Supplementary information
Materials and methods
1. Animal grouping and experimental process
Brown-Norway rats (62-64 weeks old, male) were purchased from Beijing Vital River Laboratory Animal Technology Company and raised under SPF conditions in the animal house of the Northern Center of the Institute of Laboratory Animal Sciences, CAMS&PUMC. The experimental animals were separated into the following four groups: normal saline group (Sa, n = 6), Asthma group (As, n = 6), PM2.5 exposure + OVA sensitization one time (PO, n = 6) and PM2.5 exposure + OVA sensitization two times (OPO, n = 6).
We collected PM2.5 from Shijiazhuang using previously described method and stored it at 4 degrees (Zhao et al., 2023). We used an air atomizer to expose rats to PM2.5 or saline. The Sa group was exposed with 5 ml normal saline for 15 min with an air atomizer once in the morning and once in the afternoon for 8 weeks. The As group was exposed to normal saline for 8 weeks by the same method as the Sa group. At 6 weeks, rats were sensitized by subcutaneous injection of 0.4 ml OVA+ Al (OH)3 for 5 days, and 14 days after sensitization, 5% OVA was added to the air atomizer, which was inhaled for 10 min to complete excitation. The PO group was exposed with 5 ml PM2.5 for 15 min with an air atomizer once in the morning and once in the afternoon for 4 weeks, and the rats were exposed to normal saline for the last 4 weeks by the same method. At 6 weeks, the rats were sensitized and stimulated using the abovementioned method. Moreover, the OAO group was exposed to PM2.5 for 8 weeks, and it is worth noting that the OPO group was initially stimulated by the same method for 5 days before the start of the experimental, sensitized again at 6 weeks, and completed the by inhalation of OVA 14 days later.
The rats were euthanized via intraperitoneal injection of pentobarbital sodium at a dosage of 30 mg/kg, followed by blood collection from the femoral artery in the abdominal region. All methods were performed in accordance with the relevant guidelines and regulations.
2. Lung function test
We used a whole-body volumetric scanner (Buxco, USA) to test lung function in rats. Once a week for two hours. Rats were placed in a volumetric scanning chamber to obtain a basal reading, averaging over a 3-min period. Then, export the data to analyze Penh values, inspiratory time (Ti), and tidal volume (Tvb).
3. Sample collection
After pulmonary function tests, rat lung tissue, lung lavage fluid, and blood were collected using the previously described method for subsequent hematoxylin-eosin (H&E) histological analysis (LEICA, CV5030, Germany), cytological analysis, detection of inflammatory cytokines, immunoglobulin levels, and metabolomics analysis. (Zhao et al., 2023).
4. Cytokine analysis
According to the manufacturer's instructions, we used the Bio-Plex system (Bio-Rad, USA) to measure cytokine levels in the lung lavage fluid. The cytokines selected and detailed procedures are presented in the previous publication (Guo et al., 2023).
5. Detection of the immunoglobulin (Ig) content
The contents of IgE, IgG1, IgG2a, IgG2b and IgG2c in rat lung lavage fluid and plasma were detected according to the instructions of rat IgE, IgG1, IgG2a, IgG2b and IgG2c.
6. Cytological analysis
We used the ADVIA 2120i hematology analyzer (Siemens Healthineers, USA) for cytological analysis of blood and lung lavage fluid. The metrics that selected for detection are as previously published (Zhao et al., 2023).
7. Metabolomic analysis of plasma
The collected plasma samples were slowly thawed at 4 °C and then added to pre-cooled methanol/acetonitrile/aqueous solution (2:2:1, v/v), vortex mixing, low temperature sonication for 30 min, and then they were left at -20 °C for 10 min, 14000g centrifugation for 20 min (4 °C), and vacuum drying of the supernatant. For mass spectrometry analysis, 100 μL of acetonitrile in water (acetonitrile:water=1:1, v/v) was added to remix, vortexed, and centrifuged at 14000 g at 4°C for 15 min. The supernatant was injected for analysis. Subsequently, we performed ultra-performance liquid chromatography-tandem high-resolution mass spectrometry (LC-MS) analysis (Thermo Fisher Dionex U3000 UHPLC/QE plus, USA) based on a previously published article (Guo et al., 2023).
8. Statistical analysis
We performed statistical analyses of pulmonary function tests, cytological analysis, cytokine and immunoglobulin concentration results using GraphpadPrism (version 9.0) and Excel software. For statistical analysis of metabolomics, we used both univariate (Student's t-test and fold change analysis) and multivariate (principal component analysis and orthogonal partial least squares discriminant analysis) methods. The variable projection importance (VIP) scores >1 and p-value < 0.05 and fold change > 2 or < 0.5 were used to screen for differential metabolites. All graphs are created with GraphpadPrism (version 9.0) or R software. All results were presented as mean ± SD , and statistical significance was expressed as *P < 0.05, ** P < 0.01, and *** P < 0.001, respectively.
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