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Abstract

Air pollutants are important factors that contribute to the development and/or exacerbation 

of allergic inflammation accompanied by asthma, but experimental evidence still needs to be 

collected. Interleukin 33 (IL-33) is closely involved in the onset and progression of asthma. In this 

study, we examined the effects of particulate matter (PM) on IL-33 expression in macrophages. 

PM2.5 collected in Yokohama, Japan by the cyclone device significantly induced IL-33 expression 

in human THP-1 macrophages, and the induction was clearly suppressed by pretreatment with 

the aryl hydrocarbon receptor (AhR) antagonist CH-223191 or the Toll-like receptor 4 (TLR4) 

antagonist TAK-242. PM2.5-induced IL-33 expression was significantly attenuated in AhR-

knockout or TLR4-mutated macrophages, suggesting an important role of polycyclic aromatic 

hydrocarbons (PAHs) and endotoxin in IL-33 stimulation. PM samples derived from tunnel dust 

slightly but significantly induced IL-33 expression, while road dust PM did not affect IL-33 

expression. The PAH concentration in tunnel dust was higher than that in road dust. Tunnel 

dust or road dust PM contained less endotoxin than PM2.5 collected in Yokohama. These data 

suggest that the potency of IL-33 induction could depend on the concentration of PAHs as well as 
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endotoxin in PMs. Caution regarding PAHs and endotoxin levels in air pollutants should be taken 

to prevent IL-33-induced allergic inflammation.
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INTRODUCTION

Airborne fine particulate matter (PM2.5) is the main factor involved in air pollution in the 

developing world and is considered a great concern to human health. Exposure to PM2.5 is 

closely related to human respiratory disorders and cardiovascular diseases (Pun et al., 2017; 

Dominici et al., 2006). Asthma is one of the diseases whose development is affected by 

PM2.5 exposure (O’Connor et al., 2008). Asthma is a disorder of the conducting airways, 

which contract too much and too easily spontaneously and in response to a wide range 

of exogenous and endogenous stimuli (Holgate, 2008). This airway hyperresponsiveness 

is accompanied by enhanced irritability of the airways and increased mucus secretion. 

The different clinical manifestations of asthma involve varying environmental factors 

that interact with the airways to cause acute and chronic inflammation and the varying 

contributions of smooth muscle contraction, edema and remodeling of the airways. Several 

studies have been conducted to explain how exposure to PM2.5 could increase the risk of 

asthma, but the involved mechanisms still need to be addressed.

PM2.5 includes many substances, such as inorganic compounds (i.e., metals and salts), 

organic compounds (i.e., polycyclic aromatic hydrocarbons (PAHs)) and biological 

compounds (i.e., endotoxin). These components have been thought to contribute to PM2.5 

toxicity. Sulfur oxides such as sulfur dioxide and sulfur trioxide are closely associated with 

the onset and progression of asthma. The proinflammatory cytokine interleukin 8 (IL-8) is 

released from airway epithelial cells by sulfur dioxide stimulation and causes the infiltration 

of inflammatory cells such as neutrophils and eosinophils into the airways (Chanez et 
al., 1996). Ferrous and ferric iron in PM2.5 reportedly contribute to ferroptosis in human 

endothelial cells, in which iron overload and subsequent oxidative stress play important roles 

(Wang and Tang, 2019). Ogino et al. reported that acid-soluble metals in PM2.5 can induce 

allergic airway inflammation in mice (Ogino et al., 2018). PAHs are well known to induce 

inflammation in an aryl hydrocarbon receptor (AhR)-dependent manner (Bock, 2020) and 

are also involved in carcinogenesis (Moorthy et al., 2015). In addition, endotoxin is a strong 

agonist of Toll-like receptor 4 (TLR4), which increases the expression of inflammatory 

molecules by activating the transcription factor NF-κB (Ishihara et al., 2015b). Overall, 

PM2.5 contents exert toxicity via multiple mechanisms (Vogel et al., 2020).

IL-33 is an IL-1 family cytokine, such as IL-1β and IL-18, and was identified in 2005 

as a ligand for the receptor ST2 (Dinarello, 2005). IL-33 is localized in the nucleus in 

epithelial cells, the vascular endothelium and macrophages located in several types of 

tissue, is released by harmful stimuli and acts as an alarmin. IL-33 can stimulate group 2 

innate lymphoid cells to produce Th2 cytokines. Furthermore, IL-33 enhances IL-5/IL-13 
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production in Th2 cells in cooperation with antigens (Liew et al., 2016). Genome-wide 

analysis revealed that IL-33 was involved in asthma (Moffatt et al., 2010). The production of 

IL-33 is largely increased in the lungs of asthma patients (Préfontaine et al., 2010), and this 

production depends on the severity of asthma (Préfontaine et al., 2009). IL-33 blockade 

with an IL-33 neutralizing antibody reportedly suppressed inflammation and improved 

remodeling of both the lung epithelium and lung parenchyma in mice sensitized with house 

dust mites (Allinne et al., 2019). Therefore, IL-33 could be one of the key molecules in the 

onset and progression of asthma.

The mechanism of IL-33 expression is not fully understood, but several transcription factors 

are responsible for its induction. NF-κB, a master regulator of inflammation, increases IL-33 

expression in response to lipopolysaccharide (LPS), similar to other inflammatory molecules 

(Hiraide et al., 2018). We previously reported that ligand-dependent activation of AhR can 

induce IL-33 expression in macrophages (Ishihara et al., 2019). Dioxin response elements 

(DREs) were identified upstream of the transcription initiation site of IL-33 in mice and 

humans. As described previously, PM2.5 exposure is a risk factor for the development 

and progression of asthma and contains many components, including PAHs and endotoxin, 

which can induce IL-33 expression. The purpose of this study was to examine the effects 

of several PM2.5 and related dusts on IL-33 expression in macrophages, focusing on the 

components, especially PAHs and endotoxin.

MATERIALS AND METHODS

Collection of particulate matter (PM)

Urban aerosol was collected in Yagami Campus, Keio University, Yokohama, Japan, as 

previously described (Okuda et al., 2015). Briefly, PM2.5 with an aerodynamic diameter of 

2.5 μm was separated using an impactor prior to entry into the cyclone device. Subsequently, 

the cyclone imparted a centrifugal force on the gas stream within a conical-shaped chamber 

and created a vortex inside the cyclone body.

Tunnel dust was collected in Tokyo, Japan, by a bag filter that was set into the exhaust 

port of the tunnel. The collected dust was separated by a 100 μm diameter stainless sieve 

and subsequently the elbow-jet air classifier (Elcan Industries, Tuckahoe, NY, USA) to 

obtain PM with a diameter less than 5 μm. Road dust was purchased from Sigma-Aldrich 

(BCR723, Saint Louis, MO, USA) and was classified by the elbow-jet air classifier to 

prepare PM with diameters less than 5 μm. Polypropylene particles with an average diameter 

of 2 μm were kind gifts from Seishin Enterprise Co. (Tokyo, Japan).

THP-1 cell culture

The human monocytic cell line THP-1 was obtained from ATCC (TIB-202) and maintained 

in RPMI 1640 medium supplemented with 10% fetal bovine serum. THP-1 cells were 

differentiated using 160 nM phorbol 12-myristate 13-acetate (PMA) and then used for 

experiments (Starr et al., 2018; Tanaka et al., 2021).
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Treatment of cells with PM

Collected PM2.5, tunnel dust, road dust and polypropylene particles were suspended into 

distilled water by sonication for 10 sec at 20 W. The suspension was added to the culture 

with 100 times dilution.

Total RNA extraction and real-time PCR

mRNA levels were determined according to the protocol described in our previous report 

(Ishihara et al., 2017). The primer sequences are presented in Table 1. mRNA levels were 

normalized to the level of β-actin, and the values of the treated samples were divided by 

those of the untreated samples to calculate the relative mRNA levels.

Assay for cellular viability

Cellular viability was measured using the Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) 

according to the manufactures’ instruction.

Immunoblotting

Immunoblotting was performed as described previously (Ishihara et al., 2015b). Briefly, 

cells were collected and lysed with RIPA buffer. Equal amounts of protein were loaded, 

separated via SDS-PAGE and transferred onto polyvinylidene difluoride membranes. 

The blocked membranes were incubated with the following primary antibodies: anti-

IL-33 (sc-130625, Santa Cruz, Dallas, TX, USA) and anti-β-actin (sc-47778, Santa 

Cruz). Then, the membrane was incubated with peroxide-conjugated secondary antibodies 

(Thermo Fisher Scientific, Waltham, MA, USA) and visualized using peroxide substrates 

(SuperSignal West Dura, Thermo Fisher Scientific). The band intensity was quantified using 

ImageJ software.

Promoter analysis

Promoter analysis of the 5′-upstream regulatory region of human and mouse IL-33 was 

performed with the TFSEARCH program (Heinemeyer et al., 1998). Genetic sequence data 

in GenBank were used for the analysis.

Luciferase assay

The pNL vector (Promega, Madison, WI, USA) containing approximately 1,300 bp of the 

promoter region flanking human IL-33 exon 1c cloned previously (Ishihara et al., 2019) 

was transfected into THP-1 cells using jet-PRIME (Polyplus-transfection, Illkirch, France) 

according to the manufacturer’s instructions. Twenty-four hr after transfection, the cells 

were treated with PM2.5 and antagonists. Luciferase activity was measured using the Nano-

Glo Luciferase Assay System (Promega) with a GloMax 20/20 Luminometer (Promega) 

(Ishihara et al., 2015a).

Preparation of bone marrow-derived macrophages

All animal procedures were performed in accordance with the Fundamental Guidelines for 

the Proper Conduct of Animal Experiments and Related Activities in Academic Research 

Institutions under the jurisdiction of the Ministry of Education, Culture, Sports, Science and 
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Technology, Japan. The Animal Care and Use Committee of Hiroshima University approved 

the experimental protocols (Approved No. C18–16-4 and C20–33).

AhR-knockout (AhR-KO) mice were generated as described previously (Mimura et al., 
1997). Male C57BL/6J, C3H HeJ and C3H HeN mice were purchased from CLEA Japan 

(Tokyo, Japan). The animals were maintained on a 12:12 hr light/dark cycle and had free 

access to water and food. The mice were allowed to adapt to the facility for 1 week.

Primary bone marrow progenitor cells were isolated and differentiated as described 

previously (Ishihara et al., 2019). Briefly, the femurs were isolated under sterile conditions, 

and bone marrow cells were extracted with an RPMI medium-loaded syringe. The cells 

were passed through a 30 μm cell strainer, and the supernatant was centrifuged for 5 min at 

1000 × g to obtain cells. Bone marrow-derived macrophage differentiation was performed 

in the presence of granulocyte-macrophage colony-stimulating factor (GM-CSF; 20 ng/mL; 

PeproTech, Cranbury, NJ, USA) for 7 days. Macrophage differentiation was confirmed by 

F4/80 staining.

Determination of PAH content in PM

PAH concentrations in PM were determined according to a previous report with slight 

modifications (El-Saeid et al., 2015). One milliliter of dichloromethane and 7.5 ng of the 

internal standard chrysene-d12 (Wako, Osaka, Japan) were added to the PM (2–5 mg), 

and then the mixture was sonicated to extract PAHs. After centrifugation, the supernatant 

was dried under nitrogen flow with heating. Hexane (0.5 mL) was added to the resulting 

residues. The extracts were passed through a solid column (ISO-LUTE SI SPE, 460–

0010-B, BioTage, Uppsala, Sweden) with a mixture of hexane and dichloromethane. The 

eluents were dried again, and 100 μL of hexane was added to prepare samples for gas 

chromatography-mass spectrometry (GC-MS).

The samples were analyzed using GC-MS (7890A/5957C, Agilent, Palo Alto, CA, USA) 

with an HP-5MS capillary column (30 m × 0.25 mm i.d. × 0.25 μm film thickness). One 

microliter of sample was injected into an autosampler in splitless mode. The GC oven 

temperature was 60°C for the initial 2 min and was then increased to 300°C from 2 to 32 

min and maintained at 300°C from 32 to 47 min. Helium was used as the carrier gas, and 

the flow rate was 1 mL/min. The qualification and quantification of PAHs was performed 

in scan mode and selected ion-monitoring mode, respectively. The data were normalized 

to the area of chrysene-d12. The PAH calibration mix (Sigma-Aldrich), benzo(e)pyrene 

(Sigma-Aldrich) and coronene Sigma-Aldrich) were used as standards.

The BaP equivalent concentration of each PM was calculated according to the values as 

previously reported by the CALUX assay (Machala et al., 2001; Boonen et al., 2020; 

Ciganek et al., 2004).

Measurement of endotoxin levels in PM

PMs were suspended in distilled water and sonicated for 10 min. After centrifugation, 

endotoxin levels in the supernatant were measured using an Endospecy ES-50M set 
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(Seikagaku Co., Tokyo, Japan) according to the manufacturer’s protocol. Control standard 

endotoxin derived from E. coli O113 (Seikagaku Co.) was used as a standard.

Statistical analysis

All data are expressed as the mean ± standard error (S.E.). Statistical analyses were 

performed using one-way analysis of variance (ANOVA), followed by Student’s t test or 

Dunnett’s test. P values < 0.05 were considered statistically significant.

RESULTS

PM2.5-induced IL-33 expression is mediated by AhR and TLR4 stimulation

THP-1 monocytes were treated with PMA to differentiate into macrophages. When THP-1 

macrophages were treated with PM2.5 collected in Yokohama in spring 2020, IL-33 

mRNA expression was elevated in a concentration-dependent manner (Fig. 1A). PM2.5 

concentration up to 100 μg/mL did not show the toxicity to THP-1 macrophages (Fig. 1B). 

PM2.5 contains PAHs and endotoxins (Table 2), which are potent inducers of inflammation 

(Osgood et al., 2017; Monn and Becker, 1999). Therefore, we focused on the PAH receptor 

AhR and the endotoxin receptor TLR4. Pretreatment with the AhR antagonist CH-223191 

moderately but significantly suppressed PM2.5-induced IL-33 expression (Fig. 1C). The 

TLR4 antagonist TAK-242 largely attenuated IL-33 induction. The combination of these 

antagonists completely suppressed IL-33 expression in THP-1 macrophages (Fig. 1C). 

Immunoblotting also showed that IL-33 protein expression was increased by PM2.5 and that 

this induction was significantly attenuated by pretreatment with CH-223191 and TAK-242 

alone or their combination (Fig. 1D and E). Therefore, AhR and TLR4 are involved in the 

induction of IL-33 expression in macrophages.

We have identified 2 dioxin response elements (DREs) upstream of human IL-33 

exon 1c previously (Ishihara et al., 2019). In addition, 2 NF-κB response elements, 

a RelB/AhR response element (RelBAhRE) and a 12-O-tetradecanoylphorbol-13-acetate 

response element (TRE) were found by the TFSEARCH program in human IL-33 promoter 

region (Fig. 2A). When the THP-1 macrophages transfected with pNL including the IL-33 

promoter were treated with PM2.5, luciferase activity was significantly higher than that 

of the untreated cells (Fig. 2B). This increment of luciferase activity was significantly 

suppressed by CH-223191 and TAK-242 alone or their combination (Fig. 2B), suggesting 

IL-33 promoter activation by AhR and TLR4.

To confirm the role of AhR and TLR4 in the increase in IL-33 in macrophages, we used 

bone marrow macrophages isolated from AhR-KO mice and C3H HeJ mice. A spontaneous 

mutation in the TLR4 gene is present in C3H/HeJ mice, causing TLR4 dysfunction 

(Poltorak et al., 1998). AhR-KO macrophages showed low sensitivity to PM2.5 exposure, 

as indicated by IL-33 induction, compared with wild-type cells (Fig. 3A). Pretreatment with 

TAK-242 completely suppressed PM2.5-induced IL-33 expression in AhR-KO macrophages 

(Fig. 3A). IL-33 mRNA was induced in TLR4-mutated macrophages, but the level was 

largely decreased compared with that in control macrophages isolated from C3H HeN mice 

(Fig. 3B). Pretreatment with CH-223191 completely suppressed IL-33 induction by PM2.5 
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in TLR4-mutated macrophages (Fig. 3B). Based on these results, the potency of IL-33 

induction mediated by TLR4 was stronger than that mediated by AhR. Stimulation of both 

AhR and TLR4 potently induced IL-33 expression in macrophages.

Effects of several types of PM on IL-33 induction

PM2.5 collected in Yokohama in spring or winter 2018 significantly induced IL-33 

expression in THP-1 macrophages, similar to the effect of PM2.5 collected in 2020 (Fig. 

1A and 4A). Thus, PM2.5 in Yokohama exhibits a certain level of IL-33 induction regardless 

of the year or season. Next, we used commercial road dust (BCR-723) and tunnel dust 

that was collected by the filter setting in a tunnel in Tokyo, Japan. Particulates less than 5 

μm were isolated by the elbow-jet air classifier for cell-based exposure experiments. Road 

dust did not induce IL-33 expression in THP-1 macrophages (Fig. 3B). Exposure to tunnel 

dust significantly increased IL-33 expression, but the levels were lower than those induced 

by PM2.5 collected in Yokohama (Fig. 1A, 4A and 4B). Control polypropylene particles 

showed no effect on IL-33 expression in macrophages (Fig. 4B).

The PAH contents and endotoxin levels in the 5 kinds of PM used in this study were 

measured. The total PAH level was highest in tunnel dust, followed by road dust (Table 

2). Individual PAH compositions were similar among the 3 types of PM2.5 collected 

in Yokohama, but the benzo[k]fluoranthene concentration in Yokohama 2018 winter was 

higher than that in the other 2 PM2.5 collected in Yokohama (Table 2, Fig. 5). Endotoxin 

levels in PM2.5 collected in Yokohama were much higher than those in tunnel dust (Table 

2). Endotoxin was rarely detected in road dust (Table 2).

DISCUSSION

In this study, we evaluated the ability of PM to induce IL-33 expression in macrophages, 

focusing on PAHs and endotoxin in PM. Several PAHs are known to be potent ligands 

of AhR. Ligand stimulation activates AhR, which translocates into the nucleus and binds 

to the DRE upstream of the transcription start site of several genes, including those of 

proinflammatory molecules (Vogel et al., 2020). We previously reported that AhR could 

induce IL-33 expression because there are 2 DREs in the promoter region of IL-33 (Ishihara 

et al., 2019). PM2.5 collected in Yokohama contained many PAHs, including those that 

can stimulate AhR, such as benzo[a]pyrene. IL-33 induction by PM2.5 was significantly 

antagonized by the AhR antagonist CH-223191. Therefore, PAHs in PM2.5 are involved in 

IL-33 expression in macrophages. On the other hand, IL-33 is also reported to be induced 

by endotoxin (Hiraide et al., 2018). Endotoxin binding to TLR4 leads to activation of the 

transcription factor NF-κB, which upregulates proinflammatory molecules, including IL-33 

(Hiraide et al., 2018). IL-33 has 2 NF-κBREs at the promoter region (Fig. 2A). Because 

PM2.5 collected in Yokohama contained high levels of endotoxin and the TLR4 antagonist 

TAK-242 suppressed IL-33 expression, it is thought that endotoxin in PM2.5 contributes to 

IL-33 induction.

Interestingly, while TLR4 mutations almost completely attenuate IL-33 induction by PM2.5, 

the suppressive effects of AhR KO on IL-33 stimulation by PM2.5 were partial. A 

similar trend was observed in experiments using CH-223191 and TAK-242 in THP-1 
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macrophages. These data show that endotoxin in PM has a critical role in IL-33 induction 

and that importantly, signals induced by PAHs could overlap with endotoxin signaling in 

macrophages. In other words, in the presence of endotoxin, AhR signaling pathway may 

interact with endotoxin signaling. AhR has been reported to interact with NF-κB RelA to 

induce the expression of several genes, including proinflammatory molecules (Vogel et al., 
2014). In addition, the NF-κB subunit RelB reportedly associates with AhR and mediates 

the transcription of proinflammatory proteins such as IL-8. The AhR/RelB dimer can bind 

to the RelBAhRE to enhance gene expression (Vogel et al., 2007). Importantly, IL-33 

has a RelBAhRE in its promoter region (Fig. 2A). Taken together, these findings suggest 

that PAHs and endotoxin in PM might induce IL-33 expression via crosstalk between 

AhR and NF-κB. Our previous report showed that LPS enhanced AhR-dependent IL-33 

expression in macrophages (Ishihara et al., 2019), supporting this hypothesis. However, 

AhR has been reported to negatively regulate the expression of some cytokines depending 

on the experimental conditions. Kimura et al. showed that AhR forms a complex with 

Stat1 and NF-κB, which inhibits the promoter activity of IL-6 (Kimura et al., 2009). 

In addition, AhR activation reportedly enhances NF-κB RelA subunit degradation by the 

ubiquitin-proteasome system and lysosomes, and subsequently down-regulates cytokine 

expression (Domínguez-Acosta et al., 2018). The interaction between AhR and NF-κB may 

be more complex than we have considered.

Tunnel dust and road dust rarely contained endotoxins compared with PM2.5 collected in 

Yokohama. Tunnel dust contained PAH levels that were twice as high as those in road dust. 

When benzo[a]pyrene equivalent values of PM were calculated based on the data obtained 

by the CALUX assay, which is a DRE-based luciferase assay and thus is considered an 

index of AhR activation potency, tunnel dust was twice as robust in activating AhR as road 

dust. IL-33 was slightly but significantly induced by exposure to tunnel dust but not to road 

dust. Therefore, the PAH contents might contribute to the differences in IL-33 induction 

between tunnel and road dust.

Among the 3 types of PM2.5 collected in Yokohama, PM2.5 collected in spring 2018 had 

the lowest IL-33 inducibility. This is probably because endotoxin levels in PM2.5 in spring 

2018 the lowest among the 3 PM2.5 collected in Yokohama. PM2.5 in winter 2018 showed 

high potency to induced IL-33 compared with PM2.5 in spring 2020. While endotoxin 

amounts in PM2.5 in winter 2018 were almost similar to those in PM2.5 in spring 2020, 

benzo[k]fluoranthene concentration of PM2.5 in winter 2018 was approximately 3 times 

higher than that of PM2.5 in spring 2020. Since benzo[k]fluoranthene is reported to strongly 

activate AhR (Machala et al., 2001), benzo[k]fluoranthene levels in PM2.5 could contribute 

to the difference in IL-33 inducibility among the 3 types of PM2.5 collected in Yokohama.

PM contains several factors other than PAHs and endotoxin, such as metals. Transition 

metals, especially iron and copper, induce oxidative stress via the Fenton reaction. We have 

shown that organotin compounds induce oxidative stress through glutathione S transferase 

inhibition and subsequent reactive metabolite accumulation. Importantly, oxidative stress 

activates the transcription factor Nrf-2, which exerts anti-inflammatory effects (Jin et al., 
2012), while oxidative stress also activates NF-κB by suppressing the degradation of Ik-B, 

which binds to NF-κB to prevent the nuclear translocation of NF-κB (Morgan and Liu, 
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2011). It is very important to further examine the interaction between oxidative stress 

induced by PM and inflammatory reactions in macrophages.

In conclusion, PAHs and endotoxin in PM are involved in IL-33 induction in macrophages 

via AhR and NF-κB signaling, respectively. Considering the ability of PM to induce 

IL-33 in AhR-KO or TLR4-mutated macrophages, endotoxin plays a major role in IL-33 

expression, but an interaction between AhR and TLR4 signaling might also occur. Caution 

regarding PAHs and endotoxin levels in air pollutants should be taken to prevent IL-33-

induced allergic inflammation.
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Fig. 1. 
Effects of AhR and TLR4 antagonism on IL-33 expression induced by PM2.5 exposure. A. 

THP-1 macrophages were treated with different concentrations (0, 1, 10 and 100 μg/mL) 

of PM2.5 collected in Yokohama, Japan, in spring 2020 for 6 hr and then IL-33 mRNA 

expression was measured by real-time PCR. The values represent the mean ± S.E. (n = 6). 

B. Cellular viability was measured after treatment of THP-1 macrophages with PM2.5 for 

24 hr. The values represent the mean ± S.E. (n = 4). C. THP-1 macrophages were pretreated 

with the AhR antagonist CH-223191 (10 μM) or the TLR4 antagonist TAK-242 (1 μM) and 

then treated with PM2.5 (100 μg/mL) for 6 hr. Total RNA was extracted, and the mRNA 

levels of IL-33 were measured by real-time PCR. The values represent the mean ± S.E. (n = 

4). D and E. IL-33 protein expression was evaluated by immunoblotting 24 hr after treatment 
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with PM2.5 (100 μg/mL). Representative immunoblot images were shown as panel D. The 

band intensity was measured, and the protein levels of IL-33 were divided by those of 

β-actin to calculate the relative protein levels shown as panel E. The values represent the 

mean ± S.E. (n = 3). The data were analyzed using one-way ANOVA, followed by Student’s 

t test or Dunnett’s test. Holm’s corrections were used for multiple comparisons. *P < 0.05, 

**P < 0.01 vs. the untreated group. #P < 0.05, ##P < 0.01 vs. the PM2.5 group.
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Fig. 2. 
IL-33 promoter activation induced by PM2.5 exposure. A. Several transcription factor 

binding sites in the human IL-33 promoter region identified by the TFSEARCH program. 

B. THP-1 macrophages were transfected with pNL containing the human IL-33 promoter 

region and then pretreated with CH-223191 (10 μM) or TAK-242 (1 μM). Three hours after 

treatment with PM2.5 (100 μg/mL) collected in Yokohama, Japan, in spring 2020, the cells 

were collected and lysed to measure luciferase activity. The values represent the mean ± 

S.E. (n = 6). Data were analyzed using oneway ANOVA, followed by Student’s t test or 

Dunnett’s test. Holm’s corrections were used for multiple comparisons. **P < 0.01 vs. the 

untreated group. ##P < 0.01 vs. the PM2.5 group.
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Fig. 3. 
Contribution of AhR and TLR4 to IL-33 induction in macrophages. A. Bone marrow-

derived macrophages were isolated from wild-type or AhR-KO mice, pretreated with 

TAK-242 (1 μM) and then treated with PM2.5 (100 μg/mL) collected in Yokohama, Japan, 

in spring 2020 for 6 hr. Cells were collected, and IL-33 mRNA expression was measured by 

real-time PCR. B. Bone marrow-derived macrophages were isolated from C3H HeN or C3H 

HeJ mice, pretreated with CH-223191 (10 μM) and then treated with PM2.5 (100 μg/mL) 

collected in Yokohama, Japan, in spring 2020 for 6 hr. Cells were collected, and IL-33 

mRNA expression was measured by real-time PCR. The values represent the mean ± S.E. (n 

= 4). the data were analyzed using one-way ANOVA, followed by Student’s t test. Holm’s 

corrections were used for multiple comparisons. **P < 0.01 vs. the untreated group. ##P < 

0.01 vs. the PM2.5 group. aP < 0.05, aaP < 0.01 vs. the wild-type or C3H HeN group.
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Fig. 4. 
Effects of several kinds of PM on IL-33 expression in macrophages. A. THP-1 macrophages 

were treated with PM2.5 (100 μg/mL) collected in Yokohama, Japan, in spring 2018 or 

winter 2018 for 6 hr. B. THP-1 macrophages were exposed to road dust (100 μg/mL), tunnel 

dust (100 μg/mL) or polypropylene (PP) particles (100 μg/mL) for 6 hr. IL-33 expression 

was evaluated by real-time PCR. The values represent the mean ± S.E. (n = 4). The data 

were analyzed using one-way ANOVA, followed by Dunnett’s test. *P < 0.05, **P < 0.01 

vs. the untreated group.
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Fig. 5. 
Relative PAH contents and benzo[a]pyrene equivalent values in PMs. PAHs were extracted 

from five samples of PM with dichloromethane, and PAH concentrations were determined 

by GC-MS. The data were averaged from 3 independent experiments. A. Relative PAH 

concentrations are shown as total PAH amounts in each PM set to 1. B. Benzo[a]pyrene 

equivalent values (BaPeq) of PAHs in PM were calculated according to previous reports that 

described CALUX analysis of PAHs. The exact procedure is described in the Materials and 

Methods.
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