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ABSTRACT: Bioaerosols are commonly present in air, and the exposure of bacteria in bioaerosols may lead to allergic reactions and
respiratory diseases. However, precise mechanisms underlying the impact of pathogenic bacteria on respiratory health remain poorly
understood, and their primary target cells in respiratory tract have not been identified. We systematically explored cytotoxicity of
Pseudomonas aeruginosa (P. aeruginosa) on the whole epithelial cell lines representing different segments of the respiratory tract,
including HNEpC (nasal mucosa), NP69 (nasopharynx), 16HBE (bronchus), and Beas-2B (lung) cells. By tracing the entire process
of exposure to P. aeruginosa, NP69 cells emerged as the primary target, with HNEpC cells showing the lowest susceptibility among
the four respiratory cell types. P. aeruginosa was transmitted from extracellular space to intracellular region of NP69 cells,
accompanied by significant up-regulation (1.5—26.5 fold) of NOD2 expression, an RNA molecule that specifically binds to bacterial
cell walls. Furthermore, cell proliferation activity decreased by 6.8%—46.1%, while levels of inflammatory cytokine interleukin IL-6
and IL-1f increased by 14.5%—181.0% and 50.2%—238.2%, respectively, following intracellular transition of bacteria in NP69 cells.
The changes in epithelial-mesenchymal transition (EMT) marker expression at genetic and protein levels and enhancement of
functional phenotypes (migratory capacity) confirmed the potential of P. aeruginosa to induce malignant transformation of epithelial
cells by activating the NOD-like receptor signaling pathway. This comprehensive examination of comparative cytotoxicity of bacteria
on cells throughout the human respiratory tract elucidates specific target cells and damage mechanisms, offering valuable insights
into health risk assessment, risk prevention, and bacteria control.
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1. INTRODUCTION

Bioaerosols are ubiquitous in environment, with diverse and

level of contamination is associated with respiratory tract
exposure and infection.” "'
Respiratory exposure and infection with P. aeruginosa can

complex sources, including nature like leaves and mold growth
on wet sites.”” Moreover, bioaerosols are produced from
human activities and contain a wide variety of bacterial
species.”” Bacterial aerosols have been frequently detected in
municipal landfills, sewage treatment, organic waste processing
and agriculture; indoor locations with suitable environmental
conditions, such as showers and medical facilities; and via daily
activities of cooking, cleaning, and exercise.””” Human
exposure to bacteria is a particular health concern in densely
populated countries like China and India.® Among them, the
opportunistic pathogenic bacterium Pseudomonas aeruginosa
(P. aeruginosa) is the dominant pathogen, and a significant
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lead to various human health complications, including
bronchiectasis, > pneumonia,13 and chronic obstructive
pulmonary disease.'* Furthermore, P. aeruginosa is a main
pathogen in respiratory tracts of patients with cystic fibrosis."”
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Exposure and infection with it in individuals with immuno-
suppression, allergies, or respiratory diseases may pose
additional health risks.'®™"® These vulnerable groups must be
taken into account, as they represent approximately one-third
of the global population.1 Therefore, respiratory exposure to P.
aeruginosa is particularly dangerous, requiring comprehensive
assessments of the associated health risks. Numerous clinical
studies demonstrate that patients with respiratory colonization
of P. aeruginosa have an increased risk of moderate to severe
respiratory system health problems.'” P. aeruginosa can also
induce cell apoptosis'” and cause lung inflammation in mice.”’
However, the entire process and molecular mechanisms of P.
aeruginosa from the origin of respiratory exposure to the end
point of inflammatory disease induction are lacking.

The attack target and point of infection of bacteria in
respiratory tract are most likely to be respiratory epithelial
cells; however, given the complex, interrelated anatomical
features and clearance mechanisms in mammals, respiratory
damage may also spread between respiratory organs.”' As
reported, bacterial aerosols can deposit in the head airway of
the respiratory tract by gravity sedimentation and impact, and
also diffuse into the lower airway.”” Movement and
propagation of bioaerosols in respiratory tract have been
demonstrated through models of computational fluid dynam-
ics, ™ indicating that bacteria can remain throughout the
human respiratory tract following inhalation. However, toxic
effect variations of exposure to bacteria in different parts of the
respiratory tract have not been elucidated and the main attack
targets in the respiratory tract have not yet been identified.

Here, P. aeruginosa is taken as a representative pathogen due
to its wide environmental adaptability, stable survivability in
bioaerosols,”* and as a “High group” in the WHO Bacterial
Priority Pathogens List, 2024 (https://www.who.int/
publications/i/item/9789240093461). Its uniqueness lies in
its advantage of environmental survival in low-nutrition and
high-humidity aerosols, and its high detection rate in
bioaerosols in scenarios including municipal landfills,”> waste-
water treatment plants,”® and hospital intensive care units.”’
Cells from nasal (HNEpC), nasopharyngeal (NP69), bronchial
(16HBE), and lung (Beas-2B) regions were used as
experimental models of exposure to explore exposure and
attack target cells throughout the respiratory tract. Trans-
mission of P. aeruginosa from extracellular to intracellular space
was quantified, and cellular receptors that recognize and bind
to bacteria were screened. Cytotoxicity mechanisms, including
damage to cell proliferation, mitochondria, inflammation, and
chemotaxis, of P. aeruginosa were compared among respiratory
epithelial cell lines. A mechanism by P. aeruginosa to cause
respiratory disease through activating an inflammation-related
signaling pathway was proposed. The health risks evaluated in
this study are applicable to high-risk scenarios such as medical
facilities, sewage treatment facilities, and damp and enclosed
buildings. It provides supporting evidence for the health risks
of pathogens and has methodological transfer value for
studying the environmental health effects of other Gram-
negative bacteria and similar pathogens.

2. MATERIALS AND METHODS

2.1. Cell Lines, Bacterial Strain, Cultivation, and Exposure

All the cell lines, bacterial strains, and cultivation information are
described in Text S1 in the Supporting Information.

The cell culture medium without P. aeruginosa was used as the
blank control. The exposure concentrations of P. aeruginosa were 10,

10%, 10% 10% 10° CFU/mL, each exposed for 6 h, based on the
sampling concentration range of bacterial aerosol in sewage treatment
plants”®*’ and the determined proliferative toxicity of respiratory
cells. It aims to simulate acute high-concentration exposure scenarios
(e.g., aerosol release in medical operations or industrial accidents),
which helps to understand the interaction between P. aeruginosa and
respiratory epithelial cells, independent of the specific transmission
route of the bacteria.

2.2. Cellular Adhesion and Gentamicin Selection

The quantitative adherence and invasion of P. aeruginosa were
measured according to Lamari’s method.*® Briefly, after bacteria
exposure, cells were treated with phosphate-buffered saline (PBS)
containing 0.5% sodium dodecyl sulfate (SDS) for S min for fully
lysis. Bacterial number was calculated by the agar plate colony
counting method (CFU assay). The bacterial number in the lysate
was denoted as W, which is the sum of adhesion and invasion bacteria.

A gentamicin selection assay was used to quantify bacteria invading
the cells. Specifically, after exposure to bacteria, cells were treated with
100 pg/mL gentamicin for 1 h to remove extracellular bacteria and
then treated with PBS containing 0.5% SDS for S min to fully lyse the
cells. The bacterial number in lysate was counted to reflect the
bacterial number invading the cells, which is denoted as W1.

The adhered bacterial number was calculated as the sum of the
number of adhesion bacteria and invasion bacteria minus the number
of invasion bacteria, which is referred to as W2 (W — W1). More
details are given in Text S2 in the Supporting Information.

2.3. Fluorescein Isothiocyanate (FITC)-Dextran
Translocation Assay

Cells were cultured in a 24-well Transwell plate. After the bacteria
were exposed and the supernatant was removed, the residual culture
medium was washed with sterile PBS. Phenol-free medium (200 uL)
containing 0.5 mg/mL FITC-dextran was added to the upper
chamber of Transwell, and phenol-free medium (600 uL) without
FITC-dextran was added to the lower chamber. Then the mixture was
incubated at 37 °C in darkness for 60 min. Take 100 pL of solution
from each chamber and measure fluorescence intensity using a
microplate reader (Em/Ex = 485 nm/535 nm).

2.4, Cell Viability and Mitochondrial Damage Detection

Proliferation toxicity of bacteria on the respiratory tract cells was
measured using a real-time unlabeled cell analyzer (RTCA USA,
ACEA Biosciences). Cell impedance detection sensor system was
used to track cell morphology, proliferation, and differentiation in real
time, integrating microelectrode array at the bottom of hole of the
culture plate to obtain cell growth curve. Intracellular reactive oxygen
species (ROSs) content were measured with MitoSOX Red
mitochondrial superoxide indicator after 6 h of bacterial exposure.
Mitochondrial membrane potential (MMP) was measured using a JC-
1 assay kit (Beyotime Biotechnology). The details are given in Text
S3 in the Supporting Information.

2.5. Enzyme-Linked Immunosorbent Assay

Levels of proinflammatory factors IL-6, IL-1f, tumor necrosis factor
TNF-a, and chemokine IL-8 were detected using respective enzyme-
linked immunosorbent assay kits (Elabscience Biotechnology).
Cytokine levels were measured using cellular supernatant after
bacteria exposure, as detailed in Text S4 in the Supporting
Information.

2.6. RNA Extraction and Gene Expression Quantification

Cells were cultured in 6-well plates, and total RNA was extracted with
Trizol reagent following bacteria exposure. RNA concentration was
determined with Nanodrop spectrophotometer (Thermo Fisher
Scientific), as detailed in Text SS in the Supporting Information.
Using the extracted RNA as a template, cONA was obtained with
reverse-transcription kit MonScript RTIII All-in-one Mix with
dsDNase. Using the obtained ¢cDNA as template, the MonAmp
ChemoHS qPCR Mix kit was used for real-time quantitative
polymerase chain reaction to amplify cDNA (the entire experiment
was performed in darkness). Rps18 was used as the reference gene for
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Figure 1. Adhesion and invasion of bacteria toward different respiratory epithelial cells after exposure for 6 h: (A) adhesion efficiency and (B)
invasion efficiency of P. aeruginosa; (C) the permeability of epithelial cells to FITC-Dextran; expression levels of genes (D) OCLN, (E) DSG2, (F)
VCL, (G) EN1, (H) ITGBI, and (I) LAMCI related to in tight intercellular junctions and adhesion in respiratory tract cells. In panels (A)—(C),

the sample size is n = 3; in panels (D)—(I), the sample size is n = 4.

all of the cells. All primers listed in Table S1 were synthesized by
Beijing Tsingke Biotech Co., Ltd. Relative gene expression was
calculated using the Livak’ method.*!

2.7. Total Protein Extraction and Western Blotting
Detection

Cells were cultured in 6-well plates, and total proteins were extracted
using Cell Lysis Buffer for Western and IP reagents after bacterial
exposure. The protein concentration was determined using BCA
Protein Assay Kit, as detailed in Text S6 in the Supporting
Information.

The extracted proteins were electrophoresis, membrane transfer,
and an antigen—antibody immune reaction. Then, luminescence was
identified using horseradish peroxidase-ECL luminescence method
with a fully automatic chemiluminescence image analyzer (Shanghai,
Tanon-5200CE). The target protein bands were normalized by using
Image] software. GAPDH and Lamin B were selected as house-
keeping proteins for epithelial cells. All the antibodies were from
Jiangsu Affinity Biosciences Research Center Co., Ltd. as listed in
Table S2 in the Supporting Information.

2.8. Wound-Healing Assay

Cells were cultured in 6-well plates. Before bacteria exposure, a “cross-
shaped” symbol was scratched on cells in a Petri dish using a pipet.
The scratch was washed with PBS to remove residues, and
photographs were taken using an inverted microscope to record the
width of the scratch before exposure, which was denoted as B, After
bacteria were exposed for 6 h, photos were taken to monitor the
extent of wound closure, and the width of the scratch was recorded as
By—B
B,. The cell migration rate = Bo~B) “B 2
0
2.9. Statistical Analysis

All experiments were repeated three times, and results were presented
as average + standard deviation in general. Detailed statistical analysis
is given in Text S6 in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Transmission of Bacteria to Respiratory Tract Cells
Bacterial adhesion onto cells is the first and key step for
pathogens to exert their pathogenicity and induce cytotox-
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icity.”*> The bacterial spread efficiency from suspension to
cellular surface was measured by counting the ratio of the
number of bacteria adhering to the cell surface to the total
number of introduced bacteria. At P. aeruginosa exposure
concentration of 10—10° colony-forming units (CFU)/mL for
6 h, adhesion efficiencies of bacteria to respiratory epithelial
cells were 86.9—669.1, 228.1—1048.3, 8.9—1015.8, and 18.9—
511.0 for HNEpC, NP69, 16HBE, and Beas-2B cells,
respectively (see Figure 1A). That is, adhered bacterial
concentrations were higher than the exposure concentrations,
indicating that bacteria proliferated during exposure as the host
cells or culture medium provided nutrients for bacteria.
Furthermore, bacteria exhibited much greater adhesion
efficiency onto the upper (HNEpC and NP69) than to the
lower respiratory tract cells (16HBE and Beas-2B). Thus, in
the first step of infection, P. aeruginosa specifically and
selectively adhered onto epithelial respiratory cells in the
following order: HNEpC > NP69 > 16HBE > Beas-2B.

Bacteria are capable of invading and replicating in multiple
cell types, leading to chronic infections and chronic
inflammation.** Therefore, bacterial spread efficiency from
the cellular surface into cells was measured by counting the
ratio of bacterial number inside these cells to introduced
bacteria number (Figure 1B). P. aeruginosa was detected inside
all cell lines, indicating the successful bacterial invasion of host.
At bacteria exposure concentrations of 10—10° CFU/mL,
bacterial invasion efficiency reached 0.4—19.2, 0.1-1.7, 4.4—
14.3, and 1.5—12.3 for HNEpC, NP69, 16HBE, and Beas-2B
cells, respectively. Therefore, the invading bacterial number
was much less than that of adhesion bacteria, because adhesion
is a major prerequisite of bacterial invasion. The adhesion
bacteria translocate directly from the respiratory cell
membrane surface to the cytoplasmic matrix via cellular
receptors or bacterial proteins. Invasion ability of bacteria to
lower respiratory tract cells was higher than that of upper
respiratory tract cells. Rearrangement of actin cytoskeleton in
respiratory tract cells occurs during bacterial invasion,*
dysregulating the normal cell growth and metabolism of
these cells.

Bacterial invasion of epithelial barrier mainly occurs through
paracellular pathway (penetration through intercellular
gaps).”® We hypothesized that, in NP69 cells, higher bacterial
adhesion strengthens cellular physical barriers, hindering
membrane penetration, whereas a relatively lower bacterial
number invaded these cells than other tested cells. Therefore,
we evaluated paracellular permeability by measuring the
transport amount of FITC-dextran from the apical side to
basal side of epithelium. After exposure to bacteria at 10—10°
CFU/mL, permeability of FITC-dextran in epithelial cells from
the upper to lower respiratory tract was sequentially 90.1%—
117.3%, 87.8%—118.9%, 110.3%—188.5%, and 89.9%—124.8%
(Figure 1C), indicating that the permeability of epithelial cells
could be ranked as follows: 16HBE > Beas-2B > HNEpC >
NP69. After bacterial exposure, NP69 cells exhibited the least
reduction in permeability, with their physical barriers
remaining the most intact. Consequently, this impeded
bacterial invasion, validating our hypothesis.

To further clear changes in cell permeability, expression
levels of genes involved in tight intercellular junctions that
directly regulate intercellular permeability by closing inter-
cellular gaps in respiratory cells,”” and adhesion molecules that
enhance the integrity of epithelial cells by stabilizing cell—cell
and cell-matrix interactions®® in respiratory tract cells, were

compared before and after exposure at low and high exposure
concentrations (10* and 10° CFU/mL). As presented in Figure
1D, the expression of OCLN (regulating tight junction
paracellular permeability barrier) up-regulated by 1.2-
(HNEpC), 2.2- (NP69), 1.4- (16HBE), and 1.3-fold (Beas-
2B) in these cells after exposure to 10° CFU/mL bacteria.
However, OCLN expression in HNEpC cells down-regulated
by 0.6-time (p < 0.01) and up-regulated by 2.0, 1.3-, and 2.1-
time (p < 0.05) in NP69, 16HBE, and Beas-2B cells,
respectively, after exposure to 10° CFU/mL bacteria. After
NP69 cells being exposed to 10% and 10° CFU/mL bacteria,
DSG2 (regulating intercellular junction calcium-binding trans-
membrane glycoprotein) up-regulated by 1.7- and 1.2-time,
respectively (Figure 1E); and VCL (regulating cell—cell and
cell-matrix junctions) up-regulated by 1.2 and 1.4 times (p <
0.05), respectively (Figure 1F). DSG2 and VCL in other cell
types up-regulated by <1.2-fold or even down-regulated in
some cases. The genes OCLN, DSG2, and VCL (regulating
tight intercellular junctions) were up-regulated most signifi-
cantly in NP69 cells, indicating that NP69 cells enhance cell—
cell/matrix adhesion, thereby restricting bacterial invasion
through the paracellular pathway. Furthermore, after exposure
to 10° CFU/mL bacteria, FNI (regulating cell adhesion and
migration) in HNEpC and NP69 cells down-regulated by 0.5
times and up-regulated by 1.4 times (p < 0.0S), respectively
(Figure 1G). After exposure to 10° CFU/mL bacteria, FNI up-
regulated by 2.0 and 1.4 times in HNEpC and NP69 cells,
respectively, but changed slightly in other two cell lines. Two
other adhesion regulatory genes, ITGBI (Figure 1H) and
LAMCI1 (Figure 11), upregulated the greatest expression in
NP69 cells after exposure to high and low bacterial
concentrations. Therefore, genes regulating tight intercellular
junctions (FNI and LAMCI) and enhancing cell adhesion to
extracellular matrix indirectly maintaining integrity of epithelial
barrier (ITGBI1) were the most significantly up-regulated genes
in NP69 cells, suggesting that cells prevent bacterial invasion
by directly and indirectly forming an intercellular adhesion
barrier. Overall, these findings could explain phenomenon of
high adhesion but low invasion of NP69 cells, given that these
cells appear to form two physical barriers to prevent bacterial
invasion involving tight-junction paracellular permeability and
intercellular adhesion.

Generally, the first step of P. aeruginosa exposure and
infection involves transmission of bacterium from extracellular
suspension to cell surface via adhesion, and the second step
involves invasion from the cellular surface to the interior.
Throughout the respiratory tract, the number of P. aeruginosa
transmitted to the surface of HNEpC and NP69 cells was the
highest, whereas the bacterial number in NP69 cells was not
the highest among the four cell types due to formation of
paracellular and intercellular barriers as a defense response.
That is, the number of deposited P. aeruginosa in the entire
respiratory tract was the highest in the nose and nasopharynx,
corresponding with the wide use of nasal and throat swabs for
sampling respiratory pathogens.

3.2. Expression Regulation of Cellular Pattern Recognition
Receptors Exposed to Bacteria

Bacteria specifically bind to host cellular receptors, initiating
signal transduction to further induce cytotoxicity.”” Therefore,
gene expressions of two families of bacterial-based pattern
recognition receptors, includin% NOD-like receptors (NLRs)
and Toll-like receptors (TLRs)** were analyzed. Among NLR
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Figure 2. Expression levels of pattern recognition receptor-related genes in human respiratory epithelial cells. Expression levels of gene (A) NODI,
(B) NOD2, (C) TLRI, (D) TLR2, (E) TLR4, (F) TLRS, (G) TLR6, (H) TLRY, and (I) TRIF. Sample size: n = 4; statistical method: two-way

ANOVA, followed by Dunnett’s t-test.

family genes, expression of NODI up-regulated by 1.1-, 1.1-,
1.6-, and 1.0-fold in HNEpC, NP69, 16HBE, and Beas-2B
cells, respectively, after exposure to 10° CFU/mL bacteria; and
it up-regulated by 2.5-, 2.2-, 1.4, and 1.5-fold (p < 0.0S),
respectively, after exposure to 10° CFU/mL (Figure 2A).
NOD2 up-regulated by 1.4- and 1.5-fold in HNEpC and NP69
cells, respectively, but down-regulated by 0.6 and 0.8 times in
16HBE and Beas-2B cells, respectively, after exposure to 103
CFU/mL; conversely, it up-regulated in all four cell lines by
6.3, 26.5, 3.9, and 2.2 times (p < 0.05), respectively, with the
exposure of 10° CFU/mL bacteria. That is, the expression level
of NOD2 in NP69 cells was much higher than that in other cell
lines (Figure 2B), indicating that respiratory tract cells mainly
adhere toP. aeruginosa through the binding of intracellular
receptors NODI and NOD2 to diaminopigelic acid and
muramyl dipeptide (MDP)*""** of bacterial cell wall. Among
the four tested cell lines, NP69 cells had the strongest binding

ability to bacteriall MDP by activating the NOD2 gene,
followed by HNEpC, 16HBE, and Beas-2B cells.

Among TLRs gene family members, the expression of TLRI
in NP69 cells up-regulated by 3.0- and 3.5-fold (p < 0.05) after
exposure to 10° and 10° CFU/mL bacteria, respectively;
whereas it up-regulated by <1.6-fold under low- and high-
concentration exposure in other cell types (Figure 2C).
Expression of TLR2 (Figure 2D) and TLR4 (Figure 2E) up-
regulated by 6.2 and 1.1 times in NP69 cells after exposure of
10° CFU/mL bacteria. After exposure to 10° CFU/mL
bacteria, the expression of TLRS maximum up-regulated 1.5
times (p < 0.01) in NP69 cells, whereas it down-regulated in
other three cell lines (Figure 2F). Furthermore, the expression
of TLR6 (Figure 2G) and TLRY (Figure 2H) in NP69 cells
increased by 2.3 and 1.4 times with exposure to low-
concentration bacteria and increased by 1.3 and 2.3 times (p
< 0.05) with high-concentration exposure, respectively; these
genes also exhibited greater levels of expression change in
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Figure 3. Cytotoxic effects of human respiratory epithelial cells: (A) normalized cell proliferation curve of bacteria after 0—6 h exposure; (B)
proliferation activity; (C) the generation of mitochondrial ROSs; (D) heat map of MMP; The concentration of pro-inflammatory factor (E) IL-6,
(F) IL-15, and (G) TNF-qa, and the concentration of chemokines (H) IL-8 in cell supernatant. Sample size: n = 3.

NP69 cells than other cell types (Figure 2F). These indicate
that respiratory epithelial cells bind to membrane and nucleic
acids of P. aeruginosa, as TLR1, TLR2, TLR4, TLRS, and TLR6
mainly regulate binding to membrane of pathogenic micro-
organisms, whereas TLR9 regulates binding to nucleic
acids.*»** Additionally, expression of TRIF (regulating intra-
cellular signals between TLRs and related signal transduction
components) down-regulated by 0.9-time in HNEpC and
16HBE cells, but up-regulated by 1.1 times in NP69 and 1.4
times in Beas-2B cells with exposure to 10° CFU/mL bacteria
(Figure 2I). With high-exposure concentration, TRIF down-
regulated by 0.6 times in HNEpC cells, and up-regulated by
1.7, 2.0, and 1.5 times (p < 0.01) in 16HBE, NP69, and Beas-
2B cells, respectively. Overall, expression of NLRs and TLRs
family genes was the most significantly up-regulated in NP69
cells, indicating that NP69 cells have the strongest ability to be

recognized and bound by P. aeruginosa to activate the innate
immune response of respiratory cells.

3.3. Mechanism of Bacteria-Induced Inflammatory
Response of Respiratory Cells

3.3.1. Pathogen-Induced Cellular Proliferation Tox-
icity. The specific binding of host cells to bacteria could
induce cytotoxic effects,” which can be evaluated by analyzing
changes during cellular proliferation. To more intuitively
compare toxic effects of bacteria on different respiratory tract
cells, cellular proliferation curve at 0—6 h was examined, with 0
being the point at which bacteria was added to cell culture
(Figure 3A). During exposure of P. aeruginosa at concen-
trations of 10* and 10° CFU/mL, proliferation of all cell types
slowly increased and then decreased with increasing exposure
time, indicating that cells initiate a cooperative defense to
overcome toxicity of bacteria given the low bacterial number at
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the initial exposure stage, enabling cells to continuously
proliferate. However, with increasing exposure time, stress of
the rapidly proliferating bacteria surpassed the codefense
capacity of cells (Figure 1A), resulting in a decline in
proliferative activity of respiratory cells. With prolongation
exposure time to 18 h (Figure SIA), cellular proliferation
showed a similar trend with exposure to 10—10° CFU/mL
bacteria, possibly due to continuous bacterial proliferation. To
deeply reveal specific cellular damage caused by bacteria,
proliferation toxicity of P. aeruginosa was normalized after 6 h
of exposure (Figure 3B). After exposure to 10—10° CFU/mL
bacteria, the proliferative activity of these cell lines differed
insignificantly. However, after exposure to 10* CFU/mL
bacteria, cellular proliferative activity decreased in the order
of HNEpC (70.8%), NP69 (31.7%), 16HBE (28.2%), and
Beas-2B (10.6%). With exposure of 10° CFU/mL bacteria,
cellular proliferation activity decreased in the order of Beas-2B
(118.5%), 16HBE (92.0%), HNEpC (61.3%), and NP69
(46.1%). Therefore, the sequence of effects of P. aeruginosa

exposure on the proliferative activity of four respiratory tract
cells varied according to exposure concentration.

To further explore the mechanisms contributing to a
decrease of cell proliferation, changes in mitochondrial ROSs
and MMP were investigated, as mitochondria are important
organelles responsible for cell proliferation and metabolism.*®
The relative ROSs production in HNEpC, NP69, and 16HBE
cells was 0.3%—13% following exposure to 10—10° CFU/mL
P. aeruginosa. The relative maximum ROSs release was in Beas-
2B cells, increased by 124.5% with exposure of 10° CFU/mL
bacteria (Figures 3C and S2). The relative MMP ratio of cells
from top to bottom of respiratory tract decreased by 5.5%—
83.2%, 47.1%—90.3%, 17.5%—93.8%, and 19.5%—89.7%,
respectively (Figures 3D and S3). Overall, P. aeruginosa
induced the highest degree of mitochondrial depolarization
in NP69 cells among these cell lines, leading to a greater
reduction in the cellular proliferation activity. The changes of
mitochondrial ROSs and MMP not only explain proliferation
inhibition phenomenon within 6 h, but also provide key
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upstream triggers for the next stage of “inflammatory effect”,
reflecting continuity of “early injury-late response” during
infection.

3.3.2. Pathogenic-Bacteria-Induced Cellular Inflam-
matory Effects. Damaged cells can activate innate immune
response, which affects normal signal transduction, further
triggering inflammation.** Therefore, we examined the levels
of downstream proinflammatory cytokines and chemokines
shared by NLRs and TLRs, including IL-6, IL-1/3, TNF-a, and
IL-8. The standard curves of the four cytokines with R* > 99%
(Figures S4A—S4D) indicate reliability of experimental results.
All respiratory tract cells secreted IL-6 and IL-1§ during
bacteria exposure (see Figures 3E and 3F), indicating that
bacteria induce an inflammatory response in these cells. After
exposure to 10—10° CFU/mL P. aeruginosa, the IL-6 level
increased by 0%—136.0%, 14.5%—181.0%, 34.9%—157.6%, and
29.2%—62.2%, and the IL-1/ level increased by 3.5%—135.3%,
50.2%—238.2%, 23.7%—180.5%, and 54.4%—159.0% in
HNEpC, NP69, 16HBE, and Beas-2B cells, respectively.
Therefore, P. aeruginosa was most likely to induce the
production of IL-6 and IL-1§ in NP69 cells, followed by
16HBE cells. The TNF-a secretion maintained at high levels in
all cell lines under a relatively high bacteria exposure
concentration (10° CFU/mL) (Figure 3G). The relative
increase of TNF-a was the highest in HNEpC cells (50.4%—
606.8%), followed by 16HBE cells (3.7%—180.4%) under
exposure of 10—10° CFU/mL bacteria. Collectively, P.
aeruginosa induced the severest inflammatory effects in NP69
cells by promoting the production of IL-6 and IL-15. The
mediation factors of inflammatory effect showed a cell-specific
pattern in which NP69, 16HBE, and Beas-2B cells mediated
inflammation through IL-6 and IL-1f, whereas HNEpC cells
mainly mediated inflammation through TNF-a.

Chemokines trigger the recruitment of immune cells
including leukocytes to sites of inflammation as part of the
pathogen clearance mechanism.*”** Therefore, the IL-8 levels
in respiratory tract cells were measured. The IL-8 production
in the supernatant of HNEpC, 16HBE, and Beas-2B cells
increased by 10.1%—30.9%, 21.2%—90.8%, and 6.6%—64.7%,
respectively, with the highest being observed in NP69 cells
(17.1%—385.7%) (Figure 3H). These indicate that P.
aeruginosa induces NP69 cells to secrete the highest level of
IL-8, which will, in turn, drive leukocytes to the inflammation
site to clear bacteria.

It is beneficial to develop an appropriate inflammatory
response against pathogen infection, but exacerbation or
dysregulation of inflammatory response can cause an
“inflammatory cytokine storm” that leads to more severe and
long-lasting cell damage.*”* Based on the cell activity decrease
(Figure 3A), these cells did exhibit an excessive inflammatory
immune response during bacteria exposure and infection.
Different respiratory epithelial cell types promoted diverse
cytokines to exercise the function of inflammatory immunity.

3.3.3. NLR Signaling Pathway Mediates Bacteria-
Induced Inflammation. Since we found that NLRs family
members were more strongly expressed than TLRs family
members upon P. aeruginosa exposure, gene expression in NLR
signaling pathway were selected to explore intermediate
molecular regulatory networks of primary recognition
receptors and terminal inflammatory effect. Based on the
NLR signaling pathway cascade in the Kyoto Encyclopedia of
Genes and Genomes (Figure SS), the schematic diagram of
signaling pathway and expression levels of the corresponding

genes was produced (see Figures 4A and 4B). The four cell
lines were bound to bacteria by up-regulating NODI and
NOD?2 expression, thereby transmitting signals to regulate cell
death-induced kinase (RIPK2).”' The greatest amplitude of
up-regulated expression of RIPK2 was observed in NP69 cells,
by increasing 1.3 and 1.4 times (p < 0.05) following exposure
to 10° and 10° CFU/mL bacteria, respectively. These indicate
that NP69 cells activate their own enzymes to fight against
bacterial infection. Furthermore, part of signals are transmitted
by complexes encoded by Nemo and CHUK in the nuclear
factor-kappa B (NF-kB) signaling pathway, while the other part
is transmitted by complexes encoded by TAK1 and TAB along
mitogen-activated protein kinase (MAPK) signaling pathway
through JUN, and finally the signals are transmitted to nuclear
DNA.>* The majority of these intermediate domain genes up-
regulated in NP69, 16HBE, and Beas-2B cells, with the highest
being observed in NP69 cells, suggesting that NP69 cells may
transmit the strongest bacterial signals to nuclear DNA via NF-
kB and MAPK signaling pathways. After receiving the signal,
the nuclear DNA of NP69 cells further induces proinflamma-
tory, chemotactic, and antimicrobial peptide effects at the
terminal.>> Among the pro-inflammatory regulatory genes,
TNF-a in NP69 cells up-regulated the greatest (3.4 and 271.8
times) after exposure to 10° and 10° CFU/mL bacteria,
respectively. Furthermore, IL-6 and IL-18 expression increased
to the greatest extent in NP69 cells, by 4.9- and 1.3-fold (p <
0.01), respectively, following exposure to 10° CFU/mL
bacteria. When exposed to 10° CFU/mL bacteria, IL-1/ up-
regulated by 5.7, 6.9, 2.9, and 12.7 times (p < 0.001) in
HNEpC, NP69, 16HBE, and Beas-2B cells, respectively. These
suggest that P. aeruginosa induced a significant pro-
inflammatory effect in all respiratory cells, consistent with
the increased expression of the translated protein products IL-
6, IL-153, and TNF-« (see Figures 3E—G). Among chemotactic
regulatory genes, the greatest upregulations of IL-8 (5.6 times)
and CCLS (1.9 times) were also in NP69 cells after exposure to
10° CFU/mL bacteria. The NP69 cells showed the greatest up-
regulation of CCL2 (11.1-fold) and GRO (2.6-fold) among
these cell lines after exposure to 10° CFU/mL bacteria. With
genes regulating antimicrobial peptides, CAMP up-regulated by
1.3 times (p < 0.01) in NP69 cells after exposure to 10° CFU/
mL bacteria. Expression of DEFB4 up-regulated by 1.8- and
6.1-time after exposure to 10° and 10° CFU/mL bacteria,
respectively, with NP69 cells again representing the highest
degree of up-regulation among these cell types. These show
that the NP69 cells have the strongest inflammatory induction
response after bacterial exposure, which is largely mediated by
the NLR signaling pathway.

To further validate that the NLR signaling pathway mediates
bacteria-induced inflammation, we screened key proteins in
this pathway and examined their direct activation and
phosphorylation status. The protein bands (Figure 4C) were
normalized to relative expression levels (Figure 4D). The
receptor protein NOD1 in NP69 cells up-regulated by 2.0- and
1.3-fold following exposure to 10° and 10° CFU/mL bacteria,
respectively, whereas it down-regulated in other cell lines,
indicating that initiation of the NOD-like receptor signaling
pathway in NP69 cells was activated. Along the signaling
pathway, following exposure to 10> CFU/mL bacteria, p-
RIPK2 protein up-regulated by 1.8-, 2.2-, and 1.3-fold in
HNEpC, NP69, and 16HBE cells, respectively, whereas it
down-regulated by 67.9% in Beas-2B cells (Figures 4D and
4E). These indicate that the downstream key adapter protein
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RIPK2 underwent phosphorylation. Adapter molecules further
transduced bacterial signals to the downstream pathway.
Following exposure to 10 and 10° CFU/mL bacteria,
downstream p-NF-kB protein (Figures 4D and 4F) in NP69
cells most significantly up-regulated among the four cell lines,
with expression levels increased by 1.6- and 1.4-fold (p < 0.05),
respectively. Combined with secretion of pro-inflammatory
cytokines (IL-6, IL-1f, TNF-a) and chemokines (IL-8)
(Figure 3), bacteria activated the NOD receptor signaling
pathway at the initiation stage, through intermediate adapter
molecules, to the terminal inflammatory responses. Thus, the
NLR signaling pathway mediates bacteria-induced inflamma-
tion.

Therefore, when bacteria spread to the cellular surface, the
bacterial cell wall can more easily bind to intracellular receptors
of respiratory cells, and corresponding signals are then
transmitted to nuclear DNA through NF-kB and MAPK
signaling pathways. After receiving signal from nuclear DNA,
respiratory cells produce antimicrobial peptides to suppress
bacterial infection, and cells enter an inflammatory immune
state. Furthermore, chemokines are released to recruit immune
cells to the inflammatory site to further help defend against
bacterial infection. Generally, the NLR signaling pathway is
responsible for detecting and delivering bacterial signals and
generating an inflammatory immune response. After bacterial
exposure, the NP69 cells induced the strongest inflammatory
immune response, compared to other cell types tested.

3.3.4. Inflammatory Epithelial Cells May Undergo
Malignant Transformation. Cells undergoing inflammation
tend to develop into fibrocytes and malignant tumor cells, and
the likelihood of tumor cell development can be measured by
epithelial-mesenchymal transition (EMT).*>> As a marker of
malignant tumors,”®” the f-catenin gene down-regulated by
0.8 times and up-regulated by 1.6, 1.7, and 1.4 times for
HNEpC, NP69, 16HBE, and Beas-2B cells, respectively, after
exposure to 10° CFU/mL bacteria (Figure S6A). In addition,
Snaill up-regulated by 1.8, 2.1, and 6.2 times and down-
regulated by 0.7 times with exposure to 10° CFU/mL bacteria
(Figure S6B). These indicate that NP69 and 16HBE cells are
the most likely cells in the respiratory tract to develop into
malignant tumor cells. Additionally, Snail2 up-regulated by 3.1,
1.8, 1.5, and 1.2 times in HNEpC, NP69,16HBE, and Beas-2B
cells, respectively, after exposure to 10 CFU/mL bacteria
(Figure S6C), and Vimentin, respectively, up-regulated by 5.4,
2.4, 3.2, and 1.3 times with exposure to higher concentrations
(10° CFU/mL) (Figure S6D). Other markers of mesenchymal
transformation, including f-catenin and FSP-1, also up-
regulated in all cells (Figures S6E and S6F).

Furthermore, the protein expression levels of N-cadherin
(mesenchymal cadherin) and Vimentin (mesenchymal
marker) were examined in respiratory tract cells (Figure S7).
N-cadherin expression levels in HNEpC, NP69, and Beas-2B
cells up-regulated by 1.7-, 2.3-, and 1.7-fold, respectively, after
exposure to 10° CFU/mL bacteria, whereas they down-
regulated by 21.8% in 16HBE cells. Additionally, Vimentin
protein expression up-regulated by 1.2-, 1.3-, and 1.2-fold in
HNEpC, NP69, and Beas-2B cells, respectively, following
exposure to 10> CFU/mL bacteria, with a 10.8% reduction in
16HBE cells. Notably, NP69 cells displayed the most
pronounced up-regulation of both EMT markers, directly
confirming the EMT occurrence.

To further verify whether EMT is accompanied by enhanced
malignant phenotypes (e.g, increased migratory capacity),

wound healing experiments were conducted (Figure S8). At 6
h post-scratch, the scratch migration rates of NP69 and 6HBE
cells increased by 1.1—1.8 folds and 0.6—1.1 folds, respectively,
upon exposure to 10—10> CFU/mL, whereas they decreased at
10*~10° CFU/mL exposure. The enhanced active migration
capacity under low concentrations supports the central
hypothesis that the EMT may drive malignant transformation.
The changes in EMT markers at protein level and enhance-
ment of functional phenotype (migration ability) provide
preliminary evidence supporting the potential role of P.
aeruginosa in promoting cell malignant transformation through
inducing EMT. A definitive conclusion cannot be drawn, and
further experiments are needed would help. Specifically, the
nasopharynx and bronchus were the sites most susceptible to
this series of pathological reactions. As an opportunistic
pathogen, P. aeruginosa aggravates the course of respiratory
disease®®*” and induces further pathological changes.
Collectively, the results demonstrate that P. aeruginosa
targets, adheres to, and spreads into NP69 cells, where they
bind to cellular receptors and further induce inflammatory
effects. Therefore, the Pearson correlation was analyzed to
compare associations of various indicators in these cells (Table
1). With increasing exposure bacterial concentration, the

Table 1. Correlation Analysis between Cytotoxicity Index
and Cell Type

HNEpC NP69 16HBE Beas-2B
adhesion 0.963*%* 0.937#% 0.878* 0.913*
invasion 0.943%%* 0.987%%* 0.9927%* 0.975%*
proliferation 0.839%* 0.880%* 0.8227%* 0.871%
ROS 0.651 —0.352 0.062 0.723
MMP —0.699 —0.871% —0.886%* —0.805
IL6 0.313 0.880* 0.537 0.545
IL1p 0.438 0.872* 0.223 0.137
TNFa 0.763 0.256 0.882% 0.483
IL8 —0.454 0.881* 0.169 —0.230

amount of adhesion and invasion of bacteria as well as
proliferation activity of these tested cells were significantly
positively correlated, indicating that P. aeruginosa exerts
statistically significant effects to these cells for three separate
toxicity indices. Furthermore, we found significant correlations
in MMP, IL-6, IL-13, and IL-8 expression in NP69 cells, and in
MMP and TNF-a expression in 16HBE cells. No significant
correlation existed in other toxicity indices between HNEpC
and Beas-2B cells. These indicate exposure to P. aeruginosa
leading to more significant toxic effect on NP69 than 16HBE
cells, confirming that P. aeruginosa is likely to preferentially
attack NP69 cells to induce toxicity, followed by 16HBE cells.
Even in high-exposure environments such as landfills, the
bacterial concentration reaches a maximum order of magnitude
of 10° CFU/m?%° which is far lower than the experimental
levels (10—10° CFU/mL). However, the concentration of P.
aeruginosa in the sputum of cystic fibrosis patients can reach up
to 10°—10° CFU/mL,% indicating that the inhaled P.
aeruginosa accumulates in the respiratory tract of susceptible
populations (such as immunocompromised individuals), which
poses a serious threat to their respiratory health.

3.4. Mechanism of Respiratory Cytotoxicity of P.
aeruginosa

Based on the above results, the process of top-down respiratory
epithelial cells exposure and infection with P. aeruginosa can be
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divided into three steps: bacterial adhesion and transmission
into the intracellular space, bacteria binding to host cellular
receptors, and inflammatory toxicity (Figure S). First, bacteria
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Figure S. Proposed cytotoxicity mechanism of respiratory epithelial
cells under P. aeruginosa exposure.

adhere to and spread to the surface of respiratory tract cells,
and then bacteria on the surface break through epithelial cell
barrier and further invade and spread to the interior of cells.
Subsequently, host cells activate their intracellular NLRs
(NOD1 and NOD2) to specifically recognize and bind to
the cell wall of P. aeruginosa. Cellular receptors receive
bacterial signal and activate NLR signaling pathway. Further
targeting MMP results in decreasing or increasing ROSs
accumulation in different human respiratory tract cells to
induce mitochondrial damage. Finally, as a self-protective
response, respiratory tract cells secrete plenty of pro-
inflammatory factors to promote an inflammatory effect. This
inflammatory response, in turn, promotes the secretion of
chemokines, which tend to activate inflammatory immune cells
to help fight infection and relieve inflammation. However, if
further aggravated, inflammatory response potentially triggers
malignant transformation of epithelial cells. Taken together,
these results provide insight into the detailed mechanisms by
which pathogenic bacteria induce cytotoxicity in respiratory
tract cells. Among the four respiratory cells, NP69 cells were
preferentially targeted by P. aeruginosa during exposure and
infection of human respiratory epithelial cells.

4. CONCLUSIONS

A typical respiratory pathogen P. aeruginosa was used as a
bacteria model to reveal the entire process of pathogen
exposure and infection to four respiratory epithelial cells based
on characteristics of bacterial intracellular transmission,
bacteria binding to cellular receptors, and cytotoxic effects. P.
aeruginosa tends to mainly transmit to the surface of NP69
cells and then further spread to the interior of cells. That is,
NP69 cells are the preferential target of P. aeruginosa, whereas
HNEpC cells show the lowest susceptibility to infection
throughout the respiratory tract. Moreover, cell walls of P.
aeruginosa are more easily recognized and bound by NP69 cells
to activate the intracellular NLR signaling pathway. Thus,
bacteria further induce a reduction of cellular proliferation
activity, along with mitochondrial dysfunction and inflamma-
tory effects, consequently activating immune cells to resist
infection. Considering the entire process of bacteria exposure
and infection, higher bacteria concentration induces stronger

inflammatory damage to NP69 cells. Finally, NP69 cells in an
inflammatory state may potentially undergo malignant trans-
formation. Therefore, these results elucidate the interaction
mechanism between P. aeruginosa and respiratory epithelial
cells, providing a reference for a control strategy to reduce
bacteria concentration or their transmission. From the
perspective of diagnosis and treatment of respiratory diseases,
these results further provide guidance for developing drugs
targeting key genes in the related signaling pathways. However,
further studies are still needed to clearly understand the
exposure of bioaerosols in the environment, because there are
fungi, viruses, organic matter, and other components in the
environment. Additionally, future studies should employ an
air—liquid interface exposure system to validate the toxicity
results.
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