a]anthracene 2.81 1.32
chrysene 5.85 2.58
benzo[b]fluoranthene 10.60 6.25
benzo[k]fluoranthene 9.40 6.22
benzo[a]pyrene 7.96 4.91
indeno[1,2,3-cd]pyrene 9.42 6.73
dibenz[a,h]anthracene 1.89 1.38
benzo[ghi]perylene 10.0 6.17

The endotoxin levels in PM-extracted samples were also measured. Results 
showed that PM2.5 samples at the concentration of 25 μg/mL contained about 
6.6 ± 0.56 EU/mg of PM.

Fig. 2. PM2.5 exposure concentration experiments. A) Alamar Blue assay. A549 cell viability was evaluated after 24, 48 and 72 h of exposure to increasing PM2.5 
concentrations (1, 2.5, 5, 7.5 and 10 μg/cm2). Histograms show the percentage of viable cells compared to the control (unexposed) cells. Each bar shows mean ± SEM 
of three independent experiments (N = 3). Statistical analysis was performed by Two-way ANOVA with Dunnett's multiple comparisons tests. **p < 0.01 vs control 
cells. B) ACE2 protein expression in A549 cells after 24, 48 and 72 h of A549 exposure to 2.5 μg/cm2 PM2.5 and 10 μg/mL LPS (positive control). Bars represent the 
mean ± SEM of three independent experiments (n = 3). Control value (i.e., lung cells not exposed to PM nor to SARS-CoV-2) is equal to zero having considered the 
log2 of the fold change. C, D) Pro-inflammatory response. IL-8 (C) and IL-6 (D) protein secretion after 24, 48 and 72 h of A549 exposure to 2.5 μg/cm2 PM2.5 and 10 
μg/mL LPS (positive control). Each bar shows mean ± SEM of three independent experiments (N = 3). Statistical analysis was performed by Two-way ANOVA with 
Dunnett's multiple comparisons tests. **p < 0.01 and *p < 0.05 vs control cells.
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and PM&SARS samples. SARS exposure determined a reduced expres
sion of the protein statistically different from PM&SARS cells (Fig. 3C). 
HO-1 protein levels were also examined. While PM and PM&SARS 
samples slightly augmented the protein release, no effects were induced 
by solely SARS. Moreover, PM sample induced a statistically significant 
increase of the protein when compared to SARS alone (Fig. 3D).

The inflammatory response was also explored, by measuring the 
secretions of IL-6 and IL-8. IL-6 release significantly increased with all 
treatments (Fig. 3E). On the other hand, IL-8 secretion was found 
slightly modulated only after the co-exposure PM&SARS. Interestingly, 

IL-8 released was significantly increased after the co-exposure 
PM&SARS compared to PM samples (Fig. 3F) supporting the evidence 
of a combined effects of PM and SARS in inducing an increased in
flammatory response.

Considering the previous results, a panel of selected genes related to 
inflammatory response, oxidative stress, and metabolism by cytochrome 
P450 has been screened to go deeper into the cell mechanisms possibly 
involved in the combined effects of PM2.5 and SARS-CoV-2 to be 
exploited in the next studies. Based on the gene expression analysis 
(Fig. 3G), treatment with PM induced an increased expression of IL-1β, 

Fig. 3. Cell viability and protein and gene expression in A549 cells exposed to PM2.5 and SARS-CoV-2 for 72 h. A) Cellular metabolic activity assessed by Alamar Blue 
assay. Histograms show the percentage of viable cells compared to the unexposed control cells. Each bar shows mean ± SEM of three independent experiments (N =
3). Statistical analysis was performed by One-way ANOVA with Dunnett's multiple comparisons test. B, C, D) ACE2 (B), NF-kB (C) and HO-1 (D) protein expression. 
Bars represent the mean ± SEM of three independent experiments (n = 3). Control value (i.e., lung cells not exposed to PM2.5 nor to SARS-CoV-2) is equal to zero 
having considered the log2 of the fold change. Statistical analysis was performed by One-Way ANOVA with Dunnett's multiple comparison test. **p < 0.01 vs control 
cells. ##p < 0.01, #p < 0.05 vs SARS exposed cells. E, F) Pro-inflammatory response. IL-6 (E) and IL-8 (F) protein secretion. Each bar shows mean ± SEM of three 
independent experiments (N = 3). Statistical analysis was performed by One-way ANOVA with Dunnett's multiple comparisons tests. ***p < 0.001, **p < 0.01 and *p 
< 0.05 vs control cells. §p < 0.05 vs PM&SARS exposed cells. G) Gene expression analysis. Modulation of genes related to inflammation, oxidative stress, and 
oxidation by cytochrome P450. Control value (i.e., lung cells not exposed to PM2.5 nor to SARS-CoV-2) is equal to zero having considered the log2 of the 2-ΔΔCt. 
Changes in gene expression, increased (green), decreased (red) or equal (gray) compared to the unexposed control cells are reported. Statistical analysis was per
formed by One-way ANOVA with Dunnett's multiple comparisons tests. ****p < 0.0001, ***p < 0.001, **p < 0.01 and *p < 0.05 vs control cells. H) Representative 
images of Western Blot bands.
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RANTES, CYP1A1 and CYP1B1 gene transcripts, while SARS alone 
significantly up-regulated only CYP1A1. Besides, ACE2 gene transcript 
was found to increase, although not significantly. As shown in Fig. 3G, 
co-exposure PM&SARS promoted a significant increase in IL-1β, MCP-1, 
CYP1A1 and CYP1B1 gene transcripts. The same genes are upregulated 
already by exposure to PM alone. Therefore, the results suggest that the 
combined exposure to PM&SARS is not determining a specific pattern of 
genes activation, but rather the co-exposure reinforces (as suggested by 
the stronger p-values) the effects determined by PM2.5 exposure.

3.4. PM2.5 as favoring agent to SARS-CoV-2 internalization

To get more information on the mechanisms by which PM2.5 favors 
viral internalization of SARS-CoV-2, we performed experiments to verify 
the exploitation of the endosomal pathway. Thus, the protein expression 
of the endosomal early RAB5 (Fig. 4A) and late RAB7 (Fig. 4B) markers 
was measured.

Lung cells were exposed to PM or SARS for 72 h or left in culture 
without treatment (control cells). After 72 h SARS-CoV-2 was added to 
PM and control cells for 2 additional hours of exposure (Control+SARS 
and PM+SARS samples), similarly the treatment with PM or SARS alone 
were prolonged for 2 additional hours.

Fig. 4. Protein expression and electron microscopy analysis on A549 cells exposed to PM2.5 and SARS-CoV-2 for 72 + 2 h. RAB5 (A) and RAB7 (B) protein expression 
in A549 cells primed with PM2.5 (2.5 μg/cm2) for 72 h and exposed to SARS-CoV-2 (2.5 × 102 genome copies/cm2) for 2 additional hours. Bars represent the mean ±
SEM of three independent experiments (n = 3). Control value (i.e., lung cells not exposed to PM2.5 nor to SARS-CoV-2) is equal to zero having considered the log2 of 
the fold change. Statistical analysis was performed by One-Way ANOVA with Dunnett's multiple comparison test. *p < 0.05 vs control cells. £££p < 0.1 and £p < 0.05 
vs PM+SARS exposed cells. C) Representative images of Western Blot bands. D) TEM images of A549 cells primed with PM2.5 (2.5 μg/cm2) for 72 h and exposed to 
SARS-CoV-2 (2.5 × 102 genome copies/cm2) for 2 additional hours. Panels A, B) Control cells; Panels C, D) Control cells left in culture without treatment for 72 h and 
then treated with SARS-CoV-2 for additional 2 h; Panels E, F) Cells exposed only to PM2.5; Panels G, H) Cells exposed to PM2.5 for 72 h and then treated with SARS- 
CoV-2 for additional 2 h. Endosomal vesicles are present in the cell cytoplasm, many of which contain particles. CM = cell membrane; N = nucleus, M = mito
chondria; E = endosome. Red arrows show particles inside cells. Green arrow shows viral particles in the endosomes.
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PM alone induced a slight not significant increase in the endosomal 
markers here investigated while exposure to SARS-CoV-2 alone induced 
a slight not significant downregulation of the pathway. Significantly, 
cells primed with PM (therefore with increased expression of ACE2) and 
then exposed to SARS-CoV-2 for additional 2 h, showed a significant 
increase in RAB5 expression suggesting that, after exposure to PM, the 
virus is more easily internalized into cells. The enhanced capability of 

internalization was not found in control cells exposed to SARS for 2 
additional hours (Control+SARS sample, Fig. 4A). PM and PM+SARS 
cells induced a moderate increase of the RAB7 protein, although not 
significant (Fig. 4A) if compared to control cells while in Control+SARS 
and SARS exposed cells a moderate not significant decrease of the pro
tein was measured (Fig. 4B). A significant difference was observed 
comparing PM and PM+SARS versus Control+SARS and SARS (Fig. 4B) 

Fig. 5. Protein and gene expression in A549 cells exposed to PM2.5 and SARS-CoV-2 for 72 + 24 h. A) NF-kB protein expression on cells exposed to PM2.5 and SARS- 
CoV-2 for 72 + 24 h. Bars represent the mean ± SEM of three independent experiments (n = 3). Control value (i.e., lung cells not exposed to PM2.5 nor to SARS-CoV- 
2) is equal to zero having considered the log2 of the fold change. Statistical analysis was performed by One-Way ANOVA with Dunnett's multiple comparison test. *p 
< 0.05 vs control cells. ££p < 0.01 and £p < 0.05 vs PM+SARS exposed cells. B, C) Pro-inflammatory response. IL-8 (B) and IL-6 (C) protein secretion. Each bar shows 
mean ± SEM of three independent experiments (N = 3). Statistical analysis was performed by One-way ANOVA with Dunnett's multiple comparisons tests. *p < 0.05 
vs control cells. £££p < 0.001 and £p < 0.05 vs PM+SARS exposed cells. D) HO-1 protein expression. Bars represent the mean ± SEM of three independent experiments 
(n = 3). Control value (i.e., lung cells not exposed to PM nor to SARS-CoV-2) is equal to zero having considered the log2 of the fold change. Statistical analysis was 
performed by One-Way ANOVA with Dunnett's multiple comparison test. ***p < 0.1 and **p < 0.01 vs control cells. £££p < 0.001 and ££p < 0.01 vs PM+SARS 
exposed cells. E) RAB7 protein expression. Bars represent the mean ± SEM of three independent experiments (n = 3). Control value (i.e., lung cells not exposed to 
PM2.5 nor to SARS-CoV-2) is equal to zero having considered the log2 of the fold change. Statistical analysis was performed by One-Way ANOVA with Dunnett's 
multiple comparison test. £p < 0.05 vs PM+SARS exposed cells. F) Representative images of Western Blot bands. G) Gene expression analysis. Control value (i.e., lung 
cells not exposed to PM nor to SARS-CoV-2) is equal to zero having considered the log2 of the 2-ΔΔCt. Changes in gene expression, increased (green), decreased (red) or 
equal (gray) compared to the unexposed control cells are reported. Statistical analysis was performed by One-way ANOVA with Dunnett's multiple comparisons tests. 
****p < 0.0001, ***p < 0.001, **p < 0.01 and *p < 0.05 vs control cells.
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suggesting again a different activation of the endosomal pathway in cells 
primed with PM or not prior to the exposure to the viral particles.

In support of the results obtained, electron microscopy experiments 
were also performed to verify the internalization of the viral particles in 
the alveolar cells (Fig. 4C). The ultrastructural analysis of cells exposed 
to particles shows that the treatment PM+SARS increased the intracel
lular formation of endosomal vesicles (Fig. 4C, Panels G, H), compared 
to cells exposed only to PM2.5 (Fig. 4C, Panels E, F). In panels F and H 
large endosomes containing particles are evident. Interestingly, in panel 
F particles have shape and dimensions in agreement with those of the 
viral particles presented in Fig. 1E suggesting the internalization of viral 
particles in the endosomes.

3.5. PM2.5 as a factor increasing the responses to SARS-CoV-2 infection

The possibility that cells pre-activated with PM2.5 could be more 
sensitive to SARS-CoV-2 infection was then explored. Cells primed with 
PM, SARS or left unexposed (control cells) for 72 h were additionally 
exposed for 24 h to SARS-CoV-2.

NF-kB expression and cytokines release were measured to assess the 
inflammatory response. Exposure to PM or to PM+SARS induced a 
significant increase in NF-kB when compared to control cells. On the 
contrary, viral particles alone (SARS-exposed cells) were unable to 
modulate the protein expression (Fig. 5A). Notably, IL-8 was found 
significantly increased only in PM+SARS cells (Fig. 5B). The difference 
was statistically relevant also comparing PM+SARS to PM, Con
trol+SARS and SARS exposed cells, thus suggesting that the co-presence 
of PM and SARS facilitate the increase in the inflammatory response. IL- 
6 was slightly released in PM and PM+SARS exposed cells compared to 
control. A significant difference was observed comparing PM+SARS and 
SARS samples (Fig. 5C).

HO-1 protein expression, measured as a marker of oxidative pro
cesses, was significantly increased in cells exposed to PM and PM+SARS. 
Control+SARS and SARS treatments were unable to modulate the pro
tein expression, confirming again that the oxidative pathway, if acti
vated, is related mainly to PM exposure (Fig. 5D). RAB7 protein was 
found increased, although not significantly in PM and PM+SARS sam
ples. Moreover, a statistical difference was found comparing PM+SARS 
and Control+SARS exposed cells (Fig. 5E).

Finally, the same panel of genes investigated on the cells exposed for 
72 h was analyzed. As shown in Fig. 5F few genes were found up- 
regulated at this time of exposure. The PM+SARS exposed cells 
showed a statistically significant upregulation of TNF-α and CYP1B1 
genes. These increases were observed also in the PM and SARS exposed 
cells. Moreover, PM and SARS also increased the gene expression of IL-8 
and CYP1A1, with SARS also increasing the expression of IL-12 A and 
AhRR gene transcript suggesting a specific activity of the viral particles 
alone, only at this late time of exposure.

4. Discussion

The dramatic impact of viral infections on human health has been 
demonstrated by the recent pandemic and much evidence on the effects 
of these viruses at cardiovascular and pulmonary levels have been re
ported (Groulx et al., 2018; Michaud, 2009). Moreover, air pollution has 
been suggested to play a role in the cardiovascular and pulmonary dis
eases related to pathogens infection (Domingo et al., 2020). In this 
context, the emergence of new viruses requires a deeper understanding 
of the close relationship among airborne pollutants and viral pathogens, 
with a focus on the pathogenic mechanisms involved, to improve the 
prevention and treatment of potentially exposed populations. Today, 
data on the joint toxicity of environmental pollutants and viral patho
gens are very limited.

In a previous study, the contribution of PM2.5 exposure in increased 
susceptibility to SARS-CoV-2 infection and inflammatory outcomes has 
been suggested (Marchetti et al., 2023), showing the importance to 

study the in vitro toxicological responses in lung epithelial cells.
Here, we report an investigation into the various cyto-toxicological 

properties of PM2.5 and SARS-CoV-2, with particular attention to how 
the toxic effects might change with the co-presence of PM and viral 
particles.

It is known that size, structure, and chemical composition of particles 
are associated with their toxicological properties and influence their 
residence time in the atmosphere and their deposition within the res
piratory system (Kelly and Fussell, 2012). TEM analysis provided in
formation about particle dispersion and shape and revealed that 
particles are smaller than 0.1 μm (according to the 2.5 μm cut-off head 
used to sample PM) and tend to form agglomerates accordingly to the 
primary urban emissions (mainly road traffic) of the sampling site. 
Accordingly, our samples are composed primarily of total carbon (TC) 
and inorganic ion nitrate, as representative of secondary aerosol. They 
resulted also enriched in crustal elements (such as Al, Si, K, Ca, and Fe). 
The determination of PAH concentrations revealed a high content of 5- 
and 6- rings PAHs. The results from the chemical analyses confirm 
previous data on the same sampling site (Gualtieri et al., 2009; Perrone 
et al., 2013).

For a complete characterization of the particles, we also performed 
an evaluation of the endotoxin content on the particle extract. Results 
showed that PM2.5 samples contained about 6 EU/mg, which is consis
tent with our previous studies on particles collected in that area, 
showing that during the winter season, the PM2.5 endotoxin content is 
relatively low (Gualtieri et al., 2011; Longhin et al., 2013). These results 
agree with literature data showing that highest peaks of endotoxin can 
be found during late spring/summer (Jalava et al., 2016; Ljunggren 
et al., 2019).

TEM analysis on SARS-CoV-2 particles confirm the typical round 
shape of the virions of circa 100 nm of diameter, as reported also by 
Nardacci et al. (2021).

The exposure concentration used here, besides being among the 
lowest reported in the literature for toxicological studies on PM, is also 
supported by previous studies (Li et al., 2003) that determined a daily 
potential bronchial and alveolar deposition of 2.3 and 0.05 μg/cm2 in 
conditions of high exposure periods of pollution as that normally re
ported in Milan and the Po’ Valley region in winter period (Larsen et al., 
2012).

The data obtained revealed that both airborne and viral particles did 
not affect cell viability. Moreover, we demonstrated that exposure to a 
sub-toxic concentration of PM2.5 time-dependently alters the lung de
fense mechanisms, thus promoting the activation of the inflammatory 
pathway starting from 72 h of exposure. A previous study on bronchial 
epithelial cells BEAS-2B also showed a dose- and time-dependent in
flammatory response (gene expression and protein secretion of pro- 
inflammatory cytokines) on cells exposed to PM2.5 (Cachon et al., 
2014). Similar results have been reported also by other studies (Garçon 
et al., 2006; Michael et al., 2013). Besides, the oxidative stress response 
was also found activated. As expected, AhR-induced xenobiotic enzymes 
(CYP1A1 and CYP1B1) genes were up-regulated, in line with the 
chemical characterization of fine PM and its content in PAHs. The 
activation of CYP enzymes is not new and it is largely reported in the 
literature both on in vitro (Cachon et al., 2014; Dergham et al., 2012; 
Marchetti et al., 2019) and murine models (Ding et al., 2021; Saleh et al., 
2019).

Noteworthy, cells exposed to SARS-CoV-2 viral particles alone for 
>72 h showed a significant up-regulation of pro-inflammatory genes (IL- 
8, TNF-α, IL-12 A). These results suggest that SARS-CoV-2 alone can 
initiate a moderate inflammatory response also considering that we used 
an inactivated virus. At shorter exposure times (2 or 24 h) no effects are 
observed. Thus, we can hypothesize that SARS alone requires a longer 
exposure time to modulate the biomarkers studied here. Barhoumi et 
colleagues demonstrated that the SARS-CoV-2 (2019-nCoV) Spike re
combinant glycoprotein can promote in vitro the activation of THP-1- 
like macrophages, HUVECs and PBMCs, as evidenced by the increase 
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of proinflammatory markers, including TNF-α (Barhoumi et al., 2021). 
The viral particles we used are heat-inactivated and therefore not 
completely representative of active viruses and we account this as a 
possible limitation of our study. Nonetheless, Hudák et al. (2022)
studied the cellular uptake of inactivated SARS-CoV-2 particles in in 
vitro and in vivo mouse models and demonstrated that the virus can be 
internalized by various tissues, including lung, and trigger proin
flammatory pathways in all tissues. In line with our findings, Li and 
colleagues reported a time-dependent up-regulation of pro- 
inflammatory cytokines, including IL-8, tumor necrosis factor-α (TNF- 
α), CXCL10, and CCL5 in lung epithelial cells (Calu-3) infected by the 
SARS-CoV-2 virus isolated from the bronchoalveolar lavage fluid sample 
of patients (Li et al., 2020). Interestingly, the increased expression of the 
AhR transcriptional targets CYP1A1, CYP1B1 and AhRR was also found 
in cells exposed only to viral particles. Some recent studies on COVID-19 
patient samples (Giovannoni et al., 2021; Shi et al., 2023) have proposed 
that AhR activation during a viral infection could interfere with the 
activation of the protective immune pathway by suppressing the pro
duction of the type I interferons (IFN-I). Giovannoni and colleagues 
demonstrated indeed that several coronaviruses can up-regulate AhR 
and related genes at different time points post-infection, thus sup
pressing the endogenous anti-viral response (Giovannoni et al., 2021). 
In the present study the induction of the phase I xenobiotic response 
occurred in the absence of a parallel induction of the antioxidant defense 
mechanism (here represented by HMOX-1, NRF-2 and NQ01 gene 
transcripts and HO-1 protein levels) at the time points post-exposure 
investigated; moreover we report a significant upregulation of the 
AhR repressor gene after 72 + 24 h of exposure to SARS alone sup
porting that viral particles alone can interfere with the detoxification 
pathway altering the protective cellular systems in human alveolar cells. 
Noteworthy, besides altering the detoxification systems, SARS in com
bination with PM may also sustain the activation of the inflammatory 
process, as evidenced by the protein and gene expression studies.

Infectious diseases are generally caused by viruses and bacteria that 
enter host cells for replication. Many human pathogens in fact take 
advantage of the endocytosis, or phagocytosis, machinery to reach the 
relevant intracellular compartments. Viruses, in particular, as obligate 
intracellular parasites, must transport their genome into the cytosol or 
nucleus of target cells to replicate and assemble new virus particles 
(Cossart and Helenius, 2014). Endocytosis is a process by which cells 
internalize particles or pathogenic agents through a progressive invag
ination of a small region of the plasma membrane that is subsequently 
pinched off to form a cytoplasmic vesicle. Viruses usually are internal
ized by attachment to the cell surface receptors, activation of specific 
signaling pathways, entry into the endosomal compartments and escape 
into the cytosol (Cossart and Helenius, 2014). SARS-CoV-2 binding to 
ACE2 on the airway epithelial cells has been proposed as a crucial step to 
start the infection. However, several mechanisms have been proposed to 
clarify the way SARS-CoV-2 enters cells, including cell surface fusion or 
endocytosis (Miao et al., 2023; Zhang et al., 2022).

To verify if SARS-CoV-2 exploits the increased expression of ACE2 in 
PM-exposed cells and the network of endocytic organelles to enter the 
cytosol, we studied two proteins typically involved in the endosomal 
process: RAB5 and RAB7, that are crucial for vesicle trafficking and 
fusion. RAB5 is mainly associated with early endosomes (EEs) while 
RAB7 defines late endosomes (LEs) (Cesar-Silva et al., 2022). Our results 
evidence that the endosomal pathway is differentially activated by 
particles, with airborne particles that promote only a moderate increase 
of RAB5. On the contrary, a significant upregulation of RAB5 is observed 
in PM2.5 primed cells exposed to SARS-CoV-2 for additional 2 h, sup
porting an enhanced internalization of the virus. In agreement, trans
mission electron microscopy pictures also indicate the presence of round 
shaped particles into endosomes after PM priming and SARS-CoV-2 
exposure. The hypothesis we propose is that the increase in the basal 
state of lung inflammation induced by airborne PM determines greater 
internalization of viral particles through the binding of SARS-CoV-2 to 

the overexpressed cellular receptor ACE2 and subsequent activation of 
endocytosis. Significantly, viral particles alone were not able to enhance 
ACE2 expression and exploit the endocytic process, at any time of 
exposure.

Our results are sustained by Atik et colleagues whose study describes 
that RAB5 expression is significantly increased in COVID-19 patients 
(Atik et al., 2022). On the contrary, we did not find an increased 
expression of RAB7, except in cells exposed to PM alone. This may be 
related to a possible alteration of the endosomal pathway, as reported 
also by previous studies on COVID-19 patients and COVID-19 placental 
tissues (Atik et al., 2022; Benarroch et al., 2021). In line with our 
findings, Zhang and colleagues suggest that SARS-CoV-2 is able to block 
the fusion of autophagosomes with lysosomes by inhibiting the binding 
of the protein sorting (HOPS) complex to RAB7 and then escape from 
degradation (Zhang et al., 2021). Therefore, while RAB5 can be 
considered the hallmark of SARS-CoV-2 entry into the cells, the lack of 
RAB7 upregulation should be considered as the indication of the virus 
escaping endosomal degradation. In this view, our results confirm that 
lung cells activated by PM2.5 are more prone to infections without 
obtaining possible protection from an upregulated endosomal pathway. 
This negative effect of PM, as a mechanism favorable to the binding and 
internalization of the virus, may therefore be relevant to explain the 
cases of COVID-19 infections observed in highly polluted cities (Bozack 
et al., 2022; Coker et al., 2020).

Our findings add another piece of evidence. In fact, cells exposed to 
PM and SARS-CoV-2 showed a greater responsiveness after virus inter
nalization. NF-kB is upregulated already after 24 h of SARS-CoV-2 
exposure and this upregulation, initiated by PM exposure, persists 
after co-exposure with SARS, while SARS alone is unable to activate an 
increased expression. Li and colleagues suggested the key role of the NF- 
kB pathway in the SARS-CoV-2-induced inflammatory responses (Li 
et al., 2020). The authors reported the activation of the inflammatory 
response through the NF-kB pathway and the consequent release of pro- 
inflammatory cytokines on lung epithelial cells (Calu-3) infected by 
SARS-CoV-2. In line with these findings, we found an increase of IL-8 
and IL-6 production only on cells primed with PM for 72 h and then 
exposed to SARS-CoV-2 for additional 24 h. A recent study reported 
increased production of IL-6 and IL-8 in peripheral blood mononuclear 
cells (PBMC) from healthy donors treated with PM10 and then exposed to 
SARS-CoV-2, suggesting that the simultaneous exposure to airborne and 
viral particles could accelerate the inflammatory process (Marín-Palma 
et al., 2023). Our results confirm that pre-exposure to PM can contribute 
to the imbalance of the inflammatory response that is typical of COVID- 
19 patients (Chen et al., 2021; Gudowska-Sawczuk and Mroczko, 2022).

We account for some limitations of our study. The exposure protocol 
based on submerged conditions is not representative of the actual 
interaction between the airborne PM/viruses and lung epithelial cells. 
This could have some effect on the results here reported but, to our 
understanding, these interferences should be limited (in terms of parti
cles and virus deposition on the cells). Surely, while the concentration of 
exposure is reported, we could not provide a significant dose of exposure 
helping to build dose-response functions relevant for toxicological risk 
assessment. We also acknowledge the limitation of sampling and 
extracting PM particles from filters. However, for repeated or prolonged 
exposure conditions, this procedure is still largely valid, enabling to 
collect enough mass of PM to deliver for toxicological studies.

Furthermore, we are aware that another limitation of this study is 
related to the cell system selected, based only on a lung epithelial cell 
type. Several authors reported that biological responses in co-culture of 
lung epithelial cells with other cell types (endothelial and immune cells) 
vary substantially with respect to the monoculture (Cappellini et al., 
2020; Chary et al., 2019; Loret et al., 2016). The cellular model we used 
is to be considered a simplification of the complex interaction between 
different cell types residing in the lungs and may be not completely 
representative of primary lung cells. Accordingly, our results may un
derestimate and not cover all the complex feedback that help the 
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different cell types to maintain lung homeostasis or to amplify the 
response to biohazard reaching the airways. In the future, the use of 
complex co-culture systems, also from primary cells, should be better 
exploited for the understanding of the possible risk factors underlying 
the appearance and spread of viral infections in relation to a combined 
or pre-existent exposure to air pollution.

As we report, the SARS-CoV-2 virions we used were inactivated to 
avoid the biohazard safety requirements needed to use vital viruses. 
Nonetheless, all the results we provide clearly show that the virions are 
able to interact with the cell membranes and to enter the cells by 
endocytosis, while as expected no viral replication was found. Vital vi
ruses, at least to our understanding, may have even an increased adverse 
toxicological effect, therefore our study may, somehow, underestimate 
the potency of the combined effect of PM2.5 and SARS-CoV-2.

Taken together, these findings provide new insight into the molec
ular mechanisms through which PM2.5 may facilitate the infectivity of a 
relevant human pathogen (such as SARS-CoV-2) and its effects on lung 
cells (see Supplementary Fig. 3). Noteworthy, a recent epidemiological 
population wide (Denmark population cohort - AIRCODEN) study 
(Zhang et al., 2023) reported that higher incidence and mortality from 
SARS-CoV-2 infection was significantly associated with exposure to fine 
PM and NO2 (as marker of urban vehicles combustion). The data we 
provide here strongly agree with these epidemiological findings and 
significantly may help in anticipating or hypothesizing combined effects 
of air pollutants and other viruses or bacteria.

In fact, we highlight the importance of understanding the role of air 
pollution in promoting the biological interaction between airborne 
pathogens (such as bacteria, pollen, fungi, endotoxins, and other vi
ruses) and lung epithelia and the resulting associated pathologies. The 
times we are living in, in fact, solicit the urgency to carry out a more in- 
depth investigation, to provide useful elements for understanding the 
different mechanisms of action of bio-aerosols.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2024.175979.
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Schreiber, A., Viemann, D., Schöning, J., Schloer, S., Mecate Zambrano, A., Brunotte, L., 
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