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A B S T R A C T

Staphylococcus aureus is a major opportunistic pathogen in humans; airborne exposure to this bacterium is 
associated with increased respiratory disease incidence. The airway epithelium, serving as the primary barrier 
against inhaled pathogens, is particularly vulnerable to bacterial invasion. However, the underlying mechanisms 
and relevant biomarkers for this exposure remain underexplored. In this study, we evaluated the toxic effect 
mechanisms and biomarkers of S. aureus aerosol exposure to human bronchial epithelial (16HBE) cells at the air- 
liquid interface using microRNA (miRNA) sequencing. We found that exposure to aerosols containing 3.21 × 105 

to 6.54 × 106 CFU/m3 S. aureus impaired cell viability and proliferation, induced mitochondrial damage, and 
triggered inflammation by upregulating IFN-γ expression. The bacterium secreted pore-forming toxins, co
agulases, nucleases, enterotoxins, and β-hemolysins to lyse cells and induced a cytokine storm by modulating the 
expression of hla, coa, nuc, sea, and hlb genes. 16HBE cells primarily upregulated Toll-like receptors (TLR1 and 
TLR5), mucins (MUC1), and epidermal growth factor receptors (KGF7 and TEP1) to recognize invasion, activate 
the immune response, and protect the cell membrane. miRNA sequencing suggested that medium-concentration 
exposure induced more differentially expressed genes (DEGs), particularly downregulated DEGs, than other 
concentrations. Twelve miRNAs uniquely shared across the exposure groups were considered potential bio
markers of S. aureus aerosol exposure. Regulatory networks analysis showed that miR-19a-3p, miR-18a-5p, miR- 
106b-5p, and miR-142-5p could influence cancer-related pathways and the MAPK signaling pathway by tar
geting genes such as CRK, NCOA3, MAPK1, and TGFR2 and may serve as biomarkers of 16HBE cell damage. 
Overall, this study elucidates the injury mechanisms and potential biomarkers of S. aureus aerosol exposure in 
respiratory cells, advances the understanding of airborne pathogen–induced toxicity.

1. Introduction

Staphylococcus aureus is a Gram-positive, catalase positive cocci 
belonging to the Staphylococcaceae family (Fayisa and Tuli, 2023). It is 
a common member of human microbiota on the skin of the nostrils that 
colonizes more than 30% of the population (Deinhardt-Emmer et al., 
2018). It is also a common human pathogen that causes a range of dis
eases, including endocarditis, bacteremia, pneumonia, osteomyelitis, 
and medical implant-associated infection, especially for people with 

compromised immunity (Lee et al., 2018; Turner et al., 2019). The 
pathogenic success of S. aureus is primarily attributed to its extensive 
virulence factors, enabling it to adhere to host tissues, evade immune 
responses, and damage host cells. These include α-hemolysin (α-toxin), 
β-hemolysin, and Staphylococcal enterotoxin encoded by hla, hlb, and 
sea, which could lead to the lysis of target cells, trigger inflammation, 
and result in a cytokine storm (Marrack and Kappler, 1990; 
Thammavongsa et al., 2013). Bioaerosol transmission is one of the main 
modes of transmission of S. aureus (Kozajda et al., 2019). S. aureus was 
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detected in the air of diverse settings, including residences, children's 
daycare centres, hospitals, and animal barns (Kozajda et al., 2019). 
Earlier research has shown that exposure to bioaerosols can be linked to 
worsened lung function in workers, and higher exposure to microbes in 
aerosols is correlated with an increased inflammatory potential (White 
et al., 2020). Understanding the respiratory injury effects and mecha
nisms caused by the virulence of S. aureus aerosol is crucial for pro
tecting human health.

Previous in vitro research normally employed submerged exposure 
methods to explore pathogen or bioaerosol toxicity. For example, Peng 
et al. found that submerged exposure of pathogens to nasopharyngeal 
cells could reduce cellular proliferation activity, cause mitochondrial 
dysfunction, and trigger inflammatory effects (Peng et al., 2025). Cell 
viability and proliferation rates decreased, whereas inflammatory fac
tors increased following exposure to indoor bioaerosols in submerged 
cells (Ni et al., 2024). However, this submerged exposure fails to 
appropriately reflect the in vivo process of a pollutant aerosol depositing 
onto the lung epithelium and changing the physical and chemical 
properties of pollutants (Upadhyay and Palmberg, 2018). Conversely, 
air-liquid interface (ALI) systems can closely mimic the in vivo condi
tions and offer a superiorly realistic method for in vitro exposure studies 
as pollutants are directly deposited from the aerosol phase onto cells 
(Kaur et al., 2022), although it lack the physiological cell–cell in
teractions with non-epithelial cells and cell-extracellular matrix in
teractions beyond collagen coating of the polymer surface to mimic the 
basal membrane (Leach et al., 2023). However, the application of ALI for 
assessing the toxicity mechanism of bioaerosols, particularly airborne 
pathogens, remains limited.

In recent years, multiple studies have reported the toxicological ef
fects of aerosols and some other complex mixtures following exposure to 
lung epithelial models at the ALI. For example, Kaur et al. found that ALI 
exposure to flame-generated particles triggered a notably stronger TNF- 
α response than submerged exposure (Kaur et al., 2022). Buckley et al. 
revealed that a 10-min aerosolized nanoparticle exposure exerted sig
nificant cytotoxicity in A549 cells with the expression of CXCL1, 
HMOX1, and SPP1 (Buckley et al., 2024). For the toxicity effect of 
bioaerosols in the ALI, we evaluated the apoptosis and epithelial 
permeability of lung epithelial cells BEAS-2B upon exposure to a 
P. aeruginosa bioaerosol and found that P. aeruginosa bioaerosol expo
sure induced elevated increases in epithelial permeability despite 
exhibiting reduced cytotoxicity (Zhang et al., 2026). However, the ef
fects and potential mechanisms of S. aureus on the bronchial epithelial 
cells have not been fully elucidated. The bronchial epithelium is an early 
target of inhaled bioaerosols and constitutes a vital barrier separating 
them from the underlying pulmonary tissue. After exposure to bio
aerosols, it conducts xenobiotic metabolism, coordinates innate and 
adaptive immune responses, and regulates pulmonary remodeling 
(Lampe et al., 2026). The normal human bronchial epithelial cell line 
(16HBE) retains keyphenotypes of the bronchial epithelium in vivo, 
including development of tight junctions and directionalion transport 
when grown at ALI. Hence, it can be applied in inhalation exposure 
studies to assess cytotoxicity and barrier integrity of the bronchial 
epithelium. However, the cytotoxicity and mechanisms of S. aureus 
bioaerosols remain unclear and need to be addressed using physiologi
cally relevant in vitro exposure models.

MicroRNAs (miRNAs) are increasingly recognized as sensitive bio
markers for various diseases and biological responses to environmental 
exposures (Chaiwangyen et al., 2025). For example, Siverino et al. re
ported four differentially expressed miRNAs in S. aureus–infected in
dividuals that could serve as diagnostic biomarkers for musculoskeletal 
infections caused by S. aureus (Siverino et al., 2025). As small 
non-coding RNAs, miRNAs can regulate gene expression at the 
post-transcriptional level and modulate the activity of approximately 
50% of all protein-coding genes in mammals. They act as crucial me
diators in various cell processes, including proliferation, apoptosis, dif
ferentiation, and the pathogenesis of multiple diseases (Cheng et al., 

2020). Chaiwangyen et al. found that PM10 significantly impaired 
trophoblast cell functions, including proliferation, migration, and in
vasion, by upregulating miR-146a− 5p and suppressing its target, SOX-5 
(Chaiwangyen et al., 2024). Farr et al. demonstrated that three miRNAs, 
including miR-23a-3p, miR-195-5p, and miR-423-5p, were exclusively 
expressed in patients with COVID-19 (Farr et al., 2021). Similar to 
COVID-19, exposure to S. aureus aerosols can alter miRNA expression. 
However, the regulatory role of miRNAs in S. aureus aerosol–induced 
toxicity remains largely unclear. Investigating these miRNAs may aid in 
understanding the regulatory mechanisms and identifying the bio
markers of pathogen exposure.

Overall, previous studies have demonstrated that airborne S. aureus 
exposure induces depression-like behaviors and acute pulmonary 
toxicity in mice (Gao et al., 2025; Wang et al., 2019). Staphylococcal 
enterotoxin A induces intestinal barrier dysfunction and activates 
NLRP3 inflammasome via nuclear factor kappa-B (NF-κB)/mitoge
n-activated protein kinase (MAPK) signaling pathways in mice (Liu 
et al., 2022). MiRNAs are involved in immune defense against Staphy
lococcal infections (Mirzaei et al., 2020). However, whether MAPK 
signaling pathways are involved in the impaired mechanisms of barrier 
integrity of bronchial epithelium upon inhalation S. aureus bioaerosols 
remains unclear. Therefore, this study aims to systematically assess the 
multi-level cytotoxicity of S. aureus aerosol exposure to 16HBE, pro
gressing from barrier integrity damage to the underlying molecular 
mechanisms and biomarkers. Firstly, an ALI system integrating aerosol 
generation was established using a CULTEX® exposure chamber. 
Following the exposure of 16HBE cells to S. aureus aerosols, cell viability 
and membrane integrity were first determined to evaluate the extent of 
gross cellular damage. Subsequently, the expression levels of 
pro-inflammatory factors and cellular defense–related genes were 
quantified to characterize the immune response. Next, high-throughput 
miRNA sequencing was used to detect differentially expressed miRNA 
genes, identify signaling pathways activated by bacterial exposure, and 
screen for potential miRNA biomarkers. These results will contribute to 
an improved understanding of the biological mechanisms underpinning 
the health effects of airborne pathogen exposure; they may also provide 
biomarkers for such exposure.

2. Materials and methods

2.1. Cells and bacteria

A human bronchial epithelial (16HBE) cell line (ATCC® CRL-2741), 
obtained from the Chinese Academy of Cell Resource Centre (Shanghai, 
China), was cultured in Dulbecco's modified Eagle medium (Gibco, USA) 
containing 10% fetal bovine serum, 100 U/mL penicillin, and 100 mg/ 
mL streptomycin. S. aureus (ATCC6538) was purchased from the 
Guangdong Provincial Institute of Microbiology and cultured in nutrient 
broth medium for subsequent experiments.

2.2. ALI exposure system and experiment

An in vitro exposure system was established to assess the toxico
logical effects of bioaerosols on 16HBE cells (Fig. 1). This system 
comprised three integrated components: a bioaerosol generation unit, a 
balancing and drying module, and an ALI exposure system. These 
components are described in detail in Text S1 in the Supplementary 
Material. 1 × 107, 5 × 107, and 1 × 108 CFU/mL S. aureus were used 
for stimulating bioaerosols, 16HBE cells were seeded onto Transwell 
inserts at a density of 50,000 cells/insert. Before exposure, the bacteria 
and 16HBE cells were pretreated according to the method described in 
Text S2. The 16HBE cells were exposed to bioaerosols at the ALI for 
0–12 h. Concurrently, a clean-air exposure control group was set up by 
exposing the cells to clean air under the same conditions. A heat-killed 
S. aureus aerosol control group was also used to distinguish specific 
S. aureus toxicity from general particle effects. It was prepared by 
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incubating S. aureus suspensions at 100 ◦C for 1 h before aerosolization 
(Jeannoel et al., 2018). During ALI exposure, S. aureus aerosols at the 
dryer outlet were collected using an SKC BioSampler, which has a 
collection efficiency of approximately 60% at a flow rate of 5 L/min 
(Negrini et al., 2014). Sampling was performed at this flow rate for 15 
min and the collected phosphate buffer solution (PBS) containing 
airborne microorganisms was used for plate colony-counting to deter
mine bioaerosol concentration. Additionally, S. aureus aerosols were 
concurrently detected in real time using an online bioaerosol monitoring 
system (OBMS) (Chen et al., 2024). After exposure, the exposed cells and 
underside medium were collected and used for subsequent toxicity 
analysis. To quantify deposited bacteria, the exposed cells were washed 
with PBS and ultrasonic oscillation, then cell-associated bacteria were 
determined through plate counting.

2.3. Morphologic observation and cell toxicity determination

2.3.1. Scanning electron microscopy analysis
Exposed 16HBE cells on the transwell insert were digested with 

trypsin and transferred to glass cover slips (13 mm diameter). The 
samples were then fixed with 2.5% glutaraldehyde at 4 ◦C for 12 h. After 
being gradually dehydrated with a series of ethanol concentrations and 
dried to a critical point, the samples were then coated with a layer of 
gold and examined under 15 kV accelerating voltage in a ZEISS ULTRA 
55 field emission scanning electron microscope.

2.3.2. Detection of cell activity, proliferation, reactive oxygen species 
andmitochondrial membrane potential

The exposed cells' viability was analyzed using the LDH cytotoxicity 
assay kit (Beyotime, China). Intracellular reactive oxygen species (ROS) 
levels were assessed using the Reactive Oxygen Species Assay Kit 
(Beyotime Biotechnology, S0033). Cell proliferation activity was 
assessed using a Cell-Light EdU Apollo567 In Vitro Kit (Ribobio, China). 
The changes in mitochondrial membrane potential (MMP) of the cells 
were detected using a Mitochondrial Membrane Potential Assay kit with 
JC-1 (Beyotime, China). The intensity of JC-1 was measured by a live 
cell imager (Biotek, USA) and the relative ratio of red to green fluores
cence was commonly used to measure the degree of mitochondrial de
polarization. Detailed procedures are provided in Text S3, Text S4, and 
Text S5.

2.3.3. Detection of superoxide dismutase and cytokines
Superoxide dismutase (SOD) activity of the exposed cells was 

measured using the Total Superoxide Dismutase Assay Kit with WST-8 
(Beyotime, China). The concentrations of cytokines interleukin-6 (IL- 
6), IL-8, IL-1β, tumour necrosis factor-α (TNF-α), and interferon-γ (IFN- 
γ) in the cell culture medium following bioaerosol exposure were 
determined using corresponding enzyme-linked immunosorbent assay 
(ELISA) kits (Bioswamp, Wuhan) according to the manufacturer's 
instructions.

2.4. Small RNA sequencing and bioinformatics

Total RNA was sent to Shanghai Majorbio Bio-pharm Biotechnology 
Co., Ltd. for purification, reverse transcription, library construction, and 
sequencing. A small RNA library was generated using a QIAseq miRNA 
Library Kit (Qiagen), following the manufacturer's recommendations. 
Sequencing was performed on the NovaSeq X Plus platform using a 
NovaSeq Reagent Kit. Clean reads were obtained by removing the 3′ end 
adapter, reads containing ploy-N, low-quality bases at the 3′ end, and 
sequencing adapters using Fastx-Toolkit. The transcripts per million 
reads method was used to measure the expression level of each miRNA. 
Differential expression analysis was performed using DESeq2, with sig
nificance defined as log2 fold change ≥1 and false discovery rate (FDR) 
< 0.05. Gene Ontology (GO) and Kyoto Encyclopaedia of Genes and 
Genomes (KEGG) analyses were performed to identify significantly 
enriched functions and metabolic pathways at P-adjust <0.05 compared 
with the background expression of reference genes. Multiple testing was 
corrected using the Benjamini–Hochberg method; significantly enriched 
pathways were selected based on an FDR <0.05 (Godard and van Eyll, 
2015). For detailed information on the bioinformatic process and key 
parameters, see Text S6.

2.5. The expression levels of S. aureus virulence factors and cell defense- 
related genes, miRNA, and their target genes

S. aureus produces many virulence factors contributing to the inhi
bition or avoidance of the host immune system, survival, and expansion 
of S. aureus (Fu et al., 2023). Their expression levels were analyzed by 
isolating total RNAs from S. aureus using an EZ-10 DNAaway RNA 
Mini-prep Kit (Sangon Biotech, China). Further, the expression levels of 
genes related to the cellular immune response, including TLR, NOD, 
MUC5AC, and MUC1, were also analyzed. To validate miRNA 
sequencing data, six miRNAs, namely miR-106b-5p, miR-142-5p, 
miR-3609, miR-19a-3p, miR-18a-5p, and miR-1-3p, were randomly 
selected from differentially expressed miRNAs between the control and 

Fig. 1. Air-liquid interface exposure device diagram.
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exposed groups. Further, the expression levels of target genes, including 
TGFBR2, MAPK1, FAS, RAC1, GNAS, CRK, VEGFA, MAPK9, NCOA3, 
and RPS6KA5, were analyzed using quantitative reverse transcription 
PCR (qRT-PCR). The reaction programs for qRT-PCR are detailed in Text 
S7. The primers used for amplifying bacterial virulence factor-related 
genes, cell defense-related genes, and reverse transcription were syn
thesized at Tsingke (Beijing) and listed in Tables S1–S5.

2.6. Statistical analysis

Statistical analysis was performed using GraphPad Prism (version 
10). All data were expressed as mean ± standard deviation (SD) from 
three independent experiments. Comparisons of single, continuous 
variables among three groups were made using one-way analysis of 
variance (ANOVA). A two-sided p-value <0.05 indicates a statistically 
significant difference.

3. Results and discussion

3.1. Exposure concentration and virulence factor expression level of 
S. aureus aerosols

To reveal the relationship between liquid-phase and aerosol-phase 
S. aureus, suspensions with different S. aureus concentrations were 
aerosolized. Bioaerosol concentrations detected using the plate colony- 
counting method increased from 4.01 × 104 to 3.84 × 108 CFU/m3 as 
concentration of the bacterial suspension increased from 1.0 × 106 to 
1.0 × 109 CFU/mL (Fig. S1). The concentrations detected using OBMS 
ranged from 6.38 × 105 to 7.64 × 107 CFU/m3, which were slightly 
higher than those detected using the plate colony-counting method, as 
OBMS detected the culturable cells and viable but non-culturable cells. 
However, both methods exhibited the same changing trend. Considering 
the deposition efficiency of S. aureus were 21.98% (Fig. S2), indoor and 
working environment bioaerosol concentrations typically range from 
102 to 105 and 103 to 108 CFU/m3 (Lu et al., 2025; Zhao et al., 2025), an 
environmentally relevant exposure dose, which were 7.06 × 104, 7.47 ×
105, and 1.44 × 106 CFU/m3 after mutipling the deposition efficiency, 
were selected to conducted subsequent cell exposure experiments. Be
sides, the comparison of submerged vs ALI exposure revealed that sub
merged exposure to 1.0 × 108 CFU/ml S. aureus yielded higher cell 
viability (61.64%) than ALI exposure (20.91%), suggesting that ALI can 
better reflect the dose-effect relationship in vivo conditions (Fig. S3). 
Therefore, it is very necessary to apply ALI to assess the toxicity mech
anism of bioaerosols.

To further measure the appropriate exposure time, 16HBE cells were 
exposed to clean air for 0–24 h. Cell viability was >81.42% upon 
exposure to pure air for 0–8 h (Fig. S4). However, when exposure time 
was increased to 10 h and 12 h, cell activity decreased significantly to 
73.14% and 37.97%, respectively. Therefore, 8 h was selected as the 
exposure duration for subsequent cell exposure experiments (Chmiel 
and Lenart-Boron, 2021; Fang et al., 2007). By exposing the 16HBE 
cells to heat-killed S. aureus, we found that the cell viability of the 
heat-killed S. aureus exposure group was 83.99%, which was slightly 
lower than the control (84.51%), but significantly higher than the viable 
S. aureus exposure group (61.64%) (Fig. S5), indicating that the viru
lence of viable S. aureus, not particles, is responsible for reducing cell 
viability.

When S. aureus invades the host, it produces virulence factors to 
manipulate host immune responses while ensuring its own survival 
(Tam and Torres, 2019). These virulence factors include secreted toxins 
(exotoxins), cofactors for activating host zymogens, and exoenzymes. 
After exposing the cells to low-, medium-, and high-concentration 
S. aureus aerosols (7.06 × 104, 7.47 × 105, and 1.44 × 106 CFU/m3, 
respectively) for 8 h, gene expression levels of the virulence factors, 
including hla (encodes α-hemolysin (α-toxin)), hlb (encodes β-hemo
lysin), sea (encodes Staphylococcal enterotoxin), coa (encodes 

coagulase), and nuc (encodes nuclease), were analyzed. Compared with 
those in the low-concentration exposure group, sea, hlb, and hla 
expression levels increased by 5.27–7.31-, 2.17–3.69-, and 
1.59–1.60-fold, respectively, in the medium and high concentration 
groups. This increase occurred in a dose-dependent manner (Figs. S6b, 
6c, and 6d). As α-hemolysin (α-toxin), β-hemolysin, and Staphylo
coccal enterotoxin encoded by hla, hlb, and sea could lead to the lysis of 
target cells, trigger inflammation, and result in a cytokine storm 
(Marrack and Kappler, 1990; Thammavongsa et al., 2013), we specu
lated that upon contact with host cells, S. aureus upregulated exotoxin 
secretion to erode cells and trigger inflammation. Further, the highest 
expression levels of nuc (2.22-fold) and coa (2.49-fold) were found in the 
medium-concentration exposure groups (Fig. S6a and 6e), suggesting 
that in medium concentrations, S. aureus may invade cells by secreting 
coagulase and nuclease to form a biofilm and degrade neutrophil 
extracellular traps. Previous studies showed that coagulase activates 
host zymogens and contributes to biofilm formation (Zapotoczna et al., 
2015), whereas Staphylococcal nuclease allows S. aureus to evade host 
(Speziale and Pietrocola, 2021). In summary, when host cells are 
exposed to S. aureus aerosols, increased transcription of 
virulence-related genes may increase the coordinated secretion of 
pore-forming α-hemolysins, cofactors, and enterotoxins, which syner
gistically exacerbate toxicity and inflammatory effects in cells.

3.2. Toxic effects of S. aureus aerosol exposure

3.2.1. Cell morphology damage, viability, and proliferation inhibition
Microscopic observation of cell morphology revealed that cells in the 

control group had clear boundaries and were densely arranged (Fig. 2a). 
However, after exposure to S. aureus aerosols, they began to fragment, 
detach, and aggregate; the severity of these morphological changes 
increased with increasing exposure concentration. This observation 
suggests that the cell morphology disruption is dose-dependent. SEM 
images further showed that the cell membrane was flat and intact in the 
control group. Conversely, after exposure, the cell surface was coated 
with a layer of thick slurry and granular particles. As the exposure 
concentration of S. aureus aerosols increased, cell–cell adhesion became 
enhanced; the cells began to rupture and dissolve (Fig. 2b). These 
findings aligned with increased expression of the pore-forming toxin 
encoding gene hla after exposure of the cells to S. aureus aerosols, sug
gesting that S. aureus eroded and adhered to the cells and formed a 
biofilm after exposure. Consistently, previous studies have reported that 
bacteria can aggregate and form biofilms on the surface of human im
mune cells, thereby killing the cells and subsequently dispersing 
(Bordon, 2023; Taglialegna, 2023). Bacterial adhesion to cells is an 
essential step in bacterial colonization and infection (Zhang et al., 
2022). Additionally, transmembrane pores and phospholipid hydroly
sis facilitate bacterial invasion and drive host cell lysis (Fu et al., 2023; 
Jia et al., 2024).

Exposure to S. aureus aerosols significantly damaged cell viability 
(Fig. 2c). Compared with that in the control group (cell viability set to 
100.00%), cell viability decreased to 57.17 ± 4.30, 42.84 ± 0.76, and 
25.28 ± 1.76%, respectively, in the low-, medium-, and high- 
concentration exposure groups, indicating that S. aureus aerosol exer
ted apparent, dose-dependent cytotoxic effects. These findings are 
consistent with those of a previous study demonstrating that PM2.5 
exposure can reduce cell viability in a dose-dependent manner (Chen 
et al., 2018).

As toxic compound exposure may impair cell proliferation ability, we 
analyzed cell proliferation using an EdU kit. With an increasing exposure 
dose, the number of red-fluorescent cells decreased, suggesting a 
reduction in the number of proliferation cells (Fig. 2d). Upon further 
evaluation of cell proliferation rate, we found that the sterile air expo
sure group had a higher cell proliferation rate (13.93%) than the low- 
(11.79%), medium- (9.50%), and high-concentration (7.79%) S. aureus 
aerosol exposure groups (Fig. 2e). The changing trend of proliferation 
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rate was consistent with that of cell viability, indicating that bioaerosol 
exposure retarded cell proliferation and impaired cell viability. Notably, 
a previous study has reported notable delays in cell proliferation 
following exposure to hospital bioaerosols (Huang et al., 2025).

3.2.2. Oxidative stress and immune response
Mitochondria are involved in regulating inflammation and immunity 

via oxidative stress; their function can be assessed by monitoring 
changes in mitochondrial membrane potential (MMP) (Xu et al., 2025). 
At high MMPs, JC-1 probes gather together and emit red fluorescence, 

whereas at low MMPs, they remain as monomers and emit green fluo
rescence (Zhao et al., 2018). Fig. 3a shows significantly reduced red 
fluorescence after exposure to low, medium, and high concentrations of 
S. aureus aerosols. Additionally, the ratio of red to green fluorescence 
intensity decreased from 1.00 to 0.90, 0.71, and 0.63, respectively 
(Fig. 3b), indicating that the mitochondria were damaged in a 
concentration-dependent manner upon exposure to S. aureus aerosols. 
This phenomenon may be attributed to the cell damage caused by bac
terial toxins and oxidative stress response of the host cell (Rudel et al., 
2010).

Fig. 2. Cytotoxicity in 16HBE cells after 8 h exposure. (a) Cell morphology after exposure to S. aureus aerosol; (b) SEM images of 16HBE cells after exposure to 
S. aureus aerosol. The red arrow represents S. aureus aggregates, and the blue arrow represents cell debris; (c) Cell viability after exposure to S. aureus aerosol; (d) 
representative fluorescence images of EdU staining; (e) proliferation rates of 16HBE cells after exposure to S. aureus aerosol. Each histogram represents mean ± S.D. 
n = 3. * shows the significant difference, *p < 0.05, **p < 0.01, ***p < 0.001 versus control. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)
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The potential of S. aureus aerosol exposure to induce ROS production 
in 16HBE cells was investigated. We found that relative to the control 
group, ROS production increased to 137.58%, 199.96%, and 289.63% 
after exposure to low, medium, and high concentrations of S. aureus 
aerosols, respectively (Fig. S7). This shows that S. aureus is cytotoxic to 
16HBE cells, and could cause the production of intracellular ROS, 
possibly leading to oxidative stress. Superoxide dismutase (SOD) is the 
front-line defence against superoxide; its activity directly affects the 
sensitivity of cells to oxidative damage (Fukai and Ushio-Fukai, 2011). 
Therefore, we examined SOD activity to further verify whether oxidative 
damage was the main cause of MMP reduction. With an increasing 
exposure concentration of S. aureus aerosols (low, medium, and high), 
SOD activity increased from 13.3 U/mg⋅protein to 41.76, 35.00, and 
42.90 U/mg⋅protein, respectively, indicating that microbial exposure 
induced oxidative damage (Fig. 3c). Consistently, a previous study has 
reported that under excessive stress conditions, cells release antioxi
dants to scavenge free radicals and neutralize oxidants (He et al., 2017).

Overwhelming reactive oxygen species (ROS) production can trigger 
inflammatory responses. By measuring the levels of inflammatory fac
tors such as IL-6, IL-8, IL-1β, TNF-α, and IFN-γ in the supernatant of 
exposed cells using ELISA kits, we found that they were significantly 
increased in the exposed groups. This finding suggests that bioaerosol 
exposure induces pro-inflammatory factor expression. Specifically, IFN- 
γ increased with increasing exposure concentration of S. aureus aerosol 

(Fig. 3d5). This trend is consistent with that of hlb and sea gene 
expression levels, suggesting that increased IFN-γ expression is related 
to the increased secretion of β-hemolysin and Staphylococcal entero
toxin encoded by hlb and sea. Guan et al. demonstrated that Staphylo
coccus aureus β-hemolysin upregulated IFN-γ expression (Guan et al., 
2021). Negrini et al. found that elevated secretion of IFN-γ in the sali
vary epithelial cells stimulated with S. aureus(Negrini et al., 2014). 
Further, after exposure to low-concentration S. aureus aerosol, we found 
an increase in IL-6, IL-8, and TNF-α levels from 0.98, 1.07, and 1.22 
pg/mL (control group) to 3.42, 3.72, and 2.41 pg/mL, respectively 
(Fig. 3d1, d2, and d4). However, IL-1β, TNF-α, and IL-8 production 
decreased to 1.37, 1.90, and 1.26 pg/mL, respectively, in the high 
concentration group. These numbers were significantly lower than those 
in the other two exposure groups. A previous study also revealed that 
pollutant exposure significantly elevated IL-6 and IL-8 levels in the low 
dose group; however, it inhibited their secretion at high doses (Li et al., 
2019). This phenomenon is likely attributed to the cells suffering from 
severe viability loss, increased oxidative stress, mitochondrial dysfunc
tion, and suppressed transcriptional activity, which are associated with 
cytokine dysregulation, leading to a non-monotonic dose response. Jung 
et al. found that exposure to high PM2.5 levels dysregulated immune 
responses (Jung et al., 2024).

Fig. 3. The effect of S. aureus aerosol exposure on the mitochondria, oxidative stress, and inflammation of 16HBE cells. (a) Images of nucleus, JC-1 polymer, JC-1 
monomer observed by living cell imager; (b) The fluorescence intensity ratio of JC-1 polymer and JC-1 monomer, (c) SOD activity; (d1-d5) inflammatory factors 
secreted by cells. Each histogram represents mean ± S.D. n = 3. * shows the significant difference, *p < 0.05, **p < 0.01, ***p < 0.001 versus control.
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3.3. S. aureus aerosol recognition and elimination by the cells

3.3.1. TLR/NLR response
The innate immune system of host cells can rapidly recognize and 

eliminate pathogens by detecting conserved molecular patterns in mi
croorganisms via pattern recognition receptors (PRRs). Among PRRs, 
Toll-like receptors (TLRs) are membrane-bound signal receptors that can 
recognize lipopolysaccharides and other bacterial substances (Vidya 
et al., 2018) and play an important role in mediating inflammatory re
sponses (Li and Wu, 2021). Nucleotide oligomerization domain (NOD)– 
like receptors (NLRs) are cytoplasmic PRRs; they recognize pathogens 
and activate immune responses either by direct ligand binding (such as 
NOD1/2) or sensing intracellular homeostasis imbalance (such as 
NLRP3) (Chen et al., 2021). By investigating the expression levels of 
these PRRs genes, we found that in the low-concentration exposure 
group, the expression levels of TLRs were slightly increased 
(1.36–2.15-fold) or even downregulated compared with those in the 
control group (Fig. 4a), suggesting that this exposure concentration did 
not reach the threshold required for effective pathogen recognition. By 
contrast, the expression levels of TLR1, TLR2, TLR4, and TLR5 were 
upregulated by 5.20–7.03-, 11.21–14.55-, 11.91–15.30-, and 
16.26–22.15-fold, respectively, in the medium- and high-concentration 
exposure groups. As TLR1, TLR2, TLR4, and TLR5 can recognize 
pathogen-associated molecular patterns (PAMPs), including lipoteichoic 
acid, lipopolysaccharides, and flagellin (Zindel and Kubes, 2020), their 
significant upregulation indicates that 16HBE cells primarily recognize 
S. aureus aerosol invasion by detecting PAMPs via TLR1, TLR2, TLR4, 
and TLR5.

After entering the cytoplasm, S. aureus aerosol can be recognized by 
NLRs. Among these, NOD2 specifically recognizes muramyl dipeptide in 
the bacterial cell wall, whereas NLRP3 is closely associated with the 
pathophysiology of various inflammatory diseases (Li and Wu, 2021). 
After exposure to S. aureus aerosols, the expression levels of NOD2 and 
NLRP3 were upregulated by 22.71–28.86- and 3.90–14.48-fold, 
respectively, compared with those in the control group (Fig. 4a). This 
observation indicates that S. aureus induces inflammation by regulating 
NLRP3 expression. This result is consistent with the aforementioned 
result indicating that exposure to S. aureus aerosols leads to increased 
production of the pro-inflammatory cytokine IL-1β (Fig. 3d3). A previ
ous study also revealed that PM2.5 exposure could activate the 
NF-κB/NLRP3 signaling pathway, thereby inducing airway inflamma
tion (Zhang et al., 2025). These findings suggest that upon exposure to 
S. aureus aerosols, 16HBE cells simultaneously initiate the bacterial 
recognition mechanism mediated by TLRs and NLRs and activate the 
immune response.

3.3.2. Mucin response
Mucins are glycoproteins; their abnormal expression affects cellular 

growth, differentiation, transformation, adhesion, invasion, and im
mune surveillance (Hollingsworth and Swanson, 2004). Among the two 
main classes of mucins, membrane-bound Mucin 5AC (MUC5AC) is a 
major component of airway mucus. Secreted or gel-forming MUC1 is 
involved in cell signaling, immune regulation, and inhibition of cell–cell 
and cell–matrix adhesion. Additionally, matrix metalloproteinases, 
which are involved in the pathogenesis of inflammatory airway disease, 
play an important role in regulating MUC5AC expression in human 
airway epithelial cells via ROS generation (Yu et al., 2015). By investi
gating the expression levels of these genes, we found that in the 
medium-concentration exposure group, MUC5AC, MMPs, and MUC1 
were upregulated by 5.96-, 5.59-, and 149.65-fold, respectively, 
compared with those in the control group (Fig. 4b), indicating that 
16HBE cells secreted relevant mucins and formed a mucus layer to 
protect the cell membrane from damage during S. aureus aerosol expo
sure. Similarly, a previous study found that PM2.5 exposure exacerbated 
the inflammatory response and increased mucus production in 16HBE 
cells (Han et al., 2025).

3.3.3. EGFR/KGF response
The progression of S. aureus aerosol invasion leads to disease 

development by regulating the expression of a series of genes. For 
example, increased expression of epidermal growth factor receptor 
(EGFR) leads to epithelial structural and functional alterations (Roake 
and Artandi, 2020). Keratinocyte growth factor (KGF), an 
epithelium-specific growth factor, plays an essential role in epithelial 
cell proliferation and is frequently overexpressed in epithelial-derived 
cancers (Niu et al., 2007). Upon further investigation of the expression 
levels of these genes, we found that compared with the control group, 
exposure to medium- and high-concentration S. aureus aerosol slightly 
upregulated EGFR expression (5.25- to 6.39-fold), whereas exposure to 
low-concentration aerosol downregulated EGFR expression in the low 
concentration group (Fig. 4b). In the medium-concentration exposure 
group, TEP1 and KGF7 expression levels were increased by 19.73- and 
151.87-fold, respectively, suggesting that S. aureus aerosol exposure 
exhibited disease-inducing potential, with the medium-concentration 
exposure group exhibiting the most prominent effects. Previous 
studies have demonstrated the involvement of EGFR in airway inflam
mation induced by environmental insults (Wang et al., 2020a); KGF 
overexpression is associated with epithelial disruption, cytokine 
response, and epithelial adhesion (Wang et al., 2020b).

These findings suggest that exposure to medium/high-concentration 
S. aureus aerosols activates the EGFR signaling pathway, thereby 
inducing MUC5AC overexpression and excessive mucus secretion. 
Upregulation of KGF and TEP1 will affect cellular processes such as 

Fig. 4. The expression levels of cellular defense related genes following S. aureus aerosol exposure. (a) Bacterial recognition-related genes; (b) Repair regeneration 
and adhesion-related genes. Each histogram represents mean ± S.D. n = 3. * shows the significant difference, *p < 0.05, **p < 0.01, ***p < 0.001 versus control.
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apoptosis, proliferation, damage repair, intercellular adhesion, and in
flammatory cytokine release, leading to disease initiation and 
progression.

3.4. Correlation analysis between S. aureus aerosol concentrations and 
cytotoxicity

Upon further clarifying the primary toxic effect of S. aureus aerosol 
exposure by Spearman correlation analysis, we found that S. aureus 
aerosol concentration was negatively correlated with cell viability, 
proliferation, and MMP (p < 0.001); however, it was positively corre
lated with IFN-γ, TLR1, and TLR5 (p < 0.001) (Fig. 5). This finding in
dicates that S. aureus aerosol exposure impairs cell viability and 
proliferation, induces mitochondrial damage, and triggers inflammation 
probably by upregulating IFN-γ expression and that cells recognizes 
S. aureus aerosol invasion probably via TLR1 and TLR5. Furthermore, a 
significant positive correlation was observed between IFN-γ and TLR1/5 
(p < 0.001), suggesting their potential synergistic effects in antimicro
bial immune responses. This finding aligns with those of previous re
ports indicating that IFN-γ promotes TLR2/1-mediated host defenses 
against intracellular infection (Edfeldt et al., 2010; Krutzik et al., 2003). 
Further, TNF-α was also positively correlated with TEP1, KGF7, and 
MUC1, suggesting that S. aureus aerosol infection may trigger a 
TNF-α-mediated inflammatory attack. A previous study showed that 
immune cells could release large amounts of TNF-α during bacterial 
infections (Schicke et al., 2020).

3.5. Toxicity mechanism and biomarkers of S. aureus aerosol exposure

3.5.1. Trend analysis of differentially expressed miRNAs
miRNA sequencing was performed to further analyze the toxicity 

mechanism and potential biomarkers of S. aureus aerosol exposure. As 
shown in Figs. S8 and 746; 608; and 561 total miRNAs were detected in 

the low, medium, and high concentration groups, respectively (total 
miRNAs are discussed in detail in Text S8). Among these, 12 known 
miRNAs (miR-1236-5p, miR-219a-1-3p, miR-3164, miR-3187-3p, miR- 
375-3p, miR-409-5p, miR-4783-3p, miR-503-3p, miR-6872-5p, miR- 
765, miR-874-3p, and miR-889-3p) were uniquely shared among the 
three exposure groups, suggesting that these miRNAs maybe potential 
biomarkers of S. aureus aerosol exposure. After exposure to low, me
dium, and high concentrations of S. aureus aerosol, 4; 21; and 8 miRNAs 
were significantly upregulated, whereas 16; 33; and 3 miRNAs were 
significantly downregulated, respectively (Fig. S9). This finding suggests 
that medium-concentration S. aureus exposure induces more differen
tially expressed genes (DEGs), particularly downregulated DEGs, than 
other concentrations. The reduced number of DEGs in the high- 
concentration exposure group may be attributed to high cytotoxicity 
of the bacterial aerosol, which inhibits cellular gene expression.

After further analysis of miRNAs with significantly altered expres
sion levels between the exposure and control samples, we found that 
miR-12136, miR-122-5p, miR-1291, miR-146b-5p, miR-622, and miR- 
664a-5p were upregulated, whereas miR-3609, miR-106b-5p, miR- 
5701, and miR-15b-5p (except for the low exposure group) were 
downregulated (Fig. S10a). According to previous studies, miR-122-5p 
and miR-106b-5p are involved in regulating cell proliferation, inflam
mation, and oxidative stress (Bamahel et al., 2025; Yang et al., 2020). 
Pore-forming toxin Listeriolysin secreted by Listeria monocytogenes can 
induce the expression of miR-146b, miR-16, and miR-155 in Human 
epithelial cells (Izar et al., 2012), and miR-146b-5p can act as a sup
pressive miRNA and prognostic predictor in non-small cell lung cancer 
(Li et al., 2017). Besides, dysbiosis induced by S. aureus infection exac
erbates inflammation, and inflammatory mediators can subsequently 
affect microRNA expression levels. Specifically, persistent S. aureus 
colonization will lead to dysbiosis, which drives inflammation. It also 
triggers the induction of miR-15b-5p to diminish DNA repair and 
deregulate inflammatory response, which leads to chronic inflammation 

Fig. 5. Spearman correlation between S. aureus aerosol concentration and cell cytotoxicity. * shows the significant difference, *p < 0.05, **p < 0.01, ***p < 0.001.
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and ultimately promotes tumor growth (Kobayashi et al., 2015; Ramirez 
et al., 2018). Abnormal expression of miR-622 can promote or inhibit 
the progression of liver, colorectal, and breast cancers (Lu et al., 2022). 
Further, exposure to low- and medium-concentration S. aureus aerosols 
increased the expression levels of let-7a-5p, let-7e-5p, and miR-30b-5p 
while decreasing those of miR-133a-3p, miR-18a-5p, miR-331-3p, 
miR-1-3p, miR-146a-5p, and miR-17-5p. Notably, hsa-let-7a-5p can be 
used to distinguish normal subjects from tobacco users; increased 
expression of let-7a-5p has been reported in cigarette smokers (Singh 
et al., 2020). Toll-like receptor 4 (TLR4) is activated in acute respira
tory distress syndrome by downregulating let-7e-5p expression (Meidert 
et al., 2021). Compared with those in healthy controls, miR-17-5p; 
miR-18a-5p; and miR-146b-5p were found to be downregulated in pa
tients with COVID-19 (Li et al., 2020). Moreover, downregulated 
expression of miR-331-3p and miR-133a-3p has been observed 
following exposure to PM10 and traffic-related air pollution (Krauskopf 
et al., 2018; Pergoli et al., 2017). A previous study revealed that envi
ronmental hazards altered the expression of several miRNAs, including 
miR-1–3p and miR-146a–5p, which target genes encoding NF-κB, PTEN, 
and MAPK, which are associated with oxidative stress, inflammation, 
apoptosis, cell cycle regulation, and carcinogenesis (Chaiwangyen et al., 
2025). Therefore, we concluded that the miRNA expression alterations 
induced by S. aureus aerosol were linked to immune regulation and 
inflammation and may be used as indicators for predicting susceptibility 
to respiratory diseases.

Using a Venn diagram to analyze differentially expressed miRNAs 
between the low vs. control groups and medium vs. control groups, we 
found that 11 miRNA, including seven known miRNAs (miR-106b-5p, 
miR-18a-5p, miR-1-3p, miR-142-5p, miR-19a-3p, miR-3609, and miR- 
1248) and four novel miRNAs (11-7801, 11-6748, 5-33073, and 4- 
31581), were shared by two group samples (Fig. S11a). These miRNAs 
were significantly downregulated in the low- and medium- 
concentration exposure groups (Fig. S10a). Six randomly selected 
miRNAs with significantly differential expression, namely miR-106b-5p, 
miR-142-5p, miR-3609, miR-18a-5p, miR-1-3p, and miR-19a-3p, were 
used to validate the high-throughput dataset results using RT-qPCR; the 
abnormal expression trends of these six miRNAs were consistent with 
those in the high-throughput dataset (Fig. S12).

3.5.2. Prediction and annotation of miRNA putative target genes
To explore the potential regulatory roles of miRNAs, their target 

genes were predicted using the StarBase, miRWalk, and miRTarBase 
programs. In total, 7655 genes were identified as potential targets of 362 
known miRNAs using the three programs. We searched for intersections 
of these target genes via subsequent GO and pathway analyses. Among 
the top 20 predicted target functions, 8; 4; and 8 functions were related 
to biological processes (BP), molecular functions (MF), and cellular 
components (CC), respectively (Fig. S10b). The abundances of these 
target gene functions were higher in the medium vs. control group than 
in the low vs. control group comparisons. Cellular processes, binding, 
and cell part were the most abundant BP, MF and CC categories, 
respectively (for a detailed discussion of these functions, see Text S9). 
Most GO terms were involved in the cellular response to S. aureus 
aerosols, suggesting that cells considerably adjusted their biological 
processes, molecular functions, and cellular components when 
responding to the invasion of S. aureus aerosols, ultimately leading to 
cytotoxicity, including structural damage, mitochondrial dysfunction, 
and oxidative stress.

Next, KEGG pathway enrichment analysis was performed to annotate 
the functions of the identified miRNA targets. Among the top 20 path
ways, significantly enriched pathways in the medium-concentration 
exposure group included pathways in cancer (194 genes), MAPK 
signaling (107 genes), AMPK signaling (55 genes), and TNF signaling 
pathway (45 genes) (Fig. S10c). As “pathways in cancer” encompasses a 
broad set of genes involved in fundamental cellular processes such as the 
cell cycle, proliferation, and apoptosis, we suggest that S. aureus aerosol 

exposure triggers a profound transcriptomic reprogramming related to 
critical cellular functions, with the MAPK and TNF pathways specifically 
pointing to a strong inflammatory and stress response. Consistent with 
this finding, a previous study also showed that biological processes 
related to cancer were significantly altered following cellular exposure 
to PM2.5 (Giammona et al., 2024).

Further, differentially expressed miRNA targets between the low vs. 
control groups and medium vs. control groups were analyzed using a 
Venn diagram. Among 11 shared miRNAs (Fig. S11), five miRNAs (miR- 
106b-5p, miR-1-3p, miR-142-5p, miR-18a-5p, and miR-19a-3p) have 
predicted targets, whereas two known miRNAs (miR-3609 and miR- 
1248) do not have predicted targets. Upon further analysis of these 
target genes, miR-106b-5p; miR-18a-5p; and miR-19a-3p were predicted 
to target 616, 141, and 112 genes, respectively, which were higher than 
those predicted for miR-1-3p (43 targets) and miR-142-5p (18 targets) 
(Fig. S11b and Table S6). For miR-106b-5p targets, 38 and 16 target 
genes were associated with cancer-related pathways and the MAPK 
signaling pathway, respectively; these numbers were higher than those 
of the other aforementioned miRNAs. (Table S6).

Upon construction of the interaction network between these five 
miRNAs (and their target genes) and the MAPK signaling pathway and 
cancer-related pathways using Cytoscape, we found 19 target genes with 
at least three link nodes: TP53, PTEN, MAPK1, MAPK9, RPS6KA5, CRK, 
RAC1, TGFBR2, VEGFA, FAS, ITGA2, GNAS, NCoA3, IFNAR2, RASA1, 
STK4, PRKCB, BCL2L11, and CCND1 (Fig. 6a). Specifically, miR-19a-3p 
and miR-18a-5p can affect the two pathways by targeting TP53 and 
RPS6KA5. miR-106-5p mainly targets RPS6KA5, FAS, MAPK9, MAPK1, 
CRK, VEGFA, and TGFBR2, and leads to stress responses and inflam
mation. miR-142-5p can affect cancer-related pathways and the MAPK 
signaling pathway by targeting RAC1. These target genes are related to 
inflammation and may act as oncogenic drivers or tumour suppressors. 
For example, Ras-related C3 botulinum toxin substrate 1 (RAC1) is 
closely related to the occurrence and development of tumours; it is 
overexpressed in various carcinomas, including lung cancer, bladder/ 
urinary tract cancer, and melanoma (He et al., 2025). Excessive vascular 
endothelial growth factor (VEGF) activity promotes tumour growth, 
invasion, and metastasis (Lee et al., 2025). FAS is a death receptor that 
has been implicated in the pathogenesis of various malignancies and 
diseases of the immune system (Wajant, 2002). GNAS is frequently 
mutated in colorectal adenocarcinomas and other malignancies (Polani 
et al., 2025). Mitogen- and stress-activated protein kinase 1, encoded by 
RPS6KA5, is a downstream kinase of the MAPK signaling pathway; it 
functions as a transcriptional coactivator of p53 (McCoy et al., 2005).

By investigating the expression of these target genes using RT-qPCR, 
we found that after exposure to S. aureus aerosols, MAPK1, MAPK9, 
RPS6KA5, FAS, RAC1, and TGFBR2 were downregulated, whereas CRK, 
GNAS, NCOA3, and VEGFA were upregulated (Fig. 6b). The levels of 
downregulated target genes were lower in the medium-concentration 
exposure group than in the other groups, especially for MAPK1 and 
TGFBR2. Overall, MAPK family proteins such as MAPK1 and MAPK2 
play an important role in complex cellular programs such as prolifera
tion, differentiation, development, transformation, and apoptosis 
(Zhang and Liu, 2002). Transforming growth factor β binds to receptors 
such as TGFBR2 and has a dual cancer-promoting/tumour-suppressing 
effect, regulating proliferation, differentiation, apoptosis, and immune 
response (Vander Ark et al., 2018). Our results suggest that 
medium-concentration S. aureus aerosol exposure alters the expression 
of miR-106b-5p, which targets MAPK1 and TGFBR2, which are associ
ated with proliferation, differentiation, inflammation, and apoptosis. A 
previous study also showed that miR106a-5p may be a critical modu
lator for apoptosis by targeting TGFBR2 via the TGFβ/SMAD signaling 
pathway (Zhang et al., 2020). However, the expression levels of upre
gulated genes were higher in the high-concentration exposure group, 
specifically for CRK and NCOA3, which were upregulated by 73.13 and 
24.06 times, respectively. CRK proteins integrate diverse signals from 
growth factors, the extracellular matrix, bacterial pathogens, and 
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apoptotic cells; their dysregulation is linked to cancer and increased 
susceptibility to pathogen infections (Birge et al., 2009). NCOA3, also 
known as SRC-3, mainly acts as a transcriptional coactivator; it is 
associated with multiple cancers, including breast, gastric and prostate 
cancers (Yan et al., 2006). Overall, in the high-concentration exposure 
group, suppressed expression of miR-106b-5p and miR-18a-5p may 
result in the upregulation of their target oncogenes, such as CRK and 
NCOA3, suggesting a potential link to cancer-related pathways. These 
identified miRNAs may be used as candidate biomarkers for indicating 
16HBE cell damage, such as inflammation, following S. aureus aerosol 
exposure.

4. Conclusions

In conclusion, an ALI exposure system was developed to evaluate the 
toxic effect mechanisms and potential biomarkers of S. aureus aerosols. 
The results indicated that cell viability, proliferation, and MMP 
decreased as S. aureus aerosol concentration increased from 3.21 × 105 

to 6.54 × 106 CFU/m3. During exposure, cells secreted IFN-γ to trigger 
an inflammatory response and recognized S. aureus aerosol invasion 
probably via TLR1 and TLR5. S. aureus may damage cells by increasing 
hla, hlb, sea, coa, and nuc expression levels. The RNA-sequencing results 
suggest that more DEGs were found in the medium-concentration 
exposure group than in the other concentrations, probably because of 
high cytotoxicity. Twelve known miRNAs uniquely shared by three 
exposure groups may be potential biomarkers of S. aureus aerosol 
exposure. KEGG enrichment analysis showed that the target genes of 
miRNAs were widely enriched in cancer-related pathways and the 
MAPK signaling pathway. The interaction network showed that miR- 
19a-3p, miR-18a-5p, miR-106b-5p, and miR-142-5p influenced the 
two pathways by targeting genes such as CRK, NCOA3, MAPK1, and 
TGFR2. Overall, these findings provide a potential injury mechanism 
and biomarkers for human respiratory tract cells exposed to S. aureus 
aerosols; they increase our understanding of bioaerosol–lung injury 
interactions.
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