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Introduction: Fine particulate matter (PM2.5) is a major environmental pollutant associated with significant respiratory morbidity in 
children. However, its cell-type-specific effects on the lungs and the underlying molecular mechanisms remain poorly defined.
Methods: This study established a juvenile mouse model of PM2.5 airway exposure to assess transcriptional alterations in lung cells 
via single-cell RNA sequencing (scRNA-seq). Differentially expressed genes were subjected to Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) enrichment analyses. Lung histopathology was evaluated through hematoxylin and 
eosin staining.
Results: Histological staining indicated that PM2.5 inhalation induces structural damage in the lung tissue. ScRNA-seq analysis 
revealed that macrophages, dendritic cells (DCs), lymphocytes, epithelial cells, and stromal cells in the lungs of juvenile mice 
exhibited the most prominent differential gene expression following PM2.5 instillation, whereas B cells and endothelial cells showed 
the least. In particular, GO and KEGG analyses indicated that alveolar macrophages exhibited significant upregulation of oxidative 
phosphorylation (OXPHOS) pathways and downregulation of antibacterial defense mechanisms. CD209+ DCs showed suppressed 
antigen presentation and altered energy metabolism, primarily via enhanced OXPHOS. Lymphocytes, including NK and CD4+ T cells, 
displayed modest dysregulation in ribosomal activity. Among non-immune cells, ciliated cells activated interferon signaling, while 
adventitial fibroblasts showed increased ribosomal protein translation and calcium ion channel regulation. PM2.5 exposure also 
reshaped cell-cell communication networks, particularly involving alveolar macrophages and immune cells.
Conclusion: These findings reveal cell-type-specific transcriptomic responses to PM2.5 in juvenile lungs, emphasizing its potential to 
disrupt immune homeostasis and contribute to pulmonary disease development in children.
Keywords: air pollution, children, macrophages, dendritic cells, lung inflammation

Introduction
Fine particulate matter (PM2.5), as a critical component of air pollution, poses a severe threat to human health. The major 
sources of PM2.5 in the air include direct emissions from combustion processes such as vehicle exhaust, industrial 
activities, power plants, residential wood burning, and wildfires. According to the US Environmental Protection Agency 
(EPA) regulations updated in 2024, the primary annual exposure limit for PM2.5 has been reduced from 12.0 µg/m³ to 
9.0 µg/m³, while the 24-hour standard remains at 35 µg/m³. Prolonged exposure to PM2.5 has been demonstrated to 
significantly increase morbidity and mortality.1 Following inhalation, PM2.5 initially causes damage to lung structure and 
function. In addition, it can indirectly affect the functions of the cardiovascular system, brain, and other organs.2,3 

Therefore, elucidating the effects of PM2.5 on lung cell function can aid in understanding its toxicological mechanisms 
not only in the lungs but other organs.

The impact of PM2.5 on children’s lung health is a growing concern, as children are more vulnerable to air pollution 
due to their developing physiology, higher respiratory rates, and greater relative exposure. Studies consistently show that 
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both short-term and long-term exposure to PM2.5 are associated with a range of respiratory health issues in children, 
including airway inflammation, impaired lung function, and the exacerbation or development of asthma and other 
respiratory diseases. For instance, research using the NYS Statewide Planning and Research Cooperative System 
database found that increases in PM2.5 concentrations were linked to higher emergency department visits and hospita
lizations for asthma and chronic obstructive pulmonary disease in children.4 Similar findings in rural US households with 
wood stoves showed that exposure to indoor PM2.5 was associated with a higher incidence of lower respiratory tract 
infections in children.5 Furthermore, studies from China and India revealed that even PM2.5 levels below national air 
quality standards are linked to increased respiratory illnesses in children,6,7 highlighting the widespread impact of air 
pollution on child health. Interventions such as air purification have demonstrated effectiveness in reducing the adverse 
respiratory effects of PM2.5, underscoring the potential benefits of reducing exposure to improve pediatric lung health.8 

Additionally, meta-analyses have shown that acute exposure to PM2.5 leads to reduced lung function in children, with 
those suffering from asthma being particularly susceptible.9 These findings suggest that PM2.5 impacts children both 
during the developmental stage and post-developmental stage. However, the toxic effects of PM2.5 on children and the 
underlying mechanisms have not been fully explored.

The mechanisms underlying PM2.5-induced lung injury have been extensively studied, including biochemical reac
tions such as the activation of oxidases and metabolic enzymes, as well as mitochondrial dysfunction leading to oxidative 
stress.10 On a single-cell level, several damage mechanisms have been identified in adult animal models. PM2.5 NO3

− 

exposure induces gene expression dysregulation, disrupting circadian rhythms, lysosomal function, and cellular responses 
to stimuli, thereby affecting respiratory function.11 Transient inflammation, characterized by infiltration of CD11b- 
positive myeloid cells, has also been observed in the lung. Alveolar type 2 (AT2) cells proliferate in response to 
PM2.5, and infiltrated neutrophils or macrophages impair the reparative capacity of airway club cells through oxidative 
stress.12 PM2.5 exposure further promotes the expansion of PD-L1high neutrophils with impaired phagocytic function in 
the mouse lung, leading to increased susceptibility to bacterial infections.13 Additionally, PM2.5 triggers a Th17-specific 
inflammatory response, contributing to neutrophilic asthma via epithelial, dendritic, and T cell pathways that promote 
Th17 differentiation during initial exposure.14 Activation of the IL-17 signaling pathway is linked to the progression of 
pulmonary fibrosis following sub-chronic PM exposure. Activation of the IL-17 signaling pathway reduces the recruit
ment of myeloid-derived suppressor cells and downregulates TGF-β, contributing to the progression of lung fibrosis after 
sub-chronic PM exposure.15 Subway-related PM2.5 induces specific immune responses involving CD4+ and γδ T cells, 
which are also key contributors to inflammation.16 Prolonged exposure to insoluble PM2.5 particles leads to lung fibrosis 
by decreasing Nrf2 transcriptional activity and downregulating antioxidant gene expression.17 Organoid technology 
suggests that lung repair may be compromised because of senescence induced by PM2.5 exposure.18 However, there is 
still a lack of systematic research on its impact on gene expression in lung cells, including epithelial cells, stromal cells, 
and immune cells, in children. In particular, the regulatory mechanisms by which PM2.5 affects gene expression in these 
cells, as well as the associated alterations in signaling pathways, remain critical areas that require further investigation.

Single-cell RNA sequencing (scRNA-seq) offers a powerful platform to delineate transcriptomic changes at cellular 
resolution, enabling detailed analysis of diverse pulmonary cell populations and their intercellular communication 
networks. In this study, we employed a juvenile mouse model of PM2.5 airway exposure and used scRNA-seq to 
investigate the cellular and molecular alterations in the lung. This approach provides critical insights into the early 
immune and structural responses to PM2.5 in developing lungs, with potential implications for understanding pollutant- 
driven respiratory diseases in children.

Material and Methods
Animal Model and PM2.5 Administration
C57BL/6 mice were purchased from Beijing SPF Biotechnology Co., Ltd. and housed under a 12-hour light/dark cycle with 
ad libitum access to food and water in specific pathogen-free facilities at Tianjin Haihe Hospital. Three-week-old male 
C57BL/6 mice, with body weights ranging from 7.0 to 9.0 g, were randomly assigned to either the PBS or PM2.5 group. 
Every other day at 9:00 AM, the mice were administered oral treatments: the PBS group received 3 µL/g of PBS, while the 
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PM2.5 group was administered 18 mg/kg of a PM2.5 suspension. Specifically, the PM2.5 was resuspended in PBS to 
a concentration of 6 µg/µL, and each mouse received 3 µL/g of the suspension, adjusted according to their body weight. 
Throughout the modeling period, the body weight of each mouse was recorded daily at 9:00 AM.19 PM2.5 was collected as 
described previously.12 In brief, PM2.5 mixtures were collected from the atmosphere using quartz filters installed in 
a particulate matter sampler. The chemical composition of the collected samples was characterized using ion chromato
graphy, thermal-optical analysis, high-performance liquid chromatography, and inductively coupled plasma mass spectro
metry. Anesthesia was induced using isoflurane prior to each administration. Pulmonary function was measured at 9:00 AM 
following the final dose, with four mice from each group tested in an alternating sequence. Immediately after pulmonary 
function measurements, lung tissue samples were collected for paraffin embedding and RNA extraction. Additional lung 
tissue samples were collected on day 35 of the modeling period for subsequent paraffin embedding and RNA extraction. 
Mice were sacrificed for analysis the day after the third administration. All animal procedures were conducted in accordance 
with the guidelines for Ethical Review of Experimental Animal Welfare (GB/T35892-2018) issued by China, and were 
approved by the Animal Care and Use Committee of Tianjin Haihe Hospital (approval number: 2021HHKT(A)-004).

Pulmonary Function Assessment
Mice were anesthetized with 1% sodium pentobarbital (50 mg/kg, intraperitoneally). After cervical skin incision, the 
trachea was exposed and intubated. The endotracheal cannula was then connected to the FlexiVent system (SCIREQ) by 
a certified technician to perform pulmonary function assessment.

Hematoxylin and Eosin (H&E) Staining
Lungs from mice either unexposed or exposed to PM2.5 were collected, fixed in 4% paraformaldehyde, embedded in 
paraffin, and sectioned at a thickness of 5 μm. The sections were then stained with hematoxylin and eosin (H&E) 
according to the manufacturer’s instructions to evaluate structural changes associated with PM2.5 exposure.

Reverse Transcription/Polymerase Chain Reaction (RT/PCR)
Total RNA was extracted from lung tissue using TRIzol reagent (15596026, Invitrogen). RNA concentration was 
measured using a microplate reader (Multiskan GO, Thermo Fisher Scientific) and adjusted to 80 ng/μL. Reverse 
transcription was carried out using the HiScript II Reverse Transcriptase kit (R323-01, Vazyme), followed by quantitative 
PCR using SYBR Green Master Mix (Q711-02, Vazyme). Gene expression levels were calculated using the 2^−ΔCT 
method, with β-actin serving as the internal reference gene.

Preparation of Single-Cell Lung Suspension
Mice (control and PM2.5-exposed) were euthanized, and their lungs were harvested. The lungs were perfused via the 
trachea with 4 U/mL elastase (Worthington Biochemical Corporation, Lakewood, NJ) and digested at 37°C for 
25 minutes. After digestion, lung tissue was mechanically dissociated into 2 mm³ fragments using a scalpel. The 
resulting cell suspension was incubated with 5 mL of 0.5% DNase I (Sigma-Aldrich) at 37°C for 15 minutes to degrade 
DNA released from lysed cells. The suspension was then filtered through a 70 µm cell strainer (FALCON, 352350) to 
remove larger debris, followed by incubation with red blood cell lysis buffer (Sigma, R7757) for 90 seconds to remove 
red blood cells. Single-cell suspensions from three individual mice in the PBS- or PM2.5-treated groups were pooled for 
single-cell RNA sequencing analysis to minimize individual variability.

Single-Cell RNA Sequencing
The cell suspension was quality-checked to assess cell viability (AO/PI fluorescence count > 80% or trypan blue 
exclusion > 75%) and cell concentration (700–1200 cells/µL). Approximately 20,000 cells were obtained per sample. 
The cell suspension was loaded onto Chromium microfluidic chips with 3′ (v3) chemistry and barcoded using the 10× 
Chromium Controller (10X Genomics). RNA from the barcoded cells was reverse-transcribed, and sequencing libraries 
were constructed using reagents from the Chromium Single Cell 3′ (v3) reagent kit (10X Genomics). Sequencing was 
performed on an Illumina NovaSeq system (PE150).
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Cell Annotation
The sequencing data were processed using the Seurat package (version 4.4.0), with quality control criteria including: a minimum 
of 200 genes expressed per cell, genes expressed in at least 3 cells, and mitochondrial gene expression accounting for < 10% of 
total gene expression. Doublets were predicted and removed using the DoubletFinder package (version 2.0.4). Batch effects 
between the two groups were corrected using the Harmony package (version 1.2.0). Level 1 annotation was conducted after 
dimensionality reduction and clustering were performed using Seurat with UMAP, with resolution setting of 0.8. And level 2 
annotations were conducted using the same approach, with adjustments to the dimensionality and resolution settings of 2.0. 
Moreover, three type of immune cells, macrophages, dendritic cells and T cells were clustered separately for level 3 annotation. 
The annotation results were mapped back to the initial clusters.

Single-Cell Analysis
Differential gene expression analysis between two groups was conducted using the FindMarkers function in Seurat, with 
thresholds set at a fold change > 1.5 and an adjusted p-value < 0.05. Gene set enrichment analysis (GSEA) was performed on the 
differentially expressed genes (DEGs) using the ClusterProfiler package (v4.6.2), with the enrichGO and enrichKEGG functions 
for overrepresentation analysis of Gene Ontology Biological Processes (GOBP) and KEGG pathways, respectively. For each cell 
type, we performed GO and KEGG enrichment analyses and selected terms with an adjusted p-value (P.adjust) < 0.05. Among 
these, the top 5 or 10 terms ranked by –log(P.adjust) were selected for visualization. GSEA for KEGG pathways was carried out 
using the gseKEGG function. Cell-cell interactions were analyzed with the CellChat package (version 2.1.2), and results were 
visualized using the package’s built-in functions.

Data Processing and Statistical Analysis
Data manipulation was conducted using the tidyverse package. Differential expression significance was determined via 
Wilcoxon test, with a false discovery rate–adjusted p-value <0.05 considered significant.

Data Visualization
Plots were generated using R (v4.2.1), primarily with Seurat (DimPlot, VlnPlot, FeaturePlot) and CellChat 
(NetVisual_Bubble). Additional figures were created with ggplot2 (v3.5.0) and UpSetR (v1.4.0).

Statistical Analysis
All data analysis was conducted using R (version 4.2.1) and relevant packages tailored for single-cell RNA sequencing (scRNA- 
seq) data, including Seurat (v4.4.0), CellChat (v2.1.2), and ClusterProfiler (v4.6.2). Differential gene expression (DGE) between 
control and PM2.5-exposed groups was performed using the FindMarkers function in Seurat. Genes were considered significantly 
differentially expressed if they met a fold-change threshold of 1.5 and an adjusted p-value of <0.05. To assess the statistical 
significance of gene expression changes across cell populations, we applied the Wilcoxon rank-sum test, with a false discovery 
rate (FDR)-adjusted p-value < 0.05 serving as the threshold for significance. These analyses were specifically designed to capture 
subtle yet biologically meaningful transcriptional shifts in the context of single-cell resolution. All quantitative data are expressed 
as mean ± standard error of the mean (SEM). Statistical comparisons between groups were conducted using two-tailed Student’s 
t-test or Wilcoxon rank-sum test, depending on data distribution. Statistical significance was set at p < 0.05 for all analyses.

Results
Cell-Type-Specific Transcriptomic Responses to PM2.5 Exposure in Juvenile Mouse 
Lungs
To investigate the pulmonary effects of PM2.5 in developing lungs, juvenile mice were subjected to repeated PM2.5 

airway instillation. Lung tissues from exposed and control groups were collected for histological and single-cell RNA 
sequencing (scRNA-seq) analysis (Figure 1A). Mice exposed to PM2.5 exhibited an approximately 20% greater reduction 
in body weight from day 1 to day 5 compared to PBS-treated controls (Figure 1B). H&E staining indicated lung 
inflammation and structural damaged 5 days following PM2.5 exposure (Figure 1C). At this time point, pulmonary 
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function tests demonstrated increased total airway resistance (Rrs) in PM2.5-exposed mice compared to PBS controls 
(2.17 ± 0.18 vs 2.57 ± 0.20 cmH₂O·s/mL), with a particularly marked increase in large airway resistance (Rn) 
(0.48 ± 0.03 vs 0.66 ± 0.04 cmH₂O·s/mL) (Figure 1D). In contrast, small airway resistance, as indicated by the tissue 
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Figure 1 PM2.5 exposure induces respiratory dysfunction in juvenile mice. (A) Schematic illustration of the experimental design for establishing the PM2.5 airway instillation 
model in juvenile mice, incorporating histological analysis and single-cell RNA sequencing (scRNA-seq). (B) Body weight trajectories of juvenile mice in the PBS control group 
and PM2.5 exposure group over the study period. Representative histological images showing lung tissue alterations following PM2.5 exposure; *p < 0.05, **p < 0.01, ***p < 0.001 
(Student’s t-test). (C) Representative histological images showing lung tissue alterations following PM2.5 exposure. (D) Lung function assessment demonstrates increased airway 
resistance (Rrs: respiratory system resistance; Rn: Newtonian resistance) and reduced expiratory flow parameters (FEV: forced expiratory volume; PEF: peak expiratory flow; 
FVC: forced vital capacity; FEF50%FVC: forced expiratory flow at 50% of FVC) following PM2.5 exposure; *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t-test).
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damping parameter G, was decreased (19.22 ± 1.51 vs 16.80 ± 0.96 cmH₂O/mL). Additionally, pulmonary function 
assessment revealed a 0.055 J/L increase in respiratory work per unit volume based on pressure–volume (P–V) loop 
analysis (1.35 ± 0.02 vs 1.40 ± 0.02 J/L). Peak Expiratory Flow (PEF) decreased to an average of 87.6% of that in PBS 
controls (17.3 ± 1.21 vs 15.2 ± 0.93 mL/s). Furthermore, forced expiratory flow at 50% of forced vital capacity (FEF50) 
declined by approximately 3 mL/s (14.70 ± 1.11 vs 11.72 ± 2.02 mL/s). These changes indicate impaired pulmonary 
mechanics shortly following PM2.5 exposure. By day 35, both body weight and lung histology returned to baseline 
(Figure S1).
scRNA-seq of lung tissue yielded 20,951 high-quality cells and 16,411 detected genes following quality control and 
batch correction. UMAP clustering identified 14 major cell types based on canonical markers (Figure 2A and B). 
Differential gene expression (DGE) analysis revealed that macrophages, dendritic cells (DCs), stromal cells, epithelial 
cells, and lymphocytes exhibited the most pronounced transcriptomic alterations, while B cells and endothelial cells were 
minimally affected (Figure 2C). Among all cell types, macrophages displayed the greatest transcriptional responsiveness 
to PM2.5 exposure.

PM2.5 Exposure Induces Metabolic Activation and Suppresses Antibacterial Functions 
in Alveolar Macrophages
Given their robust transcriptional response, macrophages were further subclustered into 17 subpopulations, 
ultimately categorized into 7 distinct macrophage subsets based on marker expression (Figure 3A, Figure S2A). 
Alveolar macrophages (AMs) represented the predominant subtype (Figure S2B). Differential gene analysis 
revealed that AMs exhibited the most significant upregulation and downregulation of genes following PM2.5 

exposure, with most of these genes being unique to AMs (Figure 3B and C).GO enrichment analysis of the DEGs 
in each macrophage subtype showed that the upregulated genes in AMs were primarily associated with energy 
metabolism, while downregulated genes were involved in inflammatory responses to molecule of bacterial origin 
and to lipopolysaccharide (Figure 3D and E). These analyses suggest that PM2.5 exposure may impair AMs’ 
response to bacterial infections and their ability to control inflammation (Figure 3E). To further explore this, we 
examined the expression of key downregulated genes involved in these inflammatory responses, including Cd14, 
Fcer1g, Fcgr2b, Lepr, Mertk, and Tlr2 (Figure 3F). Given the critical role of alveolar macrophages (AMs) in 
immune defense, these processes may be functionally associated with the phagocytic activity of AMs. Notably, we 
observed significant downregulation of six phagocytosis-related genes—Cd86, Cxcl12, Il18, Nlrp3, Tlr2, and Tnf 
—in response to PM2.5 exposure (Figure 3G). Gene set enrichment analysis (GSEA) confirmed a shift toward 
elevated energy metabolism and suppressed innate immune signaling, as reflected by enhanced OXPHOS and 
downregulated NOD-like receptor (NLR) signaling pathways (Figure 3H). Collectively, these findings suggest that 
while AMs increase energy production in response to PM2.5, their bactericidal capacity is concurrently impaired, 
potentially compromising host defense mechanisms in juvenile lungs.

PM2.5 Exposure Impairs Antigen Presentation in CD209+ Type 2 Dendritic Cells
To further elucidate dendritic cell (DC) responses to PM2.5, a total of 712 DCs were reclustered into eight distinct 
clusters, subsequently annotated into six functional subtypes based on established markers (Figure 4A, Figure S3A). 
Among these, CD209+ type 2 DCs (DC2s) constituted the most abundant population (Figure S3B).

Differential expression analysis revealed that CD209+ DC2s exhibited the highest number of DEGs among DC 
subtypes, with a predominance of upregulated genes (Figure 4B and C). GO enrichment analyses of the DEGs in CD209+ 

DC2s showed significant upregulation in OXPHOS pathways (Figure 4D). Six representative upregulated DEGs, 
including Atp5e, Cox7c, Ndufc1, Uqcr10, Uqcr11, and Uqcrq, were further highlighted (Figure 4E), underscoring the 
potential metabolic reprogramming of CD209⁺ DC2s in response to PM2.5 exposure. Furthermore, pathways associated 
with antigen presentation via MHC class II in CD209+ DC2s were downregulated (Figure 4D). Two key differentially 
expressed genes (DEGs) involved in this process, H2-Eb1 and H2-Ab1, were identified and are shown in (Figure 4F). 
Consistent with these findings, we detected that H2-Eb1 mRNA was deregulated in lung tissue, as confirmed by RT-PCR 
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analysis (Figure 4G). These findings indicate that PM2.5 exposure leads to metabolic activation but impairs the antigen- 
presenting capabilities of CD209+ DC2s in juvenile lungs, potentially compromising their role in initiating adaptive 
immune responses.

A

PM2.5

PBS

CB

Figure 2 Transcriptomic alterations across lung cell types in juvenile mice following PM2.5 exposure. (A) UMAP visualization of 20,951 single cells from juvenile mouse lungs, 
clustered into 14 major cell types. Middle panels display cell distributions in the PBS and PM2.5 groups, respectively. (B) Feature plots showing expression of marker genes 
used to annotate major cell clusters; yellow and blue indicate high and low expression levels, respectively. (C) Bar plot summarizing differentially expressed genes (DEGs) in 
the 14 cell types post PM2.5 exposure. Red and blue bars denote upregulated and downregulated genes, respectively.

Journal of Inflammation Research 2025:18                                                                                          https://doi.org/10.2147/JIR.S514437                                                                                                                                                                                                                                                                                                                                                                                                   9957

Gui et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Figure 3 PM2.5 exposure enhances energy metabolism while impairing antibacterial responses in alveolar macrophages (AMs). (A) Sub-clustering of macrophages into seven distinct 
subtypes. Left panel shows distribution across groups; right panel presents final subtype annotations. (B and C) UpSet plots depicting DEGs across AM subtypes. Horizontal bars indicate 
DEG counts per subtype; matrix plot highlights shared genes; vertical bars display sizes of gene intersections. (B and C) illustrate upregulated and downregulated DEGs, respectively, 
excluding subtypes without DEGs. (D and E) GO biological process (GOBP) enrichment of DEGs related to energy metabolism and antibacterial activity. Dot size indicates gene count; 
color intensity reflects –log₁₀ adjusted p-value; magenta and blue represent upregulated and downregulated terms. (F) Violin plots show the expression levels of six representative 
differentially expressed genes (Cd14, Fcer1g, Fcgr2b, Lepr, Mertk, and Tlr2) in alveolar macrophages (AMs) from PBS-treated and PM2.5-exposed mice. (G) Violin plots show the expression 
levels of six representative phagocytosis-related genes (Cd86, Cxcl12, Il18, Nlrp3, Tlr2, and Tnf) in AMs from PBS-treated and PM2.5-exposed mice. (H) GSEA results for KEGG pathways 
show enhanced oxidative phosphorylation and suppressed NOD-like receptor signaling post PM2.5 exposure.
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Figure 4 PM2.5 exposure disrupts antigen presentation in CD209+ dendritic cells (DCs). (A) Further subdivision of DCs into seven subtypes, with left and right panels 
showing distribution and final annotation, respectively. (B and C) UpSet plots showing the extent and overlap of DEGs across DC subtypes, with CD209+ DCs exhibiting the 
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PM2.5 Exposure Disrupts Ribosomal Function in CD4+ T and NK Cells
Lymphocytes, integral to adaptive immunity, exhibited relatively minor alterations compared to myeloid immune cells 
following exposure to PM2.5. Re-clustering of 3,890 lymphocytes, including T cells, NK cells, and NKT cells, resulted in 
the identification of 19 distinct clusters. Based on characteristic surface markers, six subtypes of T/NK lymphocytes were 
delineated (Figure 5A, Figure S4A). The analysis also incorporated innate lymphoid cells (ILCs) and B cells, revealing 
that B cells, CD4+ T cells, and CD8+ T cells were the predominant subtypes (Figure S3B). Differential gene expression 
analysis of these lymphocyte subsets demonstrated that NK cells exhibited the highest number of upregulated genes, 
whereas CD4+ T cells showed a greater extent of downregulation (Figure 5B and C). GO enrichment analysis of the 
differential genes in CD4+ T cells indicated that both upregulated and downregulated genes were primarily involved in 
ribosomal GOBP (Figure 5D), while GSEA of KEGG pathway further showed that CD4+ T cells displayed down
regulation in ribosomal-related processes (Figure 5E). In line with this, six representative downregulated DEGs involved 
in cytoplasmic translation—Rpl9, Rpl15, Rpl19, Rps3, Rps4x, and Rps7—were identified and illustrated (Figure 5F). In 
contrast, upregulated genes in NK cells were enriched in ribosomal GOBP (Figure 5G), as exemplified by four 
representative differentially expressed genes (DEGs): Rpl37a, Rpl41, Rps28, and Rps21 (Figure 5H). On the other 
hand, the downregulated genes in NK cells were associated with sex-related GO biological processes (Figure 5G), 
including two key DEGs—Ubb and H3f3b (Figure 5I). These findings suggest that PM2.5 exposure disrupts protein 
synthesis pathways in both CD4⁺ T cells and NK cells in juvenile mice, potentially affecting their immune functions and 
metabolic homeostasis.

PM2.5 Exposure Promotes Interferon Response in Ciliated Cells and Enhances 
Ribosomal Functions in Adventitial Fibroblasts
Epithelial cells, endothelial cells, and stromal cells are critical components of the lung, but they exhibited relatively fewer 
differential changes following PM2.5 exposure in juvenile mice (Figure 2C). Dimensionality reduction and clustering of 
these cell types based on characteristic markers identified five subtypes of epithelial cells, five subtypes of endothelial 
cells, and six subtypes of stromal cells (Figure S5, Figure 6A). Differential gene expression analysis across these 16 cell 
subtypes revealed that six subtypes exhibited significant changes in gene expression, with adventitial fibroblasts and 
ciliated cells showing the highest number of differentially expressed genes (DEGs) (Figure 6B and C). GO enrichment 
analysis of DEGs revealed that ciliated cells were significantly enriched in the regulation of interferon-related genes and 
viral defense pathways (Figure 6D). Two key upregulated DEGs associated with these processes, Ifitm1 and Ifitm3, were 
highlighted (Figure 6E). These results were further supported by quantitative RT-PCR analysis, which confirmed the 
dysregulation of Ifitm1 mRNA expression in lung tissue (Figure 6F). DEGs in adventitial fibroblasts showed predominant 
enrichment in biological processes associated with ribosome assembly and calcium ion channel regulation (Figure 6G). 
Notably, five significant DEGs linked to ribosome assembly, including Rpl31, Rps21, Rpl41, Rps28, and Rpl37a, were 
prominently identified (Figure 6H). Concurrently, three downregulated DEGs related to calcium ion channel regulation, 
namely Fos, Jun, and Jund, were detected (Figure 6I). Subsequent quantitative RT-PCR analysis further validated these 
findings by confirming the altered expression patterns of Jun and Jund mRNA in lung tissue (Figure 6J). Collectively, 
these results suggest that PM2.5 exposure affects distinct cellular processes in both ciliated cells and adventitial fibroblasts 
in juvenile mice.

PM2.5 Exposure Alters the Interactions Between Alveolar Macrophages and Other 
Inflammatory Cells
We next investigated the impact of PM2.5 exposure on cellular interactions within the lung. By analyzing changes in the 
number of receptor-ligand pairs and their interaction strength between various cell types following PM2.5 exposure, we 
intersected these pairs with differentially expressed genes (DEGs). This analysis revealed that alveolar macrophages 
(AMs) exhibited significant alterations in receptor-ligand expression after PM2.5 exposure (Figure 7A). Based on the 
probability values of receptor-ligand pairs in AMs, four prominent cell interaction patterns were identified (Figure 7B), 
with AMs primarily exerting regulatory effects on neutrophils and B cells. Notably, following PM2.5 exposure, the 
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expression of seven ligands was found to influence neutrophils and B cells, while monocytes and neutrophils could 
modulate AMs via three distinct receptors on AMs (Figure 7C). These findings suggest that PM2.5 exposure activates 
AMs, which then engage in interactions with other immune cells, particularly neutrophils and B cells, in the lungs of 
juvenile mice.
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Figure 7 Alveolar macrophage-mediated intercellular signaling is altered by PM2.5 exposure. (A) Bar plot indicating the number of differentially expressed ligand-receptor 
pairs across cell subtypes. (B) CellChat-predicted interaction networks, highlighting the top four signaling patterns mediated by AMs. (C) The violin graph shows the 
expression of receptors and ligands in the control group and the PM2.5 exposure group.
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Discussion
This study investigates the effects of PM2.5 exposure on both immune and parenchymal cells in the lungs of juvenile 
mice. We found that myeloid immune cells, particularly alveolar macrophages (AMs) and CD209+ dendritic cells (DCs), 
were the most significantly affected populations. Specifically, PM2.5 exposure led to notable alterations in the energy 
metabolism pathways of AMs and CD209+ DCs. Furthermore, PM2.5 exposure impaired the antibacterial functions of 
AMs and the antigen presentation capabilities of DCs in juvenile mice. In contrast, the changes observed in parenchymal 
cells were less pronounced, though specific responses were still evident. Among the parenchymal cells, vascular 
endothelial cells were minimally affected, whereas ciliated epithelial cells and adventitial fibroblasts in the stromal 
layer exhibited the most significant alterations. These findings underscore the heightened sensitivity of the lung immune 
environment to PM2.5 exposure.

It is not unexpected that macrophages, as key phagocytic cells, exhibit the most profound alterations following 
PM2.5 exposure. We observed that PM2.5 exposure activated energy metabolism in AMs while downregulating 
transcripts associated with antibacterial defense. This suggests that while AMs are involved in clearing PM2.5, they 
concurrently lose their ability to defend against bacterial infections. This impairment of innate immunity in the lungs 
of children may increase the susceptibility to respiratory infections and hospitalizations. Previous studies have 
shown that PM2.5 exposure induces nuclear factor-κB (NF-κB) activation and nitric oxide production in 
macrophages.20,21 Moreover, PM2.5 alters macrophage functions by inducing intracellular Ca2+ dysregulation and 
excessive endoplasmic reticulum stress.22 The toxic effects of PM2.5 on AMs extend beyond alterations in 
intracellular metabolism to include modulation of metabolic pathways and intercellular interactions. PM2.5 has 
been shown to promote inflammation through the regulation of macrophage-epithelial interactions in the lung.23 

In this study, we also observed that PM2.5 exposure led to AMs modulating their interactions with neutrophils via 
various ligand-receptor pairs, such as Spp1-Cd44, Igf1-Igf1r, Gdf15-Tgfbr2, and Cxcl2-Cxcr2. These interactions 
influence neutrophil chemotaxis and recruitment. Notably, Cxcl2 is transcriptionally regulated by the NLR signaling 
pathway. Although no significant changes were observed in the proportion or function of neutrophils, we hypothe
size that PM2.5 exposure may downregulate the NLR pathway in AMs, leading to reduced Cxcl2 release and limiting 
excessive neutrophil recruitment. This modulation could be essential in regulating lung repair processes. The 
observed alterations in the population of IM and other immune cell subsets following exposure to PM2.5 suggest 
a potential modulation of immune responses at the cellular level. Transcriptomic analysis of these cell subpopula
tions revealed a significant downregulation of genes involved in immune activation, cytoskeletal remodeling, and 
lipid metabolism.24–26 These findings are indicative of a shift in macrophage phenotypes toward a reparative or 
alternatively activated state, which may reflect an adaptive response to chronic inflammation or tissue damage 
induced by PM2.5 exposure.27 This transition could have important implications for the resolution of inflammation 
and the restoration of tissue homeostasis in the context of environmental stressors.

In comparison to our previous study using a chronic PM exposure model in adult mice,27 both juvenile and adult 
mice exhibited alterations in myeloid cells following PM2.5 exposure. However, the absence of significant epithelial 
cell proliferation or repair-related gene expression in juvenile mice following PM2.5 exposure, in contrast to the 
marked epithelial remodeling observed in our earlier work on adult mice,12 may be attributed to both the exposure 
route and developmental stage. The current experimental design employed intratracheal instillation, whereas the prior 
study utilized chronic inhalation, which may result in more gradual and sustained deposition of PM2.5 particles and 
thus a greater likelihood of eliciting long-term epithelial responses. Additionally, the developing lungs of juvenile mice 
exhibit distinct physiological and regenerative capacities compared to mature lungs, potentially dampening the extent 
of epithelial injury and compensating for inflammatory stimuli through more robust or flexible repair mechanisms.28 

This developmental resilience could explain why overt epithelial damage was not observed in the current study, despite 
the detectable alterations in immune cell populations, including an expansion of interstitial macrophages and increased 
heterogeneity among dendritic cells. Some studies have indicated that long-term exposure to PM2.5 can result in 
pulmonary fibrosis.15,17 Previous research identified adventitial fibroblasts with high Pi16 expression as a source of 
pro-fibrotic fibroblasts,29 while more recent studies have suggested that alveolar fibroblasts are the primary source of 
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pro-fibrotic cells.30 In our study, adventitial fibroblasts were the most significantly altered fibroblast population. 
Identifying the precise source of pro-fibrotic fibroblasts is crucial for understanding whether short-term PM2.5 exposure 
in juvenile mice induces early changes that could contribute to lung fibrosis. Although we observed differential 
changes in CD4+ and γδ T cells, the current evidence is insufficient to conclude that short-term PM2.5 exposure in 
juvenile mice induces a strong, specific immune response. In this model, short-term PM2.5 exposure primarily triggers 
innate immune responses in the lungs with minimal effects on alveolar epithelial cells. Whether this exposure leads to 
long-term conditions such as lung fibrosis, asthma, or other diseases requires further investigation and the development 
of appropriate disease models.

Overall, we are the first to utilize a juvenile mouse PM2.5 airway instillation model to assess overall lung 
changes at the single-cell level. Our findings highlight myeloid immune cells, particularly AMs and DCs, as central 
to modulating the immune response to short-term PM2.5-induced lung injury. This approach provides a single-cell 
perspective on how PM2.5 influences the development of lung inflammation through immune pathways. Despite 
revealing significant effects of PM2.5 on the lung immune environment, our study has several limitations. First, the 
study was conducted exclusively in a mouse model, and the short observation period warrants further validation to 
determine whether these findings are translatable to humans. Second, the composition of PM2.5 is highly complex, 
and the specific effects of certain components (eg, metal particles or organic compounds) on immune cells remain 
unclear. Third, the pulmonary toxicities of PM2.5 are dose-dependent, and since only one dosage was used in this 
study, some interpretations may be biased. Future studies could employ single-cell transcriptomics to explore the 
impact of PM2.5 exposure on juvenile disease models, simulating the effects of PM2.5 on populations with specific 
disease susceptibilities. Epidemiological studies have shown that PM2.5 impacts children during both developmental 
and post-developmental stages. Our study provides insight into the possible mechanisms underlying PM2.5 effects on 
children in the post-developmental stage. Further research is needed to elucidate the mechanisms by which PM2.5 

affects children during their developmental stage.
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