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ARTICLE INFO ABSTRACT

Edited by : Professor Bing Yan Short-term exposure (typically ranging from a few hours to 7 days) to particulate matter (PM) elicits acute in-
flammatory responses with significant activation of complement component C5. However, the relationship be-

Keywords: tween PM-induced complement system activation, acute inflammation, and the contributing factors remains

Particulate matter
Complement component C5 activation
C5aR1

unclear. In this study, we aimed to investigate the intensity of acute inflammatory responses, as well as the
activation levels of complement C5 and its related products, C5aR1 and C5b-9, following exposure to different
C5b-9 types of PM. Acute inflammatory responses and complement activation were assessed in mice intratracheally
Inflammatory response administered four types of PM: titanium dioxide (TiOz), diesel exhaust particles (DEP), Asian sand dust (ASD),
Lung disease and ambient PM with an aerodynamic diameter < 2.5 pm (PM2.5). Complement system and inflammatory
markers were evaluated by analyzing increased C5 protein levels, C5b-9 deposition, and C5aR1 expression.
Additionally, dark-field microscopy and Raman microscopy were used to detect PM components adjacent to
infiltrating neutrophils, and elemental composition was quantified using ICP-MS and EDXRF. ASD, DEP, and
PM2.5 exposure significantly increased C5b-9 deposition in lung tissues. All PM-exposed groups exhibited sub-
stantial upregulation of C5aR1 expression, primarily in neutrophils. Raman spectroscopic analysis revealed Si, K,
Mg, Al, and Fe adjacent to infiltrating neutrophils in ASD-exposed lungs. Furthermore, elemental analysis
identified Si, Mg, Al, and K as the most potent contributors to complement activation and inflammatory re-
sponses. Of the four types of PM, ASD induced the most severe acute inflammatory response and complement
system activation. Therefore, ASD-induced complement system activation, driven at least partly by its mineral
components, may play a critical role in neutrophil activation and acute pulmonary inflammation. These findings
highlight the differential impact of PM types on complement system activation and underscore the importance of
PM composition in the evaluation of air pollution-related health risks, particularly acute pulmonary

inflammation.
1. Introduction industrialization, urbanization, and motor vehicle transportation
(Atkinson et al., 2012). This increase in air pollution is also attributed to
Asia has high levels of air pollution caused by rapid growth in desertification and desert sandstorms, accompanied by air pollutant
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particulate matter (PM) that can be transported over long distances
(Zhang et al., 2017). Consequently, the impact of air pollution on human
health is drawing increasing public attention. Inhalable PM originate
from both anthropogenic activities (e.g., combustion, industrial pro-
duction) and natural sources (e.g., dust, volcanic activity) (Yang et al.,
2020), thereby forming a complex mixture of particles with diverse
compositions and physical and chemical properties (Falcon-Rodriguez
et al., 2016). Accumulating epidemiological and toxicological studies
have identified certain chemical components, such as silicon
(Benmerzoug et al., 2018; Wang et al., 2020), endotoxin (He et al.,
2017), carbonaceous particles (Yang et al., 2021), and metals (Chen
et al., 2021; Rosa et al., 2016; Chowdhury et al., 2019), as key con-
tributors to the toxicity of PMs. Therefore, different types of PM can
induce varying levels of lung inflammation.

The representative PM types, including titanium dioxide (TiOs),
diesel exhaust particles (DEP), Asian sand dust (ASD), and ambient PM
with an aerodynamic diameter < 2.5 pm (PM2.5), increase the disease
burden on respiratory health. Epidemiologically, the presence of metals
is one of the factors that induces the respiratory effects of PM2.5
(Ghobakhloo et al., 2024, 2025). Although TiO, is not considered a
traditional inhalable PM, it can be absorbed through both inhalation and
ingestion (Braakhuis et al., 2021). Owing to its extremely small particle
size, TiO2 may pose more severe risks and impacts on human health.
Current experimental studies have consistently shown a correlation
between exposure to TiOy (Baisch et al., 2014), DEP (Tao et al., 2021),
ASD (Naota et al., 2013; He et al., 2016), and PM2.5 (Lin et al., 2022;
Zhao et al., 2022; Zhang et al., 2020) and acute inflammatory responses
of the respiratory system. For example, the intratracheal instillation of
high-dose TiO: for 24 h significantly increased alveolar macrophage and
neutrophil counts in bronchoalveolar lavage fluid (BALF) (Baisch et al.,
2014). Similarly, DEP instillation induced considerable pulmonary
inflammation characterized by elevated neutrophils counts and levels of
inflammatory cytokines such as TNF-a in BALF, accompanied by histo-
logical signs of tissue inflammation (Tao et al., 2021). Inflammatory
responses to ASD included macrophage and neutrophil activation and
inflammatory cell infiltration around particles (Naota et al., 2013; He
et al, 2016). Moreover, short-term PM2.5 exposure caused
dose-dependent pro-inflammatory cytokine release and significant in-
flammatory cell infiltration (Lin et al., 2022; Zhao et al., 2022; Zhang
et al., 2020). These findings demonstrate that macrophage and neutro-
phil activation, as well as cytokine release in the lung, are the most
common PM-induced characteristics. However, differences in the po-
tential mechanisms underlying the inflammatory response induced by
various PM have not been clarified.

As the front line of immune defense, the complement system serves
as both an immune sensor and activator. Pattern recognition receptors
(PRRs) in this system, such as C1q, mannose-binding lectin (MBL), and
ficolin, respond to exogenous and endogenous stimulation, conse-
quently activating three separate downstream pathways: the classical
pathway, triggered by antibodies binding to pathogens; the lectin
pathway, activated by specific sugar patterns on microbial surfaces
recognized by lectins such as MBL; and the alternative pathway, which is
continuously active at low levels and can be spontaneously triggered on
microbial surfaces. These pathways enable the identification and elim-
ination of pathogens and toxins in the immune system (Dunkelberger
and Song, 2010). Although each pathway is activated by distinct PRRs
(Hovland et al., 2015), they all converge on the complement component
C5, resulting in the generation of the pro-inflammatory anaphylatoxin
C5a and membrane attack complexes (MAC). The complement system is
not only involved in innate immune responses but also interacts with
and influences acquired immune responses (Reis et al., 2019). C5, a
pivotal component of the complement cascade, regulates the function of
macrophages (Hu et al., 2014), neutrophils (Ehrnthaller et al., 2021),
and dendritic cells (Antoniou et al., 2020). It also contributes to the
onset and progression of many lung diseases, such as acute lung injury
(Kalbitz et al., 2016), pneumonia (Miiller-Redetzky et al., 2020), and
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bronchial asthma (Hu et al., 2017; Yang et al., 2019). In addition, the
complement system is activated during PM exposure (Choi et al., 2021;
Jin et al., 2019; Husain et al., 2015). TNF-a, a critical pro-inflammatory
cytokine in PM-induced inflammation, is produced by various immune
cells following the activation of complement component C5 (Wang et al.,
2015). However, the modulation of C5 levels and responses of its related
components by PM, as well as the specific components contributing to
complement activation remain unclear. Thus, the deleterious effects of
PM on the respiratory system and the pathophysiological consequences
of complement component C5 activation in lung diseases necessitate
further investigation on the modulation of C5 levels and related
component responses by PM.

Raman spectroscopy is advantageous for identifying materials using
spectroscopic fingerprints generated by laser irradiation without stain-
ing. Its application in biological fields has rapidly increased, owing to
cell and spectral tissue imaging. In our previous studies, we either
combined hematoxylin and eosin (HE) or immunohistochemistry (IHC)
(Akaji et al., 2022; Sagawa et al., 2021) staining with Raman spectral
acquisition on identical tissue slides. Additionally, dark-field micro-
scopy was used to screen areas where the presence of TiOy was sus-
pected. This technique demonstrates the relationships between PM and
pathological, physiological, and molecular changes. However, it has not
been applied to particles other than TiO,. The combination of dark-field
microscopy with Raman spectroscopy is expected to elucidate the
location of various particles in the lungs. This will facilitate further
investigation of the relationship between these particles and their bio-
logical effects, as well as elucidation of the mechanisms underlying their
pathogenesis.

In the present study, we aimed to clarify the relationship between
PM-induced acute inflammatory responses and complement system
activation. Additionally, we aimed to identify the components contrib-
uting to complement activation with spatial location information in the
lungs. Our findings provide evidence of the detrimental effects of air
pollutant exposure on pulmonary inflammation, which could be valu-
able for the evaluation of PM-induced acute pulmonary inflammation.

2. Materials and methods
2.1. Animals

Male ICR mice (8 weeks old) were purchased from Charles River
Japan Inc. (Kanagawa, Japan). The mice were acclimated for one week
and maintained at 23-25 °C and 50-70 % relative humidity under
conventional conditions with a 12 h light/dark cycle. They were fed a
CE-2 commercial diet (CLEA Japan, Inc., Tokyo, Japan) and provided
with water ad libitum. The mice were housed in plastic cages lined with
soft wood chips. This study was conducted in accordance with the
United States National Institutes of Health guidelines on the use of
experimental animals and the Animal Research Reporting of in Vivo
Experiments (ARRIVE) guidelines. In addition, the animal experiments
were approved by the Animal Research Committee of Oita University of
Nursing and Health Sciences (approval number: 20-88).

2.2. Preparation of particle samples

TiO4 particles were provided by Sakai Chemical Industry Co., Ltd.
(STR-100N; Osaka, Japan). Rutile TiO, particles with no chemical
treatments and a primary particle size of 15 nm were used. DEP particles
(National Institute for Environmental Studies, Tsukuba, Japan) were
collected as previously described (Nakamura et al., 2012). Briefly, an 8-L
diesel engine (Fujitani et al., 2009) (JO8C; Hino Motors, Tokyo, Japan)
that was not fitted with after-treatment devices was powered under
steady-state conditions (speed = 2000 rpm; engine torque = 0 Nm;
diesel fuel = JIS No. 2) for 5 h. Particles were electrostatically (-27 kV)
collected at approximately 10 m from the engine onto
dichloromethane-washed gold discs at a flow rate of 20 L/min using an
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SSPM-100 sampler (Shimadzu, Kyoto, Japan). ASD particles (CRM
No.30) were obtained from the National Institute for Environmental
Studies. PM2.5 particles were collected from an urban residential area
approximately 15 km south-southwest of the center of Tokyo, 4 km from
the nearest expressway, and 10 km from a dense industrial area. Aerosol
sampling was conducted as previously described (Honda et al., 2021) on
the rooftop of a 22 m high building at Keio University, Yokohama,
Japan, between January and February 2018. TiOo, DEP, ASD, and PM2.5
particles were suspended in PBS and subjected to ultrasonication for
3 min at 21 + 1 kHz on ice (UD-100; TomySeiko, Tokyo, Japan).

2.3. Administration of particle samples

The ICR mice were divided into thirteen groups according to treat-
ment: PBS only (n = 8); TiO; particles (n = 8), DEP (n = 8), ASD (n = 8),
or PM2.5 (n = 8) at doses of 50, 200, and 500 pg/mouse. Dose selection
was conducted as previously described (Yoshida et al., 2009). Briefly,
50 pg of particle samples deposited into the lung of a single mouse were
approximately 3 times the amounts in the Japanese national air quality
standard for suspended PM (0.1 mg/ms) accumulated in the lungs of a
mouse/day (He et al., 2016; Schwarte et al., 2000).

Mice were sensitized through the intratracheal instillation of
different doses of TiO,, DEP, ASD, and PM2.5 in a 100 pL PBS solution
(Takara Bio, Kusatsu, Japan). An equal volume of PBS was administered
to the control group. The mice were subjected to deep anesthesia via
intraperitoneal injection of 0.2 mL (1.77 mg / 27 mg / mouse) of a
mixture of pentobarbital sodium (Kyoritsu, Osaka, Japan) and medeto-
midine hydrochloride (Zenoaq, Fukushima, Japan) and euthanized 24 h
after a single exposure to TiOo, DEP, ASD, or PM2.5. Samples were then
collected for analysis.

2.4. Analysis of inflammatory cells in bronchoalveolar lavage fluid
(BALF)

The lungs from five mice in each group were used to assess the
accumulation of inflammatory cells in the BALF. After euthanasia, the
lungs were washed thrice with 1.2 mL of 37 °C saline. The lavage fluid
was harvested through gentle aspiration. The three lavage fluids were
combined, preserved in a plastic tube, cooled to 4 °C, and centrifuged at
200 g xg for 10 min. The immune cell count in the cell pellet was
assessed using Turk’s solution in a hemocytometer chamber.

After the cells were stained with Diff-Quik (Sysmex Co., Kobe,
Japan), at least 500 cells were counted under a microscope for further
classification and counting based on morphological criteria.

2.5. Quantitation of TNF-a in BALF and C5 in BALF and serum

Commercially available ELISA kits were used to quantify TNF-a
(MTAOOB; R&D systems, Minneapolis, MN, USA) and C5 (ab264609;
Abcam, Cambridge, UK) in BALF and serum according to the manufac-
turers’ instructions. Serum sampling was performed as previously
described (Sadakane et al., 2022). In brief, serum samples were prepared
from blood collected via cardiac puncture using a blood collection tube
(CJ-2AS; Terumo Co., Tokyo, Japan) after the blood was centrifuged at
3000 xg for 10 min at room temperature.

2.6. IHC and triple IHC

Three mice from each group were evaluated using IHC. The lungs
were collected, fixed in 4 % paraformaldehyde, and embedded in
paraffin.

Immunohistochemical staining of C5aR1, C5b-9, Ly6G, F4/80, and
CD11c was performed on paraffin-embedded sections. Lung 5 pm thick)
were dewaxed and rehydrated with an alcohol gradient and PBS.
Endogenous peroxidases were blocked with 3 % H,05 in water for 5 min.
Slides were subjected to heat-mediated antigen retrieval immersed in
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citrate buffer (pH 6.0; Diagnostic BioSystems, CA, USA) for 15 min at 80
-100 °C.

Nonspecific binding was blocked using Blocking One Histo
(06349-64; Nacalai Tesque CO., Kyoto, Japan) for 10 min. For immu-
nostaining, sections were incubated with C5aR1 (1:200, Rat, ab117579;
Abcam), C5b-9 (1:800, Rabbit, ab55811; Abcam), Ly6G (1:400, Rat,
127601; Bio Legend, San Diego, CA, USA), F4/80 (1:100, Rat,
MCA497G; Bio-Rad, Hercules, CA, USA), or CD11c (1:200, Rabbit,
D1V9Y; Cell Signaling Technology, Danvers, MA, USA) primary anti-
bodies overnight at 4 °C. Chromogenic detection was performed using 3-
amino-9-ethylcarbazole (AEC) staining according to the manufacturer’s
instructions. Hematoxylin was used for counterstaining. Normal rabbit
and rat IgGs were used as controls for IHC.

Triple IHC was performed as follows: After completion of the IHC
staining for the previous target, the mounting medium was removed
using xylene, followed by the elimination of AEC through a graded
ethanol series. Subsequently, the slides were treated with citrate buffer
at 80-100 °C for 15 min to remove nuclear staining and dissociate the
primary antibody from the sample. Finally, the IHC staining procedure
described in 2.6 was repeated for the subsequent target.

Pathological analysis of the lungs was performed using a KEYENCE
fluorescence microscope (BZ-X800; KEYENCE, Osaka, Japan). The pos-
itivity (total number of positive pixels divided by total number of pixels
in the observation area) of C5b-9 and C5aR1 was assessed using the
Aperio Image Scope software (12.4; Leica Biosystems, Richmond Hill,
ON, Canada) at 20 x magnification (Morozan et al., 2023). We excluded
background staining (image noise) from the analysis to fine-tune the
algorithm. To this end, the algorithm was run on selected regions con-
taining only background AEC staining. We adjusted the initial intensity
threshold of weak positive (Upper Limit) of 180 stepwise downward to
contrast with completely negative annotated areas. An intensity
threshold of 40 was used as the lower limit for strong positive staining
(Suppl. Figures 1 and 2). The right lungs of three mice were selected
from each group, and five sites were selected per lung lobe for a total of
3 x 4 x 5 = 60 sites.

2.7. Raman spectroscopic and dark-field imaging in lung tissues of mice

Immunostained sections were observed using an Olympus BX-53
microscope with an oil-immersion dark-field condenser to visualize
particle localization. The sections were decolorized as previously
described (Sagawa et al., 2021; Tsujikawa et al., 2017) to remove arti-
facts from the Raman measurements. Briefly, the slides were immersed
in xylene to remove the cover glass and mounting media, immersed in
ethanol to decolorize the AEC, rehydrated in a serial dilution of ethanol,
and subjected to citrate buffer to remove the antibodies and
hematoxylin.

The Raman spectra were obtained using a LabRAM HR Evolution
confocal Raman microscope (Horiba, Kyoto, Japan). This system was
connected to an Olympus microscope equipped with 100 objectives (NA
0.9) and a 300 gr/mm grating. A laser with a wavelength of 532 nm was
used as the light source to obtain the Raman scattering; the laser in-
tensity used for the measurements was approximately 0.8-4 mW. For
Raman imaging analysis, Raman spectra were collected in 0.5-1 pm
steps in the x- and y-directions, respectively. Labspec6 software (Horiba)
was used for Raman spectral data acquisition, preprocessing, and anal-
ysis. Specifically, preprocessing such as spike signal removal, baseline
correction, and noise smoothing via singular value decomposition were
performed. Next, the classical least squares model was used for Raman
imaging analysis. The KnowltAll® spectral library (Wiley, USA) was
used to identify particle components.

2.8. Analysis of chemical and biochemical components in particles

TiOy, DEP, ASD, and PM2.5 were characterized using energy
dispersive X-ray fluorescence for Si, inductively coupled plasma mass
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spectrometry for metals (e.g., Mg, Al, Ca, V, Mn, Fe, and Co), and high-
performance liquid chromatography with fluorescence detection for
polycyclic aromatic hydrocarbon (PAH) components. Chemical char-
acterization was performed previously described (Okuda, 2013; Okuda
et al., 2013, 2014). The amount of endotoxin and glucan was calculated
as a concentration per mg. Endotoxin levels were measured using a
PyroColor-MP: Chromogenic Diazo-coupling Kit (Associates of Cape
Cod. Inc., East Falmouth, MA, USA) and Pyrochrome with Glucashield
Buffer (Seikagaku Corp., Tokyo, Japan). Contrastingly, the p-glucan
content was measured using the Glucatell Kit (Associates of Cape Cod.
Inc.) as previously reported (Spaan et al., 2008) and according to the
manufacturer’s instructions, with some modifications. Briefly, the par-
ticle samples were suspended in water containing 0.05 % Tween for 1 h.
The supernatants were recovered before LPS and p-glucan concentra-
tions were measured through endpoint colorimetry.

2.9. Statistical analysis

Data are expressed as the mean + standard error of the mean (SEM).
Statistical significance was determined through Dunnett’s one-way
analysis of variance (ANOVA). For correlation analysis, Pearson’s cor-
relation coefficient (two-tailed) was used to assess the relationship be-
tween TiO9, DEP, ASD, and PM2.5 components and the variations in the
mean values of neutrophils, TNF-a, C5, C5aR1, and C5b-9, using SPSS
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Statistics 29 (IBM Corp., Armonk, NY, USA.). The results of the corre-
lation analysis were visualized as a heatmap, and other statistical ana-
lyses were performed using GraphPad Prism 9.4.1 (GraphPad Software
Inc., San Diego, CA, USA). Differences among groups were determined
as statistically significant at p < 0.05. The symbols *, * *, * ** ‘and
indicate P values below 0.05, 0.01, 0.001, and 0.0001, respectively.

* ek ok

3. Results
3.1. Acute inflammatory response in the lung was induced by PM

The stimulation of the 4 PM types substantially increased the number
of macrophages and neutrophils in BALF (Fig. 1). A significant increase
in macrophages was observed 24 h after exposure to > 200 pg TiO,
200 pg ASD, and > 50 pg PM2.5 (Fig. 1A). Similarly, the neutrophil
count increased in a concentration-dependent manner following the
induction of an acute inflammatory response by PM. The significant
infiltration of neutrophils (> 10° cells/BALF) was observed when the
exposure doses of TiO2 were > 50 pg and those of DEP, ASD and PM2.5
were > 200 pg (Fig. 1B).

TNF-a expression in the BAL supernatant exhibited a concentration-
dependent fold increase; 500 pug TiO2, DEP, ASD and PM2.5 exposure
resulted in 2.9-, 5.2-, 72.7- and 51.1-fold increases, respectively
(Fig. 1C).
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Fig. 1. Acute inflammatory response in the lung was induced by PM. In vivo experiments for the number of (A) macrophages, and (B) neutrophils in BALF induced by
50, 200, and 500 pg/mouse of TiO3, DEP, ASD, and PM2.5. (C) In vivo experiments for determining TNF-« levels in BAL supernatants following administration of

varying doses of four kinds of PM. Statistical significance is indicated as follows: *P < 0.05, * *P < 0.01, * **P < 0.001 and * ** *P < 0.0001, compared to the
corresponding control group. TiO,: titanium dioxide, DEP: diesel exhaust particle, ASD: Asian sand dust, PM2.5: particulate matter with an aerodynamic diameter

< 2.5 pm.
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3.2. PM increased C5 protein levels in the lungs

To investigate the PM-induced influx of C5 into the lungs and its
serum production, C5 content was detected in BAL supernatants and
serum.

The four types of PM stimulation increased C5 levels in the BAL su-
pernatants. In particular, exposure to 500 pg ASD resulted in a 156-fold
increase compared to the control. A significant influx of C5 was observed
following exposure to > 200 pg TiO, ASD, and PM2.5 and 500 pg DEP
(Fig. 2A). In contrast, serum C5 content showed no significant differ-
ences after exposure to the four particles (Fig. 2B).

3.3. PM increased the deposition of the terminal C5b-9 complement
complex in lung tissue

C5b-9 IHC-specific staining of PM-challenged lung tissues (Fig. 3B-D)
was compared with that of control lung tissues (Fig. 3A). The deposition
of C5b-9 was slightly located in the bronchial epithelial cells in control
mice (Fig. 3A). In contrast, it was located in the bronchial and alveolar
epithelial cells, as well as some immune cells in > 200 pg ASD-, and
500 pg PM2.5-, and DEP-challenged mice (Fig. 3C, D).

The semi-quantitative analysis of IHC staining demonstrated an
upregulation of C5b-9 expression in the lung tissues after challenging
with > 200 pg ASD (*P < 0.05 and ***P < 0.001) and 500 pg DEP
(***P < 0.001) and PM2.5 (*P < 0.05) (Fig. 3E). The representative
image scope analysis figures of C5b-9 are shown in Figure S1.

3.4. C5aR1 levels increased in lung tissues challenged with PM

C5aR1 IHC-specific staining in PM-challenged lung tissues (Fig. 4B-
D) showed increased expression in 200 pg and 500 pug PM-treated mice
compared to control lung tissues (Fig. 4A). C5aR1 expression was
limited to a small number of immune cells in control lung tissues,
whereas it was observed in various types of immune cells in PM-
challenged mice.

The semi-quantitative analysis of IHC staining demonstrated statis-
tically significant upregulation of C5aR1 expression in lung tissues
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challenged with 500 pg DEP (***P < 0.001), and > 200 pug TiO,
(***P < 0.001 and ****P < 0.0001), ASD (****P < 0.0001), and PM2.5
(***P < 0.001 and ****P < 0.0001) (Fig. 4E). The representative image
scope analysis figures for C5aR1 are shown in Figure S2.

3.5. C5aR1 was expressed in some lung macrophages, neutrophils, and
dendritic cells following PM administration

To determine the PM-mediated C5aR1 expression levels in the lungs,
we first evaluated neutrophils, which express this protein in high
numbers (Karsten et al., 2015). To investigate the association between
neutrophils and C5aR1-expressing cells, mouse lung tissues of the con-
trol and PM-challenged groups were stained with antibodies against the
neutrophil markers Ly6G and C5aR1 (Fig. 5). Microscopy confirmed that
a large number of Ly6G-positive neutrophils infiltrated the lungs
following PM challenge, most of which expressed C5aR1. However,
these cells were seldom detected in the control group.

Additional examination of F4/80 and C5aR1 expression in the
identical lung tissue sections identified some of the C5aR1-expressing
cells as F4/80-positive macrophages (Fig. 6).

Finally, we examined C5aR1 expression in lung dendritic cells, which
also express C5aR1. Several dendritic cells (F4/80-negative and CD11c-
positive cells) were C5aR1 positive after PM challenge (Fig. 7).

3.6. Localization of particles in lung tissues and their association with
C5aR1-positive neutrophils in the ASD exposure group: Raman
spectroscopy analysis

The 200 pg ASD exposure group samples were used as a represen-
tative PM to detect the presence of particles in the vicinity of C5aR1-
positive neutrophils. Dark-field and confocal Raman microscopy were
used to determine the localization of particles in the lung tissue sections.
The Raman signals of anatase-type TiOy (Fig. 8A, D) and a phosphate
mineral-wavellite (Al3(PO4)2(OH,F)3 e 5 Hy0) (Fig. 8A); a mixture of
anatase, silica, and carbon (Fig. 8B); quartz (SiO2) (Fig. 8C); mica series
minerals (Biotite K(Mg,Fe)3AlSi3019(OH,F)s; muscovite KAlx[(OH)y/
AlSi3010)] (Fig. 8C); and carbon (Fig. 8C), were detected in the vicinity
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Fig. 2. C5 levels modulated by PM exposure. In vivo experiments for determining C5 levels in (A) BAL supernatants and (B) serum following administration of 50,
200, and 500 pg/mouse of TiO,, DEP, ASD, and PM2.5 particles. *P < 0.05, * *P < 0.01, * **P < 0.001 and * ** *P < 0.0001, compared to the corresponding control
group. TiOy: titanium dioxide, DEP: diesel exhaust particle, ASD: Asian sand dust, PM2.5: particulate matter with an aerodynamic diameter < 2.5 pm.
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Fig. 3. C5b-9 deposition induced by the administration of 50, 200, and 500 pg of TiO,, DEP, ASD, and PM2.5. Representative images of lung tissue sections from (A)
control and at dosages of (B) 50 pg, (C) 200 pg, and (D) 500 pg of TiOy, DEP, ASD, and PM2.5 - challenged mice, as determined through immunohistochemical
staining for C5b-9. (E) The positivity of C5b-9 in lung tissue cells was assessed with the Biosystem image scope software (regions = 60. The right lungs of three mice
were selected in each group, and five sites were selected per lung lobe, resulting in a total of 3 x4 x 5 = 60 sites). *P < 0.05 vs. corresponding control, *P < 0.05,
**P < 0.01, * **P < 0.001 and * ** *P < 0.0001, compared to the corresponding control group. Bar: 50 pm. TiO,: titanium dioxide, DEP: diesel exhaust particle,
ASD: Asian sand dust, PM2.5: particulate matter with an aerodynamic diameter < 2.5 pm.

of Ly6G" C5aR1" cells (neutrophils).

3.7. Correlation analysis revealed elements of PM associated with acute
inflammatory responses and complement system activation

The volcano plots for TiO;, DEP, ASD, and PM2.5 were each
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Fig. 4. C5aR1 expression induced by the administration of 50, 200, and 500 pg of TiO5, DEP, ASD, and PM2.5. Representative images of lung tissue sections from (A)
control and (B) 50 pg, (C) 200 pg, and (D) 500 pg of TiO3, DEP, ASD, and PM2.5-challenged mice, as obtained through immunohistochemical staining for C5aR1. (E)
The positivity of C5aR1 in lung tissue cells was assessed using the Biosystem image scope software (regions = 60 in each group). *P < 0.05, * *P < 0.01,
***P < 0.001 and * ** *P < 0.0001, compared to the corresponding control group. Bar: 50 pm. TiO,: titanium dioxide, DEP: diesel exhaust particle, ASD: Asian sand
dust, PM2.5: particulate matter with an aerodynamic diameter < 2.5 pm.

compared with those for the control group (Figure S3). For ASD, all positivity, and C5b-9 positivity demonstrated positive correlations with
markers were higher on the horizontal and vertical axis, suggesting a various metal elements, particularly Si, Mg, Al, and K. Certain organic
more pronounced increase compared to the control group. As shown in compounds (such as fluoranthene and pyrene) exhibited a negative
the correlation heatmap, neutrophils, TNF-a, C5 in BALF, C5aR1 correlation with inflammatory and complement system markers. Fig. 9
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Fig. 5. C5aR1 expression in Ly6G positive cells (neutrophils) following the administration of 200 pg of TiO,, DEP, ASD, and PM2.5. Representative images of
neutrophils of the lung tissue sections from control, TiO,, DEP, ASD, and PM2.5 groups. Bar: 50 pm. TiO.: titanium dioxide, DEP: diesel exhaust particle, ASD: Asian
sand dust, PM2.5: particulate matter with an aerodynamic diameter < 2.5 pm.

4. Discussion neutrophils, and induced severe acute inflammatory responses in the
lungs. Consequently, ASD exhibited the most potent ability to induce

This study demonstrated that four types of PM—TiO,, DEP, ASD, and acute inflammatory responses and activate complement component C5.
PM2.5—induced acute inflammatory responses and activated C5 and its Additionally, its related compounds (i.e., TiO2, Wavellite, quartz, mica
related components in the lungs. Of these PM types, ASD caused the series minerals, and carbon) were detected in the vicinity of the aggre-
most significant C5b-9 deposition, upregulated C5aR1 expression in gation of neutrophils. Thus, high Si, K, Mg, and Al contents may
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Fig. 6. C5aR1 expression in F4/80 positive cells (macrophages) following the administration of 200 pg of TiO5, DEP, ASD, and PM2.5. Representative images of
macrophages of the lung tissue sections from control (black arrow) and TiO, (green arrow), DEP (purple arrow), ASD (red arrow), and PM2.5 (blue arrow) groups.
Bar: 50 pm. TiO,: titanium dioxide, DEP: diesel exhaust particle, ASD: Asian sand dust, PM2.5: particulate matter with an aerodynamic diameter < 2.5 pm.

contribute to acute inflammatory response and complement system
activation.

The influx of polymorphonuclear neutrophils, a characteristic of
acute inflammatory response (Castanheira and Kubes, 2019), along with
TNF-a, a critical mediator of inflammation, plays a key role in the
mediation of particle-induced lung inflammation (Lai et al., 2019).

During inflammation, TNF-a not only directly promotes the activation
and recruitment of leukocytes but may also enhance the leukocyte
response through feedback mechanisms (Norman et al., 2005). There-
fore, both are often used as indicators of inflammatory response and are
widely applied to evaluate acute inflammation models.

Macrophages may be recruited to particle deposition sites through a
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Fig. 7. C5aR1 expression in F4/80-negative and CD11c-positive cells (dendritic cells) following the administration of 200 pg of TiO,, DEP, ASD, and PM2.5.
Representative images of dendritic cells of the lung tissue sections from control (black arrow) and TiO, (green arrow), DEP (purple arrow), ASD (red arrow), and
PM2.5 (blue arrow) groups. Bar: 50 pm TiO,: titanium dioxide, DEP: diesel exhaust particle, ASD: Asian sand dust, PM2.5: particulate matter with an aerodynamic

diameter < 2.5 pm.

complement activation mechanism (Moghimi and Simberg, 2017) and
are integral to the clearance of inhaled particles from the lungs and
regulation of the inflammatory process. The intense accumulation of
macrophages, predominant infiltration of neutrophils, and a P-value of
< 0.05 for TNF-a concentration in this study indicate that exposure to
> 200 pg of TiOy, DEP, ASD, and PM2.5 particles induces an acute in-
flammatory response. However, the degree of acute inflammatory
response varies significantly between different particles at the same
dose. ASD particles are more effective in inducing macrophage accu-
mulation and neutrophil infiltration than the other particles. Although
exposure to TiOp and DEP significantly increased TNF-a levels
(P < 0.05), the increases were relatively modest, with 500 pg TiO2 and
DEP leading to 2.9-fold and 5.2-fold increases, respectively. Exposure to
500 pg ASD and PM2.5 resulted in markedly larger increases, exceeding
72.7- and 51.1-fold, respectively. This demonstrates a substantially
stronger inflammatory response than that elicited by TiO5 and DEP. This
may indicate differences in PM-stimulated inflammatory pathways,
owing to significant differences in the chemical and physical charac-
teristics of the particles.

We further analyzed C5, which generates the anaphylatoxins C5a
and C5b after cleavage. C5a uniquely regulates lung inflammation and
injury (e.g., chemotaxis, oxidative burst, and phagocytosis) by acti-
vating myeloid cells in the lungs (Sadik et al., 2018) (e.g., neutrophils,
macrophages, and dendritic cells). TiOy, DEP, ASD, and PM2.5 activated
the complement system and increased C5 concentration in the lungs;
ASD caused the strongest elevation in C5 levels (Fig. 2A). This suggests
that ASD has the potential to induce neutrophilic inflammation more
intensely than other particles. Contrastingly, serum C5 levels showed no
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significant differences compared to the control group after exposure to
TiO9, DEP, ASD, and PM2.5 (Fig. 2B). This suggests that the systemic
response may be less pronounced, or that the inflammatory effects were
primarily localized to the lung tissues without substantially affecting the
bloodstream.

In addition to C5, we evaluated the expression of the terminal C5b-9
complement complex in the lungs of TiO,-, DEP-, ASD-, and PM2.5-
challenged mice. ASD samples exhibited C5b-9 aggregation at both
medium and high doses during semi-quantitative analysis, which may
trigger excessive activation of the complement system (Fattahi et al.,
2020) and excessive accumulation of the complement terminal compo-
nent C5b-9 (Guo et al., 2022; Keshari et al., 2017). MAC may induce cell
damage and death (Woodruff et al, 2011) and exert several
non-cytolytic effects that actively promote inflammation. It induces the
expression of adhesion molecules, facilitates the release of chemokines
(Dobrina et al., 2002), and triggers intracellular calcium fluxes, as well
as activation of the NLRP3 inflammasome (Malsy et al., 2020). These
actions contribute to cell and organ dysfunction (Fattahi et al., 2020),
particularly by targeting bronchial epithelial cells, alveolar epithelial
cells, and various immune cells, thereby amplifying the inflammatory
response.

C5aR1 is expressed by immune cells such as neutrophils, macro-
phages, and dendritic cells (Karsten et al., 2015; Ender et al., 2017).
Most of the C5a functional effects are achieved by combining it with
C5aR1 (Lee et al., 2008). This necessitated the investigation of the cell
types and changes in C5aR1 expression after the four types of PM
challenges. TiO5, DEP, ASD, and PM2.5 all elicited an increase in and
aggregation of cells expressing C5aR1 (Fig. 4B), with ASD exposure
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Fig. 9. Heat map of the correlation among macrophage number in BALF, neutrophils number in BALF, TNF-a concentration in BALF, C5 concentration in BALF,
C5aR1 positivity %, and C5b-9 positivity % and TiO,, DEP, ASD, and PM2.5 components. The results within the dashed rectangular box in the figure are highlighted
for emphasis due to high positive correlation between components and biological responses. TiO,: titanium dioxide, DEP: diesel exhaust particle, ASD: Asian sand

dust, PM2.5: particulate matter with an aerodynamic diameter < 2.5 pm.

resulting in the highest number of C5aR1-expressing cells (Fig. 4E).
Moreover, the morphological analysis of C5aR1-expressing cells
revealed that they belong to different immune cell types (Figs. 5, 6, 7).

The Ly6G marker can be used to distinguish neutrophils (Christofides
et al., 2021), whereas the CD11c and F4/80 markers (Misharin et al.,
2013; Zaynagetdinov et al., 2013) can effectively distinguish dendritic
cells from other myeloid cells in the lungs of healthy mice. Conse-
quently, dendritic cells were identified by staining with CD11c and
F4/80. The functional role of C5aR1 is closely associated with the cell
types upon which it is expressed (Lee et al., 2008). In this study, infil-
tration of neutrophils in the lungs was prevalent after PM exposure.
Additionally, these cells aggregated in the vicinity of the ASD particles.
This aggregation may be driven by several mechanisms: PM exposure
triggers nearby cells, particularly bronchial epithelial, alveolar epithe-
lial, and immune cells, leading to the release of cytokines and chemo-
kines that promote the recruitment of neutrophils. It also induces
oxidative stress, consequently increasing ROS production, which further
enhances the expression of inflammation-related cytokines and
strengthens neutrophil aggregation (Valderrama et al., 2022). Addi-
tionally, PM stimulates the release of NETs by neutrophils through their
DNA and protein components, which promote platelet aggregation and
exacerbate local inflammation (Elaskalani et al., 2018). Neutrophils,
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which are the most prevalent C5aR1-expressing cells, may be the most
important cells, as they respond to PM-induced acute inflammation
through C5a-C5aR1 signaling. However, some macrophages and den-
dritic cells also expressed C5aR1 and may be important in the regulation
of acute inflammatory responses via the same signaling pathway.

In our previous study (Chowdhury et al., 2019), crude PM2.5
exhibited more profound pro-inflammatory effects than its aqueous and
organic extracts, demonstrating that PM plays an indispensable role in
the pro-inflammatory process. Therefore, the ASD 200 pg/mouse
exposure group, which exhibited the most significant neutrophil infil-
tration, was selected to determine whether ASD particles were present in
the vicinity of neutrophil aggregates. ASD particles are mainly
composed of Si, K, Mg, and Al. Other potentially toxic chemicals may be
introduced during long-distance transportation, including soil-derived
microorganisms and industrial pollution (Fussell and Kelly, 2021). We
identified representative inorganic compounds and carbon in ASD par-
ticles in the vicinity of neutrophil aggregates (Fig. 8A-C). In addition, we
theorized that the Raman signal of anatase TiO, detected in
Ly6GTC5aR1" cells originated from ASD particles phagocytosed by
neutrophils (Fig. 8D). Silicon oxides (Ding and Sun, 2020; Park et al.,
2020) and compounds of the metal elements Mg (Feyerabend et al.,
2015) and Al (Giiven et al., 2013) can activate the complement system.
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The higher concentrations of these elements in ASD than in other PM
may partly explain why ASD can cause severe acute inflammatory re-
actions and complement system activation. Quartz (containing SiO»),
wavellite (containing Al), and mica series minerals (containing Mg, Al,
and Si) found in the vicinity of aggregated neutrophils may have acted as
contributing components that triggered acute inflammatory responses
and activated the complement system.

To elucidate the molecular changes induced by PM exposure, vol-
cano plots were utilized to illustrate the differential expression of in-
flammatory and complement system markers. Neutrophils were most
prominently upregulated in response to PM exposure, especially in the
ASD group. This highlights their central role in the immune response.
TNF-a levels were significantly increased across all conditions, reflecting
the general involvement of this cytokine in inflammation. C5aR1 and C5
concentrations in BALF were upregulated in all PM treatments, with the
most significant effect observed in the ASD group, indicating comple-
ment system activation as a key mechanism in the immune effects of PM
exposure.

Consistent with the Raman spectroscopy results, the color changes
observed between inflammatory (Macrophages, Neutrophils, and TNF-
a) and complement system (C5 in BALF, C5aR1 positivity, and C5b-9
positivity) markers in the correlation heatmap suggest that minerals
such as Si, Mg, Al, K may contribute to acute inflammatory responses
and complement system activation. PAH components exhibited a
negative correlation with these markers. This may be because the acute
inflammatory response triggered by PAHs-rich DEP is less pronounced
than that induced by ASD and PM2.5, which contain lower levels of
organic chemical compounds and higher concentrations of metal ele-
ments. This could also suggest that the effect of minerals on the acute
inflammatory response and complement system activation is stronger
than that of organic chemical compounds. Similarly, endotoxin and
B-glucan show consistent patterns with inflammatory indicators and
C5b-9 positivity, implying a possible contribution to acute inflammatory
responses and C5b-9 deposition. Compared to the elements, endotoxin
and p-glucan exhibit distinct grouping differences in complement-
related indicators (C5aR1 positivity and C5 concentration in BALF),
which may suggest a more specific association with C5b-9 deposition.
Nonetheless, further investigation is required to confirm these obser-
vations. In particular, future studies are required to explore the dose-
dependent effects of individual minerals, endotoxin, and f-glucan on
inflammatory markers and complement activation, as well as identify
the molecular pathways involved in the activation of the complement
system during PM exposure. This study has certain limitations. The
experimental approach relied on an in vivo animal exposure model,
which did not allow for in-depth investigation of cell-type-specific re-
sponses to complement system activation induced by PM exposure.
Future studies could isolate specific cell types (e.g., neutrophils, mac-
rophages, and dendritic cells) for in vitro experiments to further validate
the findings of this research.

5. Conclusion

To our knowledge, this study is the first to demonstrate that 4 PM
types with different compositions can induce acute inflammatory re-
sponses and complement system activation upon respiratory exposure.
Of the tested PM types, ASD exposure caused the most severe innate
immune dysfunction and early proinflammatory responses. These find-
ings emphasize the importance of characterizing PM composition and its
specific impacts on health. This study highlights the differential acti-
vation of key complement components (C5, C5aR1, and C5b-9) by
various PM types, consequently providing insights into the mechanisms
underlying acute inflammation. Raman spectroscopy analysis revealed
the minerals adjacent to infiltrating neutrophils, with C5aR identified in
ASD-exposed lungs. However, future research should identify the spe-
cific PM components responsible for these effects and their roles in lung-
related conditions such as asthma and tissue damage, considering the
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complexity and variability of PM sources.
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