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Introduction

Elevated blood eosinophil levels in patients with chronic obstructive pulmonary disease (COPD) with or without asthma are linked to increased exacerbations and the effectiveness of inhaled corticosteroid treatment. This study aimed to delineate the inflammatory cellular properties of eosinophils in patients with asthma-COPD overlap (ACO) and eosinophilic COPD (eCOPD).





Methods

Eosinophils were isolated from the peripheral blood of healthy volunteers, patients with non-eCOPD, and those with ACO/eCOPD. Multi-omics analysis involving transcriptomics, proteomics, and lipidomics was performed, followed by bioinformatic data analyses. In vitro experiments using eosinophils from healthy volunteers were conducted to investigate the molecular mechanisms underlying cellular alterations in eosinophils.





Results

Proteomics and transcriptomics analyses revealed cellular characteristics in overall COPD patients represented by viral infection (elevated expression of sterol regulatory element-binding protein-1) and inflammatory responses (elevated levels of IL1 receptor-like 1, Fc epsilon receptor Ig, and transmembrane protein 176B). Cholesterol metabolism enzymes were identified as ACO/eCOPD-related factors. Gene Ontology and pathway enrichment analyses demonstrated the key roles of antiviral responses, cholesterol metabolism, and inflammatory molecules-related signaling pathways in ACO/eCOPD. Lipidomics showed the impaired synthesis of cyclooxygenase-derived mediators including prostaglandin E2 (PGE2) in ACO/eCOPD. In vitro assessment confirmed that IL-33 or TNF-α stimulation combined with IL-5 and IFN-γ stimulation induced cellular signatures in eosinophils in ACO/eCOPD. Atorvastatin, dexamethasone, and PGE2 differentially modulated these inflammatory changes.





Discussion

ACO/eCOPD is associated with viral infection and an inflammatory milieu. Therapeutic strategies using statins and inhaled corticosteroids are recommended to control these pathogenic changes.
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1 Introduction

Chronic obstructive pulmonary disease (COPD) is characterized by chronic airway inflammation and emphysema, typically marked by the accumulation of macrophages and neutrophils. The concurrent presence of airway eosinophilic inflammation in COPD has been previously reported on (1). In the general population, blood eosinophilia is positively associated with COPD and current smoking (2). Previous research has shown that 56% of patients with COPD have blood eosinophilia (≥150 cells/mL) (3). Patients with elevated blood eosinophil count in COPD experience more frequent exacerbations, and there exists a direct correlation between blood eosinophil counts and exacerbation frequency (4). Furthermore, lung tissue eosinophils increased in severe COPD (5). The therapeutic efficacy of inhaled corticosteroids is higher in patients with eosinophilic COPD (eCOPD) than that in those without eCOPD (non-eCOPD) (6–9). Despite these findings, the precise role of eosinophilic inflammation in COPD remains elusive. Therefore, the role of eosinophilic inflammation in COPD remains unclear.

Patients with COPD often have comorbid asthma. Patients with asthma-COPD overlap (ACO) present with frequent exacerbations and rapidly declining pulmonary function (10). Our previous study has established that blood eosinophil count, as opposed to neutrophil count, serves as a predictor of exacerbation (11). Thus, the quantitative differences and similarities in eosinophilic inflammation between COPD and asthma need to be clearly understood.

Studies on patients with allergic diseases have demonstrated inflammatory changes in eosinophils present in blood or tissues (12, 13). Type 2 cytokines, such as IL-5, play pivotal roles in these alterations. Our previous research has highlighted pro-inflammatory changes in eosinophils from patients with severe asthma and eosinophilic chronic sinusitis, accompanied by dysregulated fatty acid metabolism (14, 15). Activators for eosinophils in the local milieu include type 2 cytokines and microbial responses (15). At present, it is unclear whether eosinophils are activated, or which factors can activate these cells in COPD. Furthermore, the activation status of eosinophils and the factors driving their activation in COPD remain unclear.

In this study, we performed a comprehensive analysis of blood eosinophils from healthy volunteers and COPD patients with or without ACO and eCOPD using multi-omics analyses to elucidate the cellular characteristics of eosinophils in COPD.




2 Methods



2.1 Study population

Five healthy participants with no history of asthma or COPD (HP group), five patients without eCOPD (non-eCOPD group), and six patients with ACO and eCOPD (ACO/eCOPD group) were included in this study (Supplementary Figure 1). The characteristics of the participants are summarized in Supplementary Table 1. This study was approved by the Institutional Review Boards of RIKEN (Y2020-038) and Keio University School of Medicine (20200100). All participants provided written informed consent prior to participation. The study protocol is registered at UMIN clinical trials registry (UMIN000048174).




2.2 Isolation of eosinophils from human peripheral blood

Eosinophils were isolated from the peripheral blood of healthy volunteers and patients with COPD using the eosinophil isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany) following the manufacturer’s instructions. Briefly, a negative selection method using biotin-conjugated antibodies against various cell surface markers, including CD2, CD14, CD16, CD19, CD56, CD123, and CD235a, and microbeads conjugated to monoclonal anti-biotin antibodies was used.




2.3 RNA and protein extraction

Total RNAs and proteins were isolated from eosinophil lysates as described in the Materials and methods section of the online data supplement.




2.4 RNA sequencing analysis

RNA-seq libraries were prepared according to according to the instructions of the Quant Seq 3’ mRNA-seq library preparation kit FWD of Illumina (Lexogen, Vienna, Austria), sequenced, and analyzed as described in the Materials and methods section of the online data supplement.




2.5 Proteome analysis

The extracted proteins were digested into peptides and analyzed as described in the Materials and methods section of the online data supplement.




2.6 Targeted liquid chromatography-tandem mass spectrometry-based lipidomics

LC-MS/MS analysis was performed as described in a previous study (15) with technical modifications to the extraction protocol for fatty acid metabolites. Details are described in the Materials and methods section of the online data supplement.




2.7 In vitro treatment of peripheral blood eosinophils

Purified eosinophils (1.0 × 106 cells/mL) were seeded in RPMI medium supplemented with 10% fetal bovine serum and 100 IU/mL of penicillin and cultured with 10 ng/mL type 2 cytokines (interleukin-4 (IL-4), IL-5, and IL-33), interferon (IFN)-α/γ, and tumor necrosis factor (TNF)-α (R&D Systems, Minneapolis, MN) for 3 or 24 h. Cells were pretreated with 100 μM atorvastatin (ATO), 10 nM dexamethasone (DEX), and 100 nM prostaglandin E2 (PGE2) for 15 min. Afterwards, the expression levels of mRNA (FCER1G, MVD, SQLE, TMEM176B, and GGT5) and cell surface antigens (FCER1G) were evaluated using quantitative reverse transcription (RT)-PCR and flow cytometric analyses. The details are described in the Materials and Methods section of the online data supplement.




2.8 Statistical analysis

Data are presented as mean ± standard error of the mean. Differences in lipid mediator biosynthesis, expression of protein and mRNA between the two groups were examined using repeated analysis of variance, followed by Dunnett’s or Tukey’s multiple comparison test. The expression of mRNA and surface antigens in eosinophils was also evaluated through repeated analysis of variance, followed by Dunnett’s or Tukey’s multiple comparisons tests. Data were analyzed using GraphPad Prism (version 9.0; GraphPad Software, San Diego, CA, USA). A p-value of < 0.05 was considered significant.





3 Results



3.1 Proteomic analysis of blood eosinophils from healthy participants and patients with COPD

A total of 7388 proteins were identified in eosinophils, and the expression of 815 of these proteins differed significantly among HP, non-eCOPD, and ACO/eCOPD groups. A volcano plot using these data demonstrated different protein expression signatures among the three groups (Figure 1A). The representative proteins were selected and highlighted based on their relevance to eosinophil cell biology and the results of differential protein expression analysis between the groups. Subsequently, principal component analysis (PCA) using genes that showed differences in protein expression among the groups and identified the characteristic genes in different groups (Figure 1B). PC1 components indicated that anti-bacterial peptides, cathepsin G (CTSG), azurocidin 1 (AZU1), defensin alpha 1B (DEFA1B), neutrophil elastase (ELANE), and myeloperoxidase (MPO), were characteristic for non-eCOPD and ORMDL sphingolipid biosynthesis regulator 3 (ORMDL3), selectin P ligand (SELPLG), and MX Dynamin Like GTPase 2 (MX2), an anti-virus molecule, were specific for ACO/eCOPD group (Figure 1B). In addition, PC2 components showed a similar trend of anti-bacterial peptides and MPO and manifested a unique upregulation pattern of MX2 and interleukin 1 receptor-like 1 (IL1RL1), an IL-33 receptor, in both ACO/eCOPD and non-eCOPD groups (Figure 1B). A heat map was used to visualize the comparative expression levels of these molecules (Figure 1C). The characteristic changes were further demonstrated using cluster classification of the molecules, with statistically significant differences among the three groups (Figure 1D). Among the six clusters, Clusters 3 and 5 included the proteins with the highest expression levels in the ACO/eCOPD and non-eCOPD groups, respectively. These clusters included mevalonate diphosphate decarboxylase (MVD), lanosterol synthase (LSS), and IL1RL1 in Cluster 3; and signal transducer and activator of transcription 1 (STAT1) and MPO in Cluster 5 (Figure 1E, Supplementary Figure 2).




Figure 1 | Proteomic analysis of peripheral blood eosinophils from healthy participants (HP) and patients with asthma-COPD overlap (ACO) and eosinophilic COPD (eCOPD) or without eCOPD (non-eCOPD). (A) Volcano plots of differentially expressed proteins among the three groups: HP vs non-eCOPD, HP vs ACO/eCOPD, and non-eCOPD vs ACO/eCOPD. The fold-change was plotted based on log2 fold change and log10 P-values. (B) Principal component analysis (PCA) of groups using representative proteins that distinguished them. Heatmap of PC1 and PC2 components of the proteins that clearly discriminated the differences among the groups in the PCA. (C) Heatmap showing the relative protein expression levels of all samples in the three groups from top to bottom. (D) Cluster classification of protein expression levels converted to Z-scores that presented statistically significant differences among the three groups and were classified into six clusters. These clusters include proteins with the highest expression levels in ACO/eCOPD (Cluster 3), ACO/eCOPD and non-eCOPD (Cluster 4), and non-eCOPD (Cluster 5) groups, respectively. (E) Protein expression levels of representative molecules classified into Clusters 3 and 5: molecules with ACO/eCOPD-specific upregulation and non-eCOPD-specific upregulation. (F) Gene Ontology enrichment analyses of genes in the three clusters (3, 4, and 5). Data show mean ± standard error of the mean; n = 5–6 for each group.



Enrichment analysis was performed to comprehensively evaluate these changes and understand the cellular characteristics of eosinophils in COPD. Wikipathway and KEGG pathway analyses indicated the importance of protein processing in the endoplasmic reticulum, cholesterol synthesis, and sterol regulatory element-binding protein (SREBP) signaling in Cluster 3 (Supplementary Figure 3). Upstream analysis of the proteins in Cluster 3 identified ribosomal protein S6 kinase A5 (RPS6KA5; MSK1) in STAT1 and Akt-JNK/ERK signaling pathways and mitogen-activated protein kinase kinase kinase 11 (MAP3K11; MLK3) in MAPK8/JNK, ERK, and NF-κB signaling pathways as upstream regulatory factors (Supplementary Figure 4).

Cluster classification by Gene Ontology (GO) enrichment analysis of each cluster revealed the characteristics of the three clusters— cholesterol synthesis in Cluster 3, antiviral activity in Cluster 4, and neutrophil-mediated bactericidal activity, platelet activation, and complement and coagulation factors in Cluster 5 (Figure 1F).




3.2 Transcriptomic analysis of blood eosinophils from healthy volunteers and patients with COPD

Next, RNA-seq was performed to evaluate the gene signatures of HP and patients with or without ACO and eCOPD, which identified 19788 protein-coding genes. A volcano plot demonstrated different gene expression signatures among the three groups (Figure 2A). The representative genes were selected and highlighted based on their relevance to eosinophil cell biology and the results of differential gene expression analysis between the groups. PCA using genes that showed significant differences in expression among the groups identified characteristics genes representing each group (Figure 2B). Among these, the expression of Fc epsilon receptor Ig (FCER1G), transmembrane protein 176 B (TMEM176B), and squalene epoxidase (SQLE) differed between the HP and eCOPD groups. Genes encoding antibacterial proteins ELANE and AZU1 showed differential expression between the non-eCOPD and ACO/eCOPD groups (Supplementary Figure 5). As shown in Figure 2C, the heat map used to visualize the expression levels of representative genes also revealed the differences in their expression among the three groups. Among the protein-coding genes, 1202 and 632 genes showed higher expression in the ACO/eCOPD group than those in the HP and non-eCOPD groups, respectively (Figure 2D). The genes showing differential expression in HP vs ACO/eCOPD groups included TMEM176B, SQLE, MVD, FCER1G, ALOX5, and prostaglandin D2 receptor 2 (PTGDR2) (Figures 2E, F). Of these, the expression levels of 129 genes, including FCER1G, ALOX5, and PTGDR2, were higher in patients with ACO and eCOPD than those in both healthy volunteers and patients without ACO and eCOPD (Figure 2F). To elucidate the correlation between the proteomic and transcriptomic data of human eosinophils, an integrated data analysis was conducted. As shown in Supplementary Table 2 and Supplementary Figure 6, the protein and gene expressions of representative molecules, including FCER1G, exhibited statistically significant correlations; however, not all molecules demonstrated such correlations.




Figure 2 | Transcriptomic analysis of peripheral blood eosinophils from healthy participants (HP) and patients with asthma-COPD overlap (ACO) and eosinophilic COPD (eCOPD) or without eosinophilic COPD (non-eCOPD). (A) Volcano plots of differentially expressed genes among the three groups; HP vs. non-eCOPD, HP vs. ACO/eCOPD, and non-eCOPD vs. ACO/eCOPD). Fold change was plotted based on log2 fold change and log10 P-values. (B) Principal component analysis (PCA) of groups using representative genes that distinguish them. Heatmap of PC1 and PC2 components of all genes in the PCA. (C) Heatmap showing representative gene expression levels of all samples in the three groups. (D) Venn diagram demonstrating differences in gene expression signatures among the three groups. (E, F) Gene expression levels of representative molecules classified into two groups: those with ACO/eCOPD-specific upregulation compared with HP (E) and both HP and non-eCOPD (F). (G) Wiki pathway analysis annotated keyword classification and functional enrichment for upregulated molecules, specifically in ACO/eCOPD. Mean ± SEM, n = 5–6 for each group.



To identify the functional relevance of differentially expressed genes, pathway analysis of the genes showing significantly elevated expression in patients with or without ACO/eCOPD was performed to identify specific signaling pathways in non-eCOPD and ACO/eCOPD groups. This analysis identified that those in both non-eCOPD and ACO/eCOPD groups were related to TNF-related factors, MAPK, oxidative damage, interferon, and PI3K-Akt (Supplementary Figure 7) and those only in ACO/eCOPD group were linked to cholesterol metabolism, PI3K-Akt-mTOR, TNF downstream signaling, endoplasmic reticulum stress, and nuclear factor-kappa B (NF-κB) (Figure 2G).

These results confirmed that IL-33, TNF, NF-κB signaling, and the IFN-STAT1 pathway with antiviral activity and cholesterol metabolism are uniquely related to ACO and eCOPD. Additionally, these findings also suggest that FCER1G, TMEM176B, SQLE, and MVD are the key genes for characterizing the functional changes in ACO/eCOPD group.




3.3 Lipidomic analysis of blood eosinophils from healthy participants and patients with COPD

Lipidomic analysis was performed to assess fatty acid metabolism in eosinophils of patients with COPD. The release of fatty acids, including arachidonic acid and docosahexaenoic acid, remained unchanged in all groups (Figure 3A). In contrast, fatty acid-related enzyme-regulating synthesis patterns differed among the groups (Figures 3B, C). The synthesis of cyclooxygenase (COX)-related mediators, including PGE2, PGD2, and thromboxane, was also decreased in the ACO/eCOPD group. The synthesis of leukotriene D4 (LTD4) showed an increasing trend, while those of 15-lipoxygenase (LOX)-derived metabolites (15-hydroxyeicosatetraenoic acid (15-HETE) and 17- hydroxydocosahexaenoic acid (17-HDoHE)) were decreased in the ACO/eCOPD group. In contrast, 12-LOX-related metabolites (12-HETE and 14-HDoHE) and LTB4 showed increasing trends in the non-eCOPD group. Furthermore, the heat map showing the ratios of released metabolites to compare every group showed the selectively defective synthesis of PGE2 in the ACO/eCOPD group (Figure 3D).




Figure 3 | Lipidomic analysis of peripheral blood eosinophils from healthy participants (HP) and patients with asthma-COPD overlap (ACO) and eosinophilic COPD (eCOPD) or without eosinophilic COPD (non-eCOPD). (A) Lipidomic analysis of arachidonic acid (AA) and docosahexaenoic Acid (DHA). (B) Lipidomic analysis of 5-lipoxygenase (5-LOX) (leukotrienes (LTs) and 5-hydroxy eicosatetraenoic acid (5-HETE)), 12/15-lipoxygenase (12/15-LOX) (12-HETE and 15-HETE), and cyclooxygenase (COX) (prostaglandins (PGs) and thromboxanes (Txs))-mediated mediators derived from AA. (C) Lipidomic analysis of 5-LOX (7-hydroxy docosahexaenoic acid (7-HDoHE))-and 12/15-LOX (14-HDoHE and 17-HDoHE)-mediated mediators derived from DHA. (D) Heatmap representing the comparative evaluation of lipidomic profiles among the three groups (upper row, non-eCOPD: HP; middle row, ACO/eCOPD: HP; and lower row, ACO/eCOPD:non-eCOPD). Mean ± SEM, n = 5–6 for each group.






3.4 In vitro experiments using blood eosinophils from healthy volunteers

Next, we performed an in vitro experiment to confirm the results of multi-omics analyses. Of the genes upregulated in patients with ACO/eCOPD, four genes (FCER1G, a high-affinity IgE receptor; TMEM176B, a transmembrane protein; SQLE and MVD, encoding the enzymes for cholesterol metabolism), in addition to gamma-glutamyl transferase 5 (GGT5), which is typically upregulated by stimulation with type 2 cytokines (15) were selected to evaluate their regulatory mechanisms. Short-term stimulation with cytokines for 3 h significantly upregulated the mRNA expression of these genes (Figure 4A, Supplementary Figure 8). IL-33 upregulated FCER1G, MVD, and TMEM176B expression, whereas TNF-α upregulated the expression of FCER1G and MVD. IFN-γ upregulated the expression of MVD. However, stimulation with IL-4- and IL-5 upregulated GGT5, while none of the cytokines altered the expression of SQLE in the present study.




Figure 4 | Regulatory mechanism of mRNA and protein expressions of the molecules in human eosinophils upregulated in patients with asthma-COPD overlap (ACO) and eosinophilic COPD (eCOPD). (A, B) Comparative analysis of the mRNA expression of the genes (FCER1G, MVD, SQLE, TMEM176B, and GGT5) using quantitative RT-PCR of the cells stimulated with 10 ng/mL of various cytokines (IL-4, IL-5, IL-33, TNF-α , IFN-α, and IFN-γ) for 3 h (A) or 24 h (B). (C) Histogram of protein expression of FCER1G on the cell surface of the cells unstimulated or stimulated with IFN-γ combined with IL-33/TNF-α for 72 h. (D) Mean fluorescence intensity (MFI) of protein expression of FCER1G on the cell surface of human eosinophils unstimulated or stimulated with IFN-γ combined with IL-33/TNF-α for 72 h. Mean ± SEM, n = 3–9 for each group. *P < 0.05, **P < 0.01, ***P < 0.001. Data are representative of at least three independent experiments.



Long-term stimulation of eosinophils with IL-33 or TNF-α in combination with IL-5 or IFN-γ for 24 h demonstrated that IL-5 elevated the expression of TMEM176B and GGT5 mRNAs, IFN-γ upregulated FCER1G and SQLE mRNA, and TNF-α and IL-33 synergistically upregulated the mRNA expression of these genes (Figure 4B). FCER1G expression was specifically elevated by stimulation with IFN-γ and TNF-α. Flowcytometric analysis demonstrated cell surface expression of FCER1G on blood eosinophils of healthy volunteers and its upregulation by combined stimulation with IFN-γ and IL-33 or TNF-α (Figures 4C, D, Supplementary Figure 9). These findings suggest that IL-33, TNF-α, and IFN-γ, in addition to IL-5, are the key cytokines for the activation of eosinophils in eCOPD.




3.5 Effects of statin, DEX, and PGE2 on eosinophil activation

To investigate whether pharmacological interventions and physiological factors suppress the cellular activation of eosinophils in patients with ACO and eCOPD, we examined the effects of statins, corticosteroids, and PGE2 on these activities based on the findings of multi-omics analysis and the usefulness of corticosteroids in COPD (6, 7).

ATO, DEX, and PGE2 inhibited the IL-4- or IL-5-induced upregulation of GGT5 mRNA expression at concentrations of 100 μM, 10 nM, and 100 nM, respectively (Supplementary Figures 10 and 11). In contrast, IL-33 and TNF-α-induced upregulation of FCER1G mRNA expression was selectively suppressed by ATO (Figure 5A). ATO also inhibited FCER1G upregulation by combined stimulation with IFN-γ and IL-33 or TNF-α (Figure 5A). Furthermore, flow cytometry confirmed the inhibitory effects of ATO on the expression of cell surface proteins  (Figures 5B, C). Upregulation of SQLE and TMEM176B induced by IL-5 plus TNF-α or IL-33 stimulation was suppressed by ATO, DEX, and PGE2 (Figures 5D, E).




Figure 5 | Effects of atorvastatin (ATO), dexamethasone (DEX), and prostaglandin E2 (PGE2) on mRNA and protein expressions of the representative molecules in human eosinophils upregulated in patients with asthma-COPD overlap (ACO) and eosinophilic COPD (eCOPD). (A) The effects of ATO, DEX, and PGE2 on FCER1G mRNA expression in the cells stimulated with IL-33 or TNF-α for 3 h or IFN-γ plus IL-33 or IFN-γ plus TNF-α for 24 h. (B) Mean fluorescence intensity (MFI) of protein expressions of FCER1G on cell surface of human eosinophils stimulated with IFN-γ combined with IL-33/TNF-α pretreated with/without ATO for 72 h. (C) Histogram of protein expression of FCER1G on cell surface of the cells stimulated with IFN-γ plus IL-33 or IFN-γ plus TNF-α pretreated with/without ATO for 72 h. (D) The effects of ATO, DEX, and PGE2 on SQLE mRNA expression in the cells stimulated with IL-5 plus TNF-α for 24 h. (E) The effects of ATO, DEX, and PGE2 on TMEM176B mRNA expression in the cells stimulated with IL-33 for 3 h or IL-5 plus TNF-α for 24 h. Mean ± SEM, n = 4–7 for each group. *P < 0.05, **P < 0.01, ***P < 0.001. Data are representative of at least three independent experiments.



Collectively, these results indicate that statins and steroids have differential therapeutic effects and that PGE2 possesses physiological anti-inflammatory effects on cellular activation in ACO and eCOPD.





4 Discussion

This study presents a comprehensive evaluation revealing altered cellular properties of eosinophils in patients with COPD, especially ACO and eCOPD. The bioinformatics approach underscores the involvement of the antiviral response and cholesterol metabolism, particularly in ACO and eCOPD. Moreover, inflammatory cytokines IL-33, TNF-α, and IFN-γ potentially activate eosinophils in overall COPD, signaling a distinct regulatory mechanism compared to IL-5. Dysregulation of COX metabolism, particularly in ACO/eCOPD group, and the self-regulatory function of its downstream mediator, PGE2, were identified. In vitro screening indicated the suppressive effects of statins, in addition to steroids, on observed inflammatory changes in ACO and eCOPD.

Viral and bacterial infections are the major causes of COPD exacerbation. However, sputum eosinophils are only increased by viral infection during exacerbations (16), suggesting a close link between viral infection and eosinophilic inflammation in COPD. Viruses enter airway epithelial and immune cells, including alveolar macrophages, which induce innate immune responses via IFN production. Sufficient amounts of IL-33 are released from airway epithelial cells during viral infection (17). The findings suggest that IFN-γ- and IL-33-induced inflammatory responses during viral infection may induce eosinophil activation in overall patients with COPD, particularly during exacerbations.

IFNs activate eosinophils with pro-survival effects. Among the IFNs, IFN-γ, can augment cytokine production and modulate adhesion molecule expressions (18). A previous study on asthma reported that IFNs promote cysteinyl LT production by eosinophils (19). In COPD, IFN-γ has been detected as a major pro-inflammatory cytokine whose expression correlates with disease severity (20–22) and is commonly related to both COPD and asthma (23). In addition, our recent study demonstrated that IFN-γ activates human eosinophils, enhancing their responsiveness to IL-5 (24). These findings suggest that IFN-γ may serve as a key activator of eosinophils in the broader COPD population, underscoring the importance of preventive strategies against viral infections.

TNF-α is a pro-inflammatory cytokine produced mainly by macrophages and plays a pivotal role in the pathogenesis of COPD. Its production correlates with disease severity and increases during exacerbations (21, 25). TNF-α can activate eosinophils to induce degranulation and reactive oxygen species generation (26). Additionally, TNF-α and IFN-γ have synergistic effects on cellular activation of eosinophils (27). This study showed that eosinophils in patients with COPD could be activated by TNF-α, suggesting its pro-inflammatory roles in eosinophil activation in COPD in addition to IFN-γ, contributing to the pathogenesis of COPD comorbidities such as osteoporosis and cardiovascular disease.

IL-33 is a nuclear-localized cytokine mainly found in airway epithelial cells. Exposure to allergens and microorganisms induces their release from the cells. IL-33 mainly activates type 2 innate lymphoid cells (ILC2) that release large amounts of type 2 cytokines and eosinophils (28, 29). Its expression increases with the severity of asthma and COPD (30, 31). Of note, IL-13 levels with lower respiratory function were positively correlated with IL-33 expression in COPD (17, 32). In addition, our previous study also demonstrated that IL-13 increased IL1RL1 expression on human eosinophils, potentially augmenting IL-13/IL-33 axis-dependent inflammation (33). In animal experiments, IL-33 released by viral infections or cigarette smoking activated NK cells and macrophages, not ILC2, to induce IFN production, which contributed to emphysema development (17). In the present study, eosinophils in patients with ACO and eCOPD had increased expression of IL1RL1 and IL-33-induced upregulation of gene expression characteristics in ACO and eCOPD, suggesting the importance of IL-33 in the pathogenesis of ACO and eCOPD. Biologics targeting IFN-γ, TNF-α, and IL-33 are not yet available for asthma and COPD patients. However, dupilumab, a monoclonal antibody against IL-4 receptor alpha, is used as a therapeutic option for severe asthma and has demonstrated efficacy in patients with eCOPD (34, 35). Based on our previous study (33), dupilumab may be a viable option for managing eCOPD by controlling the IL-13/IL-33 axis.

IL-5 is a potent pro-survival and eosinophil-activating factor. IL-5-targeting biologics are effective therapeutic agents for reducing eosinophilia (36). Clinical trials using these agents for patients with COPD have shown that their therapeutic efficacies are inconclusive, although mepolizumab was effective in a minority of patients with COPD with blood eosinophilia (37, 38). Our study indicated that IL-5 specifically upregulates the expression of cholesterol metabolism-related enzymes (MVD and SQLE) in eosinophils of patients with ACO and eCOPD. Identifying patients with ACO and/or eCOPD in whom IL-5 is involved in the pathogenesis may optimize therapeutic strategies using anti-IL-5 and IL-5 receptor antibodies.

Dyslipidemia is a common comorbidity in patients with COPD. Statins are the first-line treatment for hyperlipidemia. Interestingly, previous studies have reported that statins reduce the risk of exacerbations and death in COPD (39, 40). However, this is not necessarily effective in all patients (41). In our study, cholesterol metabolism was enhanced only in patients with ACO/eCOPD group, and atorvastatin showed an anti-inflammatory effect on the changes in eosinophils. Therefore, therapeutic strategies targeting cholesterol metabolism in eosinophils using statins may be effective, particularly in patients with ACO and eCOPD, who frequently have dyslipidemia as a comorbidity.

COX metabolism, with higher levels of PGE2, is enhanced in patients with COPD, especially during exacerbations (42). In vitro experiments have demonstrated that PGE2-EP4-mediated signaling showed anti-inflammatory effects on eosinophils (43) and elicits bronchodilation (44). Lipidomic analysis indicated that COX metabolism was impaired in ACO/eCOPD group at the cellular level. Further investigations are required to elucidate the underlying mechanisms and therapeutic potential and risks of targeting the COX pathway in this metabolic cascade.

In this study, multi-omics analysis identified FCER1G as a key molecule with correlation between its protein and gene expression levels, that distinguishes ACO/eCOPD patients from healthy participants and non-eCOPD patients. Investigating the regulatory mechanisms of FCER1G in eosinophils contributed to understanding the inflammatory milieu and therapeutic potential of specific molecules. While there may be weak or no correlation between protein and gene expression levels of specific molecules in granulocytes, including neutrophils and eosinophils, due to variability and the nature of granule and membranous proteins (15, 45), this methodology can detect broad immune cell abnormalities and reveal disease pathophysiology in inflammatory diseases. Proteomic analysis has been demonstrated in many studies to have high quantification ability, sensitivity, and reproducibility (46–50). However, further research using a larger patient population is required to confirm the results of this study.

In summary, the multi-omics analysis revealed cellular changes in blood eosinophils in patients with COPD, especially ACO and eCOPD. These changes are induced mainly by IL-33, TNF-α, and IFN-γ in addition to IL-5. Viral infections may be important to trigger cellular activation via these cytokines. Statins could be a potential treatment option for ACO and eCOPD, in addition to inhaled corticosteroids. Further clinical research is required to develop and optimize therapeutic strategies that target eosinophilic inflammation in patients with ACO and eCOPD.
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