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Atmospheric particulate matter (PM) contains a mixture of chemical and biological elements that pose threat to
human health by increasing susceptibility to respiratory diseases. Although the identification of the microor-
ganisms composing the PM has been assessed, their immunological impacts are still questionable. Here, we
examined the mechanisms responsible for the pathogenicity of Pseudomonas stutzeri PM101005 (PMPS), a bac-
terium isolated from fine dust, in lung epithelial cells, alveolar cells, and macrophages. Relative to its
comparative strain Pseudomonas stutzeri (PS), infections with PMPS induced higher production of inflammatory
cytokines and chemokines, mediated by the activation of NF-kB and MAPK signaling pathways. Additionally,
with three-dimensional (3D) airway spheroids which mimic the human bronchial epithelium, we confirmed that
PMPS infections lead to relatively higher induction of pro-inflammatory cytokines than PM infections. Consistent
results were observed in murine models as the infections with PMPS provoked greater inflammatory responses
than the infections with PS. These PMPS-induced responses were mediated by the signaling pathways of the Toll-
like receptors (TLRs), which regulated PMPS infection and played an important role in the expression of the
antibiotic peptide p-defensin 3 (BD3) that suppressed PMPS proliferation. Moreover, PM pretreatment enhanced
inflammatory responses and tissue damage of PMPS, while reducing BD3 expression. Overall, these results
indicate that PM-isolated PMPS induce TLR-mediated inflammatory responses in lung tissues, and contributes to
the understanding of the etiology of PM-induced respiratory damage.

1. Introduction

The devastating impact of air pollution on both the environment and
human health has been perceived as a major consideration over the
years (Heroux et al., 2015). Among the various air pollutants, concerns
about particulate matter (PM) as a primary pollutant are pervasive
worldwide, as it is accountable for the deterioration in morbidity and
mortality (Brook et al. 2010; Tarin-Carrasco et al. 2021). PM is a com-
plex mixture of chemical and biological elements of varying size and
shape (Kim et al., 2020). This aerosol particle also contains several
microorganisms, including bacteria, eukaryotes, archaea, and viruses

(Grahame and Schlesinger, 2005; Schlesinger and Cassee, 2003),
although most of them in the inhaled PM are soil-associated and
non-pathogenic (Cao et al., 2014). Yet, some of these microorganisms in
PM, such as Streptococcus pneumoniae, Aspergillus fumigatus, and human
adenovirus C, are pathogenic, causing allergies and respiratory diseases
(Mushtagq et al., 2011; Nozza et al., 2021; Priyamvada et al., 2017). Most
studies on the bacterial communities present with PM are mainly
focused on bacterial diversity, including the identification of isolates
(Qin et al., 2020; Yan et al.,, 2018). Epidemiological studies have
revealed a strong correlation between exposure to fine dust and respi-
ratory infections caused by pathogenic microorganisms (Cheng et al.,
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2015; Medina-Ramon et al., 2006). However, studies on the character-
istics and disease-causing mechanisms of bacteria present in PM are
limited, urging the need for further studies. Pseudomonas stutzeri
(P. stutzeri; PS) is a non-fluorescent denitrifying bacterium present in soil
and water, and is accountable for opportunistic infections in humans
(Lalucat et al., 2006), causing wound and postoperative infections, as
well as post-dialysis peritonitis (Goetz et al., 1983; Kalra et al., 2015;
Noble and Overman, 1994). However, studies on the characteristics and
pathogenicity of P. stutzeri PM101005 (PMPS) isolated from PM;, are
limited.

Toll-like receptors (TLRs) are key innate immune sensors that
recognize microbial pathogen-associated molecular patterns and
endogenous “risk” molecules released by host cells during infection,
inflammation, or cellular stress (Kawasaki and Kawai, 2014). Till date,
13 mammalian TLRs have been identified, which have similar structural
organization, consisting of a leucine-rich repeat-containing ectodomain
involved in ligand recognition in their cytoplasmic tails, a trans-
membrane domain, and a TLR signaling domain (Jezierska et al., 2011).
TLRs can be further classified by their ligands including lipids, proteins,
or bacterial or viral nucleic acids. Some TLRs, such as TLR2-5, are
present on the cell surface, whereas TLR3 and TLR7-9, are present on
intracellular endosomes (Saitoh and Miyake, 2009). Signaling mecha-
nisms of activated TLRs are critical for the control of bacterial infection
via inflammation, but excessive inflammatory responses may lead to
tissue damage (Dajon et al., 2017) and other side effects (Faure et al.,
2000; Johnson et al., 2004). Thus, the classification of the activated
TLRs and precise evaluation of their signaling mechanisms are impor-
tant in controlling cellular damage.

Ambient air particles have been shown to induce cellular responses
through specific TLRs (Arooj et al., 2020; Ryu et al., 2019; Woodward
et al., 2017). Particularly, PM binding has been shown to activate TLR2
and TLR4, causing tissue damage by the secreted inflammatory cyto-
kines. These inflammatory responses are regulated by polymyxin B
treatment, indicating that these responses may be induced by bacteria
present in PM (Shoenfelt et al., 2009). PM affects the host’s response to
infection, increasing the susceptibility to pathogenic bacteria. For
instance, invasive infection of Group A Streptococcus (GAS) is increased
by PM as they suppress macrophage phagocytosis and cytokine pro-
duction through TLR/MAPK signaling (Zhi et al., 2022). Also, PM has
been shown to promote infection by pathogenic bacteria, such as Pseu-
domonas aeruginosa PAO1, through mechanisms involving oxidative
stress (Borcherding et al., 2013; Liu et al., 2019). These reports suggest
that PM has the potential to increase the risk of bacterial infection after
inhalation; therefore, the characterization and control of bacteria pre-
sent in PM are essential for host defense.

Here, we examined the effect of inhaling PMPS on lung epithelial
cells, alveolar cells, and macrophages, and elucidated the mechanisms
through which PMPS induce inflammatory responses using both in vitro
and in vivo experiments. Additionally, the types of antimicrobial pep-
tides (AMPs) induced by the infection were identified, and their anti-
bacterial effects on PMPS were assessed. The findings of this study
would improve the understanding of the mechanism of PMPS in respi-
ratory diseases.

2. Materials and Methods
2.1. Mice

TLR2, 4, and 5-deficient mice with C57BL/6 background were pur-
chased from The Jackson Laboratory (Bar Harbor, ME, USA), and wild-
type (WT) C57BL/6 mice were purchased from Koatech (Pyeongtaek,
Korea). All animal studies were approved by the Institutional Animal
Care and Use Committee of the Korea Research Institute of Bioscience
and Biotechnology (Dajeon, Korea) (Approval No. KRIBB-ACE-21193).
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2.2. Particulate matter

Fine dust ERM®-CZ100 (PM;() in amber glass vials was purchased
from Sigma-Aldrich, Inc. (St. Louis, MO, USA) (Piascik et al., 2019).
PM;( was suspended in phosphate-buffered saline (PBS), and immedi-
ately used in the experiments. The concentration of PM was adjusted
based on previous studies to 1-100 pg/mL for in vitro experiments (Li
et al., 2003; Yang et al., 2020) and to 200 pg/mice for in vivo (Budinger
et al., 2011).

2.3. Preparation of bacteria

PMPS isolated from ERM®-CZ100 (GenBank: CP046902.1) and PS
(ATCC 17588) were used in this study. Individual colonies of these
bacteria cultured on Luria-Bertani (LB) plates were inoculated into 5 mL
of LB broth and grown overnight at 37 °C under constant shaking (200
rpm). Subsequently, 1:5 dilution of the culture suspension was trans-
ferred to fresh medium and cultured for additional 2 h at 37 °C under
constant shaking. The cells were collected by centrifugation at 10,000 g
for 20 min, washed with PBS, pH 7.4, and re-suspended in sterile PBS to
a concentration of 10° colony-forming units (CFU)/mL. The absorbance
of bacterial suspensions was measured at 600 nm using a SpectraMAX
190 Microplate Reader (Molecular Devices, Menlo Park, CA, USA), and
bacteria were diluted to the desired concentrations for use in each
experiment.

2.4. Antibacterial activity assay

PMPS was cultured as described above, and 1 x 10° CFU of bacteria
were incubated for 12 h with various concentrations of recombinant
mouse fB-defensin 3 (MRIHYLLFAFLLVLLSPPAAFSKKINNPVSCLRKG
GRCWNRCIGNTRQIGSCGVPFLKCCKRK) (R&D Systems, Minneapolis,
MN, USA) at 37 °C under constant shaking. The culture solution was
subsequently plated onto LB agar to determine the number of living
bacteria.

2.5. Cell culture and bacterial infection

Bone marrow-derived macrophages (BMDMs) were prepared as
previously described (Celada et al., 1984). MH-S cells were grown in
RPMI 1640 medium (Corning, Thermo Fisher Scientific, Waltham, MA,
USA) containing 10% FBS (HyClone, Logan, UT, USA) and supple-
mented with 5.0 pg/mL of streptomycin and 5.0 U/mL of penicillin.
MLE-12 cells were maintained in DMEM/F12 (Corning, Thermo Fisher
Scientific) containing 2% FBS supplemented with 5.0 pg/mL of strep-
tomycin and 5.0 U/mL of penicillin. 16HBE140-cells were maintained in
MEM (Corning, Thermo Fisher Scientific) supplemented with 2 mM of
L-glutamine (Corning, Thermo Fisher Scientific), 10% FBS, 1% (5.0
pg/mL) streptomycin, and 5.0 U/mL of penicillin. BMDMs were seeded
into 12-well plates at a concentration of 1 x 108 cells/well and incu-
bated overnight at 37 °C in a 5% CO2 incubator. MLE-12 and MH-S cells
were seeded in 12-well plates at a concentration of 2 x 10° cells/well
and infected with PS or PMPS at indicated multiplicity of infection
(MOI) for 60 min, with extracellular bacterial growth inhibited by
treatment with gentamicin (50 pg/mL). Culture supernatants and cell
lysates were collected at the indicated post-infection time points for
further analysis.

2.6. 3D spheroid cultures

3D human pulmonary alveolar epithelial cell spheroids kit (SP3D-
3210) was purchased from ScienCell Research Laboratories (Carlsbad,
CA, USA) and cultured according to the manufacturer’s instructions.
Briefly, each frozen vial containing >4.0 x 10% spheroids was thawed
and re-suspended in 3D Epithelial Spheroid Medium containing 2% FBS,
or in 3D Kidney Spheroid Medium containing 5% FBS; each of these
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media was supplemented with the reagents included in the kit. After re-
suspension, approximately 167 spheroids were seeded in a 24-well
Ultra-Low Binding Culture Plate (provided in the kit) and incubated at
37 °C for 24 h, followed by the replacement of 70% of the culture me-
dium with fresh medium and further incubation for 3 d. Thereafter, 70%
of the culture medium was replaced with fresh medium, followed by
further incubation for 24 h.

2.7. Infectivity analysis

BMDMs (2 x 10° cells/well) and MLE-12 and MH-S cells (5 x 10*
cells/well) were seeded in 48-well plates and incubated overnight at
37 °Cin a 5% CO2 incubator, followed by infection with PS and PMPS at
a MOI of 1/10. At the indicated time points, the cells were washed three
times with cold PBS and lysed with 1% Triton X-100 in PBS. Cell lysates
were plated in LB agar to determine the number of living bacteria in the
lysates. PS and PMPS were labeled with BacLight Red (Molecular
Probes, Eugene, OR, USA), according to the manufacturer’s instructions.
MLE-12, MH-S, and BMDMs were infected with labeled bacteria as
described above. After 1 h, the cells were fixed in 4% paraformaldehyde
for 15 min at room temperature (20-22 °C), and then washed with ice-
cold PBS. Nuclei were counterstained with 4’,6-diamidino-2-phenyl-
indole dihydrochloride (DAPI, Invitrogen, Carlsbad, CA, USA), and
cellular uptake of bacteria was measured using an EVOS M5000 fluo-
rescence microscope (Invitrogen).

2.8. Cell viability

Cell viability was determined using WST assay (Dogen, Seoul,
Korea). Briefly, BMDMs (2.5 x 10° cells/well) and MLE-12 and MH-S
cells (2.5 x 10* cells/well) were seeded in 96-well plates and incu-
bated overnight at 37 °C, followed by infection with PS and PMPS at
indicated MOI and further incubation for 24 h. Thereafter, WST solution
was added (10 pL of WST solution per 100 pL of cell culture medium)
and the plates were incubated for 2 h, and absorbance was measured at
450 nm using a microtiter plate reader (Molecular Devices, San Jose, CA,
USA).

2.9. Caspase-3/7 activity

BMDM:s (1 x 10° cells/well), and MLE-12 and MH- S cells (1 x 10°
cells/well) were seeded in 12-well plates and cultured overnight at
37 °C, followed by infection with PS and PMPS at indicated MOIs for 24
h. After incubation, the cells were washed three times with PBS and
lysed with lysis buffer containing protease inhibitors. Caspase-3/7 ac-
tivity was measured using Caspase-Glo 3/7 Assay Kits (Promega Corp.,
Madison, WI, USA), according to the manufacturer’s instructions.

2.10. Determination of in vivo virulence

TLR2, 4, and 5-deficient mice and WT mice aged 8-9 weeks were
used in all infection experiments. Bacteria were cultured as described
above. For infection of mice, PS and PMPS were washed in sterile PBS
and diluted to the appropriate density, and each mouse was intranasally
(i.n.) inoculated with 3 x 108 CFU of the bacteria. Blood samples were
collected with heparinized capillary tubes (Scientific Glass Inc., USA) by
orbital venous plexus bleeding. Serum was isolated by centrifugation at
3000 rpm for 20 min and stored in a freezer at —80 °C for further
analysis. PS and PMPS-infected mice were sacrificed at the indicated
times and their lungs were collected. To determine bacterial growth,
each homogenate was incubated on LB agar plates for 2 d at 37 °C in an
incubator, the numbers of colonies were counted, and the number of
bacteria was calculated (measured as CFU/g tissue).
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2.11. Histopathological examination

The right lobes of the lungs were weighed and homogenized in PBS,
and half of each lysate was diluted with sterile PBS, plated in LB agar
plates, and incubated at 37 °C for 1-2 d. The colonies were counted and
the number of bacteria was calculated (measured as CFU/g lung tissue).
The other half of each lysate was centrifuged and the supernatant was
stored at —80 °C in a freezer for cytokine measurement. Lungs were
harvested and fixed in 10% neutral formalin for histopathological
analysis. The tissues were processed through an alcohol and xylene se-
ries and then embedded in paraffin. Subsequently, 4 pm-thick sections
were prepared, stained with hematoxylin and eosin (H&E), and exam-
ined using a microscope (EVOS M5000, Thermo Fisher Scientific). Lung
sections from each group (n = 15-20 areas per section) were scored for
edema, neutrophil margination and tissue infiltration, intra-alveolar
hemorrhage, debris, and cellular hyperplasia. Each histological site
was assigned a value of 1 (normal), 2 (minimum), 3 (mild), 4 (moder-
ate), or 5 (severe), and the average score for each group was calculated.
All slides were presented in random order and analyzed in a blinded
manner.

2.12. Cytokine measurement

The concentrations of mouse IL-1p, IL-6, IL-10, MCP-1, MIP-1a, and
tumor necrosis factor-a (TNF-a), and human IL-6, IL-8, and IL-1p
(Thermo Fisher Scientific, Waltham, MA, USA), and mouse CXCL1 (R&D
Systems) in culture supernatants of PS and PMPS-infected BMDMs and
MLE-12 and MH-S cells, and in tissue lysates from infected mice, were
determined using ELISA kits, according to the manufacturer’s
instructions.

2.13. Albumin concentration in bronchoalveolar lavage fluid (BALF)

After euthanasia, BALF was collected by catheterizing the trachea
and washing the lungs twice with 1 ml of ice-cold PBS containing a
protease inhibitor (Merck, Merck, Kenilworth, NJ, USA). Cells were
removed by centrifugation (4000 rpm, 5 min, 4 °C) and BALF was ob-
tained and stored at —80 °C. Albumin concentrations were determined
in BALF using the BCG Albumin Assay Kit (Sigma-Aldrich) according to
the manufacturer’s protocol.

2.14. Immunoblotting

Protein was extracted from whole cell extracts using CETi lysis buffer
(TransLAB, Daejeon, Korea) supplemented with protease inhibitor
(GenDEPOQT, Barker, TX, USA) and phosphatase inhibitor (GenDEPOT).
The cells were washed once with DPBS, suspended in 200 pL of CETi
buffer, and collected by scraping. Total protein was separated from cell
debris by centrifugation at 13,000 rpm for 5 min and quantified using
Pierce® BCA Protein Assay Kit (Thermo Fisher Scientific). The proteins
were loaded onto Bolt™ 4-12% Bis-Tris Plus Gels (Invitrogen), elec-
trophoresed, and transferred onto polyvinylidene difluoride (PVDF)
membranes. The membranes were blocked by incubating in PVDF
blocking reagent (Toyobo Co., Ltd., Osaka, Japan) for 1 h, washed three
times for 5 min each with TBST (20 mM Tris [pH 7.6], 137 mM NaCl,
0.1% Tween 20), and incubated with primary antibodies overnight at
4 °C. The primary antibodies include rabbit anti-NF-kB p65, rabbit anti-
phospho-NF-xB p65 (Ser536), rabbit anti-phospho-p44/42 MAPK
(ERK1/2) (Thr202/Tyr204), rabbit anti-phospho-SAPK/JNK (Thr183/
Tyr185), rabbit anti-phospho-p38 MAPK (Tr180/Tyr182), and horse-
radish peroxide (HRP)-conjugated anti-rabbit f-actin (Cell signaling
Technology, Beverly, MA, USA). Thereafter, the membranes were
washed three times and incubated in the dark with secondary antibodies
labeled with horseradish peroxidase for 1.5 h at room temperature.
Images were detected using the Western Lightning Chemiluminescence
System (Atto Co., Tokyo, Japan).
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2.15. Transcriptome analysis

Total RNA was extracted using NucleoSpin RNA Plus columns
(Macherey-Nagel, Diirren, Germany), reverse transcribed to cDNA using
reverse transcriptase, and amplified using NanoHelix RT-qPCR kits
(NanoHelix, Daejeon, Korea). The PCR cycling conditions were as fol-
lows: an initial cycle at 50 °C for 2 min and denaturation at 95 °C for 10
min to activate the DNA polymerase, followed by 40 cycles of dena-
turation at 95 °C for 15 s, annealing at 60 °C for 30 s, and final extension
at 72 °C for 30 s. SYBR Green technology was used to quantify the re-
sults. Data were analyzed using LightCycler® 96 System Analysis Soft-
ware (Roche Diagnostics GmbH, Mannheim, Germany). The relative
expression of each gene was normalized to the expression of GAPDH in
the same sample. The primers used for real-time PCR are shown in
Table 1.

2.16. Transmission electron microscopy (TEM)

PS and PMPS were cultured at 37 °C with shaking for 2 h, centrifuged
at 3000 rpm for 20 min to obtain a cell pellet, and then diluted with 1 ml
of PBS. A drop of bacterial solution was placed on a copper grid and air
dried for 5 min. Bacterial morphology was investigated using an energy-
filtered transmission electron microscope (Libra 120, Carl Zeiss, Ober-
kochen, Germany) operating at an accelerating voltage of 120 kV after
staining with 2% phosphotungstic acid (PTA).

2.17. Phylogenetic analysis and genome sequencing

For identification of PS and PMPS, 16S ribosomal RNA (rRNA) gene-
based PCR and sequencing were performed. Primers of 27F (5'-
AGAGTTTGATCMTGGCTCAG-3') and 1492R (5'-TACGGY-
TACCTTGTTACGACTT-3') were used for 16S rRNA gene amplification.
16S rRNA gene amplification sequencing was performed at Solgent
(Solgent Co, Daejeon, Korea) using Big Dye Terminator Cycle
Sequencing Kit and ABI PRISM 3730 DNA Analyzer (PE Applied Bio-
system, Foster, CA, USA). Sequence similarity was further analyzed
using BLAST from the National Center of Biotechnology Information
(NCBI) website. The phylogenetic tree was constructed using the
neighbor joining method using MEGA7 software (Kumar et al., 2016).

2.18. Biological characterization

Biochemical characterization of PS and PMPS was performed using
commercial API 20NE and API ZYM kits according to the manufacturer’s
instructions (bioMerieux, Marcy I’Etoile, France). Cell growth of PS and
PMPS was monitored at 4, 10, 18, 25, 30, 37, 42 and 45 °C, respectively.
Growth at various initial pH values (pH 3-11 with 0.5 pH unit intervals)

Table 1
Primers used for qPCR.
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was evaluated after incubation for 7 days at 30 °C using marine broth.
The pH of the marine broth was adjusted using the following buffers (20
mM each final concentration): acetate buffer for pH 4.0-5.5, phosphate
buffer for pH 6.0-8.0 and Tris buffer for pH 8.5-10.0. Salt tolerance was
tested in marine broths, where the concentration of sodium chloride was
adjusted from 0.5 to 10.0% NaCl and growth was assessed after incu-
bation at 30 °C for 7 days.

2.19. Statistical analysis

Statistical significance between groups was determined by a two-
tailed Student’s t-test or one-way analysis of variance followed by
post-hoc analysis (Bonferroni’s multiple comparisons test and Tukey’s
post-hoc test). Means were considered significant at p < 0.05, and all
statistical analysis were performed using GraphPad Prism 5 (GraphPad
Software, La Jolla, CA).

3. Results

3.1. PS and PMPS induced inflammatory responses in BMDMs, and in
MLE-12 and MH-S cells

We first present the results of analyzing the TEM image, phylogenetic
tree, API test, temperature, pH, and growth conditions by NaCl con-
centration, which were performed to investigate the characteristics of PS
and PMPS (Supplementary Fig. 1). Various studies related to lung
damage from PM inhalation have been performed using lung epithelial
cells and alveolar macrophages (Guohua et al., 2021; Neri et al., 2016).
The ability of PM-derived PMPS to induce inflammatory responses in the
lung epithelial cell line MLE-12, the lung alveolar macrophage cell line
MH-S, and BMDMs was evaluated. Infection with PS and PMPS
increased the secretion of inflammatory cytokines and chemokines by
the cells, with BMDMs exhibiting a higher production of the cytokines
and chemokines. Particularly, infection with PS and PMPS significantly
increased the secretion of the chemokines in MLE-12 cells, and the
secretion of IL-6, IL-18, and MCP-1 in MH-S cells; however,
PMPS-treated cells had generally higher levels of the cytokines and
chemokines than PS-treated cells (Fig. 1A). Additionally, the NF-kB and
MAPK activities of the infected cells were evaluated, as both NF-kB and
MAPK are involved in the induction of inflammatory cytokines and
chemokines. Infection with PS and PMPS induced the phosphorylation
of p38, JNK, ERK, and p65 in BMDMs within 60 min, and phosphory-
lation of the sites in MLE-12 and MH-S cells with 15 min; however, PMPS
had a greater effect than PS on the pathways in BMDMs (Fig. 1B).
Furthermore, we examined the effect of PS and PMPS on the mRNA and
protein expression of IL-6 and IL-8 in the human bronchial epithelial cell
line 16HBE140-, after 6 and 18 h of infection. Infection with PS and

Gene Primers (5'-3')

Forward Reverse
mCrp-2 ACTGAGGAGCAGTCAGGTGAA GCCAATGGTCATCTTGTCCT
mCrp-3 CAGGCTGTGTCTGTCTCTTTTG TCAGCGACAGCAGAGTGTGTA
mCrp-4 CAGGTCCAGGCTGATCCTATC AAGTCCCACGAACTCGTTCTC
mCrp-5 TTGTCCTCCTCTCTGCCCTTGT ATGAAGAGCAGACCCTTCTTGG
mBD-1 CACATCCTCTCTGCACTCTGGAC CCATCGCTCGTCCTTTATGCCATTC
mBD-2 GCCATGAGGACTCTCTGCTC AGGGGTTCTTCTCTGGGAAA
mBD-3 TCTGTTTGCATTTCTCCTGGTG TAAACTTCCAACAGCTGGAGTGG
mBD-4 TCTGTTTGCATTTCTCCTGGTG TTTGCTAAAAGCTGCAGGTGG
mBD-6 TCATGAAGATCCATTACCTG TGTGCATATTCACGAAGAAG
mCRAMP CTCGAGATGCAGTTCCAGAG GCGGCCGCAGAGACCCTACT
mGAPDH GTGGAGATTGTTGCCATCAACG CAGTGGATGCAGGGATGATGTTCTG
hIL-6 TTCTCCACAAGCGCCTTC GGAATCTTCTCCTGGGGGTA
hIL-8 AGCTGATGGCCCTAAACAGA CATCCAGAGGGCAGAGGTC
hIL-1p GCTGAGGAAGATGCTGGTTG GAAGGGAAAGAAGGTGCTCA
hGAPDH GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA
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Fig. 1. PS and PMPS induce inflammatory responses in BMDMs, and in MLE-12 and MH-S cells A. BMDMs, and MLE-12 and MH-S cells were infected with PS and
PMPS at MOIs of 1/10 and treated with gentamicin 1 h later. The concentrations of IL-6, TNF-a, IL-1p, CXCL1, MCP-1, and MIP-1a in the culture supernatants were
determined by ELISA at 6 and 18 h after infection, and the results were expressed as the mean =+ standard deviation (SD) of three independent experiments. B.
BMDMs (MOI 1/10), and MLE-12 and MH-S cells (MOI 1/50) were infected with PS and PMPS and then treated with gentamicin 1 h later. Cell lysates were collected
at the indicated time points and analyzed by Western blotting. Equal loading was confirmed by Western blotting using antibodies against p-actin. The results are
representative of two independent experiments. The quantification was performed by dividing the densities of each molecule by that of p-actin. Values are shown

below the corresponding figures. *p < 0.05, **p < 0.01, and ***p < 0.001.

PMPS increased the expression of IL-6 and IL-8 in 16HBE14o0- at both the
mRNA and protein levels (Supplementary Fig. 2). Overall, these results
indicated that PMPS infection activated signaling pathways involved in
inflammatory cytokine and chemokine production.

3.2. Infectivity and cytotoxicity of PS and PMPS in BMDMs, and MLE-12
and MH-S cells

Since bacterial infectivity is an important consideration regarding its
pathogenicity, the infectivity of PS and PMPS was evaluated in BMDMs,
MH-S, and MLE-12 cells. There was an intracellular increase in the
population of both PS and PMPS in a time-dependent manner for up to 2
h after infection, with the number of PMPS higher than that of PS
(Fig. 2A). Consistently, PMPS showed higher infectivity when the cells
were infected with fluorescently-labeled bacteria (Fig. 2B), indicating

that PMPS was more infective than PS in lung epithelial cells, lung
alveolar macrophages, and macrophages. Since the high infectivity of
the bacteria leads to excessive inflammatory responses and cytotoxicity,
we then examined the viability of these infected cells. There was a dose-
dependent decrease in the viability of the cells with increasing bacterial
concentration 24 h after infection. Particularly, the viabilities of BMDMs
and MLE-12 cells decreased to less than 50% following bacterial infec-
tion at MOIs of 1/10 and 1/50, respectively (Fig. 2C). Moreover, there
was an increase in caspase-3/7 activity with increasing bacteria con-
centration, confirming bacteria-induced cell apoptosis. Intriguingly,
PMPS-infected cells had higher caspase-3/7 activity than PS-infected
cells (Fig. 2C). These results indicated that PMPS promoted the death
of lung epithelial cells, lung alveolar macrophages, and macrophages at
a greater extent than PS infection.



Y.-J. Jeong et al. Environmental Pollution 317 (2023) 120741
BMDMs
PS PMPS .
867 Uninfected PS PMPS
6.4 *kk
E e . o %00 "
—
Dol 2= %° oo s
O lage ¢
(a]
5.8 E
56— . . . : o0
05 1 2 05 1 2 (h)
MLE-12
; PS . PMPS
! (o]
P e Fu'
6 ! —e
£ = oo 2 o w
Ss i
t ®e i E
hd i
4 . o® i
i
05 1 2 05 1 2 ()
MH-S Vl)
55 PS , PMPS I
. H
o5 | ez s =
1
£ 60 | fge —§° -
£ H
2 e ~-
O 50 i
a5l |
i
4.0-— T T t T
05 1 2 05 1 2 (h)
BMDMs MLE-12 MH-S BMDMs MLE-12 MH-S
150 \ . > avrs
9 i i 2 M PMPS
< | : e
2 100 ! ! c 24
3 i : 2
® wex | i P
> 50 i *x i 032
= 1 Il ©
© 1 o ouw
o ! : ®
1 1
O
0 1 10 50 0 1 10 50 0 1 10 50 (MOI) 0 1 10 50 0 1 10 50 0 1 10 50 (MOI)

Fig. 2. Infectivity and cytotoxicity of PS and PMPS in BMDMs, and in MLE-12 and MH-S cells. A. BMDMs, and MLE-12 and MH-S cells were infected with PS and
PMPS at indicated MOI. After incubation for 0.5, 1, and 2 h, cell lysates were plated on LB agar and incubated overnight. The results are expressed as the mean + SD
of three independent experiments. B. Cells were infected with BacLight Red-labeled PS and PMPS at an MOI of 1/10. After 2 h, the cells were washed three times with
PBS and analyzed using a flow cytometer and confocal microscope to quantify intracellular BacLight Red-labeled bacteria. Cell nuclei were counter stained with DAPI
(blue). Scale bar: BMDMs, 20 pm; MLE-12 and MH-S, 100 um. C. The cells were infected with PS and PMPS at the indicated MOIs and treated with gentamicin for 90
min after infection, and cell viability was determined 24 h after infection using WST and Caspase-3/7 activity assays. Cell viability (%) and Caspase-3/7 activity were
expressed as a comparison with those of uninfected (MOI, 0) control cells. The results are representative of three independent experiments. *p < 0.05, **p < 0.01,

and ***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3.3. Analysis of inflammatory responses induced by PS and PMPS in
human airway spheroids

For decades, conventional 2D cell culture have been used to study
the pathology of various cell types; however, these systems may not fully
recapitulate the complex physiological environment of bronchial
epithelial cells. This gave rise to the 3D cell culture methods which allow
reproduction of the human bronchial epithelium more precisely. Here,
the effect of PMPS and PS on cytokine production by human airway
spheroids was examined. Consistent with results obtained in lung
epithelial cells, lung alveolar macrophages, and macrophages, infection
with both PS and PMPS significantly increased the secretion of inflam-
matory cytokines (IL-6, IL-8, and IL-1p) by human airway spheroids,
with PMPS having a greater effect on cytokine production than PS
(Fig. 3). Overall, these results suggested that PMPS infection induced
higher inflammatory responses in human airway spheroids than from PS
infection.

3.4. Pathogenicity of PS and PMPS in mice

Furthermore, we evaluated whether the in vitro infectivity of PMPS in
lung epithelial cells, alveolar macrophages, and macrophages was
reproduced in animal models. Experimental mice were infected with PS
and PMPS, and we enumerated the bacteria in the lungs. The lungs of
PMPS-infected mice had significantly higher bacterial count (CFU) than
those of PS-infected mice (Fig. 4A). Additionally, histological analysis
showed that lung tissue damage was more severe in PMPS-infected mice
than in PS-infected mice (Fig. 4B). Moreover, serum concentrations of
IL-6, TNF-a, MCP-1, and MIP-1a were higher in PMPS-infected mice
than in PS-infected mice. The TNF-a concentration of the lungs of PMPS-
infected mice was remarkably higher than those of PS-infected mice;
however, the concentrations of the other cytokines and chemokines
were comparable between the two groups (Fig. 4C). Overall, these re-
sults indicated that PMPS, which showed greater infectivity, induced
higher inflammatory responses than PS in mice.
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Fig. 3. PS and PMPS induce inflammatory responses
in human airway spheroids. A. Human airway
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h and then the supernatant was collected. The IL-1,
IL-6, and IL-8 levels of the supernatants were assessed
using a commercially available ELISA kit. B. Real-
time qRT-PCR analysis of expression levels of the
cytokine gene. Data were normalized to GAPDH
(loading control) expression level. The results are
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Fig. 4. Assessment of PS and PMPS pathogenicity in mice. A. Mice were inoculated intranasally with 3 x 107 CFU of PS and PMPS. The bacterial loads of the lungs
were evaluated 24 h later. PS group: n = 6, PMPS group: n = 6. B. Histologic examination of lung tissue samples stained with H&E, as described in the Materials and
Methods section. Scale bar: 100 pm. Histology scores are expressed as the mean + SD of 5-7 mice per group. C. Serum and lung tissue samples were collected 24 h
after infection, and the concentrations of cytokines and chemokines were measured using commercially available ELISA kits. Each dot represents an individual
mouse. PS group: n = 10, PMPS group: n = 11. *p < 0.05 and **p < 0.01.
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3.5. PM treatment exacerbated PMPS-induced inflammatory responses
and pathogenicity

PM exposure has been reported to induce oxidative stress and impair
tight junctions, thereby promoting bacterial infection and/or inhibiting
antimicrobial activity (Chen et al., 2018). Therefore, we examined the
effect of PM treatment on PMPS-induced inflammatory response,
infectivity, and cell death in BMDMs. PM treatment enhanced the pro-
duction of IL-6, IL-1p, and MCP-1 by PMPS-infected BMDMs in a
dose-dependent manner (Fig. 5A). Moreover, PM treatment increased
PMPS infection rate and enhanced PMPS-induced decrease in cell
viability (Fig. 5B and C). Similar results were obtained from mice, as
indicated by the bacterial loads of the lungs and histological analysis
(Fig. 5D and E). Furthermore, the albumin levels of BALF from PMPS-
and PM-treated mice were measured as an indicator of lung injury, due
to the association of elevated pulmonary albumin levels with lung
epithelial leakage caused by lung injury (Eckle et al., 2013; Meissner
et al., 2005). Although PMPS infection itself increased the albumin
levels of BALF from the mice, PM treatment further enhanced
PMPS-induced increase in the albumin level (Supplementary Fig. 3)
suggesting that fine dust exacerbates PMPS-induced increase in in-
flammatory responses and tissue damage.

8000 2000

o
S
S
=

IL-6 (pg/ml)
g
IL-1B (pg/ml)

1500

2000

o
=
=

o
0 1105 0 1 10 50 0 1 10 50
PM concentration (ng/ml)

55 150
* *kk

- ° %o ;\?

£ ° e S 100
2° . T 2
o ° : . I. . i;

Das| ° ¢ > 50
o4 at
-1 °
o

4.0 T T T T o

0 1 10 50 0 1 10 50

0 1 10 50
PM concentration (ng/ml)

Environmental Pollution 317 (2023) 120741
3.6. TLRs mediated PMPS-induced inflammatory responses

So far, studies are yet to elucidate the immune receptors through
which PMPS induce inflammatory responses after infection. In the pre-
sent study, infection of PMPS induced inflammatory cytokine produc-
tion by BMDM and MLE-12 and MH-S cells through NF-kB and MAPK
pathways (Fig. 1). As pattern-recognition-receptors, TLRs of macro-
phages and epithelial cells play an essential role in the clearance of
bacteria through pathogen-associated molecular patterns (PAMP)
recognition (Dajon et al., 2017). TLR2, TLR4, and TLR5 activate NF-kB
and MAPK signaling through the bacterial cell wall or flagella recogni-
tion and induce the production of various inflammatory cytokines. To
investigate whether TLRs are accountable for the inflammatory re-
sponses following PMPS infection, we infected TLR2-, TLR4-, and
TLR5-deficient BMDMs with PMPS. Following PMPS infection, the
production of evaluated cytokines and chemokines was largely reduced
in TLR4-deficient BMDMs, and the production of IL-1p, IL-10, and
MCP-1 was also reduced in TLR2 -deficient BMDMs compared with WT
cells (Fig. 6A). Similarly, phosphorylation of p65, JNK, ERK, and p38
was reduced in PMPS-infected TLR2-and TLR4-deficient cells relative to
WT cells (Fig. 6B and Supplementary Fig. 4). Overall, these results
demonstrated that PMPS-induced inflammatory responses in BMDMs
were mediated by TLR2 and TLR4 signaling mechanisms.
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Fig. 5. Effect of PM treatment on PMPS infection-induced pathogenicity. A and B. BMDMs were treated with various doses (1, 10, 50 pg/mL) of PM 24 h prior to
infection, followed by infection with PMPS at an MOI of 1/10 and treatment with gentamicin 1 h later. The concentrations of IL-6, IL-1p, and MCP-1 in the culture
supernatants were measured 18 h post-infection using ELISA kits, and cell viability was determined using WST assays. Data were expressed as % viability compared
with the uninfected control. C. BMDMs treated with indicated concentrations of PM for 24 h were infected with PMPS for 1 h. Cell lysates were plated on LB agar and
incubated overnight. Data were expressed as the mean + SD of three independent experiments. The results were based on data obtained from one of two independent
experiments. D and E. Mice were inoculated intranasally with 3 x 10® CFU of PMPS and 200 pg of PM/mice, and their lungs were harvested 24 h after infection. The
bacterial loads of the lungs were determined, and the sections were stained with H&E for histological assessment. Scale bar: 100 um. Histology scores were expressed
as the mean + SD of 5-7 mice per group. PM only group: n = 5, PMPS group: n = 7, PM + PMPS group: n = 7. *p < 0.05 and ***p < 0.001.
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Fig. 6. PMPS induces TLR2-, TLR4-, and TLR5-dependent inflammation through NF-kB and MAPK signaling. A. WT and TLR2-, TLR4-, and TLR5-deficient BMDMs
were infected with PMPS at MOIs of 1/1 and 1/10, and treated with gentamicin 1 h later. The concentrations of IL-6, TNF-a, IL-1f, IL-10, MCP-1, and MIP-1a in the
culture supernatants were determined 18 h after infection using an ELISA kil. B. Cell lysates were collected at the indicated time points and analyzed by Western
blotting. Equal loading was confirmed by Western blotting of the same samples using antibodies against p-actin. The results shown are representative of one of two
independent experiments. The quantification was performed by dividing the densities of each molecule by that of p-actin. Values are shown below the corresponding

figures. *p < 0.05, **p < 0.01, and ***p < 0.001.

3.7. TLR deficiency in mice increased the pathogenicity of PMPS

We further evaluated whether TLR-mediated inflammatory re-
sponses in PMPS-infected BMDMs show similar dependency in vivo.
Relative to the observations with WT mice, CFUs of PMPS in the lungs
were robustly increased in TLR2-, TLR4-, and TLR5-deficient mice 1 and
3 d post-infection (Fig. 7A). Additionally, PMPS-infected TLR2-, TLR4-,
and TLR5-deficient mice showed higher levels of several cytokines and
chemokines in the lungs and serum compared with those of WT mice
(Fig. 7B). Histological analysis also showed an increase in cell

infiltration in TLR2-, TLR4-, and TLR5-deficient mice compared with
WT mice (Fig. 7C). These results demonstrated the critical role of TLR2,
TLR4, and TLR5 in bacterial control and inflammation in the lung of
PMPS- infected mice.

3.8. Evaluation of types and antibacterial activity of AMPs induced by
PMPS

AMPs, which are secreted by various cells in response to bacterial
infection, play an important role in eliminating bacteria. We, therefore,
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Fig. 7. PMPS infectivity and tissue damage in mice is dependent on TLR2, TLR4, and TLR5. A. TLR2, TLR4, and TLR5 KO mice were inoculated intranasally with 3 x
107 CFU of PMPS, and the bacterial loads of the lungs were determined 1 and 3 d after infection. WT (n = 6) vs TLR2 KO (n = 9), B. The concentrations of IL-6, TNF-a,
MCP-1, and MIP-1a in serum samples collected from the mice 24 h post-infection were determined using commercially available ELISA kits. C. Histologic exami-
nation of lung tissue samples collected 24 h post-infection was performed as described in the Materials and Methods section. Each panel represents a cell displayed at
a higher magnification than that shown in the inset. Scale bar: 50 pm, insert: 100 pm. Each dot represents an individual mouse. *p < 0.05, **p < 0.01, and ***p

< 0.001.

investigated the effect of PMPS infection on the expression of AMPs,
such as a- and p-defensin and cathelicidin. PMPS infection increased the
expression of some AMPs in BMDMs, MLE-12, and MH-S cells, among
which BD3 was the most expressed in MH-S cells and BMDMs in a TLR2-
and TLR4-dependent manner (Fig. 8A and B). Additionally, recombinant
BD3 showed an antibiotic effect against PMPS, with BD3 concentrations
of 5-10 pg/mL significantly reducing the number of PMPS (Fig. 8C). Yet,
a previous study reported the reduction of P. aeruginosa PAO1-induced h-
BD2 in the presence of PM (Chen et al., 2018). Likewise, we observed
that PM treatment reduced the PMPS-induced increase in BD3 expres-
sion (Fig. 8D). These observations shows that BD3 expression mediated
through TLR signaling after PMPS infection is crucial for bacterial
control, but the presence of PM reduces BD3 production.

4. Discussion

Inflammatory responses to fine dust have been found to cause airway
inflammation (Li et al., 2002; Schaumann et al., 2004; Schwartz, 1994;
Stoeger et al., 2006). The secretion of inflammatory molecules, such as
inflammatory cytokines and reactive oxygen species (ROS), is induced
by various organic ions, organic chemicals, and polycyclic aromatic
hydrocarbons, as well as by microorganisms, contained in fine dust (Kim
et al., 2015). In the present study, the immunological characteristics of
PMPS, a bacterium isolated from fine dust, were examined. PMPS
induced the secretion of pro-inflammatory cytokines and chemokines in
lung epithelial cells, lung alveolar macrophages, and macrophages
through the activation of NF-kB and MAPK signaling pathways. Addi-
tionally, PMPS showed higher infectivity, pathogenicity, and

10

cytotoxicity to all the cells examined, including lung epithelial cells and
macrophages than PS. In regards to investigating pathophysiology,
using 3D constructs such as organoids and spheroids as disease models
have distinct advantages over conventional 2D monolayer cultures as
the former precisely reproduces the complexity and function of human
tissues. Previous studies have examined the impact of PMy 5 in 3D
organoids, identifying that exposure to PM; 5 has been shown to induce
inflammation and apoptosis in alveolar and retinal organoid crypts (Kim
et al., 2020; Zeng et al., 2021). In the present study, PMPS infection
caused toxic effects to spheroids mimicking human bronchial epithe-
lium, indicating that bacteria inhaled along with PM pose a considerable
human health risk (Fig. 3).

Exposure to PM; reportedly induces the production of cytokines,
such as IL-6 and TNF-a, by macrophages in a TLR4/Myd88-dependent
manner (Shoenfelt et al., 2009). Likewise, we found that PMPS treat-
ment induced the production of cytokines and chemokines by the cells in
a TLR4-dependent manner. Moreover, PM;o showed TLR2-mediated
IL-8 production (Camatini et al., 2012; Shoenfelt et al., 2009), and
TLR2 and TLR4 expression was highest in MLE-12 cells after PM;o
treatment (Herath et al., 2020). Furthermore, PM; 5 reinforced inflam-
matory cytokine production through the activation of TLR5, promoting
the activation of NF-xB via NOX4-ROS signaling (Ryu et al., 2019).
Taken together, these findings suggest that PM activates TLR and that
PMPS present in PM can induce TLR-med inflammatory responses which
are prominent in regulating bacterial pathogenicity in vivo. Moreover,
other microorganisms present in fine dust have been shown to activate
inflammatory responses through TLR signaling (Becker et al., 2002;
Shoenfelt et al., 2009). We observed that the inflammatory response
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Fig. 8. PMPS induces TLR-dependent expression of BD3 and is inhibited by PM treatment. A and B. BMDMs, MLE-12 cells, and MH-S cells were infected with PMPS at
MOIs of 1/10 and treated with gentamicin 1 h after infection. RNA was extracted from the cells 6 h after infection, and the expression of AMPs was determined using
real-time qRT-PCR. Values shown are fold change relative to unstimulated cells, calculated from the average of two independent experiments. C. PMPS (1 x 10* CFU/
ml) was incubated in LB broth at 37 °C in the presence or absence of recombinant BD3 (1, 5, and 10 pg/ml). Culture broth were plated on LB agar and incubated
overnight. D. BMDMs were infected with PMPS at an MOI of 1/10 and treated with gentamicin 1 h after infection, and total RNA was extracted 6 h after infection.
Data were presented as the mean + SD of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.

induced by PMPS was mediated by TLR2 and TLR4 (Fig. 6). Intriguingly,
overall cytokine and chemokine productions assessed 6 h post PMPS
infection were reduced from TLR2-and TLR4-deficient BMDMs
compared to WT, while TNF-a and MIP-1a productions were rather
increased in TLR4-deficient BMDM, unlike other cytokines and chemo-
kines, when compared to the WT at 18 h post-infection. We assumed that
such a result was due to the increased PMPS load in the lungs of
TLR4-deficient mice due to uncontrolled bacterial amplification (Fig. 7).
This was confirmed by an independent experiment using UV-killed
PMPS, as the secretion of TNF-a and MIP-la from TLR-deficient
BMDMs was comparable to WT at 18 h-post-treatment (Data not
shown). Yet, we believe further evaluations are required in regards to
understanding the TLR4-mediated signaling pathways and how their
deficiency in BMDM leads to increased production of cytokines in
particular after PMPS infection.

Recently, it has been actively addressed that cell and tissue damage
caused by PM intensifies bacterial infections. For instance, PM enhanced
P. aeruginosa PAO1 infection by disrupting the airway epithelial barrier
through oxidative stress and increasing IL-8 production PM-
concentration-dependently (Chen et al., 2018; Liu et al., 2019). Addi-
tionally, PM inhibited macrophage phagocytosis by interfering with
autophagy (Li et al., 2020), and increased P. aeruginosa PAO1 prolifer-
ation (Borcherding et al, 2013). Similarly, PM;o increased
PMPS-induced cytokine production in lung epithelial cells and
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macrophages dependent on the PM concentration increased PMPS pro-
liferation, and exacerbated PMPS-induced tissue damage in mice in the
present study (Fig. 5). These results show that PM may increase the risk
of bacterial infection and the pathogenicity of PMPS, despite that PMPS
are not highly pathogenic.

AMPs are ubiquitous and serve as the first line of defense against
invading microorganisms (Boman, 1995). The signaling mechanism of
TLRs also regulates various immune responses and activates the
expression of AMPs (Lee et al., 2019; Pasupuleti et al., 2012). Coal fly
ash (CFA) treatment reduced AMP activity against P. aeruginosa PAO1
(Borcherding et al., 2013), while PM treatment suppressed P. aeruginosa
PAO1-induced expression of h-BD2 in BEAS-2B cells. In contrast, a study
showed that although PM stimulated TLRs to activate signaling, it did
not significantly induce AMP expression (Chen et al., 2018). In the
present study, PM treatment reduced PMPS-induced expression of BD3
in MH-S cells and BMDMs.

The present study focused on the immunological properties of PMPS
isolated from PM. Investigating the components of PM may help identify
the causes of various diseases developed from PM inhalation. However,
relatively little is known about the characteristics of bacteria present in
this fine dust. In summary, the results of the present study showed that
PMPS, present in PM, can deteriorate the risk of respiratory diseases.
However, further studies are needed to elucidate the mechanism
through which PM affects non-pathogenic bacteria, which are likely to
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be responsible for PM-induced diseases.
5. Conclusion

In the present study, we demonstrated a previously unknown link
between P. stutzeri present in particulate matter and the pathogenesis of
lung damage in the infected host. PMPS induces a more severe inflam-
matory response, infectivity, and cytotoxicity than the comparative PS
strain, leading to lung injury in vivo. Of note, in three-dimensional (3D)
human airway spheroids mimicking human bronchial epithelium,
P. stutzeri PM101005 (PMPS) produced more potent inflammatory cy-
tokines than P. stutzeri (PS) ATCC17588. We also observed that PMPS
induces an inflammatory response following NF-kB and MAPK activa-
tion via recognizing TLR2, TLR4, and TLR5 as host receptors. Further-
more, in the host cells infected with PMPS, p-defensin 3, expressed in a
TLRs-dependent manner, showed a direct antibacterial effect on PMPS
that may represent a therapeutic target to ameliorate PMPS-mediated
pathogenesis. Consistent with the previous studies showing that PM
exposure is associated with increased severity of bacterial infection, our
results also support that PM increases the infectivity of PMPS. The re-
sults of this study are the first to elucidate the immunological charac-
teristics of PMPS isolated from atmospheric particulate matter as a
major air pollutant, suggesting a bacterial risk as one of the causes of
lung damage from exposure to PM.
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