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Purpose: Exposure to PM2.5 is a known contributor to the development of chronic obstructive pulmonary disease (COPD). As direct 
targets of PM2.5, bronchial epithelial cells participate in intercellular communication with macrophages and induce phenotypic 
changes in these immune cells. This study aimed to investigate the role and underly mechanism of epithelial cell-derived exosomes 
in regulating macrophage polarization.
Methods: Following PM2.5 exposure, exosomes were isolated from BEAS-2B cells and subsequently co-cultured with M0 macro
phages. We measured the production of inflammatory cytokines and macrophage markers. The phenotypic effect of miR-2110 on 
macrophage polarization was examined in a COPD murine model, with subsequent exploration of relevant molecular pathways. The 
binding specificity of miR-2110 was assessed utilizing a luciferase reporter assay.
Results: In vitro analyses confirmed that P-Exo (PM2.5-exposed BEAS-2B cells exosomes) triggered M1 polarization, as evidenced 
by elevated expression of IL-6, TNF-α, and iNOS-2. Additionally, miR-2110 expression was upregulated in P-Exo. Inhibition of miR- 
2110 reduced M1 polarization and decreased inflammatory cytokine production both in vitro and in vivo. Luciferase assays confirmed 
that miR-2110 targeted SRSF1 expression. Overexpression of SRSF1 mitigated the regulatory role of miR-2110 in promoting M1 
phenotype transition and pro-inflammatory cytokine production.
Conclusion: This work clarifies that exosomal miR-2110, which is produced from lung epithelial cells treated with PM2.5, 
exacerbates COPD and might be a viable target for COPD prevention and therapy.
Keywords: chronic obstructive pulmonary disease, PM2.5, exosomes, macrophage, miR-2110, SRSF1

Introduction
The pathophysiology of chronic obstructive pulmonary disease (COPD), a diverse set of lung disorders marked by 
a progressive deterioration of persistent respiratory symptoms, is directly linked to aberrant inflammatory reactions of the 
airways to dangerous particles and gases.1 Among the various hazardous pollutants in haze, PM2.5 is a major component. 
According to pertinent research, PM2.5 can considerably raise the risk of lung cancer death, impede lung function, and 
increase the prevalence of asthma and COPD, especially at concentration grades 3 and 4.2,3 As direct target cells of 
PM2.5, bronchial epithelial cells can be induced to initiate inflammatory responses and undergo cell death.4,5 A growing 
number of global populations-based cohort studies have provided evidence that long-term exposure to ambient PM2.5 is 
an independent risk factor for COPD incidence, acute exacerbations, hospitalization, and mortality.6,7 Furthermore, an 
increasing body of preclinical studies employs PM2.5 exposure in animals or cells to establish COPD-like models.8,9 

However, current treatment strategies for COPD remain largely palliative.10,11 In order to find innovative treatment 
strategies, future research should concentrate on clarifying the pathogenic processes of COPD.
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Fundamental regulators of pulmonary homeostasis, bronchial epithelial cells and macrophages are central to mediating 
PM2.5-driven lung disease development including COPD.12,13 Exhibiting dual capacity in COPD, bronchial epithelial cells 
provide essential gatekeeper functions while coordinating inflammatory and immune regulation.14,15 As the primary immune 
effector cells in lung tissue and airways, macrophages exhibit high plasticity in response to different microenvironments. 
Demonstrating remarkable plasticity, macrophages differentiate into M1 or M2 polarized forms with distinct functional 
attributes.16 M1 macrophages are primarily pro-inflammatory and drive inflammatory processes, whereas M2 macrophages 
exert anti-inflammatory effects.17 For instance, through epithelial-macrophage crosstalk, cigarette smoke extract orchestrated 
M1-polarized activation that amplified lung tissue damage.18 These findings point to a dynamic exchange of signals between 
bronchial epithelial cells and macrophages, underscoring their reciprocal signaling. Nevertheless, the underlying mechanisms 
of epithelial-macrophage communication remain to be fully elucidated.

As nanoscale particles (40–160 nm), exosomes enable molecular transfer between cells by delivering functional 
components-proteins, various RNA species, and DNA-to recipient cells.19 For instance, in COPD, exosomes derived 
from airway epithelium delivered miRNA-125a-5p to macrophages, promoting their polarization toward the M1 
phenotype and enhancing activation.20 Under cigarette smoke exposure, exosomes secreted by bronchial epithelial 
cells carrying miR-107 could induce macrophage polarization into a pro-inflammatory phenotype, thereby exacerbating 
acute lung injury.21 The study reveals exosomes facilitate bidirectional communication along the epithelial-macrophage 
regulatory axis through genetic content transfer. Based on this evidence, we hypothesize that exosomes may influence the 
progression of COPD through their packaged miRNAs.

In this study, we conducted in vitro and in vivo investigations to examine the role of exosomes derived from 
PM2.5-exposed lung epithelial cells in macrophage polarization and inflammatory responses in COPD. Furthermore, we 
demonstrated that these exosomes delivered miR-2110 into macrophages to alter their polarization state. Our findings 
provide deeper insights into the mechanisms of exosome-mediated communication between epithelial cells and macro
phages and suggest a potential therapeutic target for COPD.

Materials and Methods
Cell Culture and Treatment
Three human cell lines-BEAS-2B (lung epithelial; CRL-3588), THP-1 (monocytic; TIB-202), and HEK293T were 
purchased from American Type Culture Collection (ATCC, Mansfield, Virginia, USA) and cultured under standard 
conditions (37°C, 5% CO2). BEAS-2B and HEK293T in complete DMEM (10% FBS, 1% penicillin-streptomycin; 
21969035; Gibco, Grande Island, USA), and THP-1 in RPMI-1640 (11879020; Gibco) with 50 μM β-mercaptoethanol 
(21985023; Invitrogen, Waltham, MA, USA).

THP-1 cells were exposed to 100 ng/mL phorbol 12-myristate 13-acetate (PMA) for 48 hours in order to generate M0 
macrophages.22 A stock solution of 5 μg/μL PM2.5 (SRM 1648a, NIST, Gaithersburg, Maryland, USA) was produced for PM2.5 
exposure in accordance with earlier research.23 BEAS-2B cells were then exposed to a final concentration of 0, 100, 200 and 
400 μg/mL PM2.5 for 48 hours.23 This exposure was repeated over five passages to simulate chronic PM2.5 treatment.

Isolation and Characterization of Exosomes
Using the ExoQuick-TC kit (EQPL10TC-1; System Biosciences, USA), exosomes from BEAS-2B cells that had either 
been left untreated or treated with PM2.5 were separated, and designated as control exosomes (C-Exo) and PM2.5- 
exosomes (P-Exo), respectively. Briefly, the supernatant from BEAS-2B cultures was centrifuged at 3000 × g for 
30 minutes, followed by a second centrifugation at 10,000 × g for 20 minutes. To eliminate microparticles, the super
natant was then passed through a 100 kDa ultrafiltration apparatus (Amicon Ultra-15, Millipore, Billerica, Massachusetts, 
USA). Following overnight incubation with ExoQuick-TC, the mixture was sequentially centrifuged at 1500 × g (30 min) 
and 3000 × g (5 min) to isolate exosomal pellets after supernatant aspiration. Finally, the exosome pellet was resuspended 
in 200 μL of phosphate buffer saline (PBS) for subsequent analysis.

The morphological features of the isolated exosomes were examined using transmission electron microscopy (TEM) 
(HT7800, Hitachi, Tokyo, Japan). The size distribution of the exosomes was analyzed with a nanoparticle tracking 
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analysis (ZetaView PMX 110, Particle Metrix, Amsterdam, Munich, Germany). Protein expression levels of exosomal 
surface markers (CD63 and CD9) and the negative marker Calnexin were detected by Western blotting.

Western Blotting
Exosomes were manually homogenized using a glass homogenizer and lysed on ice with Radio Immunoprecipitation 
Assay (RIPA) buffer for 30 minutes to extract proteins. Following 10% SDS-PAGE separation (P0012A; Beyotime, 
Shanghai, China) and wet transfer to PVDF membranes (0.22 μm), blots were blocked with skim milk/TBS (1 hour) and 
incubated with primary antibodies (4 °C, overnight). After washing with TBST, the membrane was incubated with 
a horseradish peroxidase (HRP)-conjugated rabbit IgG secondary antibody (1:500; ab288151, Abcam, Cambridge, UK). 
Protein bands were visualized using an enhanced chemiluminescence (ECL) detection kit (P0018S; Beyotime). 
Antibodies used in this study included anti-CD63 (1:1000; ab134045, Abcam), anti-CD9 (1:1000; ab236630, Abcam), 
anti-Calnexin (1:1000; ab22595, Abcam), and GAPDH (1:1000; ab9485, Abcam).

Co-Culture System of Exosomes or BEAS-2B Cells with Macrophages
A Transwell™ system with 0.4 μm pore-sized membranes (Corning, Conyngham, New York, USA) was used to establish 
the co-culture of macrophages and BEAS-2B cells. THP-1 cells were seeded in the upper chamber and differentiated into 
M0 macrophages by treatment with PMA. In a 6-well transwell setup, BEAS-2B cells were cultured in the basal 
compartment with M0 macrophages in the upper chamber insert. After 48 hours of co-culture, macrophages were 
collected for further examination.

For the exosome-macrophage co-culture group, M0 macrophages were treated with 200 μL of C-Exo or P-Exo and 
incubated for 48 hours. Subsequently, macrophages were harvested for subsequent experiments.

Uptake Assay of Exosomes
According to established methodology, exosomes were labeled with the PKH26 Red Fluorescent Cell Linker Kit 
(MX4021; Sigma, USA).24 Following PBS washes, THP-1 cells were incubated with PKH26-labeled exosomes. To 
assess cellular uptake, nuclei were counterstained with DAPI and fluorescence imaging was performed using a Zeiss 
microscope (Zeiss, Oberkochen, Baden-Württemberg, Germany).

Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR)
Total RNA was extracted from cells or tissues using TransZol Up (ET111-01-V2; TransGen Biotech, Beijing, China). 
mRNA analysis involved cDNA synthesis with PrimeScript RT kit (RR014A; TaKaRa, Tokyo, Japan) followed by SYBR 
Green-based qPCR (4385617; Invitrogen). For miRNA quantification, we employed the TaqMan miRNA Reverse 
Transcription Kit and Expression Assay Kit (A28007; Invitrogen) for RT-qPCR detection. U6 and GAPDH were used as 
internal controls for miRNA and mRNA normalization, respectively. Primer sequences are listed in Supplementary Table 1.

Enzyme-Linked Immunosorbent Assay (ELISA)
Supernatants from macrophage cultures, blood samples, and bronchoalveolar lavage fluid were collected and centrifuged. 
The levels of IL-6 (ab178013), IL-10 (ab185986), IL-17 (ab216167), and IL-22 (ab216170) were measured using the 
following commercial ELISA kits (Abcam).

Analysis of GEO Databases
Data were sourced from the Gene Expression Omnibus database using the identifiers GSE156572 and GSE218571. 
GSE156572 contains miRNA expression profiles of extracellular vesicles (EVs) isolated from the conditioned medium of 
BEAS-2B cells. GSE218571 includes miRNA expression data of EVs obtained from bronchoalveolar lavage fluid of 24 
subjects with stable mild or moderate COPD and 20 healthy controls. Venn analysis was performed to identify miRNAs 
commonly enriched in EVs from both datasets. The research protocol was approved by the Ethics Committee of The 
Affiliated Hospital of Nantong University (Approval No. 2025-L037). All experiments and procedures were performed 
according to the Declaration of Helsinki (as revised in 2013).
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Cell Transfection
All oligonucleotides (miR-2110 mimic, miR-2110 inhibitor, corresponding negative controls) and plasmids (oe-SRSF1, 
oe-NC) were provided by GenePharma (Shanghai). For transfection, BEAS-2B or THP-1 cells were transfected at 80% 
confluency using Lipofectamine 3000 (L3000150; Invitrogen) per manufacturer’s protocol.

Construction and Grouping of Mouse COPD Model
All experiments used weight-matched female C57BL/6 mice (6–7 weeks) maintained in SPF facilities with ad libitum 
water and standard diet. The mice were randomly divided into six groups (n=6 each):

(1) Control group (Con): Air exposure and no exosome treatment was administered.
(2) PM2.5 exposure group (PM2.5)
(3) PM2.5 exposure + scrambled antagomir treatment (PM2.5 + Scr)
(4) PM2.5 exposure + miR-2110–specific antagomir treatment (PM2.5 + miR-2110 Ant)
(5) Air exposure + exosomes from NC inhibitor-transfected BEAS-2B cells after PM2.5 treatment (PM2.5 + NC 

inhibitor-Exo)
(6) Air exposure + exosomes from miR-2110 inhibitor -transfected BEAS-2B cells after PM2.5 treatment (PM2.5 + 

miR-2110 inhibitor-Exo)

Using an inhalation exposure system (Raymain, Shanghai, China), mice in the clean air and PM2.5 groups were housed in 
polycarbonate chambers and exposed to filtered air or 600 μg·m−3 PM2.5 respectively.25 The exposure was conducted for 
4 hours per day, 5 days per week, over a period of 12 weeks. Starting from the second week, a subset of mice received weekly 
tail vein injections of 12 μL antagomir (1 × 109 TU/mL) for 12 weeks. The exosome-treated groups underwent a 12-week 
regimen of weekly tail vein injections at a dosage of 100 μg per mouse.25 The mice were euthanized by cervical dislocation after 
intraperitoneal injection of pentobarbital (150 mg/kg) and whole lung tissues were collected. All experimental procedures were 
approved by the Institutional Ethical Committee of the Nantong University (Approval ID: SYXK [SU] 2025–0037). The animal 
experiments were conducted in accordance with the Regulation of Animal Research Ethics in China (GB/T35892-2018).

Histology
Paraformaldehyde-fixed lung tissues were dehydrated, embedded, and sectioned at 5 μm for H&E and Masson trichrome 
staining (C0105S; Beyotime). Pathological assessment was performed with an Olympus IX73 microscope (IX73, 
Olympus, Japan).

Protein-Protein Interaction (PPI) Network and Hub Gene Screening
Using the STRING database with high-confidence threshold (score ≥ 0.700) and Homo sapiens restriction, PPI analysis 
was performed on putative miR-2110 target genes. Network visualization was achieved with Cytoscape 3.10.1. To 
identify hub genes among the potential targets, the top 10 central genes were screened using the BETWEENNESS, 
CLOSENESS, and DEGREE algorithms via the cytoHubba plugin in Cytoscape 3.10.1.

Luciferase Reporter Assay
SRSF1 3′-UTR fragments (wild-type/mutant) were ligated into pmirGLO luciferase vectors. Mutagenesis employed the 
Easy Mutagenesis System (Transgen). HEK293T transfections included miR-2110/NC mimics with corresponding 
reporters, with Dual-Luciferase® assays (E1910; Promega, USA) at 48h post-transfection and Renilla normalization.

Statistical Analysis
All in vitro experiments were repeated three times. For animals’ experiments, data are from six biological replicates. 
Data are presented as mean ± standard deviation (SD). Statistical significance was determined by one-way ANOVA 
followed by Dunnett’s multiple comparison test in GraphPad Prism 8.0, with P < 0.05 considered significant.
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Results
Characterization of BEAS-2B-Derived Exosomes
Intercellular communication within the microenvironment coordinates the assembly and function of diverse cell types.26 

During PM2.5 exposure, lung epithelial cells directly interact with harmful particles, leading to alterations in macrophage 
behavior within the microenvironment, which may contribute to airway remodeling and inflammation in COPD.27 

A comparative analysis of exosomal biological properties was conducted using exosomes isolated from BEAS-2B 
cells under control (C-Exo) and PM2.5-exposed (P-Exo) conditions, to assess their role in epithelial-macrophage 
crosstalk. Both types of exosomes exhibited typical bilayer membrane vesicles (Figure 1A) and a size distribution within 
the range of 50–150 nm (Figure 1B). Western blot analysis confirmed the presence of characteristic exosome markers 

Figure 1 P-Exo promoted M1 macrophage polarization and inflammatory response. We isolated exosomes from BEAS-2B (C-Exo) or PM2.5-exposed BEAS-2B cells 
(P-Exo). (A) Transmission electron microscopy was employed to characterize the morphology of exosomes. (B) Nanoparticle tracking analysis was employed to 
characterize the particle size distribution of exosomes. (C) Western blot was performed to detect CD63, CD9, and Calnexin protein expression. (D) PHK26 labeling of 
exosomes was employed to detect exosomes uptake. (E) The mRNA expression of IL-6, TNF-α, iNOS-2, CD206, IL-10, and Arg-1was detected by RT-qPCR. (F) The level 
of IL-6, IL-17, IL-22, and IL-10 was detected by ELISA. Data are presented as mean ± SD. “ns” represents no statistical significance. *P<0.05, **P<0.01, ***P<0.001.
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CD63 and CD9, while Calnexin was undetectable (Figure 1C). When THP-1 cells were incubated with PKH26-labeled 
C-Exo or P-Exo, fluorescence microscopy revealed co-localization of both exosome types with THP-1 cells, indicating 
that they were effectively taken up by THP-1 cells (Figure 1D). In summary, these results demonstrate the successful 
isolation of C-Exo and P-Exo and confirm their uptake by target cells.

P-Exo Promoted M1 Macrophage Polarization and Inflammatory Response
To further investigate the effect of P-Exo on macrophage polarization, M0 macrophages were generated from THP-1 
cells through PMA stimulation. Co-culture with P-Exo induced a macrophage polarization shift, evidenced by concurrent 
elevation of M1 transcripts (IL-6, TNF-α, iNOS-2) and reduction of M2 markers (CD206, IL-10, Arg-1) relative to PBS- 
treated cells (Figure 1E). Exposure to C-Exo exerted a limited effect, inducing partial alteration of polarization markers 
with mild upregulation of select M1 markers and downregulation of some M2 markers (Figure 1E). ELISA analysis 
validated that P-Exo co-culture significantly enhanced secretory levels of the M1 marker IL-6 and pro-inflammatory 
cytokines IL-17/IL-22, while concurrently suppressing the M2 marker IL-10 (Figure 1F). Collectively, these findings 
indicate that P-Exo promotes macrophage polarization toward the M1 phenotype and enhances inflammatory responses 
upon co-culture with macrophages.

P-Exo Carried miR-2110 into Macrophages
In this study, we aimed to identify specific miRNAs carried by lung epithelial cell-derived exosomes into macrophages. 
Based on analysis of GEO datasets (GSE156572 and GSE218571), five miRNAs were found to be significantly enriched 
in EVs from both COPD patients and BEAS-2B cells (Figure 2A). Subsequent validation in BEAS-2B cells showed that, 
compared to normal cells, PM2.5-exposed BEAS-2B exhibited significantly elevated expression of miR-2110 and miR- 
345-5p, while the other three miRNAs (miR-182-5p, miR-200b-5p, and miR-191-5p) showed no notable change 
(Figure 2B). Furthermore, RT-qPCR analysis revealed that, among these two miRNAs, only miR-2110 was significantly 
upregulated in P-Exo compared to C-Exo, with no differential expression observed for miR-345-5p (Figure 2C). These 
findings suggest miR-2110 may be a key miRNA cargo in P-Exo. As shown in Figure 2D, in BEAS-2B cells exposed to 
varying doses, the expression of miR-2110 increased with higher PM2.5 concentrations, and the expression level of miR- 
2110 was highest at 400 μg/mL This strongly supports that miR-2110 is a key sensitive molecule in PM2.5-induced 
cellular stress responses. Furthermore, co-culture with P-Exo resulted in significantly elevated miR-2110 expression in 
M0 macrophages relative to both PBS controls and C-Exo treatment conditions (Figure 2E). Together, these results 
indicate that miR-2110 serves as an important mediator in exosome-mediated communication between PM2.5-exposed 
lung epithelial cell-derived exosomes and macrophages.

Exosomal miR-2110 Derived from PM2.5-Stimulated Lung Epithelial Cells Induced M1 
Macrophage Polarization and Inflammatory Responses
Given the significant enrichment of miR-2110 in exosomes from PM2.5-exposed lung epithelial cells, we further investigated 
its role in regulating macrophage polarization and inflammatory responses. miR-2110 inhibitor was transfected into BEAS-2B 
cells to suppress miR-2110 expression, which significantly reduced miR-2110 level as confirmed by RT-qPCR (Figure 3A). 
Subsequently, BEAS-2B cells were treated with PM2.5 to establish an in vitro COPD model, and co-cultured with M0 
macrophages using a Transwell system to evaluate macrophage polarization. BEAS-2B cells under PM2.5 exposure promoted 
M1 marker expression and inhibited M2 markers in macrophages (Figure 3B). Transfection with miR-2110 inhibitor reversed 
these polarization changes (Figure 3B). ELISA results further demonstrated that inhibition of miR-2110 in BEAS-2B cells 
significantly attenuated the PM2.5-induced secretion of IL-6, IL-17, and IL-22, while enhancing the production of IL-10 
(Figure 3C). In summary, therapeutic targeting of miR-2110 in pulmonary epithelial cells effectively alleviates 
PM2.5-triggered M1 polarization and subsequent inflammatory cascades.
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Figure 2 P-Exo promoted M1 macrophage polarization and inflammatory response. (A) Venn Diagram of intersecting genes from GSE156572 database and GSE218571 
database. (B) The expression of miR-2110, miR-345-5p, miR-182-5p, miR-200b-5p, and miR-191-5p in PM2.5-treated or untreated BEAS-2B cells was detected by RT-qPCR. 
(C) The expression of hsa-miR-2110 and miR-345-5p in C-Exo and P-Exo was detected by RT-qPCR. (D) The expression of hsa-miR-2110 in 0, 100, 200 and 400 μg/mL 
PM2.5-treated BEAS-2B was detected by RT-qPCR. (E) The expression of miR-2110 in M0 macrophages treated with C-Exo or P-Exo was detected by RT-qPCR. Data are 
presented as mean ± SD. “ns” represents no statistical significance. **P<0.01, ***P<0.001.
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Exosomal miR-2110 Promoted Airway Inflammation by Inducing M1 Macrophage 
Polarization
To investigate the role of miR-2110 in vivo, we established an in vivo COPD model. Mice were administered via tail vein 
injection either a miR-2110-specific antagomir (miR-2110 Ant) or exosomes from miR-2110 inhibitor or NC inhibitor - 
transfected BEAS-2B cells after PM2.5 treatment (PM2.5+miR-2110 inhibitor-Exo or PM2.5+NC inhibitor-Exo). RT- 
qPCR results showed that PM2.5 exposure significantly increased miR-2110 expression, which was suppressed by miR- 
2110 Ant (Figure 4A). Furthermore, PM2.5+NC inhibitor-Exo, but not those transfected with miR-2110 inhibitor, 
elevated miR-2110 levels in mouse lung tissue (Figure 4A). H&E and Masson staining revealed that inhibition of 
miR-2110 expression attenuated PM2.5-induced lung tissue damage, inflammation, and airway obstruction (Figure 4B 
and C). In contrast, the PM2.5+NC inhibitor-Exo group exhibited enhanced inflammatory cell infiltration and airway 
obstruction, similar to the PM2.5-only group (Figure 4B and C). These pathological changes were reversed by treatment 
with PM2.5+miR-2110 inhibitor-Exo (Figure 4B and C). Similarly, levels of IL-6, IL-17, and IL-22 in plasma and 
bronchoalveolar lavage fluid were significantly upregulated in the PM2.5 and PM2.5+NC inhibitor-Exo groups compared 
to controls, while IL-10 was downregulated (Figure 4D and E). These alterations were reversed both by miR-2110 Ant 
and PM2.5+miR-2110 inhibitor-Exo treatment (Figure 4D and E). Moreover, miR-2110 Ant and PM2.5+miR-2110 
inhibitor-Exo downregulated the expression of M1 macrophage markers and upregulated M2 markers in lung tissues 
compared to the PM2.5 and PM2.5+NC inhibitor-Exo groups (Figure 4F). In conclusion, these results demonstrate that 
exosomal miR-2110 drives M1 polarization to promote airway inflammation.

MiR-2110 Targeted and Suppressed SRSF1 Expression
We used the miRDB, mirDIP 3, and TargetScan databases to predict potential downstream targets of miR-2110. By 
intersecting the predicted targets with genes known to be downregulated in COPD, we identified 42 candidate target genes 
associated with COPD pathogenesis (Figure 5A) and PPI network was constructed (Figure 5B), and the top 16 hub genes were 
selected using the cytoHubba plugin in Cytoscape based on BETWEENNESS, CLOSENESS, and DEGREE centrality 
measures (Figure 5C–E). The intersection of these hub genes yielded six common core nodes: PRKACA, SRSF1, MAPK1, 
SFPQ, AR, and QKI (Figure 5F). Based on literature review, SRSF1,28,29 MAPK1,30,31 SFPQ,32 and QKI33,34 were selected 
for further investigation due to their reported roles in COPD and macrophage function. Subsequently, we transfected THP-1 
cells with miR-2110 mimic to validate the expression of the candidate genes. Transfection with miR-2110 mimic significantly 
increased the expression of miR-2110 in THP-1 cells (Figure 5G). Moreover, overexpression of miR-2110 markedly 
suppressed the expression of SRSF1 and MAPK1, while it had no significant effect on the expression of QKI or SFPQ 
(Figure 5H). Among the affected genes, the inhibition of SRSF1 was more pronounced. SRSF1 was therefore investigated as 

Figure 3 Exosomal miR-2110 Derived from PM2.5-Stimulated Lung Epithelial Cells Induced M1 Macrophage Polarization and Inflammatory Responses. BEAS-2B cells were 
co-cultured with M0 macrophages after transfection using PM2.5, miR-2110 inhibitor or NC inhibitor. (A) The expression of miR-2110 in BEAS-2B cells was detected by RT- 
qPCR. (B) The mRNA expression of IL-6, TNF-α, iNOS-2, CD206, IL-10, and Arg-1 in M0 macrophages was detected by RT-qPCR. (C) The level of IL-6, IL-17, IL-22, and IL- 
10 in M0 macrophages was detected by ELISA. Data are presented as mean ± SD. “ns” represents no statistical significance. *P<0.05, **P<0.01, ***P<0.001.
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a miR-2110 target. The predicted binding site (Figure 5I) and direct 3’UTR binding were confirmed by luciferase reporter 
assays (Figure 5J). In summary, miR-2110 targets SRSF1 and inhibits its expression.

MiR-2110 Promoted M1 Macrophage Polarization and Inflammatory Responses by 
Targeting SRSF1
To investigate whether miR-2110 regulates macrophage polarization through SRSF1, we first transfected THP-1 cells 
with oe-SRSF1 to achieve stable overexpression of SRSF1. The results confirmed a significant increase in SRSF1 

Figure 4 Exosomal miR-2110 Promoted Airway Inflammation by Inducing M1 Macrophage Polarization. The mice were then randomly divided into six weight-matched 
groups (n = 6 per group) as follows: (1) Control group (Con); (2) PM2.5 exposure group (PM2.5); (3) PM2.5 exposure + scrambled antagomir treatment (PM2.5 + Scr); (4) 
PM2.5 exposure + miR-2110–specific antagomir treatment (PM2.5 + miR-2110 Ant); (5) Air exposure + exosomes derived from PM2.5-exposed BEAS-2B cells transfected 
with NC inhibitor (PM2.5 + NC inhibitor-Exo); (6) Air exposure + exosomes derived from PM2.5-exposed BEAS-2B cells transfected with miR-2110 inhibitor (PM2.5 + miR- 
2110 inhibitor-Exo). (A) The RNA expression of hsa-miR-2110 in lung tissues was detected by RT-qPCR. (B) H&E staining was used to detect the lung tissue morphology of 
each group. (C) Masson staining was used to detect the lung tissue morphology of each group. (D) The level of IL-6, IL-17, IL-22, and IL-10 in plasma was detected by ELISA. 
(E) The level of IL-6, IL-17, IL-22, and IL-10 in alveolar lavage fluid was detected by ELISA. (F) The mRNA expression of IL-6, TNF-α, iNOS-2, CD206, IL-10, and Arg-1in lung 
tissues was detected by RT-qPCR. Data are presented as mean ± SD. “ns” represents no statistical significance. *P<0.05, **P<0.01, ***P<0.001.
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Figure 5 MiR-2110 Targeted and Suppressed SRSF1 Expression. (A) Venn Diagram of target gene intersection across four databases. (B) PPI network relationship diagram 
of candidate genes. (C) Network relationship diagram of the top 10 hub genes obtained by filtering using the BETWEENNESS centrality measure. (D) Network relationship 
diagram of the top 10 hub genes obtained by filtering using the CLOSENESS centrality measure. (E) Network relationship diagram of the top 10 hub genes obtained by 
filtering using the DEGREE centrality measure. (F) Venn Diagram of the intersection of top 10 hub genes identified based on BETWEENNESS, CLOSENESS, and DEGREE 
centrality measures. (G) The RNA expression of hsa-miR-2110 in THP-1 cells was detected by RT-qPCR. (H) The mRNA expression of SRSF1, MAPK1, SFPQ, and QKI in 
THP-1 cells was detected by RT-qPCR. (I) Prediction of binding targets of miR-2110 to SRSF1. (J) In 293T cells, dual luciferase assay was used to validate the targeting 
relationship between miR-2110 and SRSF1. Data are presented as mean ± SD. “ns” represents no statistical significance. *P<0.01, ***P<0.001.
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expression following transfection (Figure 6A). The THP-1 cells were then differentiated into M0 macrophages using 
PMA. Compared to the NC mimic group, transfection with miR-2110 mimic markedly upregulated the expression of M1 
macrophage markers (IL-6, TNF-α, and iNOS-2) and downregulated M2 markers (CD206, IL-10, and Arg-1) 
(Figure 6B). However, overexpression of SRSF1 counteracted the polarization effects induced by miR-2110 mimic 
(Figure 6B). ELISA results further showed that miR-2110 mimic significantly enhanced the secretion of Inflammatory 
factors, while reducing the level of IL-10, which were also reversed by oe-SRSF1 (Figure 6C). In conclusion, these 
findings demonstrate that miR-2110 promotes M1 macrophage polarization and inflammatory responses by negatively 
regulating SRSF1 expression.

Figure 6 MiR-2110 Promoted M1 Macrophage Polarization and Inflammatory Responses by Targeting SRSF1. M0 macrophage differentiation was induced by PMA after 
transfection of oe-SRSF1 or miR-2110 mimic in THP-1 cells. (A) The mRNA expression of SRSF1 in THP-1 cells was detected by RT-qPCR. (B) The mRNA expression of IL-6, 
TNF-α, iNOS-2, CD206, IL-10, and Arg-1in M0 macrophages was detected by RT-qPCR. (C) The level of IL-6, IL-17, IL-22, and IL-10 in M0 macrophages was detected by ELISA. 
Data are presented as mean ± SD. “ns” represents no statistical significance. *P<0.05, **P<0.01, ***P<0.001.

International Journal of Chronic Obstructive Pulmonary Disease 2026:21                                                https://doi.org/10.2147/COPD.S584536                                                                                                                                                                                                                                                                                                                                                                                                      11

Miao et al

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



Discussion
With ongoing social development, PM2.5 pollution poses an increasing threat to human health. Chronic exposure to 
PM2.5 causes inflammation in the lungs and airways, which aids in the development of COPD.35 As a direct target of 
PM2.5, bronchial epithelial BEAS-2B cells exposed to PM2.5 exhibit increased secretion of inflammatory cytokines.27,36 

Furthermore, PM2.5-induced oxidative stress, airway inflammation, and macrophage polarization are implicated in the 
pathogenesis of COPD and can lead to emphysema. Previous studies have shown that PM2.5-exposed BEAS-2B cells 
triggered macrophage polarization toward a pro-inflammatory phenotype, representing a key factor in COPD 
development.23 The molecular basis of epithelial-macrophage communication remains incompletely characterized. To 
address this knowledge gap, we utilized complementary in vitro and in vivo approaches to delineate the mechanisms of 
pulmonary intercellular crosstalk.

Exosomes play a crucial role in intercellular communication by transferring functional genetic material to recipient cells.19 

Recent studies have highlighted their involvement in the progression of lung diseases. For example, Previous work by Guo 
et al established the contribution of exosomal crosstalk in bronchial epithelial-fibroblast communication to 
PM2.5-exacerbated airway remodeling in COPD via promoted myofibroblast activation.25 In this study, we found that 
P-Exo were taken up by recipient macrophages, promoting their polarization toward the M1 phenotype and enhancing 
inflammatory responses. Through dynamic adaptation to microenvironmental signals, macrophages polarize into M1 subtypes 
that initiate inflammatory cascades via inflammatory factors secretion. This response correlates with lung parenchymal 
damage and COPD pathogenesis exacerbation.37 Therefore, inhibiting M1 macrophage infiltration represents a critical 
strategy for mitigating airway and pulmonary inflammation in COPD.38 Our findings were consistent with previous reports 
showing that CSE-treated BEAS-2B-derived EVs significantly enhanced the expression of CD86 and CD80 and promoted the 
secretion of TNF-α, IL-6, IL-1β, iNOS, and IL-12, thereby inducing M1 macrophage polarization.39 These results suggest that 
BEAS-2B-derived exosomes/EVs facilitate M1 macrophage polarization, underscoring their role as key mediators of 
intercellular communication and important contributors to the pathogenesis of COPD.

MiRNAs are small single-stranded non-coding RNA molecules involved in diverse cellular processes.40 Studies have 
shown that exosomes or EVs derived from lung epithelial cells are enriched with numerous miRNAs.41 These vesicles 
stably transport encapsulated miRNAs to recipient cells, where they exert biological effects. For instance, in COPD, 
epithelial-derived exosomes delivered miRNA-125a-5p to macrophages, promoting M1 macrophage polarization.20 

Expression of miR-2110 was significantly elevated in EVs isolated from bronchoalveolar lavage fluid of COPD patients, 
and it demonstrated excellent predictive performance in distinguishing between healthy individuals and those with mild 
COPD.42 In this study, we identified miR-2110 as highly enriched in P-Exo. P-Exo delivered miR-2110 into macro
phages, leading to increased intracellular expression of miR-2110. Previous studies reported that miR-2110 was 
significantly enriched in EVs from COPD patients and was closely associated with disease pathogenesis.42 However, 
the role of miR-2110 in macrophage polarization had not been previously investigated. Our results found that inhibition 
of miR-2110 expression reduced M1 macrophage polarization and alleviated PM2.5-induced pulmonary inflammatory 
infiltration and tissue damage. Furthermore, exosomes derived from miR-2110-inhibited BEAS-2B cells reversed the 
P-Exo-driven M1 polarization and inflammatory response. These findings indicate that P-Exo promotes pro-inflammatory 
responses in macrophages via the delivery of miR-2110, and that miR-2110 acts as a genetic mediator in epithelial- 
macrophage crosstalk that exacerbates COPD progression.

The canonical function of miRNAs involves 3’UTR binding to exert regulatory effects at post-transcriptional or 
translational levels.43 To identify the target genes regulated by miR-2110, we employed bioinformatic tools and identified 
SRSF1 as a promising candidate. Current evidence confirmed that miR-2110 bound to the 3’UTR of SRSF1 and 
suppressed its expression. Serine/arginine-rich splicing factors (SRSFs) constitute a large family of RNA-binding 
proteins with diverse physiological functions.44 Studies have shown that SRSFs serve as potential biomarkers in chronic 
pulmonary inflammatory diseases and are involved in inflammatory responses.28 For example, SRSF1 attenuated 
inflammatory progression by restricting the production of interferon-gamma (IFN-γ).45 Furthermore, SRSF1 is closely 
associated with the regulation of macrophage polarization. Ting Gan et al demonstrated that SRSF1 protein expression 
suppressed pro-inflammatory activity by inhibiting M1 macrophage polarization.29 These findings collectively highlight 
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the anti-inflammatory potential of SRSF1. In this study, we found that overexpression of SRSF1 reversed the pro- 
inflammatory effects of miR-2110, notably by inhibiting both M1 macrophage polarization and inflammatory activity in 
macrophages. These results further support the mechanism whereby miR-2110, upon entering macrophages, promotes 
inflammatory progression by suppressing the expression of the anti-inflammatory protein SRSF1.

Although this research clarifies key aspects of epithelial-macrophage communication in COPD, the complexity of the 
airway microenvironment necessitates broader investigation. Future studies should examine epithelial interactions with 
diverse immune populations (including T and NK cells) and determine the full spectrum of mechanisms (eg., protein/ 
ncRNA transfer) by which PM2.5-induced exosomes regulate macrophage polarization. Furthermore, whether exosomes 
derived from PM2.5-exposed lung epithelial cells alter macrophage polarization through additional mechanisms-such as 
carrying proteins or other non-coding RNAs-requires further in-depth investigation.

Conclusion
In summary, our study identified that P-EXO delivers miR-2110 to promote M1 macrophage polarization, potentially 
through the miR-2110/SRSF1 axis. These results establish exosomes as critical mediators of epithelial-macrophage 
communication in COPD pathogenesis, highlighting the miR-2110/SRSF1 pathway as a potential therapeutic strategy.
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