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Editorial on the Research Topic
 Impact of System Biology and Molecular Medicine on the Management of Complex Immune Mediated Respiratory Diseases



Chronic respiratory disorders, including bronchial asthma and chronic obstructive pulmonary disease (COPD), are common, highly complex and heterogeneous inflammatory diseases that include a broad clinical spectrum. These disorders could be caused by numerous genetic, pharmacologic, physiologic, biological, and/or immunologic mechanisms, giving rise to subclasses of phenotypes and endotypes. This great heterogeneity is reflected in the absence of a good therapeutic option for a substantial percentage of patients and is behind extensive studies aimed at applying precision or personalized medicine, which requires different diagnostic and therapeutic approaches, in the field. In this Research Topic we aim to provide an overview of the latest advances in the search for new approaches to discover and validate new tools related with diagnosis, prognosis, exacerbations, and treatment monitoring as well as molecular targets for new biological therapies.

Twelve articles have been published, summarizing different aspects related mainly with asthma and COPD. Seven report the results of human studies and five are examples of the relevance of animal models in the knowledge base on respiratory disorders.

Starting with studies in humans, Zhang et al. prove the efficacy of single allergen (Dermatophagoides farinae) sublingual immunotherapy (SLIT) in polysensitized patients allergic to D. farinae with allergic asthma. They describe a 3-year longitudinal case-control study with three kinds of cases: the single-allergen group [only sensitized to house dust mite (HDM)], the 1–2 allergen group (HDM combined with 1–2 other allergens), and the 3 or more allergens group (HDM combined with 3 or more other allergens). Their results show an improvement in patients sensitized to HDM with and without other allergens after 3 years of SLIT, but with a slower recovery of symptoms in patients with 3 or more allergen sensitizations.

Pelaia et al. provide an exhaustive overview of asthma complexity, focusing on new molecular therapeutics options according to the pathobiological mechanisms underlying the various cellular and molecular phenotypes of severe asthma. They underscore the relevant improvement in the management of patients with severe, allergic, or non-allergic eosinophilic T2-high asthma, especially in that their susceptibility to suffer from frequent and often serious disease exacerbations is lessened due to the new drugs approved, anti-IgE, anti-IL-5, anti-IL-5 receptor, and anti-IL-4/IL-13, all receptor monoclonal antibodies, and the promising new monoclonal antibodies, mainly targeting the innate cytokines known as alarmins, which are in development stage. However, they highlight the need to increase the search for new molecular targets for patients with severe T2-low asthma (neutrophilic or paucigranulocytic asthma) who currently are largely excluded from the therapeutic benefits achievable for people who experience T2-high severe disease.

Ragnoli et al. focus on other prevalent respiratory diseases, obstructive sleep apnea syndrome (OSAS), which is currently underdiagnosed. They review the model that proposes a bidirectional correlation between severe asthma (SA) and OSAS, with a mutual negative effect in terms of disease severity. These two diseases share common risk factors, such as obesity, rhinitis, and gastroesophageal reflux (GER). Also, it has been proposed that OSAS and asthma patients may be more susceptible to SA attacks induced by systemic inflammation. In their review, the authors describe the published evidence on the interrelationship between OSAS and SA, from endo-phenotype to clinical aspects, highlighting possible implications for clinical practice and future research directions, remarking that OSAS treatment can also improve lung function tests in adult asthmatic patients and that assessing the coexistence of OSAS and SA could help in the management of both diseases.

The next 4 articles (Cremades-Jimeno et al.; Kim et al.; Ricciardi et al.; Cañas et al.) are examples of how the new bioinformatic tools and systems biology approaches are helping to describe new molecular biomarkers or molecular motifs of diseases and new gene regulatory networks or specific regulatory elements (RNA-binding proteins or RBPs, Micro-RNAS, or miRNAs), which are opening up new fields to better understand and manage these complex diseases.

Cremades-Jimeno et al. used systems biology approaches to define molecular motifs of three diseases, allergic asthma (AA), non-allergic asthma (NA), and respiratory allergy (RA) and categorize the relevance of molecular biomarkers previously defined experimentally in peripheral blood mononuclear cells (PBMCs) in order to prioritize them according to their relationship to specific molecular motifs or to disease. The study provides new information on potential biomarkers with a mechanistic implication, opening a new focus with which to find diagnostic and therapeutic tools for these types of diseases.

Kim et al. assess gene regulatory networks (how the transcription factors (TFs) regulate gene expression to determine the responsiveness to anti-asthma therapy) of adult patients with asthma who showed good or poor lung function improvements in response to inhaled corticosteroids (ICSs). Their results indicated that responses between good and poor responders to a certain drug is not necessarily derived from differential gene expression networks but may instead be from regulatory gene expression networks. They identified TFs that showed different gene connections and enrichment in distinct biological pathways, remarking TGF-β signaling, cell cycle related, and IL-4 and IL-13 signaling pathways that could be important in determining responses to ICSs in patients with asthma.

Regarding severe asthma and COPD, Ricciardi et al. describe an interesting in silico analysis of posttranscriptional gene regulation using a curated list of mRNA-binding RNA Binding Proteins (mRBPs) in selected Gene Expression Omnibus (GEO) transcriptomic databases of airway epithelium isolated from chronic obstructive pulmonary disease (COPD), severe asthma (SA), and matched control subjects. This study identifies an overall downregulation of RBP expression that was shared by a subset of smoker control subjects; changes in mRBP expression impacted several biological pathways also involved in several aspects of COPD pathogenesis; finally, at least five groups of coregulated RBPs were identified. Importantly, airway epithelial mRBP expression was found to be much less regulated in patients with SA. Overall, the COPD-related mRBP profile found in this study suggests post-transcriptional control of epithelial gene expression as substantial, yet understudied process possibly contributing to key pathogenic mechanisms in COPD.

RNA-binding proteins exert their function as part of ribonucleoprotein (mRNP) complexes, constituted by proteins and non-coding RNAs such as microRNAs (miRNAs). In this Research Topic, Cañas et al. contribute an elegant review of the current knowledge and promising roles of miRNAs (small non-coding RNAs) in pathophysiology, diagnosis, and treatment of asthma and COPD. This paper exhaustively surveys recent descriptions of differential expression of miRNAs in peripheral and target-derived samples of asthma and COPD patients focusing on the growth potential of these regulatory elements in relation to key aspects of those diseases and how their complexity could be better understood with a systems biology approach to compile and elucidate the complex miRNA regulatory system to define their usefulness in the management of these diseases.

Finally, five articles describe relevant aspects of respiratory disorders by experimental animal models.

Foray et al. describe a new house dust mite-induced asthma model to elucidate allergic dysimmune mechanisms involving Th2 and Th17 responses that could better mimic some asthmatic endoytpes. In this study, non-obese diabetic (NOD) mice, which spontaneously develop autoimmune diabetes, undergo more severe allergic asthma airway inflammation and airway hyperresponsiveness (AHR) than pro-Th2 BALB/c mice upon house dust mite (HDM) sensitization and challenge. The use of IL-4-deficient NOD mice and the in vivo neutralization of IL-17 demonstrated that both IL-4 and IL-17 are responsible for the exacerbated airway inflammation and AHR observed in NOD mice. Although further studies are required to better determine whether Th2 and Th17 responses act together or independently to induce vast airway inflammation and AHR in NOD mice, this could represent a unique model to better understand the key mechanisms implicated in the association between allergic airway inflammation and autoimmune diabetes, as well as to understand several asthmatic phenotypes with mixed Th2 and Th17 inflammation.

Lertnimitphun et al. analyze the effectiveness of Safranal—one of the active compounds from Crocus sativus, known in Chinese herbal medicine to have many anti-inflammatory properties—in two allergic murine models: ovalbumin (OVA)-induced asthma and passive systemic anaphylaxis (PSA) models. This paper demonstrates that Safranal has potential to stabilize mast cells and inhibit cytokine production through the inhibition of the MAPKs and NF-κB pathways, being a potential candidate to treat allergic diseases such as systemic anaphylaxis and asthma.

Finally, three interesting articles study new therapies for acute lung injury (ALI)/acute respiratory distress syndrome (ARDS), a serious illness characterized by severe pulmonary edema and a profound inflammatory response in the lung. Life-threatening acute lung inflammation can be induced by diverse ischemia/reperfusion (IR) injury conditions, including resuscitation for cardiac arrest, cardiopulmonary bypass, hemorrhagic shock, pulmonary embolism, and lung transplantation. Here, three articles describe animal models to test new treatments using different ALI inductors.

Liao et al. using a perfused rat lung model (ischemia/reperfusion (IR)-induced acute lung inflammation), analyze the effect of a potent-anti-inflammatory agent, 2-Methoxyestradiol (2ME), a natural 17-β estradiol metabolite. Also, its correlation with Annexin A1, a glucocorticoid-regulated protein that reduces vascular inflammatory responses associated with IR injury, was analyzed. Their results show that 2ME ameliorates IR-induced acute lung inflammation by upregulating the expression of endogenous AnxA1 in the lungs, alveolar epithelial cells, and neutrophils.

Pao et al. analyzed the influence of endoplasmic reticulum (ER) stress inhibitor, 4-phenyl butyric acid (4-PBA), a chemical chaperone, in mice with hyperoxia-induced acute lung injury (HALI). Also, its correlation with claudin-4 protein (a member of integral membrane proteins that are essential components in the tight junction (TJ) formation and function) was analyzed. In this study, 4-PBA effectively reduced oxidative and ER stress, the level of proinflammatory cytokines, and apoptosis, but increased claudin 4 protein expression in HALI. 4-PBA significantly improved multiple indices of HALI, such as prolonging survival, and decreasing AFC, lung edema, and disruption of tight junction proteins, production of pro-inflammatory cytokines, oxidative stress, the pulmonary neutrophil influx, and lung tissue damage. Consistent with in vivo findings, 4-PBA treatment had a similar advantageous effect on in vitro epithelial cells exposed to hyperoxia, however, these protective effects of 4-PBA were abolished when claudin-4 was knocked down. These experiments indicate that 4-PBA may have potential benefits as adjuvant therapy for HALI and the protective mechanism was via enhancing claudin-4 expression.

Tai et al. analyzed a new treatment, tanshinone IIA (TIIA), the main active ingredient in Salvia miltiorrhiza Bge, combined with cyclosporine A (CsA) in a model of obese rats with induced renal ischemia-reperfusion (IR). The authors analyze lung apoptosis led by renal IR and evaluate whether this combination could alleviate lung apoptosis by regulating mitochondrial function through the PI3K/Akt/Bad pathway in obese rats. Their results demonstrate that lung mitochondrial dysfunction was induced in the process of renal IR, especially in obese rats, with dynamics altered and biogenesis inhibited. TIIA+CsA were protective agent, which can attenuate lung apoptosis via modulating mitochondrial function by activating the PI3K/Akt/Bad pathway in obese rats. These results may be a promising protective strategy for managing obesity-related acute kidney injury and acute lung injury. However, this application needs further large-scale experimental and clinical studies.

Globally, these 12 articles show a brushstroke on the multiple not yet well-defined aspects, related to the molecular bases underlying to these complex respiratory diseases, which need to be validated in more extensive clinical studies to be clinically translated in a near future. In summary, this Research Topic reflects the high complexity of respiratory diseases and the many efforts, from different points of view, that are needed to improve the management of these disorders, which affect a high number of subjects around the world. Thank you to the authors and researchers who have contributed to this topic and we hope that this issue helps readers understand the extent to which efforts in this field are needed to offer best quality of life to patients.
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Background: Posttranscriptional gene regulation (PTGR) contributes to inflammation through alterations in messenger RNA (mRNA) turnover and translation rates. RNA-binding proteins (RBPs) coordinate these processes but their role in lung inflammatory diseases is ill-defined. We evaluated the expression of a curated list of mRNA-binding RBPs (mRBPs) in selected Gene Expression Omnibus (GEO) transcriptomic databases of airway epithelium isolated from chronic obstructive pulmonary disease (COPD), severe asthma (SA) and matched control subjects, hypothesizing that global changes in mRBPs expression could be used to infer their pathogenetic roles and identify novel disease-related regulatory networks.

Methods: A published list of 692 mRBPs [Nat Rev Genet 2014] was searched in GEO datasets originated from bronchial brushings of stable COPD patients (C), smokers (S), non-smokers (NS) controls with normal lung function (n = 6/12/12) (GEO ID: GSE5058) and of (SA) and healthy control (HC) (n = 6/12) (GSE63142). Fluorescence intensity data were extracted and normalized on the medians for fold change (FC) comparisons. FCs were set at ≥ |1.5| with a false discovery rate (FDR) of ≤ 0.05. Pearson correlation maps and heatmaps were generated using tMEV tools v4_9_0.45. DNA sequence motifs were searched using PScan-ChIP. Gene Ontology (GO) was performed with Ingenuity Pathway Analysis (IPA) tool.

Results: Significant mRBP expression changes were detected for S/NS, COPD/NS and COPD/S (n = 41, 391, 382, respectively). Of those, 32% of genes changed by FC ≥ |1.5| in S/NS but more than 60% in COPD/NS and COPD/S (n = 13, 267, 257, respectively). Genes were predominantly downregulated in COPD/NS (n = 194, 73%) and COPD/S (n = 202, 79%), less so in S/NS (n = 4, 31%). Unsupervised cluster analysis identified in 4 out of 12 S the same mRBP pattern seen in C, postulating subclinical COPD. Significant DNA motifs enrichment for transcriptional regulation was found for downregulated RBPs. Correlation analysis identified five clusters of co-expressed mRBPs. GO analysis revealed significant enrichments in canonical pathways both specific and shared among comparisons. Unexpectedly, no significant mRBPs modulation was found in SA compared to controls.

Conclusions: Airway epithelial mRBPs profiling reveals a COPD-specific global downregulation of RBPs shared by a subset of control smokers, the potential of functional cooperation by coexpressed RBPs and significant impact on relevant pathogenetic pathways in COPD. Elucidation of PTGR in COPD could identify disease biomarkers or pathways for therapeutic targeting.

Keywords: airway epithelium, chronic inflammation, COPD, posttranscriptional gene regulation, RNA binding proteins, severe asthma


INTRODUCTION

RNA-binding proteins (RBPs) are key regulatory factors in post-transcriptional gene regulation (PTGR) involved in the maturation, stability, transport and degradation of cellular RNAs. RBP convey PTGR by binding to conserved regulatory elements shared by subsets of transcripts and by directing the bound targets toward cytoplasmic sites of translation or decay (1). Importantly, RBPs exert their function as part of ribonucleoprotein (mRNP) complexes, constituted by proteins and non-coding RNAs, such as microRNAs (2). Through stimulus-dependent cues, changes in mRBP composition ultimately determine the rate of target mRNA stability and translation. Therefore, understanding RBP function in disease models requires a larger evaluation of co-expression and regulatory scenarios, shaped by disease-driven triggers and signaling.

For human cancer the occurrence of aberrant RBP expression, along with altered RNA turnover and translation rates have been characterized in preclinical models, identified in human disease and further probed with in silico approaches (3, 4) leading to the identification of this class of regulators as novel disease biomarkers and as targets for small molecule-based therapeutics (5–7). Similar studies in human chronic inflammatory diseases are lagging behind, despite ample knowledge of deregulated PTGR in inflammatory responses by in vitro studies and the strong inflammatory phenotypes obtained in some of the knock-out animal models (8, 9). This knowledge chasm is also present for lung diseases, despite the strong link between chronic inflammatory diseases such as Chronic Obstructive Pulmonary Disease (COPD) and some lung cancer types (10) and the extensive overlap of RBP-regulated genes contributing to both disease process (11).

Airway epithelium is a major driver in the pathogenesis of inflammatory lung diseases such as asthma and COPD. Deregulated epithelial responses are a main therapeutic target of inhaled corticosteroids (ICS), the mainstay anti-inflammatory drug class for asthma symptom control (www.ginasthma.org) and for treating exacerbations in COPD (www.goldcopd.org). Involvement of RBPs in airway epithelial responses to inflammatory stimuli and glucocorticoid treatment has been well-characterized in vitro (12–15) but awaits evidence from patient-based studies. To this end, in a previous characterization of ARE-binding proteins expression in COPD (16) we identified a selective loss of the RBP AU-binding Factor (AUF)−1 in bronchial biopsies in stable COPD patients vs. smoker controls. Besides replicating this finding in vitro upon challenge of the epithelial cell line BEAS-2B with inflammatory cytokines and cigarette smoke extract, we confirmed this loss in primary epithelium, by interrogating a transcriptome database generated from bronchial brushings of COPD patients vs. normal smokers and non-smokers controls (17).

On these basis, we hypothesized that changes in mRNA-binding RBPs (mRBP) expression may occur on a larger scale in chronic inflammatory airways diseases, such as COPD and severe asthma (SA) and that identification of these changes can be used to infer their putative pathogenetic roles as disease-related regulatory networks, as in cancer (18). We therefore set out to evaluate the expression profile of a curated gene list of mRBPs in selected public Gene Expression Omnibus (GEO) transcriptomic databases derived from airway epithelium isolated from bronchial brushings of phenotyped patients affected by COPD, SA and relative control populations, enrolled in relevant translational studies on disease pathophysiology. In particular, we employed for COPD the same database (17) in which we found loss of AUF-1 in COPD samples vs. controls, as observed ex vivo in COPD airway biopsies (16) and a GEO database from SA and healthy controls (HC) enrolled in the Severe Asthma Research Program (SARP) study (19). The list of mRBPs we utilized for this study has been created by annotation of proteins as RBPs generated by domain search, considering known RNA binding domains [among 800 domains extracted from the protein family (Pfam) database], or including proteins known as validated partners of RNP complex (20). The mRBP expression profiles we obtained were then evaluated through gene ontology analysis to evaluate their potential relevance to disease pathogenesis; moreover, we searched for coregulated RBP expression indicative of common participation to regulatory pathways.

In airway epithelial samples from COPD patients, this approach identified a global downregulation of RBP expression that was shared by a subset of smoker control subjects; changes in mRBP expression impacted several biological pathways also involved in several aspects of COPD pathogenesis; finally, at least five groups of coregulated RBPs were identified. Importantly, airway epithelial mRBP expression was found to be much less regulated in patients with SA.



MATERIALS AND METHODS


Sample Selection and Data Processing

We selected the following two trascriptomic databases generated from human airway epithelial cells obtained by bronchial brushings, downloaded from the GEO public repository of high-throughput gene expression data (Figure 1A):

• GEO ID: GSE5058. COPD patients (C), Smokers (S) and Non-Smokers (NS) as controls with normal al lung function (NLF) (n = 6/12/12, respectively) (17);

• GEO ID: GSE63142. Patients with severe Asthma (SA), healthy control subjects (HC) (n = 6/12, respectively, randomly selected from databes to match number of cases considered in GSE5058) (19).

• GEO ID: GSE8545. Patients with stable COPD (C), Smokers (S) and Non-Smokers (NS) as controls with normal lung function (NLF) (n = 18/18/18, respectively) (21). This dataset has been utilized to validate the RBP expression profile in COPD/S identified in GSE5058 (Figure 8).


[image: Figure 1]
FIGURE 1. Methodological flowchart of the study for expression profiling of mRNA-binding proteins (mRBPs) in airway epithelium transcriptomic studies in COPD and severe asthma (SA). (A) Flowchart for data analysis of the trascriptomic datasets obtained in the Gene Expression Omnibus (GEO) public database (see Methods). Briefly, fluorescence intensity data (raw data) from the chosen datasets (NS, S, stable COPD for GSE5058; SA and HC for GSE63142) were extracted and processed to calculate the probes fluorescence compared to the background. Probes with at least one detection p < 0.05 in all three groups were considered for further analysis. Data were then normalized by the median to calculate fold change (FC) expression among groups (S/NS, COPD/NS, COPD/S; SA/HC); only those showing a False Discovery Rate (FDR) ≤ 0.05 in each comparison were considered, forming a Final File for each GSE. Concurrently, a curated gene list of 692 RBPs binding to mRNA (mRBPs) was downloaded from a published census of RNA-binding proteins (20) (B) and searched in the Final File, producing a dataset of mRBPs with statistically significant fold changes in disease state vs. controls (C).


The Affymetrix Human Genome U133 Plus 2.0 Array platform was used for both COPD studies while the SA study was performed using Agilent-014850 Whole Human Genome Microarray 4x44K G4112F. Fluorescence intensity data from individual datasets (raw data) were extracted and processed applying the standard Affimetrix MAS5 algorithm to calculate the fluorescence of the single probes compared to the background. Probes with at least one detected p < 0.05 in all three groups were considered for further analysis. Data were then normalized by the median to calculate fold change (FC) expression among groups; only those showing a False Discovery Rate (FDR) ≤ 0.05 in each comparison were considered. As genes are represented on the array platforms by multiple probes spanning different transcript portions, only genes with consistency across probes ≥ 67% were considered for final analysis. The curated gene list of 692 RBPs binding to mRNA (mRBPs) published in a general census of RNA-binding proteins was downloaded from the original file (https://www.nature.com/articles/nrg3813#MOESM25, Supplemetary Information S3) (20) and searched in the final FC files (Figure 1B), producing a list of mRBPs regulated in disease state vs. controls (Figure 1C). The analysis first identified statistically significant genes regardless of fold change value, which were denominated Differentially Expressed Genes (DEG). Then, FCs threshold was set at ≥ |1.5| for identification of genes denominated Significant FC/Differentially Expressed Genes (SDEG) as in standard array analysis.

For the validation analysis, COPD and S data (n = 18/18) were extracted from GSE8545 dataset. The GEO2R tool was used for FC data analysis (22).

Generation of Venn diagram analysis for overlapping/unique gene lists was performed using Venny 2.1 (23). Pearson correlation matrix generation was produced using R version 3.6.2. Pearson correlation maps for mRBPs expression changes and heatmaps were generated using tMEV tools v4_9_0.45 (24, 25).

Enrichment for DNA sequence motifs for transcription factors binding sites, according to motif descriptors in the JASPAR database, was identified using PScanChIP (26) with the following parameters: “Organism: Homo Sapiens,” “Assembly: hg38,” “Background: Promoters,” “Descriptors: Jaspar 2018 NR.” Promoter regions have been calculated as the range from +1,500 bp upstream to −500 bp downstream of the transcription start site (TSS) of all the submitted gene list. Only over-represented motifs with p ≤ 0.05 were considered.



Gene Ontology (GO)

GO analysis was performed with Ingenuity Pathway Analysis (IPA) software on microarray probes of RBPs identified as DEG. The significance values for the canonical pathways is calculated by Fisher's exact test right-tailed. The prediction of activation or inhibition of Canonical Pathways was calculated by z-score (27) as follows:

[image: image]
 

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 5 (GraphPad Software Inc.).




RESULTS


Expression Profile of mRBPs in Airway Epithelial Transcriptomic Database of Patients With Stable COPD Compared to Non-smoker and Smoker Control Subjects

The mRBPs gene list was searched in the GSE5058 dataset to identify disease-dependent mRBP gene expression in patients with established COPD compared to control groups, clinically phenotyped as shown (Figure 2A). Comparisons of expression levels for the smoking control group vs. non-smoking control group dataset (S/NS) and of COPD patients vs. both NS and S group datasets (COPD/NS, COPD/S) were performed. The number of regulated mRBP genes is reported along with corresponding array probes, which detect different fragments of each gene sequence and generate the fluorescence intensity raw data. We first calculated regulated genes with statistically significant changes regardless of fold change (FC) value, defined as Differentially Expressed Genes (DEG) (Figure 2B). These data revealed an overall greater expression of mRBPs in COPD patients vs. both NS and S control groups, about 9-fold higher than that triggered by smoke exposure alone. The mRBP genes displaying a statistically significant FC value ≥|1.5|, denominated Significant FC/Differentially Expressed Genes (SDEG) were further selected (Figure 2C). Approximately 70% of the mRBP DEG genes were included in this category when COPD samples were compared to both control samples (COPD/NS, COPD/S), while only 30% of S/NS DEG genes were upregulated over this threshold. A small number of genes were excluded from further computing for probe discordance ≥ 67% (n = 30/267, 11% for COPD/NS; 10/257 for COPD/S, 3%). The SDEG profiles indicate that the majority of mRBP genes in COPD were downregulated compared to both controls (n = 194/267, 73% for COPD/NS; n = 202/257, 79% for COPD vs. S) while in S/NS only 30% (n = 4/13) were downregulated (Figure 3). Table 1 lists the main functions, published or described in GeneCards (80) for mRBP SDEG with the highest numerical FC value in COPD vs. both control groups.


[image: Figure 2]
FIGURE 2. Regulated mRBP expression in Small Airway Epithelial Transcriptomics in stable COPD. (A) Clinical and spirometric phenotyping of COPD smoker patients (COPD), non-smokers (NS), and smokers (S) with normal lung function (NLF) as control cohorts providing small airway epithelial cells by bronchial brushings for trascriptomic analysis reported in GEO GSE5058 [modified from (17) with permission] utilized in this study for mRBP expression analysis. (B,C) For each gene, multiple probes spanning different gene regions are represented on array platforms. Panels show the numbers of mRBP probes and corresponding genes obtained after FDR filtering (see Figure 1A). (B) Statistically significant, Differentially Expressed mRBP Genes, regardless of fold change value (DEG) and (C). Statistically Significant/Differential Expressed mRBP Genes with differential expression set at ≥ |1.5) (SDEG) obtained comparing datasets from S vs. NS, COPD vs. S and vs. NS. Number of Up- or down-regulated SDEG probes are shown below.



[image: Figure 3]
FIGURE 3. mRBP SDEG genes in small airway epithelium of stable COPD patients vs. non-smoking and smoking control subjects: unique and overlapping regulated expression. Venn diagram generated with Venny 2.1 (23), showing selective and shared mRBPs SDEG genes (FDR ≤ 0.05; FC ≥ |1.5|) among the three comparisons. The number of up-and down-regulated mRBPs for each comparison are shown by red/green arrows; the total number is indicated in parenthesis. Red circle highlights the predominant number of SDEG differentially expressed in COPD, regardless the smoking status of controls.



Table 1. Regulated RBPs in COPD vs. normal non-smokers and smokers: selected list with known functions.

[image: Table 1]

The three gene groups (NS/S, COPD/NS, COPD/S) were intersected to identify both unique and overlapping mRBP expression profiles. As shown in the Venn's diagram (Figure 3), 195 SDEG genes are shared between the COPD patients vs. both NS and S groups, pointing at a distinctive mRBP signature driven by COPD beyond the active exposure to cigarette smoke.

Using the larger DEG lists, the three gene sets were then analyzed by IPA software probing changes in the categories of canonical pathways and intersected, (Figure 4) as done for the SDEG gene groups. Five out of eight canonical pathways impacted by COPD were shared by comparisons to NS and S groups (Figure 4A). Calculation of the z-score parameter yielded a predictive assessment of the downstream effect - activation or inactivation - exerted by the identified RBP profile on the metabolic pathways (Figure 4B). Table 2 lists the regulated mRBPs impacting upon the canonical pathways shown in Figure 4B.


[image: Figure 4]
FIGURE 4. Genome Ontology analysis of mRBPs expression in small airway epithelium of stable COPD patients vs. non-smoking and smoking control subjects: involvement in established COPD pathogenic pathways. Ingenuity Pathway Analysis (IPA) of mRBP in COPD GSE5058 Dataset. (A) Venn diagram showing selective and shared canonical pathways among the group comparisons, calculated by Ingenuity Pathway Analysis (IPA) on DEGs for increased statistical power and listed as in Figure 3. In evidence (red lined rectangle) the pathways enriched in COPD vs. both NS and S control groups. (B) List of canonical pathways identified for each group comparisons. For each pathway, bargraphs indicate the number of RBP genes associated with the pathway (total number listed at the end of the bar) that were found up (red)- or down (green)-regulated in the dataset; z-score (on the right) predicts pathway repression (blue) or activation (orange) given by the expression profile (see Methods); far right: genes n = indicates number of regulated mRBP genes involved for each pathway (also listed in Table 2). * z-score ≥ |1|.



Table 2. GO analysis by IPA indicating canonical pathways in which RBP enrichment is significant for each comparison, with predicted functional outcome indicated by z-score (See Methods for details), and RBP molecules involved.

[image: Table 2]

We then selected the gene set obtained for the comparison COPD/S (n = 409 SDEG probes) to perform an unsupervised clustering analysis of each subject's mRBP expression profile for the three groups (NS, S, COPD), using Pearson's hierarchical clusters/complete linkage method. Results were represented in a heatmap generated with the T-MeV software (Figure 5) (24, 25). As expected, the heatmap clearly showed how the expression of mRBPs appears predominantely diminished compared to NS and most of S subjects; interestingly, it also identified in the S group a subset of four subjects displaying an expression profile highly homologous to the one identified in COPD patients (Figure 5A). This similarity was confirmed by performing unsupervised cluster analysis for both genes and subjects using an Euclidean distance metrics (Figure 5B). This analysis confirmed that the RBP expression profile of this S subgroup indeed clustered with the samples from COPD patients.


[image: Figure 5]
FIGURE 5. Unsupervised gene cluster analysis across the individual samples from GSE5058 dataset identifies selective global mRBPs repression in COPD patients shared by a subset of smoker controls. (A) Unsupervised clustering analysis applied to (blue arrow) SDEG probe list identified in COPD/S (n = 409). Heatmap shows SDEG probes' fluorescence intensity value (blue < 0, reduced: red > 0, increased). The data were normalized on the median and log2-trasformed for relative fold changes (See Methods). (B) Unsupervised clustering analysis applied to both SDEG probe list and individual samples (blue arrows). Asterisks indicate the SDEG profiles of four smokers with NLF, clustering with those of COPD patients indicated by the dotted line.


To initiate mechanistic understanding of predominant RBP downregulation in subjects with stable COPD and in selected smokers with normal lung function, we conducted for the RBP gene set obtained for COPD/S a search for transcription factor (TF) binding motif within promoter regions. Significant binding site enrichment for several TFs (Figure 6, listed in Supplementary Table 1) was exclusively found for the genes downregulated in their expression.


[image: Figure 6]
FIGURE 6. Analysis of upstream regions of mRBP genes regulated in COPD/S identifies enrichment of transcription factors binding sites for downregulated genes. Enrichment analysis of transcription factor binding sites for COPD/S SDEG gene list (n = 257) within the promoter regions orderd by -log(p-value). Promoter regions have been calculated as the range from +1,500 bp upstream to −500 bp downstream of the gene transcription start site (TSS). Only over-represented motifs with p ≤ 0.05 were considered.


As mRBPs exert their function by dinamically assembling in RNP complexes, the same gene dataset (SDEG in COPD/S) was then searched for RBPs with correlated expression, which may indicate disease-driven, coordinated target regulation (20). Pearson correlation map showed at least five highly correlated mRBP clusters (r ≥ 0.70) (Figure 7A). Clusters of RBP gene lists and their FC values between COPD and both S/NS control populations are listed in Supplementary Table 2. Canonical pathway analysis indicated that RBP genes in clusters commonly impacted upon RAN signaling and Telomere Extension by Telomerase, along with more cluster- restricted influence on other pathways, such as inhibition of ARE-mediated mRNA degradation and IL-15 expression (Table 3). In particular, cluster 3 included 40 genes, among which was included HNRNPD, coding for the RBP AUF-1 that we previously identified as repressed in small airway epithelium in airway biopsies of an independent subject cohort of COPD patients compared to smoker controls (16). For cluster 3, IPA analysis identified enrichment of genes involved in RAN signaling, telomere extension, IL-15 expression (Figure 7B). Figure 7C shows normalized fold changes across the three groups for eight representative mRBPs, including HNRNPD, contained in cluster 3.


[image: Figure 7]
FIGURE 7. Correlation map identifies five clusters of coexpressed RBPs in COPD. (A) Pearson Correlation maps of SDEG probe list (n = 409 in COPD/S) across all samples, with R value set as (r ≥ 0.7) identifies at least five clusters of coexpressed mRBPs (red squares). (B) Representative GO analysis of cluster 3 (n = 42 SDEG) (full GO cluster analysis in Table 3). (C) Representative expression profile of selected mRBPs coexpressed in cluster 3 (full cluster expression profiles in Supplementary Table 2). #p ≤ 0.05. *Mean of Log2 (fold change over median).



Table 3. Canonical Pathways identified by IPA analysis of mRBPs clusters 1 to 5 as shown in Figure 7.

[image: Table 3]

We then submitted the mRBP profile obtained in the COPS/S, used also to identify gene clusters, to validation in an independent transcriptomic dataset of small airway epithelium obtained from bronchial brushing of NS, S and COPD (GOLD stages I or II) [n = 18 each cohort, deposited in public GEO repository as GSE 8545 (21). Analysis of COPD/S in GSE 8545 largely confirmed the global downregulation of RBP in COPD/S, with 56% of probe sets downregulated with an FC ≤ - 1.5 (217/390) vs. 80% (327/390) downregulated in GSE5058. Importantly, the comparison reproduced differential expression for all RBP cluster genes (listed in Table 3) identified by IPA as having significant impact on canonical pathways (Figure 8).


[image: Figure 8]
FIGURE 8. Validation of differential expression for RBP genes in GSE8545 COPD/S dataset. Comparison of FC values for COPD/S mRBP genes between GSE5058 (test dataset) and GSE8545 (validation dataset; See Methods) for the RBP cluster genes (listed in Table 3) identified by IPA as having significant impact on canonical pathways.




Expression Profile of mRBPs in Bronchial Epithelium of Patients With Severe Asthma Compared to Control Subjects

Transcriptomic data in airway epithelium from bronchial brushing of patients with severe asthma (SA) and healthy controls (HCs) were searched for mRBP expression using the same methodology (Figure 1). Clinical characteristics of the original study, from which we extracted GEO data only for SA and HC groups, are shown in Supplementary Table 3. We randomly extracted from the GSE63142 dataset (19) the same number of patients of the GSE5058 COPD dataset (n = 6 SA, n = 12 HCs). Only 30 probes (corresponding to 29 genes) were differentially expressed (DEG) in SA vs. HCs, but none of the DEG genes changed by at least 50% compared with HCs, thus none was categorized as SDEG (FDR ≤ 0.05; FC ≥ |1.5|). We then extended the search to the entire number of subjects of the datasets (n = 56 SA and 27 HCs) and identified as DEG 68 gene probes corresponding to 62 genes; as for the previous analysis, none of the DEG was categorizable as SDEG (genes listed in Supplementary Table 4).




DISCUSSION

In the present study, global changes in mRBP gene expression in human airway epithelium were evaluated, for the first time, using public gene array databases derived from bronchial brushings of patients affected by two major chronic lung inflammatory diseases, COPD and severe asthma, and their relative control subjects. We report that significant changes were largely exclusive to samples from COPD and that they were mostly due to downregulated mRBP expression, a feature that was found also in a subset of control smokers. These changes were associated with the occurrence of several clusters of co-regulated mRBPs, and they impacted relevant pathways deemed pathogenic for COPD.

We recently identified in a GEO database of airway epithelial cells from stable COPD patients a significant loss of the RBP AUF-1 compared to smoker controls, matching the loss we identified at protein level in airway samples of patients with stable COPD compared to normal smokers (16). The present study was undertaken on this basis as a broader investigation of epithelial RBP patterns comparing two lung diseases characterized by chronic inflammation and oxidative stress – COPD and SA - since preclinical studies clearly identified the role of this class of posttranscriptional regulators in these pathological processes (14, 81, 82), yet they are scarcely described in human disease driven by them. This proof-of concept study could serve as springboard for studies focused on specific PTGR pathways and molecular species exploitable as phenotype/endotype disease biomarker or for therapeutic targetability.

To generate the list of mRBPs we used for this study, Gerstberger et al. (20) searched the human genome for protein-coding genes bearing RBDs using specific statistical probability models and futher manual curation, which led to a final census of 1,542 RBPs. Strikingly, the biological functions of a third of these proteins is unknown or minimally defined, at least in human disease; some of these - such as DEAD/DEAH box helicases – were found to be significantly regulated in airway epithelium of COPD patients by our analysis.

In our study the DEAD-box RNA helicase, DDX17 was in fact among the top downregulated mRBP in COPD; its role is not yet defined in this disease. DDX17 is a nucleocytoplasmic shuttling factor that functions as RNA helicase and is involved in transcription, splicing and miRNA processing. Several studies indicate its involvement in antiviral responses: in a recent study, a significant decrease in DDX17 was found in transcriptional signature to vaccination to H1N1 influenza virus in human subjects, which correlated with antibody titter and IFN-γ production by T-cells (83). Upregulated DDX17 expression has been reported to be associated with resistance to the tyrosine kinase inhibitor drug, gefitinib in non-small cell lung cancer (NSCLC) cells (84). We also found as significantly downregulated the 3′-5′ DEAH-box helicase DHX36, also known as RHAU (RNA helicase associated with AU-rich element) (58). In addition to regulating the transport and half-life of ARE-bearing mRNAs, it has a role in the mechanisms of preservation of genome integrity and in the maintenance of telomeres. In particular, DHX36 assists the activity of the TERT (Telomerase Reverse Transcriptase) enzyme (54, 58–62). As helicase, DHX36 unwinds parallel G-quadruplex structures formed in DNA and RNA. Interestingly, a recent study indicates that ablation of DHX36 results in increased SG formation and protein kinase R (PKR/EIF2AK2) phosphorylation, indicating that DHX36 is involved in resolution of cellular stress at the level of SG (85). Moreover, in rat alveolar epithelial cells DHX36 downregulates epithelial sodium channel (ENaC) mRNA stability by binding with T-cell internal antigen-1 related protein (TIAR-1) to the transcript 3′-UTR (86).

The results from the study in COPD revealed for the first time a significant, global downregulation of mRBPs in cells from COPD patients compared to controls; interestingly, a pattern very similar was found in samples from four out of 12 smoker controls with normal lung function, as confirmed by cluster analysis. This data suggest that this expression profile could indicate subjects at higher risk related to smoke, or with disease at preclinical stage. It would be important to understand, upon validation on larger datasets, the specific mechanisms and epithelial responses affected by this mRBP profile, and whether it leads to molecular changes underpinning a specific clinical disease phenotype.

To this end, a search for common transcriptional control and global pathway analysis may assist in directing further studies on a scale larger than single-gene analysis, in particular when exploring relatively uncharted pathways.

Of note, significant enrichment for TF binding motifs in COPD/S-regulated genes was found only for downregulated RBP, further supporting a biological relevance of this global change, possibly representing a coordinated shift in response to pathogenic triggers. Overall, the TFs putatively binding to the DNA motifs identified with highest enrichment, such as the MEF2 TF family, have pleiotropic functions in cell cycle, cell differentiation, proliferation, apoptosis (87); Interestingly, ARID5A acts both as TF and as RBP according to nuclear or cytoplasmic localization (88); FoxD3 acts as tumor suppressor in lung cancer (89) while HOX genes are overexpressed in non-small cell lung cancer and postulated to act as oncogenes (90).

In our genome ontology analysis (Table 2), some of the pathways significantly affected by the changes in mRBPs are already recognized as impacted by the pathogenetic process in COPD, such as the expression/activity of the telomerase enzyme and the signaling coordinated by the kinase mTOR (Mammalian Target Of Rapamycin) (91–94); others may indicate so far under recognized disease determinants.

Telomerase is an enzyme complex that reverse-transcribes an integral RNA template in order to add short DNA repeats at the 3′-ends of telomeres. In our study, the mRBPs HnRNPA1 and HnRNPA2B were found as downregulated SDEG in COPD and this profile was predicted by IPA to inhibit telomere extension by telomerase. Early studies established that hnRNP-A1, hnRNP-A2, and hnRNP-B1 proteins can interact with telomeres and are products of two different genes (HNRNPA1 and HNRNPA2B1) but display similar structures (two RRMs and four RGG motifs in each)(95). The mRBP hnRNP A1 is the best characterized and found to be associated with human telomeres in vivo (96); depletion of hnRNP A/B proteins in human embryonic kidney 293 cell extracts greatly reduced telomerase activity, which was rescued by addition of recombinant hnRNP A1 (96). Recently, a large study conducted in a group of 576 patient with moderate-to-severe COPD found a significant relationship of absolute telomere length, measured by PCR in DNA from peripheral blood samples, with several clinical parameters such as quality of life, number of exacerbations, and mortality (97). These evidence suggest that shorter leukocyte telomere lengths could be evaluated as a biomarker for clinical outcomes in COPD. Furthermore, these two RBPs were coexpressed in cluster 3 (Figure 7), along with another known TERT-regulating factor, AUF-1 (98), which we initially documented as downregulated in COPD patients vs. controls by immunohistochemistry (16). AUF-1 positively regulates TERT1 at promoter level, but its loss may impact cellular senescence also by concomitant lack of its destabilization function for cell-cycle checkpoint mRNAs (98). Coexpression is often found among RBPs that participate to common posttranscriptional pathways; therefore, the novel mRBP clusters we identified (Figure 7 and Supplementary Table 2) can be used as starting point to infer mRBP putative regulatory roles and identify coordinated expression of targets (20). Taken together, depletion in COPD of RBPs that are crucial for telomere length, as suggested by our findings, may have a role in shaping several COPD clinical outcomes by impacting this function also in airway epithelium.

In our pathway analysis, signaling of eukariotic initiation factors (eIF) was negatively impacted by downregulation of several eIFs, an effect which was also linked to a negative influence on mTOR signaling. The expression and functions of eukariotic initiation factors (eIF) are generally regulated in aging, transformation, and growth arrest and are critically hampered in cancer and during pathogenic stress conditions (99). Acceleration of cellular aging driven by oxidative stress in COPD lung is characterized by activation of PI3K (phosphoinositide-3-kinase) and mTOR signaling, through oxidation of tyrosine phosphatases such as and SHIP-1 (SH2-containing inositol-59-phosphatase-1) and PTEN (phosphatase tensin homolog) (100). The activity of eIF4E-binding protein(BP)1/eIF4E pathway is required for mTOR-dependent G1-phase progression (101), in particular it mediates mTORC1-dependent increased expression of cyclin D1 (102). In cancer cells, decreased expression and functions of eIFs leads to inhibition of global translation and enhancement of translation of subsets of mRNAs by alternative mechanisms (99). Therefore, pathway analysis of COPD-related mRBP patterns strongly suggests a key role for altered translational regulation as a pathogenic mechanism by which oxidative stress alters specific protein levels and cellular functions. A more specific understanding of dysregulation of mRNA translation could uncover new strategies to diagnose and treat at least some forms of chronic inflammation and possibly indicate mechanisms linking COPD to lung cancer development.

Cytokines, chemokines and proinflammatory molecules secreted by senescent cells are collectively described as the senescence-associated secretory phenotype (SASP) (103). Multiple RBPs, such as Human antigen (Hu)R, AUF-1, tristetraprolin (TTP) have been shown to regulate several of the inflammatory transcripts that take also part to the SARP phenotype (12, 81, 104). In particular, CCL2, CXCL1 and IL-6 were identified among others as HuR-associated and regulated transcripts in human airway epithelial BEAS-2B cells stimulated with TNFα plus IFNγ. However, levels of TTP expression appear unchanged in airway samples from COPD patients and smoker controls as well as in epithelial in vitro models of cigarette smoke challenge, and there are conflicting evidence regarding airway epithelial HuR expression in COPD (16, 105, 106). The documented loss of epithelial AUF-1 may contribute also to SASP, besides impacting on cellular senescence, through loss of its mRNA decay-promoting function for several of its factors, such as IL-1β, TNFα, IL-6, CXCL1, VEGF (104). It is noteworthy that in our correlation analysis of COPD-regulated mRBPs, expression of T-cell intracellular antigen (TIA)-1, a critical translational repressor of TNFα (107), clusters with that of AUF-1 (Figure 7C).

Lastly, the pathway impacted by COPD-associated RBP expression in all clusters is Ras-related nuclear protein (Ran) signaling. Ran controls nucleo-cytoplasmic protein transport through the nuclear pore complex and regulates cell cycle progression (108, 109). As regulators of RNA throughout their lifespan, numerous RBPs undertake regulated nucleocytoplasmic shuttling in complex with their targets; key RBPs, such as HuR and HNRNPA1, are known to bind to transportin-1 (110). Conversely, several factors involved in Ran-mediated nucleo-cytoplasmic transport system, including transportin 1, are controlled by RBPs such as HuR (111) and by posttranscriptional control at large. As disruption of Ran expression and function is linked to most cancers, including NSCLC (112, 113), this data suggest that the impact of RBP expression changes on Ran pathway may contribute to increased risk of cancer development in a subset of COPD patients.

Unexpectedly, no significant differential mRBP expression was found when applying the mRBP list search to the database derived from bronchial brushings of SA patients vs. healthy controls. Triggers and inflammatory features of bronchial asthma have distinct features from those of COPD, however in severe asthma the inflammatory pattern is less divergent: increased oxidative stress and a poor response to corticosteroids are SA features common to COPD, especially in SA subjects who are smokers (114). Moreover, global alterations in airway epithelial-derived miRNA and polysome-bound mRNAs have been reported in other smaller SA patient cohorts compared to HC, indicating the occurrence of alteration in posttranscriptional pathways (115). Furthermore, a recent study reports that in primary airway epithelial cells harvested by bronchial brushing in SA patients, IL-17A in combination with TNFα prevents the cytoplasmic translocation of the RBP TIAR. Nuclear sequestration of TIAR halted the cytoplasmic binding and translational repression of its targets, IL-6 and CXCL8 mRNAs and correlated with corticosteroid insensitivity, in vivo neutrophilic inflammation and the post-bronchodilator FEV1 of SA patients (116). Posttranscriptional changes in asthma could be driven by a more diverse pattern of molecular species and mechanisms and changes in mRBPs localization and binding, rather that expression, may be predominant. This underscores the need to implement studies probing RBP posttranslational modifications in human airway samples or cell lines and to characterize the RBP interactome and understand its regulation of disease-related epithelial responses. More studies will be necessary to validate this significant negative finding in SA also using additional airway epithelial databases from patients with defined eosinophilic T2 phenotypes and neutrophilic or pauci-granulocytic non-T2 phenotypes (117). Moreover, evaluation of datasets derived from patients with milder asthma could add relevant information, for example to confirm a potential role of RBP modulation by glucocorticoid therapy, so far identified in human airway epithelium in vitro (12).

There are several limitations also to the results obtained for the COPD database, the main one being the small number of subjects included. In support of our findings, however, this patient and control cohort did have statistical power to support the findings of the original study. We were able to validate our main finding of global downregulation of mRBPs in COPD/S in an independent small airway epithelial cell transcriptomic study (21), in particular for coexpressed mRBP genes whose changes were deemed by IPA analys to have a significant impact on several canonical pathways. It is nevertheless essential to evaluate other independent databases with larger number of COPD subjects and controls, possibly with detailed clinical phenotyping including alpha-1-antitrypsin deficiency status, length of smoking history or time from smoking cessation as well as history of exacerbation. However, a rate-limiting factor for this validation lies in the fact that few studies have focused on transcriptomic of small airway epithelium in large number of patients. While correlation network analysis is being conducted on the transcriptome of larger COPD case/control cohorts for which lung tissue samples are available (118), other systems-biology approaches using single-cell sequencing of small airway epithelial cells are concurrently uncovering relevant biological features using brushing samples isolated in a number of COPD and control subjects equal to, or smaller than that of the study we evaluated (119, 120).

Moreover, we searched epithelial GEO databases for a list of RBPs selected on the basis of canonical RBDs (20). It remains to be probed the profile of other RBPs that do not contain conventional RBDs (121), which have been increasingly identified in human RNA interactome studies. These RBPs also have RNA binding activity but hold several other functions, such enzymatic activity in metabolic pathways or in RNA modification; their role in human epithelial biology is largely unknown.

Overall, the COPD-related mRBP profile found in our study suggests post-transcriptional control of epithelial gene expression as substantial, yet understudied process possibly contributing to key pathogenic mechanisms in COPD. In-depth characterization of proteins dynamically interacting with mRNAs is necessary to understand how PTGR participates to the disease process – and whether it can be targeted therapeutically. Therefore, creating a map of RBP expression is a necessary first step to then analyze epithelial mRNA-bound proteome and potential changes in disease. Focused functional analysis and validating proteomic experiments will be needed to validate the coexpression of mRBPs and to address whether expression of mRBP targets, when known, in the COPD epithelial transcriptome database would show alterations consistent with – and dependent from - the documented changes of mRBPs expression.
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Asthma is a heterogeneous respiratory disease characterized by usually reversible bronchial obstruction, which is clinically expressed by different phenotypes driven by complex pathobiological mechanisms (endotypes). Within this context, during the last years several molecular effectors and signalling pathways have emerged as suitable targets for biological therapies of severe asthma, refractory to standard treatments. Indeed, various therapeutic antibodies currently allow to intercept at different levels the chain of pathogenic events leading to type 2 (T2) airway inflammation. In addition to pro-allergic immunoglobulin E (IgE), that chronologically represents the first molecule against which an anti-asthma monoclonal antibody (omalizumab) was developed, today other targets are successfully exploited by biological treatments of severe asthma. In particular, pro-eosinophilic interleukin 5 (IL-5) can be targeted by mepolizumab or reslizumab, whereas benralizumab is a selective blocker of IL-5 receptor. Moreover, dupilumab behaves as a dual receptor antagonist of pleiotropic interleukins 4 (IL-4) and 13 (IL-13). Besides these drugs that are already available in medical practice, other biologics are under clinical development such as those targeting innate cytokines, also including the alarmin thymic stromal lymphopoietin (TSLP), which plays a key role in the pathogenesis of type 2 asthma. Therefore, ongoing and future biological therapies are significantly changing the global scenario of severe asthma management. These new therapeutic options make it possible to implement phenotype/endotype-specific treatments, that are delineating personalized approaches precisely addressing the individual traits of asthma pathobiology. Such tailored strategies are thus allowing to successfully target the immune-inflammatory responses underlying uncontrolled T2-high asthma.
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Introduction

Asthma is a very diffuse chronic respiratory disease whose main pathologic features include airway inflammation and remodelling, which are responsible for variable airflow limitation and bronchial hyperresponsiveness (1–3). More than 300 million people currently suffer from asthma worldwide, and this number is probably destined to undergo further increases during the next years (4, 5). In most subjects with asthma a good disease control can be achieved using standard inhaled treatments. However, about 5–10% of patients included in the global population of asthmatic individuals experience various subtypes of inadequately controlled and difficult-to-treat asthma (6). In this regard, severe asthma was jointly defined by both European Respiratory Society (ERS) and American Thoracic Society (ATS) as a condition controlled by high dosages of inhaled corticosteroids (ICS)/long-acting β2-adrenergic agonists (LABA) combinations, which can also require the addition of other drugs (i.e. tiotropium, leukotriene modifiers, oral corticosteroids); even worse, severe asthma might remain uncontrolled despite such massive inhaled and systemic treatments (7). Hence, within the overall spectrum of subjects with asthma, severe asthmatic patients are characterized by the most urgent unmet medical needs and can be eligible to add-on biological therapies (8). The latter mainly consist of already licensed monoclonal antibodies targeting specific molecules involved in the pathobiology of type 2 (T2-high) eosinophilic, allergic and non-allergic asthma, including immunoglobulins E (IgE), interleukin-5 (IL-5) and its receptor, as well as interleukin-4 (IL-4) receptor (9–11). Other experimental biologics target upstream innate cytokines such as thymic stromal lymphopoietin (TSLP) (12, 13). Conversely, current pharmacotherapeutic pipelines are very scarce with regard to investigational drugs directed against molecular targets implicated in the pathogenesis of T2-low, mostly neutrophilic severe asthma. Therefore, a careful characterization of the biological mechanisms (endotypes) underlying the different phenotypes plays a key role in driving the clinical choice of the most appropriate add-on therapy for each individual patient with severe asthma (14, 15).

On the basis of the above considerations, the aim of this review article is to outline the cellular and molecular pathophysiology of severe asthma, in order to provide a logical premise for the subsequent discussion of the current and future biological strategies that can be used to treat the patients with uncontrolled disease.



Pathobiology of Severe Asthma

Asthma is a heterogeneous disease, originating from complex interactions between genetic and environmental factors, which consists of several different phenotypes sustained by cytokine-based biological mechanisms known as endotypes (16, 17). The inflammatory endotypes include eosinophilic, neutrophilic, mixed and paucigranulocitic cellular patterns (2, 18–22). In particular, T2-high eosinophilic inflammation is quite common in patients with either allergic or non-allergic asthma, and can frequently characterize severe and fatal disease (23–27).

T2-high eosinophilic allergic asthma, occurring especially in children and adolescents, develops as a consequence of an intricate cross-talk between innate and adaptive immune responses (28). In particular, allergic asthma is triggered by dust mites, tree pollen and animal dander, which within the airways are captured by dendritic cells that internalize and process these aeroallergens, and also transport them to thoracic lymph nodes. Here, dendritic cells expose on their surface the processed allergen peptides and, within the context of specific HLA class II molecules of the major histocompatibility complex (MHC class II), operate antigen presentation to the T-cell receptors of naïve CD4+ T lymphocytes, thus inducing their polarization towards the T helper 2 (Th2) lineage (1). This event is driven by interleukin-4 (IL-4) produced by mast cells and basophils, and is also dependent on selective reciprocal recognition of specific co-stimulatory molecules located on the plasma membranes of dendritic cells (CD80/B7.1, CD86/B7.2, OX40 ligand, ICOS ligand) and T lymphocytes (CD28, OX40, ICOS), respectively (29, 30). As a result of such a complex process of differentiation and activation, mature Th2 cells secrete large quantities of IL-4, IL-13, and IL-5. IL-13 and especially IL-4 induce Ig class switching by stimulating B lymphocytes to synthesize allergen-specific immunoglobulins E (IgE), which bind to high-affinity (FcϵRI) and low-affinity (CD23/FcϵRII) receptors present on both immune/inflammatory and structural cells of the respiratory tract (31–34). These adaptive immune pathways are crucially integrated by innate immune mechanisms involving important functions of airway epithelial cells and innate lymphoid cells, as well as further contributions of dendritic cells (35, 36). Indeed, aeroallergens, respiratory viruses, cigarette smoking and airborne pollutants induce bronchial epithelial cells to produce the innate cytokines thymic stromal lymphopoietin (TSLP), interleukin-25 (IL-25) and interleukin-33 (IL-33), that in turn potentiate Th2-mediated adaptive immune responses and promote the release of IL-4, IL-13, and IL-5 from Th2 lymphocytes and group 2 innate lymphoid cells (ILC2) (37). Another relevant cellular source of IL-4 is represented by T follicular helper cells (Tfh), whose development in lung-draining lymph nodes depends on TSLP-induced activation of dendritic cells expressing OX40 ligand (38). Dendritic cells also secrete CCL17 and CCL22 chemokines, that selectively interact with CCR4 receptors expressed by mature Th2 lymphocytes, thus promoting their migration from thoracic lymph nodes to the airways (39).

In regard to the functions of Th2 cytokines, IL-4 drives IgE biosynthesis, IL-13 mainly contributes to mucus production, airway remodelling and bronchial hyperresponsiveness, and IL-5 is the key inducer of eosinophil differentiation, activation and survival (17, 40). In addition to Th2 lymphocytes, IL-5 is also produced by mast cells, natural killer T cells, eosinophils themselves and especially ILC2, the latter being the main cellular orchestrators of non-allergic eosinophilic asthma (40–42), frequently characterized by a late onset in adulthood. IL-5 is responsible for eosinophil maturation, and in asthmatic patients this eosinophilopoietic action occurs not only in the bone marrow, but also in bronchial mucosa (43–45). Indeed, IL-5 concentrations and the numbers of both mature eosinophils and eosinophil progenitors are increased in induced sputum from asthmatic subjects. High IL-5 levels can be also detected in serum, especially when obtained from patients with severe asthma (46). Moreover, IL-5 exerts an inhibitory effect on eosinophil apoptosis, and the numbers of apoptotic eosinophils are negatively correlated with sputum IL-5 concentrations in stable asthma, as well as during disease exacerbations (47, 48). IL-5 also contributes to eosinophil recruitment within asthmatic airways, thereby cooperating with eosinophil chemoattractants such as eotaxins (49). Furthermore, in patients with T2-high asthma IL-5 stimulates the interaction of eosinophils with periostin, an extracellular matrix protein whose expression resulted to be up-regulated during eosinophil migration towards airways (50). Especially in severe asthma, IL-5-activated eosinophils also contribute to bronchial structural changes via the release of powerful pro-remodelling mediators such as transforming growth factor-β (TGF-β) (51, 52).

T2-low asthma is often characterized by airway neutrophilia, particularly in patients suffering from severe disease forms (53). In this regard, the Th17 subset of CD4+ T lymphocytes seems to play a pivotal pathogenic role (54–56). Th17 cells produce IL-17A and IL-17F, whose expression was shown to be significantly up-regulated in bronchial biopsies from patients with severe asthma (57). Th17 cell development depends on the coordinate actions of IL-1β, IL-6, and TGF-β, which are essential for induction of differentiation of this cellular immunophenotype (58–60). In addition, IL-21 produced by Th17 cells themselves plays a key role as autocrine amplifier of Th17 response (60, 61). Mature Th17 lymphocytes also express the specific receptor of IL-23, a cytokine which is required to stabilize the Th17 phenotype and to maintain Th17 cells in a state of effective activation (60–62). Cigarette smoke and diesel exhaust particles can induce airway neutrophilia, which was shown to be associated with Th17-dependent severe asthma (63, 64). Infectious agents also seem to be able to trigger Th17-mediated severe asthma, and this effect may involve the assembly of the inflammasome, an intracellular multiprotein complex which activates caspase-1, a protease that converts pro-IL-1β in its active form, thus enabling it to induce Th17 cell differentiation (65, 66). Inflammasome activation was also shown to be implicated in obesity-associated bronchial hyperresponsiveness (67). In severe asthma, Th17 cell polarization and neutrophilic airway inflammation can also be promoted by neutrophil extracellular traps (NETs), consisting of anti-microbial complexes of extracellular DNA, histones and granular proteins extruded from neutrophils that become anuclear cells known as cytoplasts (68–70). In addition to Th17 lymphocytes, other cellular sources of IL-17 include invariant NK T cells, γδ T cells, cytotoxic T cells, and especially group 3 innate lymphoid cells (ILC3) (71, 72). High numbers of ILC3 were found in bronchoalveolar lavage fluid (BALF) from adults with severe asthma, as well as in blood of obese asthmatic children (72, 73). Once secreted from Th17 lymphocytes, ILC3 and other cell types, IL-17A and IL-17F induce bronchial epithelial cells and sub-epithelial airway fibroblasts to release potent neutrophil chemoattractants including IL-8 (CXCL8) and CXCL1/GRO-α (74–76]. IL-17-mediated neutrophilic asthma is often associated with a relevant insensitivity to the therapeutic actions of corticosteroids, which indeed exert an anti-apoptotic effect on neutrophils, thus prolonging their survival (77). In addition to Th17 lymphocytes, also IL-12-dependent Th1 cells can contribute to the pathobiology of severe neutrophilic asthma (59, 78). In fact, Th1 lymphocyte numbers and the levels of their cytokines such as interferon-γ (IFN-γ) and tumor necrosis factor-α (TNF-α) are enhanced in severe asthmatic patients (59, 79).

The mixed eosinophilic/neutrophilic inflammatory phenotype is often associated with severe asthma. In particular, circulating Th2/Th17 cell clones producing both IL-4 and IL-17A were found in asthmatic patients (80). Moreover, high numbers of dual-positive Th2/Th17 lymphocytes secreting large quantities of IL-4 and IL-17 were detected in BALF from patients with severe asthma (81). Indeed, these BALF lymphocytes were shown to concomitantly express two transcription factors such as GATA3 and RORγt (81), which are essential for differentiation of Th2 and Th17 cells, respectively. Such observations corroborated the results of previous studies performed in mice, which had demonstrated that Th2/Th17 lymphocytes were involved in the induction of severe forms of experimental asthma (82). Hence, additional studies are needed to further characterize the cellular phenotypes of dual Th2/Th17 lymphocyte subsets, and to better understand if IL-4 and IL-17 produced by these cells could eventually exert additive or synergistic effects, especially in the pathobiology of severe asthma (83).

In addition to eosinophilic, neutrophilic, and mixed granulocytic inflammatory profiles, also paucigranulocytic histopathological patterns have been found in airway biopsies from asthmatic patients (84, 85). The cellular pathophysiology of this particular asthmatic phenotype, characterized by the lack of increased counts of eosinophils or neutrophils in either sputum or blood, has not been clearly elucidated. However, it appears that paucigranulocytic asthma is featured by an uncoupling of bronchial obstruction from inflammation, possibly due to structural changes mainly resulting in non-inflammatory thickening of airway smooth muscle layer (86).



Licensed Biological Therapies of Severe Asthma

There are currently five approved monoclonal antibodies for add-on biologic treatment of severe asthma. They include omalizumab, mepolizumab, reslizumab, benralizumab, and dupilumab (Figure 1).




Figure 1 | Molecular targets of current and future biological therapies of severe type 2 asthma. The targets of approved add-on biologic treatments (highlighted in blue color) of severe asthma include IgE (omalizumab), IL-5 (mepolizumab and reslizumab), IL-5 receptor (benralizumab), and IL-4/IL-13 receptor complex (dupilumab). Moreover, experimental drugs (highlighted in dark magenta color) such as tezepelumab, REGN3500 and fevipiprant target TSLP, IL-33 and the CRTH2 receptor of PGD2, respectively. This original figure was created by the authors using “BioRender.com”.



Omalizumab has been the first licensed biologic drug for clinical use in the management of severe asthma. This recombinant humanized monoclonal antibody, originally developed in mice, binds to the two Cϵ3 domains of the constant portion of IgE, thus forming IgE/anti-IgE immune complexes that prevent IgE interactions with both high-affinity FcϵRI and low-affinity FcϵRII/CD23 membrane receptors (87, 88). As a consequence, omalizumab inhibits all IgE-dependent cellular and molecular events involved in the immune/inflammatory cascade underlying allergic asthma. Systematic reviews and pooled analyses of randomized controlled trials have clearly shown that omalizumab was able to significantly decrease the rate of asthma exacerbations, and this therapeutic effect was observed up to 48–60 weeks of treatment (89, 90). Such a favourable clinical outcome has been further corroborated by several worldwide real-life studies (91). In addition to confirming the positive impact of omalizumab on asthma exacerbations, emergency room accesses and hospitalizations, real-world experiences have also demonstrated relevant improvements in symptom control, quality of life, and intake of oral corticosteroids (OCS), as well as a lower loss of working and school days (91–93). Despite some discordant published data regarding the effects of omalizumab on lung function (15), many real-life studies have shown that this anti-IgE monoclonal antibody can induce significant and persistent increases in forced expiratory volume in the first second (FEV1), lasting 5, 7, and even 9 years (94–96). Moreover, it was also recently reported that omalizumab can effectively improve both clinical manifestations and computed tomography (CT) images of nasal polyps associated with severe allergic asthma (97). All these beneficial outcomes achieved by patients undergoing add-on therapy with omalizumab explain the high degree of adherence to this biologic drug (98). The real-life therapeutic effectiveness of omalizumab coexists with a long-term, very good safety and tolerability profile (99).

Mepolizumab is a humanized IgG1/κ monoclonal antibody of murine origin which binds with high affinity to human IL-5, thus preventing its interaction with the α subunit of IL-5 receptor (IL-5Rα) (100). The efficacy of mepolizumab was firstly evidenced by Nair et al. and by Haldar et al., who showed in a few frequent exacerbators with severe eosinophilic asthma that this biologic drug significantly reduced disease exacerbations, as well as blood and sputum eosinophils (101, 102). These positive effects of mepolizumab were later confirmed by the phase IIb/III DREAM (Dose Ranging Efficacy And safety with Mepolizumab) trial, carried out by Pavord et al. in a much larger number of patients (103). Moreover, MENSA (MEpolizumab as adjunctive therapy iN patients with Severe Asthma) and SIRIUS (SteroId ReductIon with mepolizUmab Study) trials, performed by Ortega et al., and Bel et al., respectively, documented that in subjects with severe eosinophilic asthma mepolizumab lowered asthma exacerbation rate, improved quality of life and symptom control, and also slightly increased FEV1 (104, 105). In addition, the SIRIUS study demonstrated that mepolizumab exerted an effective OCS sparing action, thereby decreasing prednisone intake by 50% (105). Furthermore, the phase IIIb MUSCA trial, carried out by Chupp et al., corroborated the significant results achieved by patients undergoing add-on mepolizumab therapy with regard to improvement of health-related quality of life (106). All these randomized controlled studies also reported a very good pattern of drug safety and tolerability. Besides such controlled trials, uncontrolled, open-label, and real-life investigations are providing further information about the therapeutic properties of mepolizumab. Indeed, some real-world data suggest that in clinical practice mepolizumab effectiveness can be even greater than that one observed in randomized controlled trials, and these better results might be dependent on the higher numbers of baseline blood eosinophils detectable in patients enrolled in real-life experiences (107, 108). The latter have shown that mepolizumab is very effective in both non allergic and allergic patients with severe eosinophilic asthma, also in case of switching from omalizumab to mepolizumab because of an inadequate disease control provided by anti-IgE treatment (109–111). With regard to lung function, it is noteworthy that in real-life setting mepolizumab was able not only to increase FEV1, but also to improve airflow limitation at level of small airways (112). Mepolizumab was capable of inducing beneficial therapeutic effects also in severe nasal polyposis, thus improving subjective symptoms and endoscopic nasal polyp score, as well as leading to a decreased need for surgical polypectomy (113).

Another anti-IL-5 biologic drug is reslizumab, a humanized IgG4/κ monoclonal antibody of rat origin, whose clinical and functional effects have been assessed in many randomized trials (114, 115). The first phase II trial was conducted by Kips et al., who demonstrated that reslizumab reduced both sputum and blood eosinophil counts, as well as transiently increased FEV1 (116). A further phase II study, performed by Castro et al. in patients with severe eosinophilic asthma, showed that reslizumab induced a significant FEV1 increase, associated with a non-significant tendency towards an improvement in asthma control, particularly in asthmatic subjects with high blood eosinophil numbers and coexistent nasal polyposis (117). Subsequently, two phase III trials carried out by Castro et al. in patients with severe asthma and blood eosinophil counts higher than 400 cells/μL, evidenced that reslizumab lowered the annual asthma exacerbation rate by more than 50%, improved asthma control and incremented FEV1 (118). Such findings were further confirmed by Brusselle et al., especially in subjects with late-onset eosinophilic asthma (119). Moreover, Bjermer et al. observed that the positive effects of reslizumab on lung function were not limited to the large airways, as shown by FEV1 increases, but also extended to the small airways resulting in significant enhancements of mid-expiratory flow at 25–75% of forced vital capacity (FEF25-75) (120). Similar to omalizumab and mepolizumab, also reslizumab displays a more than satisfactory profile of safety and tolerability (114).

Differently from mepolizumab and reslizumab, benralizumab is characterized by a dual mechanism of action. Indeed, this humanized afucosylated IgG1/κ monoclonal antibody of murine origin binds through its Fab fragments to IL-5Rα, thereby impeding the assembly of the ternary molecular complex consisting of IL-5, IL-5Rα, and the βc subunits of IL-5 receptor (121, 122); as a consequence, IL-5 cannot exert its biological effects on target cells (eosinophils, basophils, ILC2). Moreover, via the constant Fc portion benralizumab interacts with the surface FcγRIIIa receptor of natural killer cells, thus triggering eosinophil apoptosis operated by antibody-dependent cell-mediated cytotoxicity (ADCC), a mechanism that is remarkably potentiated by afucosylation (121, 122). In regard to the randomized clinical trials, phase III SIROCCO and CALIMA studies have demonstrated that benralizumab significantly reduced the annual rate of severe eosinophilic asthma exacerbations, and also bettered asthma symptom control and increased FEV1 (123, 124). Chipps et al. performed a pooled analysis of SIROCCO and CALIMA trials, thus showing that benralizumab was effective as adjunctive biological therapy in both allergic and non-allergic patients with severe eosinophilic asthma (125). The BISE trial confirmed the positive impact of benralizumab on lung function, whereas the ZONDA study showed that benralizumab significantly decreased daily OCS intake (126, 127). Furthermore, the BORA trial documented that benralizumab use was associated with long-term safety and tolerability (128). All these findings, regarding clinical and functional outcomes, have been corroborated, and even extended and amplified by recent real-life experiences. The latter are providing convincing evidence referring to the safety and efficacy of benralizumab, detected in both atopic and non-atopic subjects with eosinophilic uncontrolled asthma, with regard to relevant improvements in asthma exacerbations, OCS consumption, symptom control, airflow limitation, lung hyperinflation, and nasal polyposis (129–132).

Dupilumab is a fully human IgG4 monoclonal antibody, which specifically recognizes and occupies the α subunit of IL-4 receptor, thereby inhibiting the biological actions of both IL-4 and IL-13 (133). Indeed, these two cytokines not only exert overlapping effects related to IgE class switching, eosinophil chemotaxis and airway hyperresponsiveness, but also share common receptor mechanisms and signalling pathways, based on activation of IL-4Rα coupled to the JAK/TYK transduction machinery (10, 133). Therefore, dupilumab behaves as a dual receptor antagonist of IL-4 and IL-13 (134). In an initial phase IIa trial, Wenzel et al. randomly assigned to either dupilumab or placebo 104 patients with persistent, moderate-to-severe eosinophilic asthma, thus showing that dupilumab significantly lowered the asthma exacerbation rate by 87%, and also enhanced FEV1 by more than 200 mL, despite ICS/LABA withdrawal (135). A subsequent larger, phase IIb study carried out in uncontrolled adult asthmatics confirmed the positive impact of dupilumab on asthma exacerbations and lung function, especially but not only in subjects with high blood eosinophil counts (136). More recently, the phase III LIBERTY ASTHMA QUEST trial showed that in asthmatic patients with blood eosinophil numbers ≥ 300 cells/μL, dupilumab was able to decrease asthma exacerbations by more than 65%, as well as to increase FEV1 by more than 200 mL (137). Corren et al. performed a post hoc analysis of the LIBERTY ASTHMA QUEST study, thereby demonstrating that the above beneficial effects of dupilumab can be indifferently detected in both allergic and non-allergic asthmatics (138). Furthermore, the LIBERTY ASTHMA VENTURE trial highlighted the significant OCS-sparing action of dupilumab (139). Overall, dupilumab is quite safe and well tolerated, even if in some patients this biologic drug can induce conjunctivitis or a marked blood eosinophilia (10), which however tends to resolve spontaneously in a few months, without apparent consequences in most cases. Dupilumab is also very effective for treatment of relevant asthma comorbidities such as atopic dermatitis and nasal polyposis (140, 141).

The molecular targets, mechanisms of action and therapeutic effects of the above mentioned drugs are summarized in Table 1.


Table 1 | Licensed biological therapies for severe asthma.





Targets of Emerging Biological Therapies in Clinical Development

In addition to the currently available biological therapies of severe asthma, the recent advances in our understanding of the pathobiology of this complex disease are allowing to disclose new potential targets for future anti-asthma treatments. In particular, besides the downstream effectors of type 2 airway inflammation such as IgE, IL-5, IL-4/13 and their receptors, other very interesting pathogenic molecules include upstream activators of cellular pathways leading to T2-high asthma. Within this context, a key role is played by the innate cytokines known as alarmins, including TSLP, IL-33, and IL-25 (142). So far, the most extensively studied alarmin as suitable target for novel biological therapies of asthma has been TSLP (13, 143).

TSLP bioactivities are involved in several pathogenic aspects of type 2 asthma. Indeed, by up-regulating OX40 ligand expression, TSLP acts as a powerful inducer of dendritic cell activation (144). Upon TSLP-mediated stimulation, dendritic cells drive naïve Th lymphocytes towards differentiation into active Th2 cells producing IL-4, IL-5, and IL-13 (145). Moreover, TSLP up-regulates the expression of such cytokines at level of other cellular sources, including basophils, mast cells, and especially ILC2 (142, 146, 147). In regard to these latter cells, TSLP also promotes their survival and steroid resistance (147, 148). TSLP appears to be also implicated in T2-low asthma pathobiology. In fact, this alarmin can induce dendritic cells to drive the commitment of naïve Th cells towards a Th17 immunophenotype (149).

Tezepelumab is an anti-TSLP fully human monoclonal antibody (Figure 1), which prevents TSLP binding to its receptor complex (150). Tezepelumab was firstly tested in patients with mild allergic asthma by Gauvreau et al., who noted that this anti-TSLP antibody reduced allergen-induced FEV1 decreases, as well as post-allergen increases in blood/sputum eosinophils and FeNO (151). A subsequent phase IIb trial was carried out by Corren et al., who showed that tezepelumab decreased the annualized asthma exacerbation rate by 60–70% and enhanced pre-bronchodilator FEV1, independently of blood eosinophil numbers (152). Furthermore, tezepelumab lowered the most relevant biomarkers of T2-high asthma, including IgE serum concentrations, blood eosinophil counts and FeNO levels (152). Ongoing phase II and III trials are evaluating the safety profile of tezepelumab, as well as its eventual efficacy in decreasing airway inflammation and OCS intake (142). So far, tezepelumab has not yet been investigated in regard to its potential therapeutic effects in patients with T2-low asthma.

IL-33 cooperates with TSLP in promoting type-2 immune/inflammatory responses (153). In particular, IL-33 induces airway hyperresponsiveness by stimulating IL-13 release from ILC2 and mast cells (154, 155). Several phase II trials are underway with the aim of evaluating some biologic drugs which target IL-33 or its ST2 receptor (142). In particular, it has been shown that the anti-IL-33 monoclonal antibody REGN3500 (Figure 1) was able to improve the control of severe asthma, but its therapeutic effects did not result to be better than those induced by dupilumab (142). Moreover, when tested in association with this IL-4/IL-13 dual receptor antagonist, the anti-asthma actions of such two biologicals were comparable to those exerted by dupilumab alone (142).

Although IL-25 plays a relevant pathogenic role in allergic inflammation, to our knowledge no anti-IL-25 monoclonal antibody is currently in clinical development for add-on treatment of severe asthma.

Another key mediator of type-2 asthma is prostaglandin D2 (PGD2), mainly produced by mast cells (156). PGD2 exerts its pro-inflammatory actions via stimulation of CRTH2 (chemoattractant receptor-homologous molecule expressed on Th2 cells) receptor, expressed by Th2 lymphocytes, ILC2 and eosinophils (156). Binding of PGD2 to CRTH2 can be blocked by fevipiprant (Figure 1), a selective receptor antagonist which is not a monoclonal antibody, but rather a small compound used as an oral drug (156). Despite the partially promising results of some preliminary studies carried out in asthmatic patients, however fevipiprant seems to induce only a weak FEV1 increase, similar to the functional effect of the leukotriene receptor antagonist montelukast (157, 158). Further studies are thus needed, even if the therapeutic potential of fevipiprant for asthma therapy currently appears to be quite uncertain.

The molecular targets, mechanisms of action and therapeutic effects of the above mentioned drugs are summarized in Table 2.


Table 2 | New potential targets of emerging anti-asthma therapies.



With regard to the potential molecular targets of biological therapies for type 2-low neutrophilic asthma, the main focus of current studies is the pathogenic axis connecting IL-1β, IL-23, and IL-17. In particular, the IL-1 receptor antagonist anakinra and the anti-IL-1β monoclonal antibody canakinumab are currently under clinical investigation in phase I/II trials enrolling patients with mild asthma (159, 160). In addition, further phase II studies are evaluating, in patients with severe type 2-low asthma, the efficacy and safety of the anti-IL-23 antibody risankizumab, as well as of an anti-IL-17A monoclonal antibody (159, 160). However, a previous trial carried out in moderate-to-severe asthmatics, aimed to investigate the effects of the anti-IL-17 receptor monoclonal antibody brodalumab, did not show any improvement in asthma symptom control and lung function (161).



Conclusions

Ongoing progress in our knowledge of the pathobiological mechanisms underlying the various cellular and molecular phenotypes of severe asthma has made it possible to unveil suitable targets for add-on biological therapies. Several approved anti-IgE, anti-IL-5, anti-IL-5 receptor, and anti-IL-4/IL-13 receptor monoclonal antibodies are currently prescribed by clinicians. These drugs are helping patients with severe, allergic or non-allergic eosinophilic T2-high asthma, to significantly improve symptom control, lung function and global health status, and especially to lessen their susceptibility to suffer from frequent and often serious disease exacerbations. Moreover, new promising monoclonal antibodies, mainly targeting the innate cytokines known as alarmins, are in advanced clinical development. However, patients with severe T2-low asthma are largely excluded from the therapeutic benefits achievable by people who experience T2-high severe disease. Therefore, in the coming years strong research efforts should be finalized to develop novel biological treatments for severe neutrophilic or paucigranulocytic asthma, thus hoping that patients expressing such uncontrolled phenotypes may pursue in the near future better health conditions than the current ones.
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Chronic respiratory diseases (CRDs) are an important factor of morbidity and mortality, accounting for approximately 6% of total deaths worldwide. The main CRDs are asthma and chronic obstructive pulmonary disease (COPD). These complex diseases have different triggers including allergens, pollutants, tobacco smoke, and other risk factors. It is important to highlight that although CRDs are incurable, various forms of treatment improve shortness of breath and quality of life. The search for tools that can ensure accurate diagnosis and treatment is crucial. MicroRNAs (miRNAs) are small non-coding RNAs and have been described as promising diagnostic and therapeutic biomarkers for CRDs. They are implicated in multiple processes of asthma and COPD, regulating pathways associated with inflammation, thereby showing that miRNAs are critical regulators of the immune response. Indeed, miRNAs have been found to be deregulated in several biofluids (sputum, bronchoalveolar lavage, and serum) and in both structural lung and immune cells of patients in comparison to healthy subjects, showing their potential role as biomarkers. Also, miRNAs play a part in the development or termination of histopathological changes and comorbidities, revealing the complexity of miRNA regulation and opening up new treatment possibilities. Finally, miRNAs have been proposed as prognostic tools in response to both conventional and biologic treatments for asthma or COPD, and miRNA-based treatment has emerged as a potential approach for clinical intervention in these respiratory diseases; however, this field is still in development. The present review applies a systems biology approach to the understanding of miRNA regulatory networks in asthma and COPD, summarizing their roles in pathophysiology, diagnosis, and treatment.
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Introduction

Chronic respiratory diseases (CRDs) like asthma and chronic obstructive pulmonary disease (COPD) are complex and heterogeneous diseases that pose a challenge for investigation and management. Multiple environmental factors and genetic predisposition modulate asthma and COPD phenotypes and severity, as well as how a patient responds to treatment. In these diseases, genomics, metabolomics, epigenomics, and transcriptomics engage in intricate interaction at the cellular level. Systems biology tries to construct models or approaches throughout the network that reveal the underlying biology and help to understand living systems. Traditionally, gene modulation and cell-signaling networks have been thought to be the main regulatory systems in cells, and RNAs have been considered molecules that only codify genetic information to protein synthesis. However, this idea is changing due to the recent advances in non-coding RNAs, such as microRNAs (miRNAs) (1). MiRNAs are 18–22 nucleotides in length and block protein translation by RNA-miRNA interaction (2). These small RNAs regulate hundreds to thousands of genes, offering a broad combinatorial possibility and constituting complicated regulatory networks. As a result, systems biology approaches are essential to understand miRNAs functions in complex diseases such as asthma and COPD, combining data from high-throughput experiments with computational models for performance of data driven modeling and model driven experimental methods (Figure 1).




Figure 1 | Systems biology approaches allow for better understanding the roles of miRNAs in pathophysiology, diagnosis, and treatment of asthma and COPD. Being miRNAs regulators of multiple genes expression affecting thus several pathways simultaneously, a comprehension of the global picture of their regulation is in need. System biology approach helps in this matter, by using a data driven method for creating computational models from previous data of high-throughput experimentation (transcriptomics, proteomics, epigenomics and epitranscriptomics) that could be obtained from the literature. Network mapping modeling allows determining the interaction between miRNAs, genes (or proteins) and phenotype and clinical data. Besides, mathematical models can help finding key miRNAs with power to alter the core of cellular pathway regulation and performance. After this, model driven experimentation allows to confirm the predicted targeting by miRNAs in cooperation by their modulation in vivo or in vitro, uncovering their role in the disease and their use in therapy. Finally, this new data obtained and validated can be summed up to confirm previous high-throughput results, enlarging the available data of miRNA regulation in asthma or COPD.



New procedures have been applied in this topic, particularly to determine the coordinate function of miRNAs in cancer. Lai et al. used a systems biology approach to unravel the role of miRNAs therapeutics in this disease (3, 4). This approach highlights the importance of high-throughput experiments to determine from the same biological experiments the transcriptome of miRNAs and their gene targets, with further exploration by proteomic data, or immunoprecipitation-based analysis, as this is very helpful in validating the huge amount of predicted miRNA-gene interactions detected in silico by diverse bioinformatic tools reviewed by Gomes et al. (5). After getting this data, then it is easier to apply computational biology approaches, most of them based on previously validated data for gene-miRNA interaction determination. After this, system biology comes in, because as previously stated it helps in creating maps of miRNA-gene-pathway interactions that may have an actual function in cell physiology (6). The actual mapping can be further detailed by introducing the regulation that occurs on the controllers (miRNAs) themselves, as we have to take into account miRNA biogenesis and structure, epigenetics, epitranscriptomics, transcription factor circuits and super enhancers, all of them modulating miRNAs functions in diseases (7).

In this review, we will focus on asthma and COPD, two of the most common CRDs worldwide, providing an overview about those molecular pathology mechanisms by miRNAs. Additionally, we will explore new insights in the field of miRNAs as biomarkers of these diseases. Lastly, we will highlight altered after specific treatment for each disease and discuss clinical advances in the use of miRNAs. With this review we want to set the foundations of actual data of miRNAs as regulators and biomarkers of chronic respiratory diseases, being able to serve as a guide for future application of complex system biology approaches to determine the actual combined effects of this miRNAs in these diseases, seeing the big picture of the pathophysiology.



Pathophysiology of Asthma and COPD

CRDs are an important cause of morbidity and mortality worldwide. According to the World Health Organization, the most common CRDs are asthma, COPD, lung hypertension, and occupational lung diseases (8). It is estimated that more than 300 million people worldwide have asthma and 3 million people die each year from COPD, accounting for an estimated 6% of total deaths globally (8).

The causes triggering the development of CRDs are diverse. Asthma is a multifactorial and heterogeneous disease, and a variety of risk factors have been linked to this disease such as genetics, atopy, and recurrent viral infections (9). Additionally, tobacco has been described as the main cause of COPD, though exposure to other toxic substances such as air pollution originated from biomass fuel has been also linked to COPD (10, 11). Independently of origin, CRDs are characterized by the inflammation and obstruction of the lower respiratory tract due to a hyperresponse of the immune system accompanied by cellular infiltration (12, 13). In allergic asthma, the predominant leucocytes are eosinophils, with a triggered type 2 immune response with high abundance of interleukin (IL)-4, IL-5, and IL-13 (14, 15); however, in COPD the most abundant cellular populations are neutrophils, macrophages, and T lymphocytes (11, 13).

Asthma presents with high variability among patients, thus posing a challenge for the improvement of diagnostic and therapeutic tools (16). Asthma is characterized by chronic airway inflammation, mucus hypersecretion, and bronchial hyperresponsiveness and the presence of respiratory symptoms such as wheezing, shortness of breath, chest tightness, and cough (17). Airway inflammation and structural remodeling together with reversible airflow obstruction and airway hyperreactivity are the main distinctive findings of asthmatic disease (18). In addition, asthma encompasses several disease variants, meaning that it can be stratified into several phenotypes and endotypes. Phenotyping and endotyping of asthma with the use of induced sputum or peripheral blood cytology can facilitate responsiveness to treatment, specify the pathogenic mechanisms, and anticipate risks. These features attest to the complexity of asthmatic disease and the numerous factors involved in its pathophysiology, suggesting that systems biology can aid in understanding the key factors implicated in molecular networks.

COPD is a multifactorial and heterogeneous disease that affects millions of people worldwide (19). This pathology is a major cause of chronic morbidity and mortality, and many people bear the burden of this disease for years. COPD encompasses small airway obstruction, emphysema, and chronic bronchitis, and it is characterized by chronic inflammation of the airways and lung parenchyma with progressive and irreversible airflow limitation (20). Symptoms include dyspnea, cough, and sputum production (21). The phenotypic characterization of COPD patients may allow for better risk stratification and personalization of therapy (22). Airway damage in COPD is triggered by dust, fumes, vapors, or gas, but the primary factor is exposure to tobacco smoke (23). Cigarette smoke alters both innate and adaptive immunity by upregulating cytokines (IL-1, IL-6, IL-8, tumor necrosis factor [TNF]-α…) (24, 25), and modifying the physiological function of alveolar macrophages (26), dendritic cells (27), neutrophils (28), and natural killer cells (29). Smoking also modifies the behavior of the epithelium by increasing mucin production (MUC5AC) (30) and disrupting epithelial cell-cell junctions, thus increasing the permeability of the epithelial barrier (31).

It has been shown that besides altering the normal physiology of the airways, cigarette smoke may change the epigenetic landscape, and these changes can be passed on to future generations through inheritance (32). Several studies show that COPD causes certain epigenetic changes in the lungs (33, 34), and many of these changes are likely due to tobacco smoke exposure (35), such as F2RL3 methylation, which is associated with smoking behavior and high mortality (7, 36). These epigenetic changes can be targeted as a possible therapy; current genetic editors like zinc-finger nucleases and CRISPR-Cas9 can be coupled to them and enzymes to rewrite epigenetic markers induced by tobacco smoke or related to COPD pathophysiology (37, 38).



MiRNAs in Lung Diseases

The complex interplay between genetics, epigenetics, protein synthesis, and immune response in asthma and COPD is actually even more intricate when another layer of regulation is introduced: miRNAs. These small molecules or noncoding RNAs are capable of regulating the gene-protein expression of immune system performance (39) and structural airway homeostasis and function (40). Moreover, miRNAs can regulate epigenetic modulators and be regulated by epigenetic changes as well (41). MiRNAs are therefore essential players in the physiopathology of both diseases, creating complex networks and interactions among diverse factors (genes, proteins, cells) that play a role in these pathologies (Figure 2).




Figure 2 | MiRNA interactions in asthma and COPD diseases. MiRNAs play a crucial role, regulating multiples processes characteristics of both pathologies. In asthma, deregulation of multiples miRNAs affects to inflammatory processes (miR-221-3p), Th1/Th2 response imbalance (miR-21), cytokine production (miR-629-5p, miR-142-3p, and miR-223-3p), epithelial injury (miR-221), macrophage polarization to M2 phenotype (miR-146a/b, miR-21) and airway remodeling (miR-3162). However, miRNAs also can alleviate inflammation (miR-146a) and cytokine decrease production (miR-24 and miR-27). In COPD pathogenesis, miRNAs can be altered by CSE exposition and they are involved in mucus hypersecretion (miR-218) and cytokine production (miR-149-3p). Moreover, several deregulated miRNAs are implicated in lung fibrosis (miR-135b, miR-145, and miR-452), and in tissue damage (miR-218). Similarly to asthma, in COPD some miRNAs can act as regulators of inflammation decreasing the secretion of several cytokines such as TGF-β (miR-1343), TNF-α, and IL-1 β (miR-344b-1-3p).



It is important to differentiate between two kinds of miRNAs: intracellular and extracellular (found inside extracellular vesicles such as exosomes, microvesicles, and apoptotic bodies) (42). Intracellular miRNAs regulate several cellular pathways, and their expression is tissue- and disease-specific, so they have been widely used as prognostic and diagnostic biomarkers of different pathologies, including viral infections, cancer, cardiovascular and allergic diseases (43, 44). Also, circulating miRNAs have been studied and used as biomarkers due to their molecular properties (resistance to degradation and ubiquity) (45).


MiRNAs as Asthma Biomarkers

Circulating cell-free miRNAs can be found in serum or plasma incorporated into extracellular vesicles, such as exosomes, and in ribonucleoprotein complexes. There are many studies showing miRNA deregulation in asthmatic patients (Table 1). It is known that several miRNAs are increased in serum samples including miR-21, miR-145, miR-146a, and miR-338, among others (45, 70). Likewise, other authors have described downregulation of other serum miRNAs, such as miR-18a, miR-126, and miR-155 (71). However, due to the complex relation between miRNAs and genes (a single miRNA can regulate hundreds of genes), not all miRNAs qualify for use as biomarkers. One solution to this problem may be to use combinations of several miRNAs or a specific miRNA profile to achieve good sensitivity, specificity, and positive and negative predictive values.


Table 1 | List of miRNAs involved in asthma pathogenesis.



In 2016, Panganiban et al. established a differential miRNA profile among asthmatic patients, non-asthmatic patients with allergic rhinitis, and non-asthmatic non-allergic subjects (45). In their study, the researchers found 30 miRNAs in plasma that were differentially expressed among three groups, showing six miRNAs (miR-125b, miR-16, miR-299-5p, miR-126, miR-206, and miR-133b) with a high predictive value when differentiating allergic and asthmatic status. Moreover, some of these circulating miRNAs grouped asthmatic patients into two clusters according to the number of peripheral blood eosinophils. Finally, they demonstrated that circulating miRNAs could be used to diagnose both allergic rhinitis and asthmatic patients and characterize asthma subtypes. Milger et al., in 2017, identified some possible plasma miRNA candidates as biomarkers in a murine model of asthma (72). These miRNAs were validated in a different cohort of healthy subjects and asthmatic patients, using a regularized logistic regression model to identify five miRNA ratios that are able to differentiate allergic asthmatics from controls with an area under the curve (AUC) of 0.92. However, this miRNA signature did not differentiate asthma sub-phenotypes.

Our group recently described an eosinophil miRNA profile for asthma diagnosis based on statistical models (43). First, we described a miRNA signature from peripheral blood eosinophils, which is able to differentiate asthmatic subjects from healthy controls. Among deregulated miRNAs, we found upregulation of miR-21 and miR-146a/b, which have been associated with asthma and allergic diseases (73). In addition, this molecular profile grouped the asthmatic population into two principal clusters, which are distinguishable by the number of peripheral blood eosinophils and serum periostin levels. Then, we evaluated these miRNAs in serum and found that miR-1246, miR-144-5p, miR-320a, miR-185-5p, and miR-21-5p were upregulated in asthmatic patients. Specifically, miR-185-5p was related to asthma severity. Combination of miR-185-5p, miR-144-5p, and miR-1246 in a logistic regression model distinguished healthy individuals from asthmatics with an AUC of 0.86, and a specificity and sensitivity of 0.89 and 0.77, respectively. Serum expression of miR-320a, miR-185-5p, and miR-144-5p was used to classify subjects into different asthma disease phenotypes (intermittent, mild persistent, moderate persistent, and severe persistent) in a random forest model, showing that miRNAs can be used for asthma diagnosis and severity classification. Unfortunately, to date no more studies about specific miRNAs of eosinophils have been conducted, making this is a field of potential research focus.

Elkashef et al. have reported the use of miR-21 and miR-155 as biomarkers in bronchial asthma (62). They showed that both miRNAs are higher in serum of individuals with eosinophilic asthma than healthy subjects. Through a receiver operating characteristic curve with both miRNAs, the authors obtained high values for sensitivity, specificity, and AUC. Thus, they proposed that these miRNAs could be used as non-invasive biomarkers in asthma diagnosis and response to therapy.

As mentioned previously, another important factor in asthma pathogenesis is the role that exosomes exert in the disease (74). These particles are nanovesicles, with a diameter of 30–150 nm, and their main role is linked to intercellular communication. It is worth highlighting that these small vesicles contain miRNAs in addition to DNA, proteins, and lipid mediators. Thus, some circulating miRNAs have been associated with exosomes and it has been observed that these exosomal miRNAs play a critical role in asthma pathogenesis (75, 76).

It is important to take into account that exosomes can be located in multiple biological fluids including serum, sputum, bronchoalveolar lavage fluid (BALF), urine, breast milk, etc., and that exosomes are associated with multiple pathological processes, including asthma (16). In 2013, Levänen et al. found significant differences in a set of exosomal miRNAs from BALF between mild asymptomatic asthmatic patients and healthy subjects, including miRNAs of the let-7 and miR-200 families (57). Later, Gon et al. showed 139 exosomal miRNAs from BALF deregulated in a house-dust mite murine model compared to control mice (59). Also, they observed that 54 altered miRNAs were common between exosomes and lung tissues. Using computational analysis, the authors then found that 31 genes were the targets of these miRNAs, including important genes in asthma pathogenesis such as IL13 and IL5RA.

Different studies have been conducted in exosomes from serum (58, 77). These showed that several miRNAs, including miR-125b and miR-126, were altered in these nanovesicles between asthma condition and normal status. According to the authors, these results can be applied to the use of novel diagnostic strategies.


Sputum miRNAs Characterize the Inflammatory Focus

While it is clear that serum/plasma miRNAs are good non-invasive biomarkers, miRNAs from sputum samples could also be used as diagnostic tools. However, the number of studies in this field reduced drastically and only a few research articles address this topic (Table 1). One of them was performed in 2018, conducted by Zhang et al. (69). In this study, the authors found that sputum and plasma miR-221-3p levels were significantly decreased in asthmatics compared with healthy subjects. Furthermore, there was a positive correlation between plasma and induced sputum miR-221-3p levels and values of this miRNA in epithelial cells, just like a negative correlation with the eosinophil percentage in sputum, the number of eosinophils in bronchial biopsies, and fraction of exhaled nitric oxide levels. The study highlighted that sputum miR-221-3p levels were increased in asthmatic patients after 4 weeks of inhaled corticosteroid (ICS) treatment, compared with asthmatic patients at baseline. With these data, the researchers proposed that sputum miR-221-3p could be used as a biomarker for airway eosinophilic inflammation and response to treatment. In another study performed in 2016, Maes et al. showed a different miRNAs profile in sputum samples among healthy subjects, patients with mild-to-moderate asthma, and patients with severe asthma (68). They presented three miRNAs that were increased in sputum samples from patients with severe asthma, which are related to neutrophilic asthma phenotype (Table 1).




MiRNAs for Characterization of COPD

Study of miRNAs has been rapidly extended to respiratory diseases including COPD, likely due to research showing that cigarette smoke acts as a modulator of miRNA regulation in samples such as lung tissue (78, 79), serum (80) and sputum (81) (Table 2). Therefore, similarly to asthma, there are miRNAs that can serve as biomarkers for COPD against healthy conditions in different biofluids. MiRNAs also regulate the expression of genes in COPD. Several miRNAs have been implicated in the physiopathology of COPD (89, 149). However, it is also important to mention that some miRNAs are also related to protective functions in COPD pathology when induced by treatment (144).


Table 2 | List of miRNAs involved in COPD pathogenesis and diagnosis.




Related to lung function, some miRNAs have shown correlation with worse pulmonary function values in COPD, some of them being directly correlated with forced expiratory volume in the first second (FEV1) values (81, 104, 106, 130); while others, correlate negatively (96, 125); and even, in other cases, present a negative correlation with FEV1/FVC ratio (97, 113, 122) (Table 2).

Regarding characteristic processes of COPD, fibrosis is almost the main pathological event that occurs in this disease. MiR-1343 reduce transforming growth factor (TGF)-β receptors I and II, SMAD2 and SMAD3, which are fibrotic factors (150), whereas miR-145 may have profibrotic effects, inducing differentiation of lung myofibroblasts, while also negatively regulating cytokine expression of airway smooth muscle cells (ASMCs) (146, 147). Mucus hypersecretion, is in turn regulated by several miRNAs in bronchial biopsies by targeting the mucin-related genes (90) (Table 2). Other miRNAs, such as miR-101 and miR-144, are upregulated in COPD lungs activating the ERK pathway (120, 151), while miR-15b is also increased in COPD lungs, and the expression of its target SMAD7 is decreased (79).

MiRNAs are also important in COPD comorbidities like limb-muscle weakness, as it has been shown that miR-1, miR-206, and miR-27a are upregulated in limb tissues from weak muscle COPD (133). Decreased levels of miR-637 in COPD pulmonary artery smooth muscle cells (PASMCs) are related to pulmonary hypertension (84), while miR-197 is involved in ASMCs proliferation and phenotype (85), and miR-183 expression is augmented in blood from COPD and related to disease severity, targeting KCNMB1 in lungs and smooth muscle cells (99).

Some miRNAs have been associated with emphysema, another COPD hallmark, like miR-638 (103); or miR-223 (110). On the contrary, others present protective effects on emphysema, like miR-452, appearing downregulated in alveolar macrophages from COPD (82), or miR-34c, that is also downregulated in moderate compared to mild emphysematous tissue (140).


Cigarette Smoke Induces Tissue miRNA Changes Associated With Malignancy

As previously said, miRNAs are profoundly implicated in the regulation of pathogenesis of respiratory diseases such as asthma and COPD. To begin with, miRNAs are affected by cigarette smoke exposure. Many researchers have studied the effect of cigarette smoke extract (CSE), both in vivo and in vitro, showing modulations in miRNA expression that are accompanied by the consequent functional effect.

In COPD, control of the inflammation induced by cigarette smoke is critical and is performed by miRNAs like miR-135b or miR-29b, that regulates IL1R1, IL1β, and IL-8, respectively (128, 152). Indeed, in lung tissue and blood from COPD individuals, several cytokines such as IL-6 or TNF-α are found downregulated by the action of miR-203 (153). MiR-146a plays an important role in COPD as previously commented. It is upregulated in response to cigarette smoke and fine-tunes the immune response by controlling cyclooxygenase-2 (COX-2) expression in fibroblasts (91). MiR-146a is also upregulated in epithelial cells in response to particulate matter and acts as a negative feedback loop that involves IL-6 and IL-8 (NF-κβ signaling) (92). Nevertheless, the function of this miRNA might be more complex, as another study showed that fibroblasts from COPD stimulated with IL-1β and TNF-α produce less miR-146a, resulting in a high prostaglandin E2 (PGE2) expression (89). This can be supported by data that show that the minor allele of the rs2910164 polymorphism associates with less miR-146a expression and higher PGE2 levels (154). This complexity might be explained by how this miRNA is expressed in a cell-specific manner as it seems to be downregulated in COPD sputum but overexpressed in lung tissue (79, 81).

This is not the only association of miRNA polymorphisms in COPD. Some polymorphisms provide resistance, as in rs3746444 (miR-499) and rs11614913 (miR-196a2), both associated with COPD protection, bronchodilator response and, to a lesser extent, COX-2 expression (miR-146 single nucleotide polymorphisms) (154–157).

Another study showed that miR-218-5p is reduced in lung tissue from COPD and healthy smokers and in mice and 16HBE exposed to CSE, and its expression correlates directly with FEV1 values. This miRNA performs a protective role by reducing the inflammation in COPD lungs (122, 123), something that has been corroborated by other studies (101, 122–124). Similarly, miR-181c targets CCN1 and reduces inflammation, reactive oxygen species (ROS), and neutrophil infiltration (143). MiR-483-5p is able to reduce Beas-2B proliferation and alpha-smooth muscle actin (α-SMA) and fibronectin production in fibroblasts (158) just like let-7c, which is decreased in COPD sputum and lungs from mice and rats exposed to CSE (78, 81, 159).

Other miRNAs exert similar effects, like miR-145-5p, which is able to reduce TNF-α, IL-8, and IL-6 (111). Nevertheless, the role of this miRNA is not clear, existing contradictory data about it (148).

In blood samples from smoking COPD patients, miR-149-3p was downregulated, and monocytes exposed to CSE diminished this miRNA expression and upregulated TLR4 and NF-κβ, which increases inflammation (160). This is also observed for miR-3202, which suppresses the increase of TNF-α and interferon gamma (IFN-γ) induced by CSE in lymphocytes (161), and similarly for miR-150, who has a comparable role (109).

The methylation effect induced by CSE was observed in miRNAs from human bronchial epithelial cells (HBECs), where miR-218 and let-7c inhibition is related to HBE malignancy (112, 121, 162). MiRNAs are regulated by epigenetics, but they also regulate the epigenetic landscape, like miR-217. This miRNA is downregulated by CSE and, at the same time, CSE upregulates the long-noncoding RNA (lncRNA) MALAT1, which is a target of miR-217 inducing malignancy (163).

Some miRNAs are upregulated directly by CSE, like miR-21, which is induced by hypoxia-inducible factor 1-alpha (HIF-1α) (114, 164), or others, like miR-664a-3p (targets FHL1), which is raised in lung tissue and peripheral blood mononuclear cells (PBMCs) from COPD patients, and in Beas-2B cells exposed to CSE (165). Exosomes are also carriers for pathogenic miRNAs, as CSE-treated HBECs produce exosomes carrying miR-21, inducing myofibroblast differentiation and increasing α-SMA and collagen-I through HIF-1α. Interestingly, downregulation of miR-21 in mice prevented remodeling by CSE (113). This miRNA is also implicated in the autophagy and apoptosis produced by CSE in lung tissues of both mice and 16HBE cells, being associated with worse lung function, proving its potential as therapeutic target in COPD (115, 116).

It is known that CSE upregulates miR-34a expression in human pulmonary microvascular endothelial cells and increases their apoptosis by targeting NOTCH1 receptor (141), although this relation seems to be the inverse in serum from women with COPD exposed to biomass smoke (117). MiR-34a upregulation is also induced by oxidative stress (related to CSE) via phosphatidylinositol 3-kinase (PI3K) signaling in HBECs, which downregulates the antiaging-related deacetylases SIRT1 and SIRT6 (166), being this result confirmed in another study (142).

In the same way, CSE upregulates miR-206 in human pulmonary microvascular endothelial cells and in COPD patients, inducing cell apoptosis (134). CSE exposure, in both mice and Beas-2B cells, increased miR-130a levels, inducing a decrease in WNT1 and therefore causing cell injury, proliferation, and migration by regulation of Wnt/β-catenin signaling (167). Similarly, CSE upregulates miR-195 in Beas-2B cells, increasing phospho-AKT and IL-6 synthesis (96). To the contrary, other miRNAs, such as the anti-malignant miR-200c, are indirectly downregulated by CSE and IL-6 through NF-κβ signaling (168).

CSE exposure releases circulating endothelial microparticles that are miRNA-enriched and, when engulfed by macrophages, can inhibit their efferocytosis activity (102). Moreover, expression of HIF-1α is controlled by miR-34a and miR-199a-5p, both overexpressed in COPD lungs, and also by miR-186 in fibroblasts, showing the intricacy of miRNA regulation (125, 169). Confirming this complex interplay of miRNA master regulation, miR-199a-5p is downregulated in regulatory T cells from COPD. This miRNA targets the TGF-β pathway, and its aberrant expression may implicate adaptive immunity dysregulation (126). MiR-199a-5p downregulation is also present in monocytes from COPD patients, where the protein unfolding response is activated and involved in COPD pathology (170), while it also seems to regulate pulmonary artery hypertension through targeting of SMAD3 (127). This account for the very different functions that miRNAs may perform depending on which tissues or cells are present, and how their expression is influenced by the pathological environments, performing a very specifically fine tuning of gene expressing that occurs in a systemic manner.

Monocytes exposed to CSE also upregulate miR-132 expression inducing an increase in epidermal growth factor receptor, IL-1β, and TNF-α. Similar results were observed in 16HBE cells, and indeed this miRNA is upregulated in serum from COPD and smokers (97). In addition, ASMCs have deregulated miRNA expression due to the CSE effect, as seen by the upregulation of miR-7 and the consecutive reduction of its anti-inflammatory target Epac1 in ASMCs and COPD lungs (139, 171). Likewise, fibroblast behavior and function are altered by miRNAs modulated by CSE, adding another layer to the system regulation of miRNAs function in pathological status (93, 106, 107, 135, 172).

Finally, in vitro and in vivo CSE models showed that the increased DNA damage response due to CSE is also regulated by miR-126, whose downregulation in COPD causes ATM protein kinase activation promoting tissue dysfunction and aging (104).




Differential Expression of miRNAs in Asthma and COPD and Their Roles as Disease Mediators and Biomarkers

The implications of miRNAs in the human asthmatic response have been widely investigated in both pediatric and adult populations. In 2012, a study by Liu et al. showed differences in the miRNA profile between asthmatic children and healthy controls (63). They performed a miRNA microarray to screen for differential expression of miRNAs in the pediatric population and found upregulation of miR-221 and miR-485-3p in asthmatic children. Also, the authors identified a potential target of both miRNAs, SPRED2, a negative regulator of different mechanisms in asthma such as airway inflammation and hyperresponsiveness, by modulating IL-5 signaling pathway. These results were confirmed in a murine model of asthma, showing a significant reduction of Spred-2 in asthmatic mice. In the same context, miR-3162-3p was identified as upregulated in childhood asthma implicated in remodeling through β-catenin (64). Wang et al., in 2015, observed an altered miRNAs signature in peripheral blood from patients with childhood asthma, showing that the levels of plasma miR-let-7c, miR-486, and miR-1260a in children with asthma were significantly higher than in healthy individuals (173).

To ascertain how miRNAs are involved in adult response to asthma, several studies in adulthood population have also been performed. Most research compares the miRNAs profile between asthmatics and controls in a variety of sample types. Other studies on miRNAs in asthma in adult population have been reported, describing a number of miRNAs such as miR-20b, miR-138, miR-143, miR-145, and others and their role in adulthood asthma (174).

Examples of miRNA profiles that allow COPD diagnosis, development or differentiation against healthy conditions have been shown in serum (118, 136). Also, a set of nine miRNAs were found to be differentially expressed in serum between healthy, COPD, and a migrant population with COPD, showing that miRNAs may change with exposure to different environmental factors (137).

Plasma levels of miR-106b are associated with COPD patients versus normal smokers (86), and levels of seven miRNAs are distinctive COPD biomarkers distinguishing from healthy subjects and asthma patients, with miR-145-5p being related to severity and miR-338-3p related to smoking COPD (131). Also, in exhaled breath condensate has been described miRNA profiles that are differential between COPD, healthy patients, and asthmatics (100). Discriminating between COPD and similar diseases has also implemented miRNA studies. Blood cell miRNAs (a profile of 14 miRNAs) and clustered miRNAs from BALF can be used as biomarkers for discrimination of COPD against lung cancer (87, 175). Moreover, in blood, nine miRNAs including members of the miR-320 family, which target mitogen-activated protein kinase (MAPK) pathways, can be used for lung-cancer prediction in COPD subjects (98). Finally, the combined expression of hsa-miR-195 and hsa-miR-143, obtained from databases, is able to identify lung cancer compared to disease-free status, but cannot distinguish COPD from lung cancer (176). From peripheral leucocytes, differential expression of miR-106b-5p, miR-183-5p, miR-125a-5p, and miR-100-5p was found in COPD compared to healthy controls, and miR-106b-5p was directly correlated with disease severity alleviation (88). Several studies have focused their interest on miRNAs from specific immune system cells exploring the implication of these structures in processes linked to asthma or COPD. For example, miR-24 and miR-27 have implications for the type 2 response by regulating IL-4 production by T-cells (61). Other miRNAs such as miR-17 and miR-19 have regulatory functions on T cell proliferation and differentiation to Th1, Th17, and regulatory T cells or by modulating type 2 immune response by inducing PI3K, JAK-STAT, and NF-κβ signaling pathways (177). One of the most widely studied is miR-21. The first study that demonstrated the implication of miR-21 in allergic airway inflammation is by Lu et al. (66). The authors observed an upregulation of miR-21 in transgenic mice with allergic inflammation compared to controls. Through predictive algorithms, they identified potential target genes such as IL-12p35. This gene is implicated in type 1 immune response; thus, high levels of miR-21 repress the expression of IL-12p35, contributing to type 2 polarization characteristic of asthma and other allergic diseases. In another experimental in vivo model of asthma published in 2011, Lu et al. observed the preventive role of miR-21 in the expression of IL-3, IL-5, and IL-12 (178). In their study, the group observed that this miRNA may play a role as regulator in type 1/type 2 immune response balance, repressing cytokines of both types of response. In the same way, other miRNAs have been associated with asthma response in murine models, including miR-1, miR-145, miR-150, and miR-155 (179). Also, the let-7 family comprises the most abundant miRNAs in mouse lungs, playing a potent proinflammatory role in asthma (60). In particular, let-7a is an essential regulator of IL-13, which is a key cytokine that induces airway hyperresponsiveness in the lung tissue of asthmatics. Repression of this cytokine can alleviate allergic asthma symptoms. However, mmu-let-7a is markedly suppressed in Th2 cells, allowing IL-13 expression and stimulating the typical type 2 response of asthma pathology.

T lymphocytes are crucial in asthma pathogenesis, specifically orchestrating type 2 immune response. Naïve T cells turn into Th2 cells, releasing a set of cytokines (IL-4, IL-5, and IL-13), which triggers the characteristic processes of asthma (180). In this case, miRNAs related to T cells play an important role in type 2 immune response and asthma pathology. One of these miRNAs is miR-29b, which is involved in the development of asthma. This miRNA indirectly affects to Th2 response by regulating T-box transcription factors and IFN-γ production in T helper cells (181), so a lower expression of this miRNA in asthmatic lung allows a higher production of IFN-γ in order to recover Th1/Th2 balance in asthmatic lungs (182). According to miR-19a, Simpson et al. in 2014 showed that this miRNA is expressed by T cells and promotes Th2 cytokine production by simultaneously targeting inhibitors of the NF-κB, JAK-STAT, and PI3K pathways (177). Also, they observed that miR-19a had higher expression in human airway-infiltrating T cells in asthma. MiR-19a promotes cytokine production, amplifying inflammatory signaling by inhibiting PTEN, the signaling inhibitor SOCS1, and the deubiquitinase A20. Another important miRNA linked to T cells is miR-34a. This miRNA has been found to be upregulated in lungs of ovalbumin-induced asthmatic mice (183), modulating FOXP3, a master regulator of regulatory T cells.

Macrophages are immune cells involved in a wide range of functions related to innate and adaptive response, including maintenance of tissues and homeostasis. An imbalance between macrophages M1 (classically activated) and M2 (alternatively activated) phenotypes exists, and M2 polarization has been associated with development of asthma (184). Macrophages play a dual role in this disease, contributing to the induction and progression of eosinophilic lung inflammation and airway remodeling, and protecting against both development of neutrophilic inflammation and more severe airway hyperresponsiveness (185). This phenotype is induced by Th2 cytokines (IL-4 and IL-13), upregulating several genes. The role played by several miRNAs in macrophage polarization and their influence in asthma have been established (186). Several studies have demonstrated that miR-146a, miR-146b, and miR-21 promote macrophage polarization toward the M2 phenotype or suppress M1 polarization (52, 53). According to previous research, these miRNAs are upregulated in asthma (54). They act by joining target genes (NOTCH1, IRF5, and CSF1R), inhibiting the inflammatory response (67, 187, 188). In macrophages from COPD patients, miR-344b-1-3p was upregulated and controlled TLR2, TNF, and IL1β expression (83).

In order to analyze the effects of miRNAs on mechanism associated to these pathologies, structural lung cells, including ASMCs and airway epithelial cells, are implicated in the pathologic mechanisms of asthma, and their miRNA content have been studied. On the one hand, ASMCs play a critical role in asthma pathogenesis due to their abilities related to hypercontractility, proliferation, and secretion of inflammatory mediators. Dileepan and collaborators showed that miR-708 and miR-140-3p regulate the MAPK and PI3K signaling pathways associated to asthma immune response in human ASMCs (46, 51, 189). Later, the same group showed that miR-708 and miR-140-3p exert different effects in other proinflammatory genes, including CCL2, CCL5, CCL11, CXCL8, CXCL10, and CXCL12 (47). Moreover, other miRNAs from ASMCs have been described, such as miR-145, miR-146a-5p, and miR-638, altering the functions of airway muscle cells (48–50).

On the other hand, airway epithelial cells are another cell type implicated in several processes of asthmatic pathogenesis, including airway remodeling, epithelial barrier repair, and production of several proinflammatory mediators (190). In this context, a number of miRNAs have been described in this cell type, regulating their functions or other pathological processes of asthma. In 2018, Zhang et al. investigated the role of miR-221 in airway epithelial cell injury in asthma (65). This miRNA was significantly increased in bronchial epithelial cells from asthmatic subjects compared to healthy controls and was implicated in epithelial cell injury in asthma by inhibiting SIRT1 expression. However, there are several miRNAs that mitigate inflammatory status. Lambert and co-workers showed that miR-146a is released by airway epithelial cells in response to inflammatory stimuli like TNF-α (55). This fact constitutes an anti-inflammatory mechanism to enhance glucocorticoid effects. In addition, this miRNA, in conjunction with miR-146b, has been described as a negative regulator of inflammatory gene expression (PTGS2 and IL1B) in lung epithelial and smooth muscle cells (56).

Other studies set out to find miRNAs that can be used to predict comorbidities; for instance, in blood, miR-210 expression can differentiate subjects with COPD and ischemic stroke from those with COPD or ischemia alone (191). MiR-1 reduction has been related to quadriceps skeletal muscle dystrophy in COPD (138). Plasma miRNAs can be used to identify patients with acute exacerbations of COPD such as miR-125b (105). PBMC-derived miRNAs are also differentially expressed in acute exacerbations of COPD compared to stable COPD and can differentiate between both conditions (129).

As previously described, plasma and exhaled breath condensate present differential miRNA profiles between asthma and COPD, which may be used to differentiate these diseases (100, 131). Nevertheless, having one of these respiratory diseases does not protect an individual against the other, so they may be present concomitantly. Asthma-COPD overlapping (ACO) is a condition where subjects present characteristics of both COPD and asthma, and it has been described in the Global Initiative for Chronic Obstructive Lung Disease-ACO guidelines (192). These subjects are normally defined as COPD subjects with eosinophilia (blood eosinophil count ≥200 eosinophils/µL) or asthmatics with chronic airway obstruction and smoking habit (≥20 pack per year) (193). Some miRNAs have been described as differentially expressed for ACO and can distinguish between asthma, COPD, and ACO. MiR-619-5p is downregulated in eosinophilic COPD subject serum compared to smoking and non-smoking asthmatics and COPD, and miR-4486 is differentially expressed in eosinophilic COPD when compared to non-smoking asthmatics, showing that even within the ACO group differences in miRNA expression can be found. The targets of this set of miRNAs include epidermal growth factors belonging to the ErbB signaling pathway associated to pathogenic inception of lung diseases and to the metabolism of xenobiotics by cytochrome P450 signaling pathways involved in ROS (194). Finally, our research group has showed that combined expression of miR-185-5p, miR-320a, and miR-21-5p was able to differentiate asthmatics from COPD and ACO with high sensitivity and specificity. Like in the previous article these deregulated miRNAs in asthma are able to regulated genes belonging to Erb2, MAPK, AMPK, and PI3K/AKT pathways that control cell proliferation and muscle contraction, alongside other targeted pathways as T-cell receptor, FoxO or TGF-β which are key in immune regulation. The regulation of those pathways by asthma specific miRNAs may account for the differences in asthma pathology compared to those other respiratory diseases (145).

In sputum, expression of miR-338 is higher in subjects with respiratory diseases (asthma, COPD, and ACO) compared to healthy subjects; similarly, miR-338 is higher in asthma than in COPD. The study by Lacedonia et al. also showed that miR-145 is increased in sputum supernatant of COPD and asthmatics versus controls, and that serum miR-338 levels are lower in ACO and COPD compared to healthy controls (70). Finally, miR-146a-5p, miR-10a-5p, and miR-31-5p have been shown to play a common role in both CRDs (94, 108).

Together, these works have demonstrated a variety of miRNAs dysregulated in asthma and COPD in relation to healthy subjects and promising results have been found, including the use of miRNAs as biomarkers. However, this is a broad field of research and many of the specific mechanisms and particular means of miRNA regulation in these respiratory diseases remain to be discovered, and systems biology can help to solve this enigma.




MiRNAs and Treatments in Lung Diseases


MiRNAs and Asthma Treatment

Glucocorticoids (GCs) remain the cornerstone of therapy for treating the inflammatory component of asthma and preventing asthma exacerbations. However, clinical response to GCs is complex and varies among individuals, as well as within the same individual, and some patients are resistant to this therapy. Different factors belonging to microenvironment can alter the canonical GC-induced signaling pathways, leading to reduced efficacy, collectively termed as sub-sensitivity, which include the entire spectrum of steroid-insensitivity and -resistance (195). Steroid sensitivity has been associated with different mechanisms, including dysregulated expression of GC receptor isoforms, neutrophilic inflammation and TH17 cytokines, oxidative stress-induced factors, and the downstream effect on histone deacetylase (HDAC) activation and gene expression. Recently, a new factor has been added in order to explain this phenomenon: the alterations in the expression of key transcription elements like miRNAs. Several studies conducted in this area, suggesting that circulating miRNAs may be useful potential biomarkers of asthma status or response to therapy (179).

In this sense, miR-155 has been the focus of different studies. Zhou et al. proposed that GCs may affect the inflammatory response by suppressing miR-155; these authors found that GCs attenuate lipopolysaccharide-induced inflammation and sepsis via downregulation of miR-155 expression (196), and forced miR-155 expression reverts the anti-inflammatory role of GCs (197, 198). In addition, miR-155-5p and miR-532-5p were identified as significantly associated with changes in dexamethasone-induced transrepression of NF-κβ. Authors identified these two functional circulating miRNAs predictive of asthma ICS treatment response over time, with an AUC of 0.86 (199).

Another miRNA that has been widely studied is miR-21. The study of Hammad et al. revealed a negative association between miR-21 and FEV1 post ICS treatment, which highlights the role in ICS treatment outcome as FEV1 reflects the grade of airway obstruction after ICS treatment (95). Elbehidy et al. found that miR-21 could be a novel predictor of ICS response, which helps in decision-making and identifying patients who are likely or unlikely to benefit from ICS therapy reducing the risk of side effects and sparing patients from the disappointment of treatment failure. MiR-21 had a predictive value in differentiating steroid-sensitive from steroid-resistant patients with an AUC value of 0.99 (200). Similar results were described by Wu et al. in 2014, who found that miR-21 expression was up-regulated in asthmatic adult bronchial epithelial cells regardless of treatment (201), but expression levels were decreased following ICS therapy (202).

Also, Kim et al. found that miR-21 drives severe, steroid-insensitive experimental asthma by amplifying PI3K-mediated suppression of HDAC2; thus, inhibition of increased miR-21 or PI3K responses suppresses disease and restores steroid-sensitivity (119).

Other studies investigating the expression profiles of 579 miRNAs in transgenic mice revealed that miRNAs were differentially expressed upon induction of experimental asthma following treatment with doxycycline and additionally suggested that miR-21 was the most up-regulated miRNA (66, 203).

Other authors reported an increase in infection-induced miR-9 in the airways of a mouse model and a similar increase in miR-9 in the sputum of neutrophilic asthmatics. These researchers therefore propose that miR-9 regulates glucocorticoid receptor signaling and steroid-resistance by reducing protein phosphatase 2A activity. Thus, blocking miR-9 function restores steroid sensitivity and suggests that this might serve as a novel approach for the treatment of steroid-resistant AHR (204).

One of the most important challenges may be to find biomarkers predicting treatment outcomes, and for this reason McGeachie et al. in 2017 investigated serum expression of 738 miRNAs in 160 children with asthma aged 5–12 years in search of predictors of asthma remission at the age of 14. The model, which was based on 12 variables including different miRNAs (miR-146b-5p, miR-106a, miR-126, and miR-30a), allowed prediction of remission with a sensitivity of 84% and a specificity of 70%. Thus, they hypothesize that miRNAs are potentially predictive biomarkers for treatment outcome (205).

However, not all authors agree on the role of miRNAs as regulators of GC treatment. Williams et al. sustain that changes in miRNA expression do not appear to be involved in the anti-inflammatory action of the corticosteroid budesonide (206). This discrepancy may be explained by the fact that the inflammatory changes were too mild, and by the degree of cellular heterogeneity in airway biopsies.



MiRNAs and COPD Treatment

The main goal of pharmacologic COPD therapy is to treat the symptoms, reduce the frequency and severity of exacerbations, and improve tolerance and health status (207).

The main types of drugs normally used to treat COPD include long-acting β2-agonists, long-acting muscarinic antagonists, and ICS, which are the most widely used treatment as anti-inflammatory agents in COPD. However, a high percentage of COPD patients show a poor response to this therapy (208). It has now been recognized that current COPD treatments such as corticosteroids work, in part, through epigenetic mechanisms (209) and miRNAs is one of them (37).

In a recent manuscript authored by Faiz et al. (144) four miRNAs with changed expression after 6- and 30-month treatment with ICS compared with basal status (without any treatment) were identified. MiR-708 and miR-155 were downregulated and miR-320d and miR-339-3p were upregulated in both periods of time after treatment (6 and 30 months). Moreover, three were also altered in the same direction by ICS plus long-acting β2-agonists compared to placebo at 6 months of therapy: miR-320d, miR-339-3p, and miR-708; in vitro, these data were confirmed for miR-320d. Overexpression of miR-320d significantly reduced the IL-1β-induced activation of NF-κB signaling compared to miRNA negative control. Thus, the negatively correlated predicted targets of miR-320d are diminished by ICS treatment. So, this study identified four miRNAs affected by short- and long-term treatment with ICS compared to placebo in patients with moderate to severe COPD (144) and miRNAs associated with ICS therapy and inflammation provide relevant candidates as potential therapeutic targets in chronic inflammatory diseases.

In addition, the increase of HDAC2 could reduce GC insensitivity in some patients. Leuenberger et al. (110) showed that HDAC2 is directly targeted by miR-223 by binding to seed matches located in the 3’UTR of this mRNA transcript; in addition, the activity of total HDAC and HDAC2 in pulmonary endothelial cells is repressed in response to miR-223 overexpression. The reduced activity of this histone has been classically described in COPD patients and a significant inverse correlation between HDAC2 and miR-223 level has been observed in this COPD population (110). Therefore, this miR-223, through regulation of another epigenetic factor as the HDAC2, could interfere with treatment efficacy in COPD disease.

As commented previously, miR-146a has been described as an enhancer of the anti-inflammatory effects of GCs (55) and is negatively correlated with inflammation and Global Initiative for Chronic Obstructive Lung Disease stage in both stable and acute exacerbation COPD patients (210). COPD patients show an increased secretion of PGE2, which results in collagen overproduction and finally reduces lung capacity. In this sense, miR-146a expression is reduced in COPD patients and its target, COX-2, is simultaneously increased with a consequent increase of PGE2 levels (89). As COX-2 is sensitive to steroids and miR-146a target, this miRNA could contribute to the anti-inflammatory effect of this drug to reduce the increase of mucus and worsening of COPD evolution.

Moreover, as we have previously commented, COPD could have different etiologies such as tobacco or biomass smoke exposure. A recent manuscript from Velasco-Torres et al. on COPD due to biomass smoke exposure reported downregulation of miR-34a which implicates an activation of Notch 1 signaling. This finding is relevant because Notch 1 could represent an important target for therapy in these phenotypes of COPD (117).

Though the list is still small, several miRNAs have been modified by classical COPD treatments and, likewise, these miRNAs act over therapy targets and could contribute in different ways to treatment response in this respiratory pathology.




Clinical Advances in the Use of MiRNAs

Finally, miRNA-based treatment has emerged as a potential approach for clinical intervention in some respiratory diseases such as asthma and COPD. It is based on miRNAs delivery in the specific site of action which constitutes one of the main aspects of development in relation to miRNA like therapeutic approach. A long list of miRNAs has been found to be linked to initiation, progression, or exacerbations in both respiratory diseases, especially in COPD. However, some have been studied more in depth, showing a high potential as future therapeutic tools through their up- or downregulation. In this sense, miR-146a (79, 89), miR-21 (113, 116), miR-150 (109), miR-145-5p (131, 148), miR-320d (132, 144), miR-155 (62) miR-223 (211), or miR-3162-3p (212) seem to hold promise as future elements in the therapeutic repertoire for COPD and asthma, respectively, some of which are common for both pathologies such as miR-146a (213–215) or miR-21 (54, 62).

All these examples show the never-ending list of miRNAs that, in the future, could potentially be a therapeutic approach in respiratory diseases. However, although the knowledge of miRNAs has grown exponentially in recent years, these data demonstrate that more studies are necessary before miRNAs can be employed as therapeutic tools. Currently, the idea of precision and personalized medicine is the objective for the near future, though this is a long and arduous path; thus, classical treatments continue to be the basis of therapy in asthma and COPD.



Concluding Remarks

This review summarizes the previous knowledge about miRNAs in chronic respiratory diseases as asthma and COPD, trying to be the first step forward for the compilation and application of systems biology approaches for understanding their roles. Many miRNAs present differential expression in diverse samples, and are known for their capability of being biomarkers or for having a specific role in the pathogenesis of these diseases, but the current approaches are unsuited for giving a systemic level view for data interpretation.

For overcoming this issue, systems biology may be the optimal tool. By the combination of data-driven model elaboration and model-driven experimental design, researchers might be able to elucidate how miRNAs work together in disease pathogenesis and diagnosis, giving the full picture view of miRNA regulatory system.
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Allergic asthma is characterized by airway inflammation with a Th2-type cytokine profile, hyper-IgE production, mucus hypersecretion, and airway hyperreactivity (AHR). It is increasingly recognized that asthma is a heterogeneous disease implicating complex immune mechanisms resulting in distinct endotypes observed in patients. In this study, we showed that non-obese diabetic (NOD) mice, which spontaneously develop autoimmune diabetes, undergo more severe allergic asthma airway inflammation and AHR than pro-Th2 BALB/c mice upon house dust mite (HDM) sensitization and challenge. The use of IL-4-deficient NOD mice and the in vivo neutralization of IL-17 demonstrated that both IL-4 and IL-17 are responsible by the exacerbated airway inflammation and AHR observed in NOD mice. Overall, our findings indicate that autoimmune diabetes-prone NOD mice might become useful as a new HDM-induced asthma model to elucidate allergic dysimmune mechanisms involving Th2 and Th17 responses that could better mimic some asthmatic endoytpes.
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Introduction

Asthma is an heterogenous immune pathology characterized by wheeze, cough, shortness of breath, chest tightness, and variable degrees of airflow limitation. These symptoms are associated with different patterns of inflammation (1–5). Commonly, asthma is distinguished in two types: allergic and non-allergic. In the first case, inflammation is primarily caused by type 2 immune responses mediated through the Th2 cytokines IL-4, IL-5, and IL-13 and associated with increased Th2 cells and eosinophils in the airways (6, 7). By contrast, non-allergic asthma is mainly triggered by an inflammatory response to viral infections with a major neutrophilic component (7). There is mounting evidence that neutrophilic forms of murine and human asthma are associated with IL-17A (hereafter referred to as IL-17) (8–10).

Th2 and Th17 inflammatory pathways in asthma are currently in investigation (11–13). It was reported that therapeutic targeting of Th2 and Th17 cytokines resulted in the amplification of activity of the opposing pathway (14). The cross-talk between these pathways is complex and further analysis are required to better understand this complexity.

We have previously reported using a classical asthma protocol induced by sensitization and challenge with ovalbumin (OVA) that non-obese diabetic (NOD) mice, which spontaneously develops insulin-dependent diabetes (15, 16), presented an exacerbated Th2-mediated airway inflammation and AHR (17). Further, we reported that NOD mice were prone to produce pro-Th17 cytokines and that IL-17-producing iNKT (iNKT17) cells (18, 19) were overrepresented in these mice (20). These observations led us to examine in more detail whether both Th2 and Th17 inflammatory pathways were implicated in the exacerbated airway inflammation in NOD mice. Here we used a more relevant allergic asthma allergen, the house dust mite (HDM) extracts, and analyzed the airway inflammation by comparing NOD and the Th2 prone BALB/c mice. We show that both IL-4 and IL-17 are critically implicated in the exacerbated AHR observed in NOD mice.



Materials and Methods


Mice

Eight to 10-week-old specific pathogen-free NOD and BALB/c mice were bred in our facility. All animal experiments were carried out according to the guidelines for care and use of animals approved by the French Institutional Committee (APAFIS#4105-201511171831592).



Airway Allergen Sensitization and Challenge Model

Mice were immunized by intra nasal (i.n.) injection of 100 μg of HDM extracts (Greer Laboratories, USA) in 0.2 ml saline solution. Mice were then challenged on days 7, 11, and 17 with i.n. HDM (50 µg/mouse) or saline solution. Twenty-four hours after the last challenge, mice were anesthetized with a mixture of ketamine (150 mg/kg) and xylasine (400 µg/kg) and their tracheas were cannulated (tracheostomy with ligation). A flexiVent apparatus (SCIREQ) was used to measure airway-specific resistance (Rn, tidal volume of 10 ml/kg at a respiratory rate of 150 breaths/min in response to increasing doses of aerosolized acetyl-β-methylcholine chloride (methacholine; Sigma-Aldrich). Assessments were performed at least three times and the maximum R value obtained after each dose of methacholine was used for the measure.

Airway inflammation was assessed on cytospin preparations of cells from bronchoalveolar lavage fluid [BALF, 3 x 0.5 ml washes with phosphate-buffered saline (PBS)] that were stained with May-Grünwald/Giemsa (Merck). For some experiments, BALF cells were also analyzed by flow cytometry.

Serum was collected and total IgE and HDM-specific IgG1 were measured by ELISA.



Lung Histology

Lungs were fixed with 10% formalin via the trachea, removed, and stored in 10% formalin. Lung tissues were embedded into paraffin and 3 µm sections were stained with periodic acid Schiff (PAS) using standard protocols and examined with a light microscope.



Flow Cytometry

BALF or lung mononuclear cells were stained at 4°C in staining buffer (1X PBS, 2% FCS, 2mM EDTA), in the presence of Fc block (2.4G2; BD Biosciences) and analyzed by flow cytometry.

Cells were incubated with CD1d-PBS57-APC tetramers and/or the specific antibodies listed below. For intracellular staining, cells were further fixed with 4% PFA, washed, and permeabilized with 0.5% saponin (Sigma-Aldrich), and then incubated with the anti-cytokine antibodies. The cells were washed and fluorescence was detected using a LSRFortessa (Becton Dickinson). Data were analyzed using the FlowJo 10.4.1 software (Tree Star). Figure S1 represents the gate strategy used.

Antibodies from BD Biosciences: anti-CD3-FITC (145-2C11), anti-CD45-APC-Cy7 (30F11). Antibodies from BioLegend: anti-CD4-Brilliant Violet 605 (RM4-5), anti-CD69-FITC (H1.2F3), anti-CD8a-Brilliant Violet 785 (53-6.7), anti-TCR Vγ1/Cr4-PE (2.11) [Tonegawa 1986 nomenclature, (21)]. Antibodies from eBioscience: anti-CD44-eFluor450 (IM7), anti-TCRb-AlexaFluor 700 (H57-598), anti-IL-13-PE-eFluor610 (eBio13A), anti-IL-17A-PerCP-Cy5.5 (eBio17B7), anti-IL-4-PE-Cy7 (BVD6-24G2), anti-TCRδ-eFluor450 and -PE-Cy7 (GL3), and Fixable Viability Dye eFluor 506.



Leucocytes From Lung Tissue

After measurement of airway resistance and collection of BALF, lungs were perfused with PBS, lung tissues were cut into pieces using a gentleMACS Dissociator (Miltenyi Biotec) and treated with collagenase type 4 (Thermo Fischer Scientific) plus DNAse I (Roche). The lymphocyte-enriched fraction was collected at the 35–70% interface of Percoll gradients (GE Healthcare). Cells were immediately stained or stimulated for 4 h with with 10−8 M PMA and 1 μg ml−1 ionomycin, in the presence of 10 μg ml−1 brefeldin A (all from Sigma-Aldrich).



Measurement of Total IgE and HDM-Specific IgG1 by ELISA

Total IgE was measured in the serum by using a mouse IgE ELISA set (BD Biosciences) according to supplier’s recommendations. An indirect ELISA method was used to measure HDM-specific IgG1 levels in serum samples as previously described by Trompette et al. (22). Briefly, 96-well microtiter plates were coated overnight with 100 µl of HDM at 10 µg/ml in PBS. The next day, 200 µl of blocking solution (1% BSA in PBS) was added to the plate for 2 h at room temperature. Subsequently, 100 µl of serum sample diluted 1:100 and 1:500 in blocking buffer was added to the plate at 4°C overnight followed by goat-anti-mouse IgG1 (Southern Biotech) for 1 h. Then HRP-donkey anti-goat IgG (Santa Cruz) was added to the plate for 1 h at room temperature, followed by the substract TMB. Absorbance was measured at 450 nm using a microplate reader (VersaMax microplate reader, Molecular Devices). No HDM-specific IgG1 was detected in control mice.



mRNA Expression

RNAs were extracted using the RNeasy Plus Mini Kit (Qiagen) including a DNase treatment. Then RNA was reverse transcribed using the High Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific), according to the manufacturer’s instructions. Primers and probes for real-time PCR were provided by Thermo Fisher Scientific under references: beta-2 microglobulin: Mm00437762_m1; interleukin 5: Mm00439646_m1; interleukin 13: Mm00434204_m1; interleukin 17A: Mm00439618_m1; Mucin 5b (Muc5b): Mm00466391_m1. All reactions were performed in triplicate with TaqMan® Fast Advanced Master Mix according to the supplier’s instructions for a StepOnePlus apparatus (Thermo Fisher Scientific). All data were normalized to the internal standard, namely beta-2 microglobulin expression in each sample, and expressed as relative expression using the ΔΔCt method versus the reference sample.



Statistics

Data are expressed as means ± SEM. The AHR values were analyzed with 2-way repeated measures ANOVA followed by Bonferroni correction as a post-hoc test. All other values were analyzed with Mann-Whitney U test. Results were considered significant at a P value of 0.05 or less (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). Data were analyzed using GraphPad Prism version 6 (GraphPad Software).




Results


NOD Mice Display Exacerbated Airway Inflammation in Response to HDM Challenge

Here, we used a HDM-induced asthma model, consisting in intra-nasal (i.n.) immunization followed by three i.n. challenges on days 7, 11, and 17. No adjuvant was added. Mice were sacrificed 24h later. We found that total IgE tended to be higher in NOD compared to the Th2-prone BALB/c mice, but the difference was not statistically significant (1.55 ± 0.13 and 2.12 ± 0.62µg/ml mean ± s.e.m. for BALB/c and NOD, respectively). However, circulating HDM-specific IgG1 was enhanced in NOD compared to BALB/c mice (Figure 1A). Another cardinal feature of asthma, the percentage, and the numbers of airway eosinophils were also augmented in NOD mice (Figure 1B). No eosinophils, neutrophils, or lymphocytes were observed in BALF from BALB/c or NOD control mice treated with saline solution. Further, we found that NOD mice presented a higher airway hyperreactivity (AHR) as compared to BALB/c mice (Figure 1C). Of note, the HDM-induced asthma protocol used here barely induced AHR in BALB/c mice (Figure 1C) clearly showing that NOD mice strongly reacted to low doses of HDM sensitization and challenge.




Figure 1 | Severe allergic-induced asthma phenotype in non-obese diabetic (NOD) mice. (A) Specific IgG1 in house dust mite (HDM)-treated BALB/c and NOD mice (n=9). (B) Percentage of eosinophils and macrophage (Mac), eosinophil (Eos), neutrophil (Neu), and lymphocyte (Lym) counts were determined in BALF of HDM-treated BALB/c and NOD mice (n=15). No eosinophils were detected in the lung of control mice. (C) Lung resistance was measured 24h after the last challenge with HDM or saline (n=10). (D) IL-4, IL-5, IL-13, and mucin messenger RNA (mRNA) expression assessed by quantitative RT-PCR in the lung of HDM-treated BALB/c and NOD mice (n=9). (E) Representative PAS-stained lung histology sections of saline controls and HDM-treated BALB/c and NOD mice (N=5). Statistical significance was determined between HDM-treated BALB/c and NOD mice. *p < 0.05, **p < 0.01, ***p < 0.001. Scale bars: 50µm.



HDM-sensitized and -challenged NOD (hereafter referred to as NOD HDM) mice expressed increased levels of IL-4, IL-5, IL-13, and mucin messenger RNA (mRNA) compared to HDM-sensitized and -challenged BALB/c (BALB/c HDM) mice (Figure 1D). In addition, HDM challenge in NOD mice led to increased PAS+ goblet cell metaplasia (Figure 1E).



Activation and Cytokine Production by Lung ILT and Conventional T Cells in HDM-Treated BALB/c Versus NOD Mice

The distinct cytokine profiles generated during allergic asthma result from activation of both conventional and non-conventional T, also named innate-like T (ILT), cells, such as invariant natural killer T (iNKT) and γδ T. Our previous studies demonstrated that iNKT and γδ T cells contribute to the development of major asthma hallmarks in experimental models (23, 24). Here we provide evidence for reduced iNKT cell frequency in the lung of NOD HDM mice, relative to those recovered from BALB/c mice (Figure 2A). The few iNKT cells that did remain in the lung produced less IL-4 than their BALB/c counterpart, but promptly secreted IL-17) (Figure 2B), thereby revealing an overrepresentation of IL-17 producers (iNKT17) at the expense of IL-4 producers. These results confirm previous reports showing quantitative iNKT cell deficiency in thymus and spleen of NOD mice (25, 26). Further, our data also confirm that the remaining iNKT cells in NOD mice are mainly iNKT17 (20).




Figure 2 | Activation and cytokine production by lung ILT and conventional T cells in house dust mite (HDM)-treated BALB/c versus non-obese diabetic (NOD) mice. (A, B) Percentage of lung invariant natural killer T (iNKT) cells among gated T cells (A) and of IL-4+ and IL-17+ cells among gated iNKT cells (B). (C) Percentage of lung γδ T or Vγ1+ γδ T cells among gated T cells. (D) Percentage of lung IL-4+ and IL-17+ cells among gated Vγ1+ γδ T cells. (E) Percentage of CD44+CD69+ among gated CD4+ T cells in BALF from HDM-treated mice. No CD4+ T cells were observed in BALF from control mice. (F) Percentage of lung IL-4+, IL-13+, and IL-17+ cells among gated CD4+ T cells. Light circles and squares represent BALB/c and NOD control mice, respectively. Dark circles and squares represent BALB/c HDM and NOD HDM mice, respectively. *p < 0.05, **p < 0.01, ****p < 0.0001.



In contrast to iNKT cells, total γδ T cells as well as the Vγ1+ γδ T subset, were increased in the lung of NOD HDM mice (Figures 2C, D). However, they were similarly biased in favor of a pro-Th17 profile, since total γδ T cells (Figure 2C) as well as the Vγ 1+ γδ T subset (Figure 2D) generated low IL-4 and Vγ1+ γδ T subset high IL-17 levels in the lung of NOD HDM compared to BALB/c HDM mice (Figure 2D).

Analysis of conventional TCRαβ+CD4+ T cells revealed that they were more activated in BALF from NOD HDM than from BALB/c HDM mice, as assessed by a higher expression of the CD69 marker (Figure 2E). In contrast to non-conventional iNKT and γδ T cells, both Th2 and Th17 profiles were increased among conventional TCRαβ+CD4+ T cells infiltrating the lung of NOD mice, as demonstrated by a higher proportion of IL-4+, IL-13+ as well as IL-17+ subsets, by comparison with their BALB/c counterpart (Figure 2F). These findings indicated an inherent pro-Th2 and pro-Th17 potential in NOD HDM mice.



Reduced Airway Inflammation in NOD IL-4KO Mice

Knowing that HDM model is globally considered as IL-4 dependent in BALB/c mice (27–29), we first assessed the implication of this cytokine in the severe airway inflammation observed In NOD HDM mice. We addressed the role played by IL-4-producing cells in aggravating asthma, using NOD IL-4KO mice sensitized and challenged with HDM (NOD IL-4KO HDM). In the absence of IL-4, these mice were unable to mount high airway eosinophilia but presented a higher frequency of neutrophils in BALF (Figures 3A, B). Further, their expression of mucin mRNA and of PAS+ goblet cells were decreased, compared to NOD HDM mice (Figures 3C, D). It is noteworthy that AHR was lower in NOD IL-4KO HDM than in NOD HDM mice (Figure 3E). However, AHR observed in NOD IL-4KO HDM remained higher than in control saline treated NOD or NOD IL-4KO mice, suggesting the implication of additional mechanisms.




Figure 3 | Reduced airway inflammation in non-obese diabetic (NOD) IL-4KO mice. (A, B) Percentage and number of macrophages (Mac), eosinophils (Eos), neutrophils (Neu), and lymphocytes (Lym) in BALF of HDM-treated NOD and NOD IL-4KO mice (n=7). (C) Representative periodic acid Schiff (PAS)-stained lung histology sections of HDM-treated NOD and NOD IL-4KO mice (N=5). (D) Mucin mRNA expression assessed by quantitative RT-PCR in lung of HDM-treated NOD and NOD IL-4KO and NOD control mice (n=9). (E) Lung resistance was measured 24h after the last challenge with HDM challenge or saline (n=10). *p < 0.05, **p < 0.01, ***p < 0.001. Scale bars: 50µm.





IL-4 and IL-17 Are Required for the Development of Airway Inflammation in NOD Mice

Figure 2B shows that the frequency of iNKT17 cells were higher in the lung of NOD compared with Balb/c mice even in the absence of HDM administration, supporting our previous observation that NOD mice are enriched in these cells (20). Bearing in mind that IL-17 is involved in certain severe cases of asthma likely by regulating neutrophilic inflammation (10) together with our present observation that Vγ1+ γδ and CD4+ T cells from the lung of NOD HDM mice produced high levels of this cytokine (Figure 2), and that NOD IL-4KO HDM mice presented higher levels of neutrophils in the airway (Figures 3A, B), we further examined whether IL-17 contributed to the airway inflammation and AHR observed in NOD IL-4KO HDM mice. IL-17 mRNA expression was enhanced in the lung of NOD IL-4KO HDM compared to NOD HDM (Figure 4A) supporting the possible implication of IL-17 in the residual inflammation observed in NOD IL-4KO HDM mice. To assess IL-17 implication, NOD IL-4KO HDM mice were treated in vivo with a neutralizing anti-IL-17 mAb. These animals developed lower airway eosinophilia and neutrophilia compared to Ig treated NOD IL-4KO HDM mice (Figure 4B). Additionally, anti-IL-17 treatment significantly decreased IL-5 and tended to decrease IL-13 mRNA expression in the lung of NOD IL-4KO HDM mice (Figure 4C). Finally, AHR was decreased in NOD IL-4KO HDM mice when compared to both NOD IL-4KO HDM Ig and NOD HDM WT (Figure 4D). No significant difference was observed between NOD IL-4KO HDM treated with anti-IL-17 and NOD control, indicating that both IL-4 and IL-17 were required for increasing AHR. These results agree with previous observations showing that anti-IL-17 treatment could dampen neutrophil influx in BALF and airway hyperreactivity in mice (30).




Figure 4 | IL-4 and IL-17 are required for the development of airway inflammation in non-obese diabetic (NOD) mice. (A) IL-17 messenger RNA (mRNA) expression assessed by quantitative RT-PCR in lung of HDM-treated NOD and NOD IL-4KO mice (n=4 to 6). (B) Percentage of eosinophils and neutrophils in bronchoalveolar lavage fluid (BALF) of house dust mite (HDM)-treated NOD IL-4KO mice treated with anti-IL-17 or Ig control (n=6 to 9). (C) IL-5 and IL-13 mRNA expression assessed by quantitative RT-PCR in lung of HDM-treated NOD IL-4KO mice treated with anti-IL-17 or Ig control (n=4 to 6). (D) Lung resistance was measured 24h after the last HDM challenge or controls (NaCl) (n=6 to 8). *p < 0.05, **p < 0.01, ***p < 0.001.






Discussion

Autoimmunity and allergy are two major examples of dysimmune diseases. They are both caused by an uncontrolled immune response against self or non-self-antigens involving Th1 or Th2 mechanisms, respectively. This notion has become more complex since it turned out that Th17 cells could also play a part in this process. NOD mouse spontaneously develops insulin-dependent diabetes, a prototypic Th1-mediated autoimmune disease (31, 32). These animals are also prone to produce pro-Th17 cytokines (20). These observations led us to examine in more detail the inflammatory response of NOD mice in a typical Th2-mediated disease.

Here we demonstrated that NOD mice presented enhanced airway inflammation and AHR in response to HDM sensitization and challenge when compared to the Th2-prone BALB/c mice. Both IL-4 and IL-17 were required for the severity of the symptoms. Our previous report showed that NOD mice developed a more pronounced Th2-mediated inflammatory response to OVA-alum sensitization and challenge compared to BALB/c mice (17). Using an HDM-induced asthma protocol, where HDM extracts were administrated intranasally and without adjuvants in mice, we could get inside the mechanisms implicated in the exacerbated airway inflammation and AHR observed in NOD mice. In fact, we demonstrated, by using NOD IL-4KO mice and by blocking IL-17 in vivo, that both Th2- and Th17-mediated immune responses were implicated.

Conventional CD4+ T cells were the major source of Th2 cytokines while iNKT, Vγ1+, and CD4+ produced IL-17 in the lung of NOD mice. We previously reported that iNKT cells were implicated in airway eosinophilia observed in NOD mice sensitized and challenged with OVA but the mechanisms remained to be determined (17). Here we showed that the frequency and the IL-4-producing capacity of iNKT cells in the lung of NOD mice were impaired. The ability of remaining iNKT cells to produce high levels of IL-17 suggest that iNKT17 cells could contribute to airway inflammation, as described (18), and AHR observed in NOD mice. It is noteworthy that both iNKT and Vγ1+ T cells, in contrast to conventional CD4+ T cells, do not recognize peptides (33–35). These ILT cells can promptly produce cytokines following TCR-dependent or -independent activation (33–35). Taken these findings into account, we could consider that the exacerbated airway inflammation and AHR observed could result from a simultaneous and combined activation of conventional and ILT cells in the lung of NOD mice.

Previous studies reported that Th2 and Th17 inflammatory pathways are reciprocally regulated in asthma (14). Here we confirm these results since NOD IL-4KO HDM presented higher IL-17 mRNA expression and airway neutrophilia than NOD HDM animals indicating that in the absence of IL-4, IL-17 could induce a compensatory airway inflammation in NOD mice. Further, IL-17 blockage sufficed to reduce airway neutrophilia, IL-5 and IL-13 lung mRNA expression and AHR in NOD IL-4KO HDM mice. It was already described that IL-17 blockage could impair both neutrophilia and airway smooth muscle contraction in response to HDM sensitization and challenge in BALB/c mice (30). Our findings clearly indicate that Th2 and Th17 inflammatory responses contribute to asthmatic airway inflammation and AHR observed in NOD mice. However, further studies are required to better determine whether Th2 and Th17 responses act together or independently to induce huge airway inflammation and AHR in NOD mice.

Studies in patients indicated positive associations between asthma and type 1 diabetes (36, 37). However, the mechanisms implicated are still unclear. The co-occurrence of asthma and type 1 diabetes is in direct opposition to the proposed inhibitory model where Th1 and Th2-mediated immune responses could be exclusive. Our present findings support the idea that pathologies associated with pro-Th1, pro-Th2, and pro-Th17 immune responses could co-exist since NOD mice, which spontaneously develop autoimmune diabetes, presented high Th2 and Th17 airway inflammatory responses. Therefore, NOD mice could represent a unique model to better understand the key mechanisms implicated in the association between allergic airway inflammation and autoimmune diabetes. Future studies are required to determine for instance, as reported in humans (37), whether the asthma protocol using HDM sensitization and challenge could modify the incidence of diabetes in NOD mice.



Conclusion

In summary, we show that NOD mice, which spontaneously develop autoimmune diabetes, undergo more severe allergic asthma airway inflammation and hyperreactivity than pro-Th2 BALB/c mice upon HDM sensitization and challenge. Our data support the conclusion that increased secretion of both IL-4 and IL-17 by pulmonary conventional CD4+ and innate-like T lymphocytes is the major cause of this exacerbated airway inflammation leading to increased severity in NOD mice. We identified iNKT, Vγ1+, and CD4+ T cells as sources of IL-17 and Th2 cells as IL-4 producers in the lung of HDM NOD mice. In our NOD HDM model, both eosinophils and neutrophils were recruited into the airways. It has already been reported that asthmatic patients whose airways are infiltrated with both eosinophils and neutrophils suffer from more severe symptoms than those recruiting either eosinophils or neutrophils (3, 4, 7). It is our belief that autoimmune diabetes-prone NOD mice might become useful as a new HDM-induced asthma model to elucidate allergic dysimmune mechanisms involving Th2 and Th17 responses that could better mimic some asthmatic endoytpes observed in patients in association or not with autoimmune diseases.
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Background: 2-Methoxyestradiol (2ME), a natural 17-β estradiol metabolite, is a potent anti-inflammatory agent, but its effect on ischemia/reperfusion (IR)-induced acute lung inflammation remains unknown. Annexin A1 (AnxA1), a glucocorticoid-regulated protein, is effective at inhibiting neutrophil transendothelial migration by binding the formyl peptide receptors (FPRs). We aimed to investigate whether 2ME upregulates the expression of AnxA1 and protects against IR-induced lung damage.

Methods: IR-mediated acute lung inflammation was induced by ischemia for 40 min followed by reperfusion for 60 min in an isolated, perfused rat lung model. The rat lungs were randomly treated with vehicle or 2ME, and the functional relevance of AnxA1 was determined using an anti-AnxA1 antibody or BOC2 (a pan-receptor antagonist of the FPR). In vitro, human primary alveolar epithelial cells (HPAECs) and rat neutrophils were pretreated with 2ME and an AnxA1 siRNA or anti-AnxA1 antibody and subjected to hypoxia-reoxygenation (HR).

Results: 2ME significantly decreased all lung edema parameters, neutrophil infiltration, oxidative stress, proinflammatory cytokine production, lung cell apoptosis, tight junction protein disruption, and lung tissue injury in the IR-induced acute lung inflammation model. 2ME also increased the expression of the AnxA1 mRNA and protein and suppressed the activation of nuclear factor-κB (NF-κB). In vitro, 2ME attenuated HR-triggered NF-κB activation and interleukin-8 production in HPAECs, decreased transendothelial migration, tumor necrosis factor-α production, and increased apoptosis in neutrophils exposed to HR. These protective effects of 2ME were significantly abrogated by BOC2, the anti-AnxA1 antibody, or AnxA1 siRNA.

Conclusions: 2ME ameliorates IR-induced acute lung inflammation by increasing AnxA1 expression. Based on these results, 2ME may be a promising agent for attenuating IR-induced lung injury.

Keywords: 2-methoxyestradiol, acute lung injury, ischemia and reperfusion, epithelium, annexin A1


INTRODUCTION

Acute lung injury (ALI)/acute respiratory distress syndrome (ARDS) is a serious illness characterized by severe pulmonary edema and a profound inflammatory response in the lung. The mortality rate of patients with severe ARDS is as high as 46%, and the disease has a poor prognosis (1). Life-threatening acute lung inflammation can be induced by diverse ischemia/reperfusion (IR) injury conditions, including resuscitation for cardiac arrest, cardiopulmonary bypass, hemorrhagic shock, pulmonary embolism, and lung transplantation (2). Restoration of blood flow after ischemia is frequently associated with harmful effects that are characterized by epithelial and endothelial dysfunction, neutrophil infiltration, inflammatory cytokine release, and further recruitment of more neutrophils and macrophages into the alveoli (3). The exacerbation of inflammation initiated by lipid peroxidation and oxygen free radicals results in increased microvascular permeability and ultimately leads to acute lung edema (3). Currently, effective drugs are not available for treating IR-induced acute lung inflammation in the clinic, and the available treatment strategies are limited to supportive care (4).

2-Methoxyestradiol (2ME) is a natural endogenous metabolite of 17-β estradiol with low binding affinity for estrogen receptors and antitumor, antiangiogenic, and antiproliferative effects (5). In addition, 2ME has been shown to exert protective effects on several inflammation-associated diseases, such as rheumatoid arthritis and experimental autoimmune encephalomyelitis (6, 7). 2ME ameliorates multiple organ injury in mice with cecal ligation and puncture-induced sepsis by attenuating inflammatory cytokine production (8). 2ME reduces antigen-induced airway remodeling in a murine model of ovalbumin-induced inflammatory pulmonary disease (9). Furthermore, 2ME has been shown to protect against kidney and brain IR injury by reducing nuclear factor-κB (NF-κB) activity (10, 11).

The annexin A1 (AnxA1) protein is an important glucocorticoid-regulated endogenous inhibitor of inflammation that is expressed at high levels in lung, brain, kidney, and heart tissues, as well as various cells, such as neutrophils, fibroblasts, macrophages, and epithelial cells (12). AnxA1 exerts anti-inflammatory effect by interacting with formyl peptide receptors (FPRs) and reduces vascular inflammatory responses associated with IR injury (13, 14). Upon binding to the FPRs on neutrophils, AnxA1 limits neutrophil adhesion to the endothelium and transmigration, decreasing the production of proinflammatory mediators in the alveolar space (15). We recently reported a novel role for the exogenous AnxA1 N-terminal peptide in ameliorating IR-induced acute lung inflammation in rats by inhibiting the NF-κB pathway, and the protective effect was abrogated by BOC2 (a pan FPR antagonist) (16).

Currently, researchers have not clearly determined whether 2ME attenuates IR-induced acute lung inflammation. Studies have demonstrated that 17β-estradiol exhibited anti-inflammatory effects through upregulating expression of AnxA1 protein (17, 18). Since 2ME is a biologically active metabolite of 17β-estradiol, 2ME may exhibit anti-inflammatory effects through modulating the AnxA1 expression. Besides, 2ME has been shown similar anti-inflammatory properties to a glucocorticoid (dexamethasone) in acute lung inflammation (19). Further, AnxA1 is a glucocorticoid-regulated protein that mediates many of the anti-inflammatory effects of glucocorticoids (20). Based on these observations, we aimed to test whether 2ME would regulate, at least partially, AnxA1 protein expression that mediates the anti-inflammatory properties of 2ME. In our preliminary study, 2ME significantly increased the expression of endogenous AnxA1 in lung tissues (Supplementary Figure 3A), which may be related to the protective mechanism of 2ME. Although a possible protective role for AnxA1 has been extensively described in several models of IR injury, the modulation of this anti-inflammatory protein after the administration of pharmacological strategies, such as 2ME, remains unknown. Therefore, in this study, we investigated whether 2ME decreased IR-induced acute lung inflammation by upregulating the expression of endogenous AnxA1.



MATERIALS AND METHODS


Animals

All experiments were approved by the Institutional Animal Care and Use Committee of the National Defense Medical Center (approval number: IACUC-15-077, 19-March-2015). The care of male Sprague-Dawley rats (350 ± 20 g) was provided in accordance with the Guide for the Care and Use of Laboratory Animals. Rats were housed in a temperature-controlled room with a 12-h light-dark cycle.



Isolated Perfused Rat Lung Model

Briefly, the rats were ventilated with humidified 21% O2 containing 5% CO2 at a 1-cm H2O positive end-expiratory pressure via a tracheostomy, and body temperature was maintained at 37°C with heating pads. The ventilator had a respiratory rate of 60 breaths per min and delivered a tidal volume of 3 ml. A median sternotomy was performed, the right ventricle was injected with 1 U of heparin/g body weight (BW), and 10 ml of blood was collected by cardiac puncture. Cardiac arrest developed immediately after the cardiac puncture. Then, a cannula was inserted into the pulmonary artery, and another wide-bore cannula was placed in the left ventricle and advanced into the left atrium through the mitral valve. The pulmonary venous pressure (PVP) and pulmonary artery pressure (PAP) were continuously recorded from the side arm of the cannula. The isolated lung was perfused with a “half-blood” perfusate containing 10 ml of a physiological salt solution (PSS) and a 10-ml sample of collected blood. The PSS contained 119 mM NaCl, 4.7 mM KCl, 1.17 mM MgSO4, 22.6 mM NaHCO3, 1.18 mM KH2PO4, 1.6 mM CaCl2, 5.5 mM glucose, 50 mM sucrose, and 4% bovine serum albumin. The flow rate was constantly maintained at a rate of 8 ml/min by a roller pump. The real-time changes in the lung weight (LW) were recorded by an electronic balance, upon which the in situ isolated perfused lung was placed (21).



Design of the in vivo Experiment

We used the anti-AnxA1 antibody (Santa Cruz Biotechnology, USA) and N-Boc-Phe-Leu-Phe-Leu-Phe (BOC2, a non-selective FPR antagonist, ICN Pharmaceuticals, UK) to inhibit the action of AnxA1 and investigate whether AnxA1 was involved in the protective effects of 2ME. The neutralizing properties of the anti-AnxA1 antibody (Santa Cruz Biotechnology) were examined using immunoprecipitation and neutrophil transmigration assay (Supplementary Figure 6). The isolated rat lungs were randomly assigned to the control + dimethyl sulfoxide (DMSO), control + 2ME (20 mg/kg BW, intraperitoneal injection (i.p.), Sigma-Aldrich, USA), control + anti-AnxA1 antibody (60 μg/kg BW, i.p., Santa Cruz Biotechnology), IR + DMSO, IR + different dosages of 2ME (5, 10, 20 mg/kg BW), IR + anti-AnxA1 antibody, IR + BOC2 (50 μg per rat, i.p.), IR + anti-AnxA1 antibody + 2ME (20 mg/kg BW), or IR + BOC2 + 2ME (20 mg/kg BW) group (n = 6 rats per group). 2ME was dissolved in 0.5% DMSO in saline and injected intraperitoneally 60 min prior to IR. Rats were pretreated with the anti-AnxA1 antibody or BOC2 for 30 min before the 2ME injection in the IR + anti-AnxA1 antibody + 2ME or IR + BOC2 + 2ME group or prior to IR in the IR + anti-AnxA1 antibody, and IR + BOC2 groups. The doses of 2ME and BOC2 used in this study were determined based on previous studies and our preliminary investigations (10, 16) (Supplementary Figure 3). The dose of anti-AnxA1 antibody used in the present study (60 μg/kg BW) was selected according to the dose in our in vitro study that inhibited rat neutrophil migration (1 μg/ml). Lung ischemia was induced in rats in the IR group by stopping ventilation and perfusion for 40 min and then restoring them to allow reperfusion for another 60 min. The rats were ventilated with humidified 21% O2 containing 5% CO2 when ventilation and perfusion were restored after 40 min of ischemia. The PaCO2, PaO2, and pH levels in the perfusate were measured by an ABL 800FLEX blood gas analyzer (Radiometer, Denmark) before the start of ischemia and after the restoration of reperfusion for 60 min. The diagrams of the experimental design in vivo and in vitro are provided in Supplementary Figures 1, 2, respectively.



Vascular Filtration Coefficient

The vascular filtration coefficient (Kf) was calculated from the elevation in the venous pressure-induced LW change, as previously described (22, 23). Kf was defined as the y-intercept of the plot (in g·min−1) divided by the PVP (10 cm H2O) and LW and reported in whole units of g·min−1 cm H2O−1 × 100 g.



LW/BW and Wet/Dry (W/D) Weight Ratios

The right middle lobe was removed at the hilar region, weighed on an electronic balance, and recorded as the wet LW after the experiments. The LW/BW ratios were determined as the wet LW divided by BW. For the dry weight, the middle portion of the right lung was dried for 48 h at 60°C in an oven, and the W/D weight ratios were calculated.



Assessment of Protein Concentrations and Interleukin (IL)-6, Cytokine-Induced Neutrophil Chemoattractant (CINC)-1, Tumor Necrosis Factor (TNF)-α, and IL-8 Levels in Bronchoalveolar Lavage Fluid (BALF) and in Culture Supernatants

The BALF was obtained by rinsing the left lung with 2.5 ml of phosphate-buffered saline (PBS) twice and then centrifuging the sample at 200g for 10 min. A bicinchoninic acid test was used to measure the protein level in the supernatant. IL-6, CINC-1, and TNF-α levels in BALF and in rat neutrophil culture supernatants, and IL-8 levels in human primary alveolar epithelial cells (HPAECs) culture supernatants were quantified using commercial rat and human ELISA kits (R&D Systems, USA) according to the manufacturer's instructions.



Immunohistochemistry

Immunostaining for AnxA1, myeloperoxidase (MPO), CD45, Ly-6C, Ly-6G, Gal-3, FPR1, FPR2, and cleaved caspase-3 was performed on 5-μm-thick sections of rat lung tissue. Briefly, formalin-fixed paraffin lung tissue sections were deparaffinized before antigen retrieval. The endogenous peroxidases in lung tissue were quenched with 3% H2O2 and 100% methanol for 15 min. The sections were immunostained with a rabbit polyclonal antibody against AnxA1 (1:100, Bioss, USA), a rabbit polyclonal antibody against MPO (1:200, Thermo Fisher Scientific, USA), a mouse monoclonal antibody against CD45 (1:100, Merck KGaA, Germany), a mouse monoclonal antibody against Ly6C (1:200, Santa Cruz Biotechnology), a rabbit polyclonal antibody against Ly6G (1:300, Biorbyt, UK), a mouse monoclonal antibody against Gal-3 (1:100, Santa Cruz Biotechnology), and a rabbit polyclonal anti-cleaved caspase-3 antibody (1:200, CST, USA). Sections were washed twice with PBS containing 0.1% Tween-20 (PBST) and then incubated with a rat-specific horseradish peroxidase (HRP)-conjugated secondary antibody for 30 min. The HRP signal was visualized after a chromogenic reaction with diaminobenzidine for 5 min, and the lung tissue sections were counterstained with hematoxylin. Subsequently, the slides were dehydrated in a gradient of alcohol solutions (16).



Detection of the Protein Carbonyl Content and Malondialdehyde (MDA) Level in Lung Tissues

The methods for measuring the MDA level and protein carbonyl content were described previously (16). The protein carbonyl contents and MDA levels in the upper lobe of the right lung were determined using a Protein Carbonyl Content Assay Kit (Abcam, USA) and an MDA Assay Kit (Abcam), respectively, according to the manufacturer's instructions. The results of both assays are reported as nmol/mg protein.



Real-Time Quantitative PCR

Total RNA extraction and cDNA synthesis were performed using a Direct-zol RNA MiniPrep Kit (Zymo Research, USA) and MMLV Reverse Transcription Kit (Protech, Taiwan), respectively, according to the manufacturer's instructions. Probes (AnxA1: Rn00563742_m1, FPR1: Rn01441684_s1, FPR2: Rn03037051_gH, and Actb: Rn00667869_m1) were purchased from Thermo Fisher Scientific. Thereafter, real-time PCR was performed using an Eco Real-Time PCR system (Illumina, USA) and 2X qPCRBIO Probe Blue Mix Lo-ROX (PCR Biosystems, USA). The real-time PCR mixture contained 1 μl of 20X TaqMan Gene Expression Assay, 10 μl of 2X qPCRBIO Probe Blue Mix, and 1 μl of cDNA templates in a total volume of 20 μl. The PCR cycling conditions were an initial incubation at 95°C for 2 min followed by 45 cycles of denaturation at 95°C for 5 s and annealing and extension at 60°C for 20 s.



Western Blotting

Lung tissues and protein lysates from cultured cells (30 μg/lane) were electrophoresed via 8–12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto a polyvinylidene fluoride membrane. The membranes were blocked with 5% milk overnight to prevent non-specific binding. The blots were probed with one of the following primary antibodies: anti-AnxA1 (1:1,000, Bioss), anti-lamin B1 (1:100, Santa Cruz Biotechnology), anti-Bcl-2, anti-NF-κB p65, anti-phospho-NF-κB p65, anti-IκB-α, anti-IκB kinase (IKK)-β, anti-phospho-IKK-α/β, anti-ERK1/2, anti-phosho-ERK1/2, anti-p38, anti-phospho-p38 (1:1,000, CST), or β-actin (1:10,000, Sigma Chemical Company, USA). The blots were then washed with PBST for 10 min and incubated with HRP-conjugated goat anti-rabbit IgG (1:20,000) or goat anti-mouse IgG (1:20,000) secondary antibodies at room temperature for 1 h. After three washes with PBST for 10 min, the immunoreactive bands were visualized with an enhanced chemiluminescence kit and exposed using a UVP ChemiDoc-It Imaging System. The density of the immunoblots was calculated using image analysis software. The level of each protein was measured by repeating the Western blot analysis at least three times. The data are presented as the relative ratio of the target protein to the reference protein. The relative ratio of the target protein in the control group was arbitrarily set to 1.



Immunofluorescence Staining

Immunofluorescence staining was performed as previously described (16). Briefly, the primary antibodies rabbit polyclonal anti-claudin-3 and anti-occludin, mouse monoclonal anti-ZO-1 (1:200; Invitrogen, USA), rabbit polyclonal anti-AnxA1 (1:100, Bioss), rabbit polyclonal anti-Ly6G (1:200, Biorbyt), rabbit polyclonal anti-FPR-1(1:100, Santa Cruz Biotechnology), mouse monoclonal anti-FPR-2 (1:100, Santa Cruz Biotechnology), and rabbit polyclonal anti-cleaved-caspase-3 (1:400, CST) were used for immunofluorescence labeling. The ZO-1-labeled sections were incubated with a goat anti-mouse IgG-fluorescein isothiocyanate-labeled secondary antibody (green, diluted 1:200; Santa Cruz Biotechnology) for 30 min at room temperature. DyLight 633-labeled goat anti-rabbit IgG (red, diluted 1:200; Invitrogen) was used as the secondary antibody for the claudin-3 and occludin antibodies. Images were acquired using a fluorescence microscope (Leica DM 2500, Wetzlar, Germany).



Histopathological Analysis

Lung tissues were fixed with 10% formalin, embedded in paraffin, sliced into 4-μm sections, and stained with hematoxylin and eosin (H&E). Ten high-power fields at 400× magnification were used to count the numbers of polymorphonuclear leukocytes (PMN) and assign a lung injury score to each lung tissue sample. A light microscope (Olympus CKX41, Japan) was used to examine the morphological features. A minimum of 10 randomly selected fields was inspected for neutrophil infiltration in the airspace or vessel wall and thickening of the alveolar wall. A four-point scale was used to define the lung section score (16). In this classification, no (0), mild (1), moderate (2), or severe (3) lung injury was examined by two pathologists in a blinded manner. The two scores for each sample were summed for a total score ranging from 0 to 6 that represented the lung injury score.



Cell Viability Assays

Cell viability was determined using Premix WST-1 Cell Proliferation Reagent (Cayman Chemical, USA). HPAECs and rat neutrophils were plated in 96-well plates at a density of 6,000 cells per well and incubated overnight. 2ME was added at concentrations of 0, 0.1, 1, 10, and 100 μM or 0, 0.5, 1, 2, and 5 μM into three 96-well plates containing HPAECs or rat neutrophils, respectively. The HPAECs or rat neutrophils were then incubated with 10 μl of WST-1 per well for 0, 0.5, 1, 2, and 24 h or 0, 1, and 2 h, respectively. The final results were measured with a plate reader at 450 nm.



Cell Culture and Induction of HR

HPAECs (BCRC Cat# H6053) obtained from Cell Biologics were isolated from normal human lung tissue. Cells were routinely grown on plastic with Epithelial Cell Medium Kits (BCRC Cat# H6621) in a humidified atmosphere of 5% CO2-95% room air. Neutrophils from adult male Sprague-Dawley rats (250–350 g) were freshly isolated using a previously described method (24). Before performing functional tests, neutrophils were allowed to recover for 30 min at 37°C in Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco, USA) supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific). Cells were resuspended in incubation buffer prior to functional assays. For AnxA1 knockdown, an AnxA1 small interfering RNA (siRNA) and empty vectors were purchased from Dharmacon (Lafayette, USA). The vectors were transfected into HPAECs with Lipofectamine RNAiMax (Thermo Fisher Scientific). The transfection efficiency was assessed using fluorescence microscopy and Western blot analysis. For hypoxia/reoxygenation (HR) induction, HPAECs or rat neutrophils were subjected to 24 or 2 h of hypoxia (1% O2, 5% CO2, and 94% N2), respectively, followed by 1 h of reoxygenation (5% CO2 and 95% room air) at 37°C. Before HR induction, HPAECs or rat neutrophils were pretreated with 2ME (1 μM) or 2ME (2 μM) and the anti-AnxA1 antibody (1 μg/ml), respectively. Normal mouse IgG (Santa Cruz Biotechnology) was used as the antibody control. Treatment conditions for rat neutrophils comprised (1) DMSO + IgG, (2) 2ME + IgG, and (3) 2ME + anti-AnxA1 antibody groups. The control group was maintained in the reoxygenated state without a hypoxic stimulus.



Rat Neutrophil Transmigration Assay

Neutrophil chemotaxis was evaluated using a Transwell system (3-μm pore size, Corning Costar, USA). First, 500 μl of RPMI 1640 medium containing 10% FBS were added to the lower well of the migration plate before the neutrophils were added. Then, 1.5 × 106 freshly isolated neutrophils in 150 μl of serum-free RPMI 1640 medium were added to the upper chamber. The agents, 2 μM 2ME and anti-AnxA1 antibody, were then added directly to the cell suspension in the upper chamber. After exposure to hypoxia for 2 h and reoxygenation for 1 h, neutrophils were harvested from the lower chamber and analyzed using an ADAM MC Auto Cell Counter or by adding BCECF-AM cell staining solution. The results are presented as the percentage of cells that had migrated to the lower chamber.



Immunocytochemistry/Immunofluorescence Staining of HPAECs and Rat Neutrophils

After exposure to hypoxia for 24 h (HPAECs) or 2 h (neutrophils) followed by reoxygenation for 1 h, the cells were fixed and stained. Neutrophils were isolated using a Cytospin column (Thermo Shandon Cytospin 3) and centrifugation at 1,200 rpm for 5 min, and then the slides were air dried for 20 min at room temperature to increase cell adhesion and reduce loss during the subsequent staining procedure. Images were acquired using a fluorescence microscope (Leica DMi8, Germany).



Data and Statistical Analysis

Based on our previous report (23), the assumption of Cohen's d was defined as 3.98 [(1.097 – 0.207)/0.223607], which was decided to large effect size. Cohen's d was calculated by subtracting the population mean (Control group's post-reperfusion Kf) from the sample mean (IR group's post-reperfusion Kf). The two-tailed significant level and the expected power were set to 0.05 and 0.8, respectively. Six rats in each group were sufficient to distinguish the difference between the two groups calculated using GPower version 3.1.9.6. For the calculations of the expected animal attrition, the number per group was counted to be a maximum of eight per group, considering the potential animal loss due to possible complications during surgical interventions or anesthesia induction. All statistical calculations were performed using GraphPad Prism 6 statistical software (GraphPad Software, USA). Data are presented as the means ± standard deviation. Comparisons among groups were analyzed using one-way analysis of variance (ANOVA) followed by Bonferroni's post-hoc correction to evaluate the difference between each of the treatment and control groups. The increases in LW between groups were compared using two-way ANOVA followed by the Bonferroni post-hoc test. A value of p < 0.05 was defined as significant.




RESULTS


2ME Attenuated IR-Induced Lung Edema

When compared to the vehicle control, IR injury significantly increased the LW, Kf, LW/BW ratio, W/D weight ratio, and protein concentrations in the BALF. The anti-AnxA1 antibody and BOC2 showed a tendency to aggravate IR damage, which did not reach statistical significance (not shown). Compared to rats subjected to IR injury, rats pretreated with 2ME exhibited significantly attenuated IR-induced lung edema in a dose-dependent manner (Figures 1A–E and Supplementary Figures 3B–F). However, the addition of the anti-AnxA1 antibody or BOC2 significantly blocked the protective effects of 2ME on IR-induced lung edema. There was no statistically significant difference in the perfusate pH and PaCO2 levels between groups. Compared with the vehicle control, IR injury significantly increased the difference between final PaO2 and baseline PaO2 levels. The 2ME pretreatment significantly reduced the PaO2 difference in the IR group (Supplementary Table 1).
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FIGURE 1. 2ME alleviated IR-induced acute lung edema. (A) Lung weight gain, (B) Kf, (C) LW/BW, (D) W/D weight ratios, and (E) the protein concentration in BALF increased significantly in the IR group. The increases in these parameters were significantly ameliorated by 2ME administration. The protective effect of 2ME was abrogated by the addition of the anti-AnxA1 antibody or BOC2. Data are presented as the means ± SD (n = 6 rats per group). *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the control group; +p < 0.05, ++p < 0.01, and +++p < 0.001 compared with the IR group; and ###p < 0.001 compared with the IR + 2ME group.




2ME Increased the Expression of the AnxA1 mRNA and Protein in Lung Tissues

Western blotting and qPCR were performed to quantify the AnxA1 content in lung tissue. Under unstimulated conditions, an intraperitoneal injection of 2ME induced a significant increase in AnxA1 expression at the mRNA and protein (intact and cleaved fragments) levels in the 2ME control group. Compared with the vehicle control group, the IR group exhibited a significant increase in the expression of the AnxA1 mRNA and protein. Furthermore, compared with the IR group, the 2ME pretreatment significantly decreased the expression of the AnxA1 mRNA and protein in the 2ME + IR group (Figures 2A–D). The addition of the anti-AnxA1 antibody or BOC2 reversed the effect of 2ME on IR injury. Immunohistochemical staining for AnxA1, FPR1, and FPR2 in lung tissues also produced similar results (Figure 2C, Supplementary Figures 7A, 8A). To further determine whether increased AnxA1 expression was mainly attributed to neutrophils in IR-treated lungs, we performed double immunofluorescence staining of lung sections using antibodies for AnxA1 and the neutrophil marker Ly6G. We found that AnxA1 protein expression highly co-localized with infiltrated neutrophils in the lung sections (Figure 2D).
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FIGURE 2. 2ME increased AnxA1 mRNA and protein expression in normal lung tissues but decreased AnxA1 mRNA and protein expression in IR-injured lung tissues. Quantitative real-time PCR and Western blot analyses revealed that IR significantly increased the levels of the (A) AnxA1 mRNA and (B) both the intact and cleaved AnxA1 protein in the lung (as detected by the presence of the 37- or 33-kDa fragment) compared with the control group. Furthermore, the IR + 2ME group showed significantly decreased expression of the AnxA1 mRNA and protein in the lung compared with the IR group. Following anti-AnxA1 antibody or BOC2 pretreatment, the expression of the AnxA1 protein in the lung was significantly increased compared with the IR + 2ME group. (C) Serial paraffin-embedded sections of the rat lungs were immunohistochemically stained to assess AnxA1 expression (400× magnification). 2ME increased the number of AnxA1-stained epithelial cells compared with the vehicle alone in the control group. A large number of AnxA1-stained neutrophils infiltrated into the lung alveolar space upon IR injury, and the number was reduced after 2ME administration. The addition of the anti-AnxA1 antibody or BOC2 reversed the effect of 2ME. (D) Immunofluorescence analysis of AnxA1 protein in the lung sections after IR injury (400× magnification). Sections were co-stained for AnxA1 (green), Ly6G (red), and DAPI (blue). Images show co-localization of AnxA1 protein with Ly6G positive cells in the lung tissues of control or IR-challenged rats. *p < 0.05 and ***p < 0.001 compared with the control group; +++p < 0.001 compared with the IR group; and #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with the IR + 2ME group.




2ME Ameliorated IR-Induced Proinflammatory Cytokine Production in the BALF and Histopathological Changes

Compared with the control group, the IR group displayed significantly higher levels of proinflammatory cytokines, such as IL-6, CINC-1, and TNF-α, in the BALF. 2ME administration significantly attenuated these increases. Moreover, these protective effects of 2ME were abrogated by the addition of the anti-AnxA1 antibody or BOC2 (Figures 3A–C). CD45, Ly6C, Ly6G, and Gal-3 are markers of PMNs, monocytes, neutrophils, and macrophages, respectively. Morphological observations of the control group showed a normal thickness of the lung alveolar wall and neutrophil infiltration. Obvious thickening of the alveolar walls and increased neutrophil infiltrates and CD45, Ly6C, Ly6G, and Gal-3 staining were observed in the IR group. The 2ME pretreatment significantly decreased neutrophil infiltration into the lungs, CD45, Ly6C, Ly6G, and Gal-3 staining and the histological lung injury score in the IR group. However, the administration of the anti-AnxA1 antibody or BOC2 prevented the beneficial effect of the 2ME pretreatment (Figures 3D–F and Supplementary Figure 4).
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FIGURE 3. 2ME reduced the IR-induced production of proinflammatory cytokines in the BALF and the severity of histological features in IR-injured lung tissue. 2ME significantly decreased IR-induced (A) TNF-α, (B) CINC-1, and (C) IL-6 levels in the BALF. The addition of the anti-AnxA1 antibody or BOC2 significantly abolished the anti-inflammatory effect of 2ME. (D) The lung tissue sections were stained with hematoxylin and eosin and examined under a light microscope (400× magnification). Lung injury was increased in the IR group, as evidenced by the increased neutrophil infiltration (arrowheads) and alveolar wall thickness. The 2ME pretreatment improved the histopathological changes. (E) Similar results were obtained by determining a histological lung injury score. (F) The numbers of infiltrated neutrophils per high power field (400× magnification) were elevated in the IR group, while the addition of 2ME significantly reduced the number of neutrophils, despite the IR injury. These improvements were all abrogated by the addition of the anti-AnxA1 antibody or BOC2. Data are presented as the means ± SD (n = 6 rats per group). *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the control group; +++p < 0.001 compared with the IR group; and #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with the IR + 2ME group.




2ME Decreased the Protein Carbonyl Content, MDA Level, and Number of MPO-Positive Cells in Lung Tissue Exposed to IR

Compared to rats subjected to IR injury, rats pretreated with 2ME prior to IR injury exhibited a significant attenuation of the IR-induced increases in the number of MPO-positive cells, protein carbonyl content, and MDA level in the lung tissue (Figures 4A–C). However, these antioxidant effects of 2ME were blocked by the administration of the anti-AnxA1 antibody.
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FIGURE 4. 2ME decreased oxidative stress induced by IR injury in lung tissues. The number of (A) MPO-positive cells and the (B) MDA and (C) protein carbonyl levels in the rat lung tissues increased significantly after lung IR injury, whereas the 2ME pretreatment significantly attenuated these changes. The antioxidant effects of 2ME were blocked by the addition of the anti-AnxA1 antibody. (A) Immunohistochemistry for MPO in the lung (200× magnification). Black arrowheads indicate MPO-positive cells. Data are presented as the means ± SD (n = 6 rats per group). **p < 0.01 and ***p < 0.001 compared with the control group; +++p < 0.001 compared with the IR group; and #p < 0.05 and ##p < 0.01 compared with the IR + 2ME group.




2ME Increased Bcl-2 Levels but Reduced the Level of the Cleaved Caspase-3 Protein in Lung Tissues Exposed to IR

Compared to the IR group, the 2ME pretreatment significantly increased the level of the Bcl-2 protein and decreased the number of activated caspase-3-immunolabeled cells in the 2ME + IR group. The administration of the anti-AnxA1 antibody reversed these effects of 2ME (Figures 5A,B).
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FIGURE 5. 2ME attenuated IR-induced lung cell apoptosis. (A) Western blot showing the expression of Bcl-2 in the lung tissue. β-Actin served as a loading control for cytoplasmic proteins. Representative blots are shown. (B) Immunohistochemically staining (400× magnification) for cleaved caspase-3 expression in the lung tissue (indicated with black arrows). A large number of cleaved caspase-3-immunolabeled cells and significantly decreased expression of the Bcl-2 protein were observed in the IR group compared with the control group. The 2ME pretreatment significantly increased Bcl-2 protein expression and reduced the staining for cleaved caspase-3 in the IR group. Finally, when the anti-AnxA1 antibody was added, the antiapoptotic effects of 2ME on the lung tissue were abolished. ***p < 0.001 compared with the control group; +++p < 0.001 compared with the IR group; and ###p < 0.001 compared with the IR + 2ME group.




2ME Restored Claudin-3, Occludin, and ZO-1 Expression in the Lung Epithelium Exposed to IR

We evaluated the expression of the claudin-3, occludin, and ZO-1 proteins in lung tissues to assess the integrity of tight junction proteins. The lung epithelium in the control group exhibited strong linear staining for claudin-3, occludin, and ZO-1. The IR group showed fragmented and low-intensity staining in the alveolar walls. The 2ME pretreatment reversed the effects of IR, but the protective effects of 2ME were abolished by the addition of the anti-AnxA1 antibody (Figures 6A,B).
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FIGURE 6. 2ME suppressed IR-induced disruption of tight junction proteins. Lung sections were immunostained for claudin-3, occludin, and ZO-1 (400× magnification). The control group showed strong linear staining of tight junction proteins, including (A) claudin-3 (red), (B) occludin (red), and (A,B) ZO-1 (green). The IR injury group exhibited fragmented and low-intensity staining of these tight junction proteins in the alveolar septa. The 2ME pretreatment reversed the disruption of these tight junction proteins, but the protective effect of 2ME was abrogated by the addition of the anti-AnxA1 antibody.




2ME Reduced the Activation of the NF-κB and Mitogen-Activated Protein Kinase (MAPK) Signaling Pathways in Lung Tissues Exposed to IR

Compared to the vehicle control, IR injury significantly increased the phosphorylation of IKK-β, degradation of IκB-α in the cytoplasm, and nuclear translocation of NF-κB p65. Compared to rats subjected to IR injury, rats pretreated with 2ME prior to IR injury presented significantly decreased IKK-β phosphorylation, increased IκB-α levels, and the attenuated nuclear translocation of NF-κB p65 (Figures 7A–E). The levels of phosphorylated p38 and ERK were significantly increased by IR and reduced by the addition of 2ME compared to the vehicle control (Figures 7F–H). The administration of the anti-AnxA1 antibody or BOC2 attenuated these effects of 2ME.


[image: Figure 7]
FIGURE 7. 2ME repressed IR-induced NF-κB and MAPK activation in the lung tissue. (A–E) NF-κB and (F–H) MAPK signaling were detected in the lung tissue using Western blotting. 2ME reduced the (B) P-IKK-β, (D,E) nuclear and cytoplasmic P-NF-κB p65, (G) P-p38, and (H) P-ERK 1/2 levels, and increased the (C) IκB-α level in response to IR-induced lung injury. The addition of the anti-AnxA1 antibody or BOC2 significantly attenuated the inhibitory effects of 2ME on the NF-κB and MAPK signaling pathways. Lamin B1 and β-actin served as loading controls for nuclear and cytoplasmic proteins, respectively. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the control group; +p < 0.05, ++p < 0.01, and +++p < 0.001 compared with the IR group; and #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with the IR + 2ME group.




2ME Upregulated AnxA1 Expression in HPAECs

We evaluated HPAECs using Western blotting (Figure 8A) and immunofluorescence staining (Figure 8B) to verify that AnxA1 was expressed in the lung. The viability of HPAECs was determined using WST-1 assays, and no cellular toxicity was detected when cells were treated with up to 1 μM 2ME (Supplementary Figure 5A). The level of the AnxA1 protein was obviously increased after pretreatment with 2ME at an optimal concentration of 1 μM under control condition (Supplementary Figure 5B). Compared with the vehicle control group, higher AnxA1 expression was detected in the HR group. However, no obvious differences in AnxA1 expression were observed between the HR group and the 2ME + HR group, despite the slight increase was observed after the 2ME pretreatment using Western blotting and immunofluorescence staining (Figures 8A,B).
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FIGURE 8. 2ME increased AnxA1 expression in HPAECs. AnxA1 expression was detected using (A) Western blotting and (B) immunofluorescence staining. 2ME increased the expression level of AnxA1 in unstimulated cells. Compared to vehicle control, AnxA1 expression was substantially increased after HPAECs exposed to hypoxia for 24 h and reoxygenation for 1 h. No significant difference was observed between the HR and 2ME + HR groups.




2ME Attenuated NF-κB Activity and IL-8 Production and Increased ZO-1 Expression in HPAECs Subjected to HR

We established HR models in HPAECs to determine whether 2ME exerted its protective functions in vitro. Compared with vehicle control, the induction of HR in HPAECs led to increased phosphorylation of NF-κB p65, decreased expression of IκB-α and ZO-1, and increased levels of IL-8. 2ME (1 μM) significantly suppressed all of these effects of HR. However, these protective effects of 2ME were abrogated by the AnxA1 siRNA (Figures 9A–D).
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FIGURE 9. 2ME suppressed NF-κB expression and IL-8 production, and enhanced ZO-1 activity in HPAECs upon HR injury. NF-κB and ZO-1 activity were detected using (A) Western blotting and/or (C,D) immunofluorescence staining. (A,C) 2ME increased the expression level of IκB-α, reduced the P-NF-κB and (B) IL-8 production, and increased (D) ZO-1 expression in HPAECs exposed to hypoxia for 24 h and reoxygenation for 1 h. Transfection with the AnxA1 siRNA reversed the 2ME-induced inhibition of NF-κB signaling, anti-inflammatory effects and increases in the levels of tight junction proteins in HPAECs. The results are representative of three independent experiments and presented as the means ± SD. *p < 0.05 and ***p < 0.001 compared with the control group; and #p < 0.05 and ##p < 0.01 compared with the HR + 2ME group.




2ME Increased AnxA1 and Cleaved Caspase-3 Levels, and Attenuated the Transmigration and TNF-α Production in Rat Neutrophils Subjected to HR

Rat neutrophils were cultured with 2ME and then subjected to HR and pretreated with the anti-AnxA1 antibody at concentrations of 0.5, 1, and 2 μg to investigate the anti-inflammatory effects of 2ME. WST-1 assays revealed that no cellular toxicity was detected upon the addition of up to 2 μM 2ME (Supplementary Figure 5C). The 2ME (2 μM) pretreatment increased AnxA1, FPR1&2, and cleaved caspase-3 levels in the unstimulated neutrophils. Compared to the vehicle control, the neutrophils subjected to HR injury expressed AnxA1, FPR1&2, and cleaved caspase-3 at higher levels. Higher levels of AnxA1 and cleaved caspase-3, and lower expression of FPR1&2 were observed in the 2ME + HR group than in HR only group (Figures 10A,B and Supplementary Figures 7B,C, 8B,C). In addition, 2ME reduced HR-induced neutrophil transmigration in a dose-dependent manner and TNF-α production (Figures 10C,D and Supplementary Figure 6). However, these effects of 2ME on the neutrophils were suppressed by the pretreatment with the anti-AnxA1 antibody (Figures 10A,D and Supplementary Figure 6).
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FIGURE 10. 2ME increased AnxA1 and cleaved caspase-3 levels, and attenuated the transmigration and TNF-α production in rat neutrophils subjected to HR. AnxA1 and cleaved caspase-3 activity were evaluated using immunofluorescence staining (A,B). Compared to the vehicle control group, 2ME increased AnxA1 and cleaved caspase-3 levels in the 2ME control group. Compared to the vehicle control group, the HR group presented higher AnxA1 and cleaved caspase-3 levels. 2ME administration further increased AnxA1 and cleaved caspase-3 levels in neutrophils exposed to HR. Rat neutrophils were stimulated with HR, induced to migrate across into the lower well of the migration chamber, and evaluated using a Leica DMi8 fluorescence microscope. 2ME attenuated (C) neutrophil transmigration and (D) TNF-α production after 2 h of hypoxia and 1 h of reoxygenation. These effects of 2ME were reversed by the anti-AnxA1 antibody. Normal mouse IgG was used as the control antibody in all experiments. ***p < 0.001 compared with the control group; #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with the HR + 2ME group.





DISCUSSION

In the present study, 2ME significantly upregulated AnxA1 expression and attenuated IR-induced lung edema, neutrophil infiltration, inflammatory cytokine production, oxidative stress, lung cell apoptosis, tight junction protein disruption, MAPK activation, and nuclear translocation of NF-κB in the lung tissue. In addition, the 2ME pretreatment exerted similar anti-inflammatory effects on HPAECs exposed to HR. Moreover, 2ME increased neutrophil apoptosis and decreased HR-induced neutrophil transmigration and TNF-α production. Finally, these protective effects of 2ME were abrogated by the anti-AnxA1 antibody or BOC2 in the animal model, by the AnxA1 siRNA in HPAECs, and by the anti-AnxA1 antibody in rat neutrophils. Based on these findings, 2ME ameliorates IR-induced acute lung inflammation by activating AnxA1-mediated anti-inflammatory effects.

Accumulating evidence has revealed a crucial role for 2ME in the immunomodulation of inflammatory diseases. Many studies have shown that 2ME reduces antigen-induced airway inflammation (9, 25) and attenuates IgG immune complex-stimulated acute lung inflammation (26). In addition, 2ME decreases IR-induced hepatocellular damage (27), and ameliorates renal IR injury by inhibiting reactive oxygen species (ROS) and proinflammatory cytokine production (10). These studies suggest that 2ME may have potential value in protecting against lung IR injury. However, to date, no study has investigated the effect of 2ME on IR-induced acute lung inflammation, which is characterized by marked neutrophil infiltration in the lung interstitial and alveolar space. The migration of neutrophils from the pulmonary vasculature across the epithelium into the alveolar space has been shown to be a pathogenic factor during acute inflammatory lung injury (21, 28). As neutrophils are highly capable of producing ROS, they are responsible for a substantial proportion of the damage observed in IR-induced acute lung inflammation. In a previous study by Issekutz et al., 2ME significantly inhibited neutrophil migration to the joints in an adjuvant arthritis rat model (29). Here, we showed that 2ME suppressed IR-induced neutrophil infiltration and ameliorated oxidative damage in the lung tissue after a pretreatment. These observations were confirmed by the decreased numbers of MPO- and Ly6G-positive cells and decreased number of PMNs and MDA and protein carbonyl levels in the lung tissue.

Azevedo Loiola et al. have demonstrated that 17β-estradiol ameliorated LPS-induced brain inflammation through activation of AnxA1 (17). AnxA1 serves as an important anti-inflammatory regulatory factor in various animal models of inflammatory diseases, including multiple sclerosis, peritonitis, arthritis, and various types of IR injury (12, 16, 30). In addition, Purvis et al. reported that endogenous AnxA1 prevents insulin resistance and associated inflammatory complications in an experimental model type 2 diabetes (31). Under unstimulated conditions in the lung, the AnxA1 protein is localized to the cytoplasm of the epithelium, alveolar macrophages, and neutrophils (32). After exposure to various stimuli, the AnxA1 protein is trafficked to the plasma membrane and to be secreted, then it interacts with FPRs and mediates downstream cellular signaling in an autocrine and paracrine manner (33). FPRs are 7 transmembrane G-protein coupled receptors, and three subtypes have been identified in humans, including FPR1, FPR2, and FPR3. FPR1 is predominantly expressed in neutrophils and rapidly upregulated in response to various inflammatory stimuli, including sepsis and autoimmune diseases (34). In contrast to the specific anti-inflammatory effect of FPR1, FPR2 is capable of interacting with numerous ligands, resulting in either anti-inflammatory or pro-inflammatory effects, depending on different ligand-specific interactions (35). An FPR2 agonist has been reported to ameliorate hyperoxia-induced lung injury in mice (36). AnxA1 binds FPR1&2 and subsequently inhibits neutrophil transmigration, promotes neutrophil apoptosis, and decreases the inflammatory response (13, 37). Our group and other researchers have shown that BOC2 (the FPR pan antagonist) abrogates the protective effects of Ac2-26 (exogenous AnxA1 peptide) on various types of IR injury (13, 16). Therefore, in the current study, we pretreated rats with BOC2 prior to 2ME administration to assess whether the protective effect of 2ME would be attenuated by an AnxA1 receptor antagonist, indirectly confirming that the effect of 2ME was mediated by AnxA1 signaling.

We and other investigators have shown that AnxA1 expression is upregulated during IR injury and accompanied by neutrophil infiltration (16, 38). In our study, 2ME increased endogenous AnxA1 expression in the lung tissue, HPAECs, and neutrophils under unstimulated conditions. However, a decreased AnxA1 expression in rat lungs was observed in the 2ME + IR group which was different from the 2ME + HR group in HPAECs or neutrophils. No significant difference was observed between the HR and 2ME + HR groups in HPAECs or neutrophils, despite the slight increase was observed after the 2ME pretreatment. We suggested that 2ME reduced AnxA1 expression after IR injury potentially by suppressing the infiltration of inflammatory neutrophils following an IR insult. In vivo, 2ME reduced the substantial influx of neutrophils expressing high levels of AnxA1 into the IR-injured lung, as evidenced by AnxA1, MPO, and Ly6G immunohistochemistry, immunoblotting, and double immunofluorescence staining of the lung tissue. In vitro, 2ME significantly suppressed HR-induced neutrophil transmigration and TNF-α production in rat neutrophils and increased ZO-1 expression in HPAECs, consistent with the in vivo results. Moreover, the anti-AnxA1 antibody, BOC2, or AnxA1 siRNA abolished the effects of 2ME on ameliorating IR injury in vivo or in vitro. These results further confirmed that the 2ME-induced anti-inflammatory effects were mediated by increasing the activity of the AnxA1 signaling pathway. Taken together, our study suggests that upregulating AnxA1 expression is mainly responsible for the protective effect of 2ME on IR-induced acute lung inflammation.

NF-κB, a regulatory transcription factor, is responsible for inducing the production of various cytokines and chemokines during inflammation. Under non-inflammatory conditions, IκB-α sequesters NF-κB dimers in the cytoplasm, which suppresses NF-κB nuclear translocation. IKK-β is an upstream regulator of NF-κB that regulates NF-κB activity by inhibiting IκB-α phosphorylation and degradation. IR causes IKK-β phosphorylation, subsequent IκB-α degradation, and NF-κB activation, which results in the production of proinflammatory cytokines, such as TNF-α and CINC-1 (16, 39). These increases in proinflammatory cytokine production further stimulate neutrophil recruitment and increase tissue injury. Our results was consistent with Liu et al. study showing that Ac2-26 decreases IKK-β activity and reduces oxygen-glucose deprivation/reperfusion-induced proinflammatory cytokine production in microglia (40). AnxA1 has been shown to attenuate NF-κB activation and downstream proinflammatory cytokine production in acute lung inflammation (16). In addition, Yeh et al. found that 2ME reduced LPS-induced ALI by inhibiting NF-κB signaling (8). In the present study, 2ME effectively inhibited the activation of the NF-κB signaling pathway and proinflammatory cytokine production in the IR-injured lung and HPAECs exposed to HR, consistent with previous research (8, 26). Moreover, the anti-AnxA1 antibody, BOC2, or siRNA pretreatment abolished the inhibitory effect of 2ME on NF-κB. Therefore, the regulation of the NF-κB signaling pathway via the upregulation of AnxA1 might be a possible mechanism by which 2ME protects against acute lung inflammation induced by IR. However, further studies are necessary to clarify how AnxA1 inhibits NF-κB signaling.

Claudin-3 and occludin are tight junction proteins that form physical barriers restricting the diffusion of solutes through adjacent epithelial cell, and maintain the integrity of the permeability barrier of the alveolar wall (41, 42). ZO-1, a scaffolding protein, interacts with claudin-3 and occludin, which is critical for tight junction regulation (41, 42). Decreased levels of tight junction proteins in lung tissue are reliable indicators of the occurrence of ALI (43). IR injury may disrupt the integrity of the tight junction proteins and induce capillary leakage, which is a key component of the pathogenesis of pulmonary edema (28, 43). Further, exogenous recombinant AnxA1 upregulates occludin in brain endothelial cells and enhances tight junction formation to maintain blood-brain barrier integrity (33). The absence of AnxA1 disrupts occludin organization and increased blood-brain barrier permeability (33). As shown in our previous study, the expression levels of ZO-1, claudin-3, and occludin were significantly reduced upon IR injury but restored by an exogenous AnxA1 peptide (16). In the current study, 2ME significantly increased the integrity of these tight junction proteins in lung IR injury and HPAECs exposed to HR, but the effect was abolished by the anti-AnxA1 antibody or siRNA pretreatment. Therefore, the ability of 2ME to inhibit tight junction protein disruptions may be related to increased AnxA1 protein expression.

Significant increases in the apoptosis of lung epithelial and vascular endothelial cells are required for the development of acute lung inflammation (44). Bcl-2, an apoptotic regulator, possesses potent antiapoptotic activity to support the survival of cells and is implicated in the protective effect on IR injury (28, 44). Caspase-3 is a crucial effector caspase in the apoptotic pathway. Lung IR injury has been shown to decrease the levels of Bcl-2 and increase the levels of cleaved caspase-3 in the lung tissue to activate lung cell apoptosis (45, 46). Excessive lung cell apoptosis impairs the epithelial barrier and results in acute lung edema. Recent studies have reported that 2ME prevents apoptosis by increasing the expression of Bcl-2 in kidney IR injury (10) and by inhibiting the expression of caspase-3 in animal models of diabetic retinopathy and global ischemia (47, 48). In our study, 2ME significantly attenuated IR-induced apoptosis in the rat lung tissue, as evidenced by the decreased level of cleaved caspase-3 and increased level of Bcl-2 in the lung tissue. In addition, the antiapoptotic effect of 2ME was hampered by neutralizing AnxA1. Based on these findings, 2ME may increase AnxA1 expression to suppress IR-induced lung cell apoptosis.

Another interesting finding was that 2ME induced neutrophil apoptosis in vitro, as evidenced by the increase in cleaved caspase-3 levels, and this change was substantially attenuated in the presence of the AnxA1 antibody. Lung IR injury induces neutrophil infiltration into the alveoli and promotes high levels of inflammatory cytokine production (2, 16). Prolonged neutrophil survival may lead to an uncontrolled inflammatory response at local inflammatory sites, which can be opposed by pro-resolving mediators such as AnxA1 (49). Several investigations have revealed that AnxA1 promotes neutrophil apoptosis by activating caspase-3 to avoid the subsequent devastating inflammation (37, 50). Based on the results of the current study, 2ME may induce neutrophil apoptosis by upregulating AnxA1 expression following IR-induced lung injury.

2ME is an orally active and well-tolerated anticancer drug with low toxicity that has completed phase I and II clinical trials. We observed that 2ME reduced lung damage in rats exposed to IR injury, and the effects of 2ME on the resolution of IR-induced acute lung inflammation are associated with the modulation of AnxA1 expression in alveolar epithelial cells and neutrophils. However, our study has some limitations. First, sex-specific differences in survival have been reported in patients with ARDS (51). We only used male rats for the experiment which limits the opportunity to better understand the effect of 2ME in female animals. Second, Singh et al. demonstrated that 2ME protected against angiotensin II-induced hypertension in ovariectomized female mice (52). Whether pre- or post-menopausal status can alter the efficacy of 2ME in this experiment was not clear. Future studies specifically designed to answer these questions will be needed. Third, the isolated lung IR model with 40 min ischemia and 60 min reperfusion in our laboratory can produce significant lung injury (16, 53), however, this animal model may not completely translate to human in clinical condition according to the value of PaO2/FiO2 ratio in Berlin definition (54). It may be due to this reason that only the perfusate gas levels could be measured but a discrepancy between blood and perfusate gas levels may exist.

In conclusion, 2ME ameliorates IR-induced acute lung inflammation by upregulating the expression of endogenous AnxA1 in the lungs, alveolar epithelial cells, and neutrophils. Our study thus provides a molecular rationale for the use of 2ME as a possible treatment for IR-induced acute lung inflammation. Further studies of the potential clinical efficacy of 2ME are needed to determine whether it represents an attractive candidate as a drug that protects against pulmonary IR injury.
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Supplementary Figure 1. Experimental design. (A) Experimental protocol showing the duration and time course of IR. (B) The experiment was designed to explore the roles of 2ME-related anti-inflammatory effects in IR lung injury.

Supplementary Figure 2. Further study of the potential mechanisms of 2ME-mediated protection in (A) HPAECs or (B) rat neutrophils exposed to HR.

Supplementary Figure 3. 2ME increased the expression of the AnxA1 mRNA and protein and ameliorated IR-induced acute lung edema in a dose-dependent manner. (A) Pretreatment with 2ME increased the expression of AnxA1 mRNA and protein compared to the vehicle control group. IR injury significantly increased the (B) lung weight gain, (C) Kf, (D) LW/BW, (E) W/D weight ratios, and (F) protein concentration in the BALF. Moreover, a significant decrease in these parameters was observed in the groups pretreated with 10 and 20 mg/kg BW 2ME prior to IR injury in a dose-dependent manner. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the control group; +p < 0.05, ++p < 0.01, and +++p < 0.001 compared with the IR group.

Supplementary Figure 4. 2ME decreased polymorphonuclear leukocyte (PMN) infiltration induced by IR injury in the lung tissue. Lung tissues from each experimental group were immunostained with CD45, Ly6C, Ly6G, and Gal-3 antibodies and analyzed under a light microscope (200 × magnification). The number of CD45-, Ly6C-, Ly6G-, and Gal-3-positive cells in the rat lung tissues were markedly increased after IR lung injury, particularly Ly6G-positive cells. Compared with IR injury alone, IR-challenged rats with 2-ME administration displayed a marked reduction in the infiltration of CD45-, Ly6C-, Ly6G-, and Gal-3-positive cells. The anti-inflammatory effects of 2ME were abolished by the addition of the anti-AnxA1 antibody.

Supplementary Figure 5. The optimal 2ME concentration for inducing AnxA1 protein expression without cytotoxicity was 1 or 2 μM in HPAECs or rat neutrophils, respectively. Different concentrations of 2ME (0, 0.1, 1, 10, and 100 μM) or (0, 0.5, 1, 2, and 5 μM) were added to HPAECs or rat neutrophils for 24 or 2 h, respectively, prior to the detection of cell viability with WST-1 to define the cytotoxic concentration of 2ME. (A,C) No cellular toxicity was detected upon the addition of up to 1 μM 2ME in HPAECs and 2 μM 2ME in rat neutrophils. (B) Western blot showing differences in levels of the AnxA1 protein in unstimulated HPAECs were obtained from Western blotting after pretreated with 2ME at concentrations of 0, 0.1, 1, 10, and 100 μM. The optimal concentration of 2ME that induced AnxA1 protein expression was determined to be 1 μM among all investigated 2ME concentrations. (D) 2ME increased AnxA1 expression in unstimulated rat neutrophils, as detected using immunofluorescence staining. *p < 0.05 compared with control group.

Supplementary Figure 6. Rat neutrophils were cultured with 2ME (2 μM) and then subjected to HR and pretreated with the anti-AnxA1 antibody (Santa Cruz Biotechnology, sc-12740) at concentrations of 0.5, 1, and 2 μg. Besides, Ac2-26 (100 μg) was added to investigate the neutralizing effect of the anti-AnxA1 antibody. Compared to the vehicle + HR group, the number of transmigrated neutrophils was significantly reduced in the 2ME + HR group. The anti-inflammatory effects of 2ME were abrogated by the pretreatment with the anti-AnxA1 antibody in a dose-dependent manner. Compared to the vehicle + HR group, the level of neutrophil transmigration was similar to the Ac2-26 +anti-AnxA1 antibody (2 μg) + HR group. Compared to the Ac2-26 + anti-AnxA1 antibody (2 μg) + HR group, a lower level of neutrophil migration was observed in the Ac2-26 + anti-AnxA1 antibody (2 μg) + 2ME + HR group. These results indicated that the anti-AnxA1 antibody can neutralize the exogenous AnxA1 peptide and abrogated the anti-inflammatory effect of 2ME.

Supplementary Figure 7. 2ME modulated FPR1 expression in the lung epithelium and neutrophils. FPR1 expression was examined using immunohistochemistry (A) in lung tissue and immunofluorescence staining (C) in neutrophils. (B) FPR1 transcript levels in the neutrophils were assessed using real-time quantitative PCR. Compared to the vehicle control, 2ME increased FPR1 expression in the lung epithelium and neutrophils. IR induced prominent epithelial FPR1 staining in rat lungs and HR induced a marked increase in FPR1 staining and mRNA levels in neutrophils. Compared to the IR or HR group, the 2ME pretreatment reduced FPR1 expression in lung tissue from the 2ME + IR group and in neutrophils from the 2ME + HR group.

Supplementary Figure 8. 2ME modulated FPR2 expression in the lung epithelium and neutrophils. FPR2 expression was examined using immunohistochemistry (A) in lung tissue and immunofluorescence staining (C) in neutrophils. (B) FPR2 transcript levels in the neutrophils were assessed using real-time quantitative PCR. Compared to the vehicle control, 2ME increased FPR2 expression in the lung epithelium and neutrophils. IR induced prominent epithelial FPR2 staining in rat lungs and HR induced a marked increase in FPR2 staining and mRNA levels in neutrophils. Compared to the IR or HR group, the 2ME pretreatment reduced FPR2 expression in lung tissue from the 2ME + IR group and in neutrophils from the 2ME + HR group.
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Gene regulatory networks address how transcription factors (TFs) and their regulatory roles in gene expression determine the responsiveness to anti-asthma therapy. The purpose of this study was to assess gene regulatory networks of adult patients with asthma who showed good or poor lung function improvements in response to inhaled corticosteroids (ICSs). A total of 47 patients with asthma were recruited and classified as good responders (GRs) and poor responders (PRs) based on their responses to ICSs. Genome-wide gene expression was measured using peripheral blood mononuclear cells obtained in a stable state. We used Passing Attributes between Networks for Data Assimilations to construct the gene regulatory networks associated with GRs and PRs to ICSs. We identified the top-10 TFs that showed large differences in high-confidence edges between the GR and PR aggregate networks. These top-10 TFs and their differentially-connected genes in the PR and GR aggregate networks were significantly enriched in distinct biological pathways, such as TGF-β signaling, cell cycle, and IL-4 and IL-13 signaling pathways. We identified multiple TFs and related biological pathways influencing ICS responses in asthma. Our results provide potential targets to overcome insensitivity to corticosteroids in patients with asthma.
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INTRODUCTION

Blood contains many cells involved in immune responses, which explains why blood cell transcriptomics has been used for the study of asthma, an immune-mediated disease. For instance, it was reported that MKP-1 and IL-8 gene expression in peripheral blood mononuclear cells (PBMCs) of patients with asthma was useful in predicting clinical response to corticosteroids (1).

Recent transcriptomic studies have focused on the biological systems that are organized by various molecular entities such as genes, proteins and metabolites as well as the interactions between them. These systems can be visualized as networks, also interchangeably recognized as acyclic graphs, in which components (e.g., genes, proteins, or metabolites) are nodes that are connected by edges (relationships between nodes) (2). One good example is a gene co-expression network based on the similar, or correlated, gene expression patterns (3).

However, correlation does not necessarily imply causation. Gene regulatory networks attempt to identify the influencing patterns of transcription factors (TFs) on gene expression in a mechanistic fashion (4). As reviewed before, the activation or repression of different TFs and their regulatory roles in gene expression may determine the responsiveness to anti-asthma therapy, particularly to anti-inflammatory drugs (5). Qiu et al. found that TFs differentially affected gene expression in lymphoblastoid cell lines from children with asthma that included good and poor responders to inhaled corticosteroid (ICS) treatment by applying gene regulatory networks (6).

The purpose of this study was to assess gene regulatory networks of adult patients with asthma who showed good or poor lung function improvements in response to ICSs. To do this, we began by analyzing genome-wide gene expression levels in PBMCs from adult patients with asthma. Following this, we explored whether gene regulatory networks showed good or poor responder-specific regulatory patterns using the Passing Attributes between Networks for Data Assimilation (PANDA) algorithm. PANDA models information flow through networks under the assumption that both “transmitters” and “receivers” play active roles in modulating regulatory processes (7).



MATERIALS AND METHODS

This study was approved by the Institutional Review Board of the corresponding institution (H-1408-051-601 and 2019AN0240) and informed consent was obtained from all study participants.


Study Populations

We retrospectively reviewed the medical records of two institutes (Seoul National University Hospital and Korea University Anam Hospital, Seoul, Republic of Korea) and selected adult patients with asthma eligible for our study. The diagnosis of asthma was confirmed when forced expiratory volume in 1 s (FEV1) showed more than 12% (and 200 mL) increase after initiation of treatment. After diagnosis, all of patients were treated with medium dose ICSs (8) and regularly followed up; the pulmonary function measurement was performed every 4 weeks. Current or former smokers were excluded. We explained our study to eligible patients with asthma identified from medical records and enrolled them if they agreed to participate. We defined poor responders (PRs) or good responder (GRs) to ICSs, as patients who had less or more than 12% improvement in FEV1 compared to baseline values at 4 weeks after initiation of treatment, respectively (1). PRs eventually achieved more than 12% improvement in FEV1 responding to ICSs, but it took longer than 4 weeks. The overall study design is presented in Figure 1.


[image: Figure 1]
FIGURE 1. Overall study design. Poor responders (PRs) or good responder (GRs) to inhaled corticosteroids was defined as patients who had less or more than 12% improvement in FEV1 compared to baseline values at 4 weeks after initiation of treatment, respectively, and genome-wide gene expression profiles were obtained from peripheral blood mononuclear cells of participants. Due to the small sample size, two-thirds of the participants were chosen from each GR and PR group at random (without replacement) to form subsamples. We constructed 50 gene regulatory networks in GRs and PRs using PANDA with these 50 subsamples. We then generated a single, aggregate gene regulatory network by averaging Z-scores of edges across the 50 networks identified from subsamples. Finally, we illustrated subnetworks using the top-10 transcription factors (TFs) identified and their differentially-connected genes in each aggregate GR and PR network.




Gene Expression Arrays

Blood for gene expression analysis was drawn at a stable state, that is, no changes in anti-asthma medications and no acute exacerbations (short-term oral prednisone burst, unexpected clinic visit, and emergency room visit or hospitalization due to asthma symptom aggravation) within 4 weeks prior to blood sampling. PBMCs were isolated and genome-wide gene expression levels were measured using the Affymetrix GeneChip Human Gene 2.0 ST (Affymetrix, Santa Clara, CA, USA). We removed probes with bad chromosome annotations and probes in the X or Y chromosome. We then performed variance-stabilizing transformation and quantile-normalization to reduce technical noises and to make the distribution of expression level for each array closer to a normal distribution.



Network Analysis

The analysis was performed with R version 4.0.2 (www.r-project.org). We performed PANDA analysis on gene expression profiles from GRs and PRs using the R package “pandaR” (9). network. To seed the PANDA algorithm, we used a mapping between TF motifs and target genes from the TRRUST database (10). This mapping file consists of 8,444 regulatory interactions for 800 TFs and 2,521 target genes. There are 796 TFs in both our gene expression data and the mapping file. These TFs correspond to 9,392 pairs of (TF, gene) and correspond to 2,490 genes in our expression data.

To minimize the effect of outliers in our networks that were built on a smaller sample size, two-thirds of the participants were chosen from each GR and PR group at random (without replacement) to form subsamples. These 50 subsamples were used to construct 50 gene regulatory networks in GRs and PRs. PANDA reports the probability that a connection (edge) exists between a TF and gene in an estimated network as a Z-score (7). We generated a single, aggregate gene regulatory network by averaging Z-scores of edges across the 50 networks identified from subsamples, as described elsewhere (11). We then selected high-confidence edges that had an average edge Z-score >0 in the aggregate GR or PR networks. These edges can be interpreted as edges that are most likely to exist in each aggregate network.

To quantify differences in high-confidence edges, we calculated an edge enrichment score (EES) (11): EESi = log2[(kgi/kpi)/(Ng/Np)] where kgi and kpi are the (out-degree) number of high-confidence edges for TF i in the aggregate GR and PR networks, respectively, and Ng and Np are the total number of high-confidence edges in each network. Note that the EES is positive for edge-enrichment from a particular TF in the aggregate GR network, and negative for edge-enrichment from a particular TF in the aggregate PR network.



Gene Set Enrichment Analysis

Based on EES, we selected the top-10 TFs from aggregate networks (5 of the highest ones and 5 of the lowest ones). We then identified genes connected to these 10 TFs differentially in the aggregate GR and PR networks by selecting genes whose differences in high-confidence edge Z-scores were >0.75. This means that these genes have at least a 75% chance of existing and being different in each aggregate network. As we assumed that these 10 TFs and their differentially-connected genes were the main drivers in each aggregate network, we constructed GR and PR subnetworks using them. To assign biological meaning to interpretability of each subnetwork, we performed pathway overrepresentation analysis (gene set enrichment analysis) of individual TF and its target genes in the GR and PR subnetworks using “g:Profiler” (database version: e100_eg47_p14_7733820) (12). g:Profiler (https://biit.cs.ut.ee/gprofiler/) provides an adjusted P-value calculated in a manner that accounts for the hierarchical relationships among the tested gene sets. g:Profiler utilizes 3 types of biological pathways; KEGG, Reactome, and WikiPathways. As Reactome provides more and diverse signaling pathways including immunological, developmental and kinase, signaling pathways, the drug- or target-based, stress activated, or lipid-mediated signaling pathways compared to the other databases (13), we selected Reactome database.




RESULTS

A total of 47 adult patients with asthma (28 GRs and 19 PRs) were enrolled. Table 1 summarizes their baseline characteristics. There were no significant differences between GRs and PRs for age, sex, atopy, blood eosinophil counts, or pulmonary functions at baseline (before initiation of treatment). GRs showed significant improvement in FEV1 compared to PRs at 4 weeks after initiation of treatment [694.3 ± 410.9 mL (GR) vs. 78.4 ± 172.5 mL (PR), P = 1.82 × 10−7), as expected from the definition of 2 groups. Using PANDA, we created aggregate GR and PR networks and identified the top-10 TFs based on EES. Table 2 lists top-5 TFs of those with the highest EES and top-5 TFs of those with the lowest EES. MXD1 has the highest EES, which means that high-confidence edges connecting MXD1 and genes are most greatly enriched in the aggregate GR network. Meanwhile SMAD7 with the lowest EES is positioned in the opposite end. Table 2 also shows absolute numbers of high-confidence edges connecting top-10 TFs and genes in each aggregate GR or PR network and net differences between two aggregate networks. It was difficult to visualize the differential connectivity of TFs and connected genes in the aggregate GR and PR networks, if all TF-gene connections were considered. Hence, we illustrated subnetworks using the top-10 TFs identified and their differentially-connected genes in each aggregate GR and PR network. Figure 2 shows the differential connectivity of top-10 TFs to genes between aggregate GR and PR network. E2F6 and RFX2 are connected to genes with high-confidence in aggregate GR network only, whereas HOXA1 is connected to genes in aggregate PR network only. The other 7 TFs are differentially connected to genes between aggregate GR and PR networks. The name of genes connected to the top-10 TFs in each aggregate network is listed in Table 3. Table 4 summarizes identified biological pathways in which TF and its connected genes in each aggregate network are enriched with adjusted P values less than 0.001. For example, E2F6 and its connected genes in aggregate GR network (APAF1, BRCA1, BRD7, CDK1, CYC1, DHFR, E2F1, IL13, and NRIP1) are significantly enriched in G1/S-Specific Transcription, Transcriptional Regulation by E2F6, G1/S Transition, Mitotic G1 phase and G1/S transition, and Transcriptional Regulation by TP53 pathways. The pathways that were identified helped us understand differences in regulatory control driven by Top-10 TFs between GR and PR. In the GR subnetwork, E2F6, and NFYB supposedly play important roles by regulating cell cycle-related and FOXO-mediated transcription pathways, respectively. Meanwhile, CREM, PROX1, and SMAD7 are crucial in the PR subnetwork controlling cell cycle-related, immune-mediated and TGF-β signaling pathways. Interestingly, JUNB is engaged in both GR and PR subnetworks. However, it differentially regulates biological pathways (TGF-β vs. IL-4 and IL-13 signaling pathways). The top-10 TFs identified in this study are not differentially expressed between GR and PR groups (data not shown).


Table 1. Characteristics of enrolled patients with asthma.
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Table 2. Top-10 transcription factors identified from aggregate networks based on edge enrichment scores.
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FIGURE 2. Good (GR) and poor responder (PR) subnetwork made by the top-10 transcription factors and their differentially-connected genes. (A) GR and (B) PR. Based on edge enrichment score, we selected the top-10 TFs from aggregate networks (5 of the highest ones and 5 of the lowest ones). We then identified genes connected to these 10 TFs differentially in the aggregate GR and PR networks and illustrated subnetworks using them. The edges are directed from TFs to their targeting genes whose differences in high-confidence edge Z-scores are >0.75. This means that these genes have at least a 75% chance of existing and being different in each aggregate network.



Table 3. Top-10 transcription factors and their differentially-connected genes in the aggregate good and poor responder network.
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Table 4. Reactome pathways significantly enriched by the top-10 transcription factors and their differentially-connected genes in the good and poor responder subnetworks.
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DISCUSSION

In this study, we constructed gene regulatory networks associated with good or poor response to ICSs using gene expression profiles of PBMCs from 47 adult patients with asthma. We identified the top-10 TFs that showed large differences in EES in the aggregate GR and PR networks. We also identified subnetworks made by top-10 TFs and their differentially-connected genes in each aggregate GR and PR network. In addition, these TFs and genes were enriched in distinctly different biological pathways in GRs and PRs. Based on our results, we summarize that TGF-β signaling, cell cycle related, and IL-4 and IL-13 signaling pathways are important in determining responses to ICSs in patients with asthma.

Interestingly, the top-10 TFs and their differentially-connected genes in our regulatory networks showed no significant differences in expression between GRs and PRs (data not shown). It is possible that multiple TFs compete for the same binding site of a target gene, but which one primarily regulates that gene is dependent on the drug response phenotype. Gene regulatory networks provide us an opportunity to model biological processes as information flowing between genes and the potential to identify the underlying causes of the drug response that cannot be captured by differential gene expression networks. PANDA constructs networks based on differential connectivity by comparing differential expression of the TFs. Therefore, the same sets of TFs may regulate different sets of downstream genes between GRs and PRs, as we observed with JUNB in our analysis. Our results indicated that responses between good and poor responders to a certain drug does not necessarily emanate from differential gene expression networks but may instead be from regulatory gene expression networks.

SMAD7 had the lowest EES, which suggests that it may play an important role in the aggregate PR network. Binding of TGF-β to its receptor triggers phosphorylation of SMAD2 and SMAD3 and phosphorylated SMAD2/3 proteins heterodimerize with SMAD4 to generate a complex that moves to the nucleus, where it regulates the expression of target genes (canonical TGF-β signaling) (14). This TGF-β-associated SMAD signaling is tightly controlled by SMAD7, another intracellular SMAD protein (15). Thus, SMAD 7 acts as a negative regulator of the canonical TGF-β signaling pathway. Previously, it was reported that TGF-β impairs therapeutic responses to corticosteroids in chronic airway diseases and the non-canonical signaling pathway is important in this process (16, 17). However, these reports were based on experiments using lung epithelial cells. TGF-β regulates pathologic CD4+ T cell responses by directly suppressing T-bet and GATA-3 expression and by downregulating both Th1 and Th2 cell differentiation (18, 19). In addition, TGF-β can promote the induction of regulatory T cells (20). For dendritic cells, TGF-β can downregulate the antigen-presenting function and expression of co-stimulatory molecules in vitro (21). Mice over-expressing Smad7 in T cells develop severe intestinal inflammation in various experimental models (22). In this study, we examined gene expression in PBMCs from adult patients with asthma, contrary to previous studies using lung epithelial cells. This would explain why Smad7 influence increases in the aggregate PR network in our study. In addition, we observed that JUNB is confidently connected with SMAD4 in the GR subnetwork (Figure 2A). A previous report showed that JUNB is a critical activator protein component mediating TGF-β signaling in human breast epithelium (23). Taken together, increased TGF-β signaling in blood cells may confer good response to ICSs in asthma. Although it was recently reported that knockdown of SMAD7 with a specific antisense oligonucleotide that restores endogenous TGF-β activity is not effective for patients with steroid-resistant/dependent Crohn disease (24), a SMAD7-targeting approach is worthy of being searched to treat patients with insensitivity to corticosteroids in asthma.

Corticosteroid possesses an anti-inflammatory action and inhibits various inflammatory chemokines and cytokines, including IL-4 and IL-13 (25). Unexpectedly, we found that JUNB and its related genes in the PR subnetwork were significantly enriched in the IL-4 and IL-13 signaling pathway. Moreover, we observed that E2F6 is connected to IL-13 in the GR subnetwork. Bruhn et al. have suggested an inhibitory role for E2F6 in the regulation of IL-13 and allergy based on gene expression analysis of CD4+ T cells (26). As participants in this study were treated with medium dose ICS, it was possible that the amount of corticosteroids was not enough to suppress IL-4 and IL-13 signaling pathway entirely. Another possible explanation is that corticosteroids in their conventional doses are not sufficient to suppress IL-4 and IL-13 signaling pathway completely in some patients. For example, the 1-week course of prednisone treatment did not show significant changes in bronchoalveolar lavage cells expressing IL-4 and IL-13 mRNA in patients with asthma who were recognized as PRs to corticosteroids (27). In this sense, the role of dupilumab, a monoclonal antibody blocking IL-4 and IL-13 signaling pathway by inhibiting IL-4R alpha, is promising for the management of patients with asthma with reduced response to corticosteroids, as reviewed recently (28). An interesting finding is that the cell cycle (G1/S transition) related pathways are significantly enriched in both GR and PR subnetworks. The accurate transition from G1 (Gap 1) phase of the cell cycle to S (Synthesis) phase is crucial for the control of eukaryotic cell proliferation (29). Since long time ago, we have known that dexamethasone induces irreversible G1 arrest and death of a human lymphoid cell line (30). An arrest of cell cycle progression in the G1/S phase also induced apoptosis of human eosinophils from patients with asthma (31). All these together imply a potential role of the G1/S transition in blood cells in response to corticosteroids. We found that E2F6 and its differentially-connected genes in the GR subnetwork and CREM and PROX1 and their differentially-connected genes in the PR subnetwork are enriched in the G1/S transition related pathways. E2F6 functions as a repressor of E2F-dependent transcription during S phase and thus is presumed to be a cell cycle transcriptional repressor (32). Meanwhile, CREM is implicated in the stimulation of cyclin A transcription at G1/S (33). PROX1, has conflicting roles in cell cycle regulation. PROX1 induces cell cycle arrest in liver hepatocellular carcinoma cells (34), but paradoxically increases proliferation in fetal hepatoblasts (35). These findings suggest that PROX1 regulates the cell cycle in a cell-type-dependent manner. Taken together, cell cycle arrest at G1/S may help to avoid steroid resistance. In addition, it was reported that dexamethasone can stimulate the G1/S transition in human airway fibroblasts in asthma, which may result in airway remodeling (36). In a study reported by Goleva E et al. (1), significantly more dexamethasone was required to suppress in vitro T cell proliferation in PBMC from steroid resistant than steroid sensitive asthmatics. Taken together, an intrinsic property related with PBMC proliferation in asthmatics may determine the susceptibility for corticosteroid treatment and thus a new approach focused on the G1/S transition is worthy of being investigated to overcome corticosteroid insensitivity.

RFX2 and HOXA1 may also play an important role in determining response to ICSs. Probably, the number of targeted genes with difference in high-confidence edge Z-scores greater than 0.75 between GR and PR groups is too small to be captured as a specific biologic pathway. As gene expression changes over time, the sampling time of PBMCs in this study may not be the exact time representing the whole picture of RFX2- or HOXA1-related mechanisms.

A small number of participants in this study is a potential limitation. To minimize heterogeneity because of this, we constructed regulatory networks using random subsampling of participants and averaged these networks to identify aggregate GR and PR networks. By doing this, we removed the effect of changes in gene expression that are specific to only one individual (outliers) and focus on changes that are most likely a result of corticosteroid responses. We assumed that TFs with greater differences in high-confidence edges were the main drivers in each aggregate network. Moreover, it was difficult to visualize all the differential connectivity of TFs and their connected genes in the aggregate networks. For these reasons, we selected only the top-10 TFs with a quantified method (EES) focusing on the large-scale changes in edge numbers between two aggregate networks. However, it is possible that other TFs and their related genes excluded from our analysis would have their potential roles in determining ICS responses. Despite taking these precautions, we recognize that future studies are needed for the functional validation of our networks.

In addition, the statistical power and sample size should be considered before generalizing our observations. The performance of gene regulatory network inference algorithms with a genome-wide scale depends on the sample size. It is generally considered that the larger the sample size, the better the gene network inference performance. However, there has not been adequate information on determining the sample size for optimal performance of gene regulatory network inference. In one study using a pseudo gene regulatory network with 6 nodes which is generated from gene-gene associations based on the coefficient of intrinsic dependence, the false networks only appears ≤5 times in 100 simulations for the sample size = 25, 50, and 100 (37). In other study based on the real world gene expression data sets, it was reported that the sample size around 64 is sufficient to obtain acceptable performance of the information-theory-based gene regulatory network inference algorithms (38). We cannot directly apply previous observations to ours, as inference algorithms are different with that of PANDA. However, considering previous reports, we may say that the chance of obtaining false positive gene regulatory networks in this study would not be too much.

In conclusion, we have identified gene regulatory networks to elucidate the differences between GRs and PRs to ICSs in patients with asthma. We identified the top-10 TFs showing different connections between GRs and PRs and found that these top-10 TFs and their differentially-connected genes were significantly enriched in distinct biological pathways, such as TGF-β signaling, cell cycle, and IL-4 and IL-13 signaling pathways. TFs and biological pathways that were identified in this study may be potential targets to overcome insensitivity to corticosteroids in patients with asthma.
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Highly prevalent respiratory diseases such as asthma and allergy remain a pressing health challenge. Currently, there is an unmet need for precise diagnostic tools capable of predicting the great heterogeneity of these illnesses. In a previous study of 94 asthma/respiratory allergy biomarker candidates, we defined a group of potential biomarkers to distinguish clinical phenotypes (i.e. nonallergic asthma, allergic asthma, respiratory allergy without asthma) and disease severity. Here, we analyze our experimental results using complex algorithmic approaches that establish holistic disease models (systems biology), combining these insights with information available in specialized databases developed worldwide. With this approach, we aim to prioritize the most relevant biomarkers according to their specificity and mechanistic implication with molecular motifs of the diseases. The Therapeutic Performance Mapping System (Anaxomics’ TPMS technology) was used to generate one mathematical model per disease: allergic asthma (AA), non-allergic asthma (NA), and respiratory allergy (RA), defining specific molecular motifs for each. The relationship of our molecular biomarker candidates and each disease was analyzed by artificial neural networks (ANNs) scores. These analyses prioritized molecular biomarkers specific to the diseases and to particular molecular motifs. As a first step, molecular characterization of the pathophysiological processes of AA defined 16 molecular motifs: 2 specific for AA, 2 shared with RA, and 12 shared with NA. Mechanistic analysis showed 17 proteins that were strongly related to AA. Eleven proteins were associated with RA and 16 proteins with NA. Specificity analysis showed that 12 proteins were specific to AA, 7 were specific to RA, and 2 to NA. Finally, a triggering analysis revealed a relevant role for AKT1, STAT1, and MAPK13 in all three conditions and for TLR4 in asthmatic diseases (AA and NA). In conclusion, this study has enabled us to prioritize biomarkers depending on the functionality associated with each disease and with specific molecular motifs, which could improve the definition and usefulness of new molecular biomarkers.
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Introduction

Chronic inflammatory respiratory diseases, including allergic diseases and asthma, are common, complex, and heterogeneous diseases in which the clinical course and treatment response are often challenging to predict. The high prevalence of these diseases and their impact on quality of life make them a serious public-health problem associated with a substantial economic burden.

The World Health Organization (WHO) defines asthma as the most common chronic disease in children, affecting more than 340 million people around the world (1). Approximately 10% of asthmatic patients develop severe clinical symptoms and have significant morbidity and mortality (2). Asthma is a disease that affects the airways, manifesting clinically as cough, dyspnea, chest tightness, shortness of breath, or mucus production. From a clinical point of view, asthma is associated with a progressive reduction in lung function and presence of inflammation. Asthma diagnoses span multiple clinical presentations (phenotypes), each with different pathophysiological mechanisms (endotypes) (3, 4). Allergic mechanisms have been implicated in 50 to 80% of asthmatic patients and in approximately 50% of those with severe disease. Allergic asthma, characterized by an early onset, is the most common asthma phenotype and is traditionally considered as an eosinophilic mediated disease characterized by overexpression and activation of T helper type 2 (Th-2) cells (5). As a result, asthma has been classically associated with type 2 respiratory inflammation, characterized by high levels of IgE, eosinophils, and some cytokines such as IL-4, IL-5, IL-13, and IL-9, canonically associated with allergic responses. However, there are also many clinical conditions where there is a combination of inflammatory cells (eosinophils/neutrophils) and no clear type of respiratory inflammation. Between 10 and 33% of subjects with asthma are not associated with allergy (non-allergic asthma) and exhibit non-type 2 inflammation (non-T2 or T2-low endotype) (6), in many cases with a prevalence of neutrophils; understanding of the immune mechanisms implicated is less developed (7–11).

Advances in our understanding of the immunologic mechanisms implicated in asthma disease have shown that there are many other important players, mainly those related to the innate immune response and its interrelation with tissue cells (derived from epithelial cells), and these are a frequent subject of review (12, 13). Especially relevant was the discovery that type 2 innate lymphoid cells (ILC-2), which have no antigen-specific receptors, could be crucial in mediating airway inflammation in eosinophilic phenotypes of asthma, whether or not these phenotypes are associated with atopic conditions (14). ILC-2 respond to epithelium-derived signals mediated by the so-called “alarmins” [IL-25, IL-33, and thymic stromal lymphopoietin (TSLP)] produced by epithelial cells after injury, through pattern-recognition receptors (15). In fact, allergic asthma, or type 2 immune response, is now considered as a complex network between type 2 cytokines (IL-4, IL-5, IL-9, and IL-13), which are mainly secreted from Th2 cells, IgE-producing B cells, group 2 innate lymphoid cells (ILC-2), and a small fraction of IL-4-producing NK cells and NK-T cells, basophils, eosinophils, mast cells, and alarmins (IL-25, IL-33, and TSLP), which are released from tissue cells, particularly epithelial cells (12).

Despite the clinical complexity of asthma, most efforts to find new treatments have been centered on allergic asthma or asthma mediated by type 2 inflammation. Patients with allergic asthma would be classified under the T2-high endotype. Many targeted treatments (i.e. biological therapy against key elements of T2 inflammatory response such as anti-IL-4/IL-13, anti-IL-4, anti-IL-5, anti-IgE antibodies, anti-CRTH2) are in different stages of clinical development and have produced varying results (16). However, to understand the heterogeneity in T2 inflammation (17), patients with a higher likelihood to respond adequately to this kind of therapies must be identified.

Non-allergic or intrinsic asthma includes a subset of patients with non-T2 inflammation (18, 19). The pathophysiology and exact mechanisms of T2-low (Non-T2) asthma are less thoroughly understood and studied than other asthma types. In general, this type of asthma is characterized by a lack of eosinophilic inflammation/T2 markers and is occasionally associated with neutrophilic or pauci-granulocytic inflammation (20). The major mechanism leading to a non-type 2 response is thought to result from an irregular innate immune response, including intrinsic neutrophil abnormalities and activation of the IL-17-mediated pathway (12). T2-low asthma is common, accounts for one-third to 45% of patients with severe disease, and is associated with poor response to corticosteroid therapy (21). To date, no directed therapy has been found to be effective against this endotype (22).

Thus, there remains an unmet clinical need in the study of the mechanisms and biomarkers for both T2-high and T2-low endotypes as concerns their ability to predict response to targeted therapy (23). Better understanding of the complex immune network of asthma inflammation and key players of immunity are continuously subjected to study (12, 13, 18). Successful therapy of asthma requires better definition of underlying pathogenesis in order to find more precise therapy options or develop methods of precision medicine.

New techniques such as massive analysis or -omics have become important tools in the search for risk-related or protective biomarkers and the development of new drugs (24). Combined with multiple studies derived from -omics technologies, a systems biology approach, which treats disease as a holistic process without any targeted hypothesis, has been fruitfully used in other medical fields in recent years to develop a new molecular medicine (25).

Despite the many advances in this area, there are still large gaps that need to be understood in order to better manage this type of complex diseases, mainly related to the mechanisms involved in each clinical condition. Against this backdrop, many research groups are currently searching for new and complementary molecular biomarkers and respiratory disease endotypes (20, 26). Toward this purpose, we studied the differential gene-expression of 94 biomarker candidates in patients with different clinical respiratory diseases (i.e. respiratory allergy, allergic asthma, non-allergic asthma) (27, 28), defining molecular biomarkers that can discriminate between allergic (T2-high) and non-allergic asthma (T2-low or non-T2) and predict disease severity in non-invasive samples derived from peripheral blood. New genes and protein biomarkers, including CHI3L1, IL-8, IL-10, MSR1, PHLDA1, PI3, and SERPINB2, were proposed to discriminate healthy control subjects from non-allergic asthmatic patients (T2-low) and to determine asthma severity (29). The relevance of those potential biomarkers in asthma and allergy diseases has been discussed extensively (27). Later, we measured the ability of these biomarkers to discriminate between allergic (T2-high) and non-allergic asthma (T2-low or non T2) diseases and determine severity at the gene and protein levels. The results revealed panels of genes and proteins that can discriminate T2-high from T2-low asthma and measure disease severity (30) by using simple techniques and with very good discriminatory parameters. Though encouraging, our initial results showed limitations that should be addressed, and this is the primary motivation of this study. In particular, there were too many genes/proteins considered as “potentially useful,” mainly those related to allergic phenotypes. This is why it was decided to prioritize the role played by these genes/proteins using new approaches as in silico studies, which make it possible to combine information from multiple databases with researchers’ own experimental models, thus establishing a model thanks to the use of complex algorithms based on systems biology. With this aim, the three pathophysiological processes of interest (i.e. respiratory allergy, allergic asthma, non-allergic asthma) were defined at the molecular level. Next, the effector proteins of the manifestative and causative motifs of these three highly related processes were characterized at the molecular level, showing common and differential molecular motifs for these pathologies. This study aims to classify and define the usefulness of sets of biomarkers in order to provide additional diagnostic and therapeutic functional-targeted tools for these types of diseases.



Materials and Methods


Molecular Characterization of Respiratory Allergy, Allergic Asthma, and Non-Allergic Asthma

Firstly, the molecular characterization of the three pathophysiological processes of interest (respiratory allergy, allergic asthma, and non-allergic asthma) was performed using the Therapeutic Performance Mapping System (TPMS) technology (Anaxomics Biotech, Barcelona, Catalonia, Spain) (31). Briefly, systems biology generates models that are able to reproduce the behavior of a disease in a patient, thus identifying the key genes, proteins, or metabolites in the development of the disease. A dictionary has been created to translate clinical and medical terms into molecular biology data, effectively linking the molecular and the clinical words. This dictionary, called the Biological Effectors Database (BED), relates biological processes (adverse events of drugs, drug indications, diseases, etc.) with the proteins most closely associated with them. Thus, the dictionary acts as a translator of clinical phenotypes into terms comprehensible for protein networks, and conversely allows for the translation of molecular measures toward clinical outcomes. The BED is structured hierarchically, where the biggest level is the entire disease, which is divided into different pathophysiological molecular motifs, which in turn contain the proteins involved in the development of the disease. The motifs are classified into two levels depending on their respective implication, i.e. causal motifs, which are directly related to the onset or pathophysiology of the condition, and symptomatic (manifestative) motifs, which are a consequence of the disease.

In the present study, respiratory allergy, allergic asthma, and non-allergic asthma have been characterized at the molecular level. Therefore, the analysis of high throughput data by means of TPMS allows for identification of those proteins closely associated with the disease of interest and can provide a mechanistic rationale for their involvement. The effector proteins of the manifestative and causal molecular motifs of these three diseases have been identified through bibliographic review and curate data. Figure 1 summarizes the workflow used for this study.




Figure 1 | Study design and workflow of systems biology study. NA, non-allergic Asthma; AA, Allergic Asthma; RA, Respiratory Allergy. [Based on Gimenez et al. (32)].





Artificial Neural Network (ANN) Analysis: Biomarker Prioritization


Mathematical Model Generation

To create mathematical models, it was builded a biological map around the key disease proteins defined during the characterization (Figure 1). The map was extended by adding knowledge-oriented connectivity layers, i.e., protein-to-protein interactions, including physical interactions and modulations, signaling, metabolic relationships, and gene expression regulation. Data were obtained from the following public and private external databases: KEGG (33), REACTOME (34), INTACT (35), BIOGRID (36), HDPR (37), and MINT (38) in addition to the scientific literature reviewed. At the same time, the network is embedded with all sorts of biological information derived from public sources (e.g. drug targets, tissue expression, biomarkers) about nodes (i.e. proteins) and edges (i.e. connections).

The 94 biomarker candidate proteins previously studied by our group (27, 28) were ranked according to their mechanistic relationship to each of the conditions of interest by means of artificial neural networks (ANNs) as indicated by TPMS technology (31).

Then, the models were trained with a proprietary Truth Table containing public and our list of candidates (28) related to each disease. This acts as a set of conditions that must be fulfilled to resemble the situation under study. Here, we have used artificial intelligence (AI) technologies to model complex network behavior, including graph theory and statistical pattern recognition technologies; genetic algorithms; artificial neural networks; dimensionality reduction techniques; and stochastic methods such as Monte Carlo simulated annealing, among others. ANNs identify relations among regions of the network (generalization). TPMS technology uses proprietary stochastic optimization algorithms based on ANNs to identify plausible protein interaction networks learning from those sets of prior knowledge. Specifically, the ANNs applied (39) use relationships between drug targets and clinical elements (BED) mapped onto the human proteome network compiled in a hand-screened truth table [based on the information contained in DrugBank about drugs and indications (40) for training a classifier]. The accuracy with which ANNs reproduce the indications of DrugBank is 98% for compounds with all targets in the human biological network after applying a cross-fold validation process (41–44). The models thus obtained reproduce the average behavior of patients under evaluation in agreement with current scientific understandings, allowing effective, mechanistically driven analyses.



Analysis of Proteomic Data in the Context of the Selected Disease

The 94 candidate genes proposed by our previous studies (27, 28) were compiled and processed in a format readable by TPMS technology. By means of artificial neural networks (ANN), the estimated effect of changes to these proteins on the selected disease was assessed. The system attempts to find the shortest distance between candidates and the effectors of the disease, thus generating a list of potential biomarkers ordered by their association with the selected disease. Finally, after checking the proteins that passed this automatic filter, the final candidates were selected in accordance with the published literature (Figure 1). ANN analyses score the proteins according to their predicted mechanistic relationships with the effector proteins of the molecular characterization of respiratory allergy, allergic asthma, and non-allergic asthma. ANN score is a numerical value that indicates the percentage of relationship between 2 sets of proteins (0–100%). Here, one set comprised each of our candidate proteins and the other was the set that defines the disease or its molecular motifs.

Two kinds of analyses were performed: the analysis of the relationship of each one of the candidate proteins with each of the entire disease or whole pathology (which provides an idea of how each protein relates to all the proteins involved in the disease); and analysis according to molecular motifs. The disease could be divided into several motifs that do not necessarily have to be closely related from a topological point of view. A protein could be topologically related to one motif with a low number of proteins that is not topologically related to the rest of proteins involved in the disease and, thus, the protein appears as weakly related to the characterization of the whole disease. Thus, a motif analysis can elucidate relationships between candidate proteins and the disease (considered as a group of motifs) that an analysis considering the entire disease would not reveal.

The use of ANNs permitted mechanistic ranking of the target proteins according to their relationship with each whole disease and with each molecular motif individually. Four categories were used to group the analyzed proteins according to the predicted relationship value: strongly related proteins (“Very high” group, ≥92% predicted ANN value, p < 0.01); highly related proteins (“High” group, with a predicted ANN value <92–≥78%, p values between 0.01 and 0.05); moderately related proteins (“Medium,” with a predicted ANN value <78–≥38, P value between 0.05 and 0.25); and proteins with a mild relationship (“Low” group,<38% predicted ANN value, P value >0.25).

The final ranking was performed using two measures based on the relationship of each protein with whole diseases and the specific motifs:

	Relationship level: indicates the level of relationship of the proteins with each overall disease or any disease-specific motif.

	Specificity: indicates whether the protein presents a stronger relationship with the specific motifs of the disease than with the specific motifs of the other diseases.






Validation of Prioritized Biomarkers

The most useful (specific) biomarkers defined theoretically by systems biology were contrasted with our previous data of gene expression analyzed by RT-qPCR in RNA extracted from peripheral blood mononuclear cells (PBMCs) in a population of 114 subjects made up of healthy control subjects, respiratory allergic patients, allergic asthmatic subjects, and non-allergic asthmatic patients (27, 28). Significance of gene expression was defined by RQ (relative quantification) defined previously (27, 28).

The sensitivity and specificity of the best molecular biomarkers defined by systems biology was determined by ROC curve analysis in our study population (27, 28). A ROC curve was constructed for the candidate biomarkers common with our previous results and the defined by systems biology (biomarkers that showed high relationship to at least one of the studied condition). Eighteen kinds of comparisons were performed to determine the most effective biomarkers to distinguish among the different clinical conditions: healthy control group, non-allergic asthmatic patients, allergic asthmatic patients, and patients with respiratory allergy without asthma, as well as different severities in asthma groups. Details of the population studied were described previously (27). A guide for interpreting the ROC curves has been described previously (29). Only those results with a 95% confidence interval (95% CI) of between 0.70 and 1 were considered as statistically significant.



Triggering Analysis

Finally, this method based on systems biology was also used to analyze the ability of each biomarker candidate protein to cause the activation of the effector proteins that define respiratory allergy, allergic asthma, and non-allergic asthma. The objective of this strategy was to identify the proteins of interest whose modulation can promote the activation of the highest number of proteins involved (coverage) in these three diseases. It is an analysis that evaluates the ability of a set of genes to activate the disease. The results reflect which proteins, together, are capable of activating the highest percentage of disease-defining proteins. The possible role of the proteins of interest as respiratory allergy, allergic asthma, and non-allergic asthma triggers was also assessed.

Two types of scores were obtained:

Individual probability score: this value ranks the proteins of a given set according to their individual probability to act as triggers, that is, how likely a single protein is to act as a trigger. The probability within each protein set ranges from 0 to 1. It is represented in an approximate asterisk scale, in which the proteins with the highest probability have up to five asterisks assigned, and the ones with the lowest probability have only one asterisk.

Cumulative score: indicates the percentage of effectors of the condition triggered by the alteration of a protein together with the rest of potential triggering, i.e. the cumulative score shows the added effect of combining the evaluated protein with all the previously evaluated proteins.



Statistical Analysis

The PPI network was visualized using Cytoscape V3.6.1 (https://cytoscape.org/). The relevant hub-genes were screened using the node degrees calculated in Cytoscape. Also, analyses of pathway interconnection between triggering and specific proteins and/or mechanistic proteins for each disease were analyzed by Pathlinkers application from Cytoscape.

The levels and relative expression of the proteins studied were compared between groups by unpaired t-test, using the Graph-Pad InStat 3 program. Statistical significance was established at a two-tailed P value <0.05. ROC curve analyses were performed using the R program.




Results


Molecular Motifs of Diseases

Table 1 summarizes the common and differential molecular motifs that make up the diseases. A total number of 16 molecular motifs have been characterized, which, in combination, are representative of the three conditions of interest.

	Respiratory allergy: composed of two molecular motifs (acute response and late-phase response, highlighted in blue in Table 1), also present in allergic asthma.

	Allergic asthma: composed of 16 molecular motifs. All the motifs are shared with respiratory allergy or non-allergic asthma, with the exception of Th2-mediated pulmonary inflammation and goblet cell hyperplasia which are specific to allergic asthma, and granulocyte (eosinophil) infiltration, which show a stronger implication in allergic than in non-allergic asthma (in lilac in Table 1).

	Non-allergic asthma: composed of 12 molecular motifs, all shared with allergic asthma. However, some present higher specificity for nonallergic asthma than for allergic asthma (Th17-mediated pulmonary inflammation, and neutrophil infiltration, pink in Table 1), whereas one of them has a stronger implication in allergic than in non-allergic asthma [granulocyte (eosinophil) infiltration, in lilac in Table 1].




Table 1 | Summary of the molecular motifs characterized for respiratory allergy, allergic asthma, and non-allergic asthma.





Biomarker Prioritization

To obtain the ranking of the best candidate proteins identified as relevant in respiratory allergy, allergic asthma, and non-allergic asthma according to their mechanistic relationship with each of these diseases, three kinds of analyses were performed: ranking of the proteins according to their mechanistic relationship to the diseases of interest, ranking according to their associated pathophysiological motifs, and assessment of the specificity of the candidate proteins to each disease (addressing, especially, the most specific motifs of each disease).

Proteins presenting many interactions, or proteins that do not have reported interactions, were not included in the network as they could disrupt the correct assessment of existing functional relationships. Therefore, one protein (C3AR1) out of the 94 proteins of interest was excluded from the analysis as it is not included in the network used.


Individual Evaluation

The mechanistic ranking by ANN analysis allows for classification of the list of 94 proteins based on their predicted functional or mechanistic relationship with a given condition. Here, 19 independent ANNs were carried out, one for each condition (respiratory allergy, allergic asthma, and non-allergic asthma) and one for each condition-specific molecular motif.


Protein Predicted Ranking to Entire Disease

The list of all proteins analyzed and the ANN score or relationship predicted values to the entire disease are presented in Supplementary Table 1. Whether the proteins are effectors of the disease is also displayed.

Table 2 summarizes the stronger predicted relationship for each disease. A total number of 11 proteins presented a “high” or stronger predicted relationship with respiratory allergy (Table 2A). All of them were effector proteins. For allergic asthma, 17 proteins reached a “high” relationship level (Table 2B), one of which (BAX) was not an effector of the disease. Finally, for non-allergic asthma, 16 proteins reached a “high” relationship level with the disease (Table 2C) and all were identified as effectors of the disease.


Table 2 | Summary of proteins presenting a “HIGH” or stronger relationship level with each disease.



Looking at the overlap of the proteins with a “high” or stronger relationship level (Figure 2), two results are worth mentioning: there were no proteins with a “high” or stronger relationship value with the three conditions at the same time, and the highest number of overlapping proteins (n = 13) was found between non-allergic and allergic asthma conditions, all of which were effectors of shared molecular motifs (Table 3).




Figure 2 | Venn diagram of proteins with “high” or stronger relationship level with at least one disease.




Table 3 | Summary of commom proteins with a “high” or stronger relationship with allergic and non-allergic asthma.



Respiratory allergy and allergic asthma share 1 highly related protein, specifically IL-4R, which has been identified as an effector of the acute phase of allergy (60) and receptor of IL-4 and IL-13, molecules that have been proven to regulate IgE synthesis (45) and have been detected to be over-expressed in acute asthmatics.

Interestingly, PTGER2, a prostaglandin receptor with functions in both the acute phase allergy molecular motif (48) and bronchoconstriction asthma and allergic asthma molecular motif, although being reported as playing a role in the three diseases, presented a highly functional relationship to respiratory allergy and non-allergic asthma, but a moderate relationship to allergic asthma.



Individual Molecular Motifs Relationship Analysis

Next, to understand the implication of the proteins in the diseases studied, an independent ANN analysis was performed for each molecular motif defined for the three pathological conditions (respiratory allergy, allergic asthma, and non-allergic asthma) (Table 4). Two molecular motifs (acute response and granulocyte infiltration) presented proteins with a “very high” relationship level. All molecular motifs presented at least one protein with a “high” relationship level with the exception of goblet cell hyperplasia, Th17-mediated pulmonary inflammation, ECM deposition, and innervation and hyper-excitability. All the proteins predicted to have a “high” or stronger relationship level with a given molecular motif were identified as effectors of the molecular motif.


Table 4 | Ranking of Proteins classified by association with molecular motifs (Effectors proteins are underlined).



These results classified the proteins by their specific relationship with molecular motifs. These results were taken into account for the final specificity analysis.



Specificity Analysis: Protein Ranking

Finally, to maximize the specificities of the proteins of interest, information from entire diseases and molecular motif analysis were combined taking into account the results obtained in the molecular motifs of differential weight for each disease:

	Respiratory Allergy: allergy, acute response, and late-phase response ANN results were combined.

	Allergic asthma: Allergic asthma, Th2-mediated pulmonary inflammation, goblet cell hyperplasia, and granulocyte (eosinophil) infiltration ANN results were combined.

	Non-allergic Asthma: Asthma, Th-17 mediated pulmonary inflammation, and neutrophil inflammation ANN results were combined.



Two different parameters (relationship level and specificity) were evaluated as explained in the methods section above. The results are summarized in Table 5.


Table 5 | Specificity ranking of the proteins with a high relationship to at least one of the studied conditions (overall disease and/or molecular motifs).





The specificity ranking led to the identification of seven allergy specific proteins (Table 5A). The relationship found can be partially explained by the inflammatory component of the molecular motifs of allergy. In fact, the most strongly related proteins are directly involved in inflammatory processes (e.g. IL-2, IL-2RB, TNF, or PTGER2) or in the regulation of these processes (IL-10, IL-4, and IL-9).

A total number of 12 proteins have been identified to be specifically related to allergic asthma (Table 5B): ALOX5, RNASE3, TGFB1, CCL5, ITGAL CD40, SERPINB2, CCL11, POSTN, IL-17A, CCL17, and SELL. Among these, only CCL17 displayed a stronger non-specific relationship with allergic asthma when compared to the value obtained for the asthma evaluation.

Finally, two proteins were identified as more closely related to non-allergic asthma (Table 5C) according to specificity analysis, namely IL-25 and LGALS3. Moreover, LGALS3 was the only one to display a stronger overall relationship with nonallergic than with allergic asthma.

In addition, some proteins that showed no specific relationship with any condition did present a distinct high overall relationship with them. Specifically, IFN-G, IL-13, IL-5, and IL-4R showed an especially high overall relationship with allergic conditions (respiratory allergy and allergic asthma).

MUC5B, ORMDL3, MUC5AC, CHI3L1, CLCA1, and IL-33 display a distinctly high non-specific relationship with allergic and non-allergic asthma.





Validation of Prioritized Results by Systems Biology

To validate the results of specificity obtained by systems biology, we compared our previous gene-expression data and constructed an ROC curve to analyze the experimental gene-expression data by disease condition. Figure 3 summarizes the graphical overview of the three diseases combining the results of systems biology analysis of the total 94 biomarkers in each disease and our experimental data of gene-expression by clinical comparisons against healthy control subjects (RQ value), obtaining an overview of the diseases nodes interactions. This graph (Figure 3) combines the mathematical model results with our gene-expression results, showing differential and shared nodes for each disease with mechanistic information (effector proteins are indicated).




Figure 3 | Representation of the three diseases and their connections combined with the differential gene-expression proteins obtained from our experimental data. This network includes connections between the diseases (the three main nodes) and the most differential gene-expression proteins obtained from our experimental data (27, 28). The node shape illustrates whether the protein is an effector or not, color represents specificity and size and the level of relationship. Differential gene expression is represented by the edge color and the p-value by the size.



Next, the gene-expression analysis of each specific protein defined by systems biology was checked in order to compare the theoretical results and experimental data. Table 6 summarizes the gene expression data for each specific protein defined per disease. Overall, there was a correlation between theoretical specificity and experimental results, although several of the “specific biomarkers” determined by systems biology were not classified as specific by our results despite the fact that these were relevant for the disease compared with healthy controls (because were relevant to more than one of the diseases). Several proteins were not compared due to a lack of experimental data, as indicated in the footnotes of each Table.


Table 6 | Relative Quantification (RQ) values of gene expression in specific proteins defined by systems biology.




Finally, to determine the specificity and sensitivity of the biomarkers defined by systems biology (biomarkers that showed high relationship to at least one of the studied condition), ROC curve analysis was performed using our experimental results to establish their ability to determine diseases and severities. There were 13 common biomarkers (ALOX5, CCL5, CHI3L1, IFNG, IL10, IL1R2, IL4R, IL8, SELL, SERPINB2, TGFB1, TLR4, TNF) defined as potential good candidates by our previous experimental data (27, 28) and by the system biology analysis. The best biomarkers (AUC > 0.75) by clinical conditions are summarized in Table 7.


Table 7 | ROC analysis of gene expression in the 13 common proteins defined by systems biology and experimental data.






Triggering Analysis

The possible role of the proteins of interest in respiratory allergy, allergic asthma, and non-allergic asthma triggers has also been assessed. Two types of score, that is, individual probability score and accumulated score, were determined according to the indications appearing in the methods section above.

The results obtained from the triggering analysis of the 94 biomarker candidates are summarized in Table 8. According to the individual score, neither AKT1, MAPK13, nor STAT1 presented a high probability of promoting respiratory allergy on their own. However, looking at the cumulative triggering score of these proteins, nearly 90% of the effector proteins of respiratory allergy would be affected. Inclusion of the rest of proteins of interest would not increase the percentage of respiratory allergy effectors affected, i.e. they do not substantially influence effectors apart from the ones already affected by the aforementioned proteins. Therefore, the most promising protein combination as allergy triggers would be formed by AKT1, MAPK13, and STAT1 proteins.


Table 8 | Results of triggering analysis of the three pathologies.



Results of the triggering analysis performed over allergic asthma (Table 8) revealed that STAT1, MAPK13, and TLR4 are the top genes that play a trigger role according to the individual score. When considering the cumulative score, AKT1 appears to be the most probable promoter of allergic asthma, affecting 84.55% of the allergic asthma effectors. In addition, when taking into account AKT1 along with STAT1, MAPK13, and TLR4, nearly 90% of the effectors were affected and the consideration of the remaining proteins of interest would not significantly increase this percentage.

The triggering analysis performed on non-allergic asthma revealed that MAPK13 presents the highest individual triggering probability (Table 8). When looking at the cumulative score, the same combination of proteins (AKT1, STAT1, MAPK13, and TLR4) triggered 89.27% of the non-allergic asthma effector proteins and inclusion of the rest of proteins of interest would not substantially increase this percentage.

Overall, the results of the triggering analysis reveal a relevant role for AKT1, STAT1, and MAPK13 proteins in the three conditions and point to the same set of genes as triggers of all three conditions. STAT1, AKT1, and MAPK13 appear as key mediators of the three diseases, with the addition of TRL4 only in asthmatic pathologies.

In order to determine possible mechanisms that connect the triggering proteins with prioritized proteins for each disease, we performed two types of analyses of Pathways (by Pantherlink) for each disease; we first used as a target of the triggering the highly related proteins with mechanistic implication in each disease, and secondly, using the specific proteins defined by the systems biology study as a target. Supplementary Figures 1A–C and 2A–C show the network obtained with Pantherlink, including new proteins as link. A more graphic and functional scheme of these results is summarized in Figures 4A–C and 5A–C, respectively.




Figure 4 | Schematic representation of the triggering protein-activation pathway for each disease, using as a target the protein defined as mechanistically highly related to the disease. The proteins that link these pathways with proteins with high mechanistic value for this specific disease appear in yellow. Supplementary Figure 1 represents the pathway scheme obtained by Pathlinker analysis using the Cytoscape V3.6.1 (https://cytoscape.org/) program. (A) Respiratory Allergy. (B) Allergic Asthma. (C) Non-allergic Asthma.






Discussion

The sheer volume of data generated nowadays by massive techniques makes interpretation and analysis a complicated task. Therefore, the use of new approaches that systematically bring together all this information alongside newly generated data is a revolutionary step in medicine, called precision medicine. At this respect, systems biology approaches are being considered as essential for moving along and implantation of new and relevant discoveries. The network-based approach established by systems biology enables elucidation of the underlying molecular mechanisms, mainly in terms of disease modules, disease phenotypes, and disease-disease associations (65, 66). These are conceptual models of disease mechanisms that include relevant signaling, metabolic and gene regulatory processes with evidence of their relationships to pathophysiological causes and outcomes (67). A number of studies have investigated the disease modules associated with specific phenotypes for diseases such as asthma, diabetes, and cancer, for which a disease module would mainly be detected (68, 69).

Systems biology is an integrative approach for modeling complex biologic systems and processes such as those occurring in asthma, through the use of multilevel multi-scale mathematical and computing methods in order to integrate the biologic networks and pathways involved. Such integration will allow for the discovery of new properties or mechanisms involved in asthma that have not been evident previously with the traditional reductionist approach (26).

In this work, systems biology approaches have been used to evaluate and prioritize potential respiratory allergy, allergic asthma, and non-allergic asthma biomarker candidates based on their association with the disease and with mechanistic implications. Firstly, a molecular model of these three diseases was constructed mathematically using TPM’s Anaxomic Technology (31). The effector proteins of the causal and symptomatic motifs of these three highly related processes were characterized at the molecular level, revealing common and differential molecular motifs within the different diseases. A total number of 16 molecular motifs have been characterized; when combined, these were representative of the three conditions of interest (Table 1). Next, a mechanistic ranking of our 94 proteins of interest (27, 28) was performed by means of artificial neural networks (ANNs). This analysis enables prioritization of the proteins of interest and identification of the biomarker candidates with the highest level of specificity for each condition. A mechanistic analysis based on the relationship of each protein with the entire disease was performed, obtaining a ranking for the 94 genes analyzed (Supplementary Table 1). The best candidates or strongest predicted relationship with respiratory allergy (Table 2A) were IL-5, IL-2, IL-2RB, TNF, PTGER2, IL-6, IL-10, IL-4, and IL-9, all classified as effectors (45–51). These proteins are implicated mainly in inflammatory processes or their regulation.

Seventeen proteins (MUC5AC, ALOX5, CHI3L1, ORMDL3, RNASE3, POSTN, TGFB1, CCLA1, MUC5B, IL-4R, IL-17A, IL-33, SELL, IL-25, SERPINB2, IL-1R2, and BAX) were found to have a “high” relationship level with allergic asthma (Table 2B), and 16 proteins (MUC5AC, CHI3L1, POSTN, IL-33, RNASE3, SELL, ORMDL3, MUC5B, ALOX5, IL-17A, PTGER2, CCL5, IL-25, CCLA1, SERPINB2, CCL11) with non-allergic asthma (Table 2C). All of these proteins were identified as effectors (52, 54, 57–60, 62–64, 70–74), except BAX (pro-apoptotic member of the Bcl-2 family), which together Bcl-2 (anti-apoptotic molecule), has been described as an essential molecule to control immune cells and the chronicity of many inflammatory diseases, including asthma (75, 76) and with differences among allergic and non-allergic asthma (77). As shown in Figure 2 and Table 3, allergic asthma and non-allergic asthma share 13 of these proteins. According to these analyses, IL-1R2, BAX, and TGFB1 were of particular interest due their “High” relationship level with allergic asthma and “Moderate” or weaker relationship value with allergy or nonallergic asthma. Also of interest is the fact that the classical T2 sign (CCLA1, POSTN, and SERPINB2) was associated with the two kinds of asthma analyzed, which is consistent with our previous published data (27–30).

Next, proteins were also analyzed according to each molecular motif defined to the three diseases, showing that all molecular motifs except 3 (Goblet cell hyperplasia, Th17-mediated pulmonary inflammation, ECM deposition, and innervation and hyper-excitability) presented at least one protein in the “High” relationship level and all the proteins predicted to have a “High” or stronger relationship level with a molecular motif were identified as effectors of the molecular motif (Table 4). These data are especially interesting in that they point to an ideal target to be checked in order to define the “real” mechanistic implication of each protein. “Moderate” relationships are also indicated in the Table to have a broader spectrum of protein implications and to try to reduce the possible bias towards under-studied proteins.

Finally, specificity was determined using the combination of the relationship of each protein with regard to the entire disease and the specific motifs. Table 5 summarizes the strongest predicted relationships with respiratory allergy (Table 5A), that is, seven proteins (IL-2, IL-2RB, TNF, PTGER2, IL-10, IL-4, and IL-9) again related mainly with inflammatory response and regulation.

In total, 12 proteins were identified as being specifically related to allergic asthma (Table 5B): ALOX5, RNASE3, TGFB1, CCL5, ITGAL CD40, SERPINB2, CCL11, POSTN, IL-17A, CCL17, and SELL. Of these, only CCL17 (chemokine that specifically binds and induces chemotaxis in T cells via CCR4) displayed a higher non-specific relationship with allergic asthma when compared to the value obtained for non-allergic asthma. This finding is in agreement with the dominant role described for CCL17 in Th2-related diseases, such as atopic dermatitis and asthma (78, 79) and the recently reported relationship with TSLP induction (80). Finally, two proteins (IL-25 and LGALS3) were identified as being more related to non-allergic asthma (Table 5C) according to the specificity analysis performed. Moreover, LGALS3 or Galectin-3 was the only protein to display a higher general relationship with nonallergic than with allergic asthma. Galectin-3 is a member of the β-galactoside-binding animal lectins; interestingly, it has been described as one of the receptors of CHI3L1 (81). It is a pleiotropic protein with multiple cellular functions, including involvement in many aspects of allergic inflammation, such as eosinophil recruitment, airway remodeling, development of a Th2 phenotype, as well as increased expression of inflammatory mediators (82). Galectin-3 has also been involved in the recruitment, activation, and removal of neutrophils (83) and has been described as a potential biomarker and therapeutic target of asthma (82, 83).

In addition, some proteins that showed no specific relationship with any condition did present a distinctively high global relationship with these conditions. Specifically, IFNG, IL-13, IL-5, and IL-4R showed an especially high overall relationship with allergic conditions (respiratory allergy and allergic asthma). MUC5B, ORMDL3, MUC5AC, CHI3L1, CLCA1, and IL-33 displayed a high non-specific relationship with allergic and nonallergic asthma.

All this information was combined with our previous gene-expression studies (27, 28), and Figure 3 summarizes the network of interaction among these three diseases, highlighting effector proteins and relative gene-expression comparing healthy control subject vs patients.

The validation of ranking by systems biology is summarized in Table 6, which compares the experimental gene expression data analyzed in a population of 114 subjects with the three clinical conditions studied here and a healthy control population (27, 28). Overall, there was a correlation between theoretical specificity and experimental results, though several of the “specific biomarkers” indicated by systems biology, despite being relevant in the disease compared with healthy controls, could not be classified as specific by our results, as they are shared by more than one of the diseases.

The next step in validating and defining specificity and sensitivity was the ROC curve-based analysis of the “best” biomarkers defined by systems biology (high relationship to at least one of the studied conditions) according to our gene-expression data, comparing all the clinical conditions possible, according the number of groups studied. There were 13 common biomarkers (ALOX5, CCL5, CHI3L1, IFNG, IL10, IL1R2, IL4R, IL8, SELL, SERPINB2, TGFB1, TLR4, TNF) defined as potential good candidates by our previous experimental data (27, 28) and by the system biology analysis, that were analyzed. The results of this analysis are summarized in Table 7. These analyses confirmed that several of the previously defined biomarkers (29, 30) are theoretically corroborated as relevant in these diseases (CHI3L1, IL-10, POSTN, SERPINB2, IL-8) but others like MSR1, PI3, and PHLDA1 were not included among the “best” biomarkers defined by systems biology. This could be due to the lower amount of information in the databases about several genes/proteins. This is an important aspect of this kind of approach and should be borne in mind. In contrast, other genes were prioritized thanks to this approach and should be analyzed in depth. Especially relevant are the CCL5 results (Table 7). CCL5/RANTES, a member of the C-C chemokine family, is a potent eosinophil, monocyte, basophil, and lymphocyte chemo-attractant at the site of inflammation. Very recently, a meta-analysis study indicated that several RANTES polymorphisms may contribute to the development of childhood asthma, but without association by atopic status (84). In contrast, here we found a good biomarker that can discriminate between asthma (allergic and non-allergic) with a very good AUC (Table 7B), mainly between the most severe clinical phenotypes (severe AA vs. severe ANA, AUC: 0.90). Also was the only of the systems biology defined biomarkers able to discriminate severe vs. moderate/mild nonallergic asthma with a good AUC (0.76) (Table 7C).

Finally, another important use of systems biology seen here is the characterization of possible disease “triggering.” The study results in this regard are summarized in Table 8. From our candidates, STAT1, AKT1, and MAPK13 appeared to act as key mediators of the three diseases, with the addition of TRL4 only in asthmatic pathologies. These four proteins have been related to the regulation of different aspect of asthma and allergic diseases (85–89), which is why their implication in the three pathologies should be studied more in depth. The possible mechanisms that connect these triggering to the prioritized proteins for each disease are summarized in Supplementary Figures 1A–C and 2A–C, indicating several new proteins that could be interesting to analyze. The graphic and functional scheme of these results appears in Figures 4A–C and Figures 5A–C .




Figure 5 | Schematic representation of the triggering protein-activation pathway for each disease, using as a target the protein defined as highly specific for these diseases. The proteins that link these pathways with proteins with high mechanistic value for this specific disease are indicated in yellow. Supplementary Figure 2 represents the pathway scheme obtained by Pathlinker analysis using the the Cytoscape V3.6.1 (https://cytoscape.org/) program. (A) Respiratory Allergy. (B) Allergic Asthma. (C) Non-allergic Asthma.



This report could be considered as a proof of concept in the sense that all the biomarker candidates analyzed here were previously defined by studies in samples derived from peripheral blood (27, 28) and not in samples from lung tissue or airways cells. As a result, several of the proteins to be validated, especially those related with asthma, may have been underestimated in terms of their implication as biomarkers (i.e. MUCINS). It will likely be of interest to analyze these same biomarkers in target organ-derived samples and to corroborate their correlations and relevance while increasing the size and clinical conditions of the population to be studied.

In summary, despite the limitations of this study and the limitations inherent to systems biology approaches, mainly related to the scarce information to several new biomarkers or poorly described (that could under bias, decreasing the accessibility to connection in network of new elements), this report shows the possibility of defining specific biomarkers associated with diseases and molecular motifs, confirmed by experimental data, opening the possibility of determining better implications of the candidates studied. This new information on potential biomarkers with a mechanistic implication provides new focus to find diagnostic and therapeutic tools for these types of diseases.
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Tanshinone IIA Combined With Cyclosporine A Alleviates Lung Apoptosis Induced by Renal Ischemia-Reperfusion in Obese Rats
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Acute lung injury (ALI), which is induced by renal ischemia-reperfusion (IR), is one of the leading causes of acute renal IR-related death. Obesity raises the frequency and severity of acute kidney injury (AKI) and ALI. Tanshinone IIA (TIIA) combined with cyclosporine A (CsA) was employed to lessen the lung apoptosis led by renal IR and to evaluate whether TIIA combined with CsA could alleviate lung apoptosis by regulating mitochondrial function through the PI3K/Akt/Bad pathway in obese rats. Hematoxylin-eosin (HE) staining was used to assess the histology of the lung injury. Terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) was used to assess apoptosis of the lung. Electron microscopy was used to assess mitochondrial morphology in lung cells. Arterial blood gas and pulmonary function were used to assess the external respiratory function. Mitochondrial function was used to assess the internal respiratory function and mitochondrial dynamics and biogenesis. Western blot (WB) was used to examine the PI3K/Akt/Bad pathway-related proteins. TIIA combined with CsA can alleviate lung apoptosis by regulating mitochondrial function through the PI3K/Akt/Bad pathway in obese rats.

Keywords: renal ischemia-reperfusion, obesity, mitochondrial dysfunction, acute lung injury, tanshinone IIA, cyclosporine A


INTRODUCTION

Acute kidney injury (AKI), as a common complication, is very serious, and even life-threatening (high mortality) in critically patients (1). The major cause of AKI is renal ischemia-reperfusion (IR) (2). Obesity is closely correlated with metabolic syndromes, including hyperuricemia, hyperlipidemia, and diabetes, and they can lead to hypertension and pathoglycemia and can all be seen as chronic hyperinflammatory conditions (3), which increase the severity and morbidity related to kidney disease (4). Ischemia AKI is often combined with multiple-organ dysfunction. It is worth noting that respiratory failure rather than kidney failure is the main cause of death induced by AKI (5). The pathogenesis of acute lung injury (ALI) led by acute renal IR is ambiguous, which could be related to renal dysfunction-induced overload volume and hyperinflammatory state-induced lung injury (6). Lung endothelial cell inflammation and apoptosis induce ALI following AKI induced by renal IR (7, 8). As a potential mediator between lung and kidney injury, pulmonary microvascular endothelial cells (PMVECs) express proapoptosis and proinflammation genes, which can change after AKI is induced by renal IR (7, 8). Numerous studies have demonstrated that the occurrence of IR (especially in the nerves and heart) is closely related with mitochondrial dysfunction (9, 10). However, to our knowledge, no study has explored the change of mitochondrial function in the lung following renal IR in obese rats.

As the main active ingredient of the Salvia miltiorrhiza Bge, the main biological activities of tanshinone IIA (TIIA) are reducing the inflammatory response and resisting oxidant stress (11). Additionally, TIIA has a protective effect against myocardial ischemia (12). TIIA relieved acute lung injury induced by lipopolysaccharide via reducing proinflammatory factors and TRPM7 (13). In the meantime, TIIA performed a protective role in AKI induced by folic acid (14). Several studies have shown that TIIA can inhibit mitochondrial permeability transition pore (mPTP) and then achieve the aims of cardioprotection (15) and liver protection (16). With its anticalcineurin properties, cyclosporine A (CsA) can bind to cyclophilin D (CyP-D), preventing mPTP opening, and thereby decreasing the injury due to IR (17). CsA injection before ischemia can be used to preserve renal function (18). There are few studies available on TIIA and CsA lung protection through preventing mPTP opening.

Phosphoinositide-3 kinase (PI3K) transduces survival effects, which depend on the Akt kinase phosphorylation and activation, followed by proapoptotic Blc-2 family protein (Bad) phosphorylation and inhibition. PI3K plays a significant role in growth factor signal transduction. Under various cytokines and the activation of physiochemical factors, PI3K can produce myoinositol as a second messenger, and Akt performs crucial roles in many biological processes, including cell metabolism, cell cycle, cell growth, and apoptosis (19). The PI3K/Akt/Bad signaling pathway performs a significant function in inhibiting mitochondria-mediated apoptosis (20). However, there have been no studies on TIIA and CsA pulmonary protection with correcting mitochondrial dysfunction through the PI3K/Akt/Bad signal pathway in obese rats.

Given the increasing epidemic of obesity, especially in old people, the current study aimed to evaluate a method for AKI (induced by IR)-induced lung mitochondrial dysfunction using a combination of TIIA and CsA to cross the gap between mitochondrial dysfunction and lung injury, for the purpose of finding new therapeutic targets.



RESULTS


Causes of Death During the Experiment

Ultimately, 66 rats [Sham group (13 rats), IR group (13 rats), IR (obese) group (10 rats), TIIA group (10 rats), CsA group (11 rats), and TIIA+CsA group (9 rats)] finished the study, and 54 rats died during the study (Table 1).


Table 1. The cause of death in the six groups rats.
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TIIA Combined With CsA Improved the Arterial Blood Gas and Pulmonary Function Led by Acute Renal IR in Obese Rats

We used arterial blood gas (Figure 1A) and pulmonary function (Figure 1B), which are external indicators of respiratory function. IR and IR (obese) can both decrease the blood pH, arterial partial pressure of carbon dioxide (PaCO2), and arterial partial pressure of oxygen (PaO2) especially IR (obese) (p < 0.05), and they can be increased by TIIA, CsA, and TIIA+CsA (p < 0.05), while pretreatment with TIIA+CsA was higher than TIIA and CsA (p < 0.05; Figure 1A). Rat pulmonary function was tested to further assess the lung injury. The TV, MV, PIF, PEF, and EF50 were decreased by IR and IR (obese), especially the IR (obese) (p < 0.05), which were decreased by TIIA, CsA, and TIIA+CsA (p < 0.05), and pretreatment with TIIA+CsA was higher than TIIA and CsA (p < 0.05). The Sraw was increased by IR and IR (obese), especially in the IR (obese) (p < 0.05), which were upregulated by TIIA, CsA, and TIIA+CsA (p < 0.05), and pretreatment with TIIA+CsA was lower than TIIA and CsA (p < 0.05; Figure 1B).
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FIGURE 1. Tanshinone IIA (TIIA)+ cyclosporine A (CsA) improved the arterial blood gas and pulmonary function induced by renal ischemia-reperfusion (IR). Rats were pretreated with TIIA alone or in combination with CsA followed by removing the right kidney and clamping of the left renal artery for 30 min and reperfusion for 24 h. Sham rats were used as control. Representative arterial blood gas (A) and pulmonary function (B) were evaluated under different conditions. The scale bars represent a length of 200 μm on histology. Data are shown as mean ± SD. *p < 0.05 vs. sham group, #p < 0.05 vs. IR (obese) group, Δp < 0.05 vs. TIIA group, ▴p < 0.05 vs. CsA group.




TIIA Combined With CsA Improved the Lungs Pathological Structure Led by Acute Renal IR in Obese Rats

We observed lung histology employing hematoxylin-eosin (HE) staining (Figure 2A). The alveoli only had slight exudation in the Sham group. Obviously, IR and IR (obese) can increase the numbers of disordered alveoli, especially IR (obese), with large numbers of inflammatory cells and blood cells in the alveolar cavity, combined with an obvious pulmonary interstitial edema. However, using TIIA, CsA, and TIIA+CsA could alleviate lung injury, shown as an improvement in interstitial edema and a reduction in inflammatory cells and red cells in the alveoli. All the changes associated with injury were evaluated through histological scores (Figure 2B). Statistical results showed that the IR and IR (obese) could increase the lung injury scores compared with the Sham (p < 0.05), and TIIA, CsA, or TIIA+CsA could decrease the injury scores (p < 0.05; Figure 2B).
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FIGURE 2. Tanshinone IIA (TIIA)+ cyclosporine A (CsA) preserved lung architecture in renal ischemia-reperfusion (IR)-induced lung injury. Rats were pretreated with TIIA alone or in combination with CsA followed by removing the right kidney and clamping of the left renal artery for 30 min and reperfusion for 24 h. Sham rats were used as control. Representative photomicrographs of lung histology (A), the scale bars represent a length of 200 μm on histology, and lung injury scores (B) were evaluated under different conditions. The scale bars represent a length of 200 μm on histology. Electron microscope pictures (×40,000) of rat lung tissue after renal ischemia-reperfusion (IR). Abnormal mitochondrial (paired black arrow) morphology showed mitochondrial membrane rupture or swellings; normal mitochondrial (single black arrow) morphology type showed smooth mitochondrial membrane and smooth and distinct inner carinulae (C), and percentage of damaged mitochondria (D). Data are shown as mean ± SD. *p < 0.05 vs. sham group, #p < 0.05 vs. IR (obese) group, Δp < 0.05 vs. TIIA group, ▴p < 0.05 vs. CsA group.




Lung Mitochondrial Morphological Changes Led by Acute Renal IR in Obese Rats

We detect the mitochondrial function, which can be thought as an internal indicator of respiratory function. First, we used electron microscopy to observe the lung mitochondrial morphological changes (Figure 2).

Electron microscopy images (×40,000) of rat lung tissue showed that the alveolar type II epithelial cells of the IR and IR (obese) groups showed the abnormal mitochondrial morphology in the form of swelling, even membrane rupture (paired black arrow) following renal IR, and most of mitochondria showed the normal morphology indicators (single black arrow) in the sham group. Renal IR and IR (obese) could increase the percentage of damaged mitochondria compared with the Sham group (p < 0.05), especially in the IR (obese), and giving TIIA, CsA, and TIIA+CsA could decrease the percentage of damaged mitochondria (p < 0.05), and pretreatment with TIIA+CsA was lower than TIIA and CsA (p < 0.05; Figures 2C,D).



TIIA Combined With CsA Reduced Lung Apoptosis Led by Acute Renal IR in Obese Rats

To research the effect of TIIA combined with CsA on lung cell apoptosis led by acute renal IR in obese rats, TUNEL assay was used to assess lung cell apoptosis (Figure 3A). The apoptotic cells of lung tissue in the two groups [IR (obese) and IR] were obviously increased, especially IR (obese) group (p < 0.05). However, giving CsA, TIIA, CsA, and TIIA+CsA alleviated lung cell apoptosis (p < 0.05), and pretreatment with TIIA+CsA was lower than TIIA and CsA (p < 0.05; Figure 3B). IR (obese) and IR could activate the caspase-3, especially IR (obese) (p < 0.05), while giving TIIA, CsA, and TIIA+CsA could decrease caspase-3 activity in lung cells (p < 0.05; Figure 3C). The method of western blot was used to detect the cleaved caspase-3 (Figure 3D), which was increased by IR (obese) and IR, especially IR (obese) (p < 0.05). However, giving TIIA and CsA could decrease the protein level of cleaved caspase-9/3, and pretreatment with TIIA+CsA was lower than TIIA and CsA (p < 0.05; p < 0.05; Figure 3E).
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FIGURE 3. Tanshinone IIA (TIIA)+ cyclosporine A (CsA) inhibited lung cells apoptosis after renal ischemia-reperfusion (IR). (A) Lung apoptosis with TUNEL; (B) TUNEL-positive cells in lung; (C) caspase-3 activity. Rats were pretreated with TIIA alone or in combination with CsA followed by removing the right kidney and clamping of the left renal artery for 30 min and reperfusion for 24 h. Sham rats were used as control. Representative apoptosis of lung cells (A) and TUNEL-positive cells (B) were evaluated under different conditions. The scale bars represent a length of 100 μm on histology. The activity of myocardial caspase-3 (C), the protein expression of cleaved caspase-3 (D), and the protein expression of cleaved caspase-3 (E) were evaluated in different groups. Data are shown as mean ± SD. *p < 0.05 vs. sham group, #p < 0.05 vs. IR (obese) group, Δp < 0.05 vs. TIIA group, ▴p < 0.05 vs. CsA group.




TIIA Combined With CsA Can Improve Mitochondrial Dysfunction Led by Acute Renal IR in Obese Rats

We detected the RCR, mitochondrial ROS, ATP, MMP (ratio of red/green), the opening of mPAP (%), and the mtDNA to evaluate the mitochondrial function in lung tissue. Mitochondria of lung tissues were separated from rat lung tissues. Acute renal IR can increase the ROS level and the opening of mPAP (%) dramatically, especially in the IR (obese) (p < 0.05), ROS level and the opening of mPAP (%) can be decreased by giving CsA, TIIA, and TIIA+CsA (p < 0.05), and pretreatment with TIIA+CsA was lower than TIIA and CsA (p < 0.05). Mitochondrial RCR, ATP level, and the MMP (ratio of red/green) could be decreased by acute renal IR dramatically, especially the IR (obese) (p < 0.05), which could be increased by giving CsA, TIIA, and TIIA+CsA (p < 0.05), and pretreatment with TIIA+CsA was higher than TIIA and CsA (p < 0.05). We used real-time qPCR to evaluate the levels of mtDNA damage. IR (obese) and IR decreased ratios of long/short fragments, especially IR (obese) (p < 0.05), which could be increased by giving CsA, TIIA, and TIIA+CsA (p < 0.05), and pretreatment with TIIA+CsA was higher than TIIA and CsA (p < 0.05; Figure 4).
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FIGURE 4. Tanshinone IIA (TIIA)+ cyclosporine A (CsA) preserved lung mitochondrial function in renal ischemia-reperfusion (IR)-induced lung injury. The MMP (ratio of red/green), the mitochondrial ATP, the opening of mPAP (%), the mitochondrial ROS, the mitochondrial RCR, and the mtDNA damage (ratio of long/short fragments) were recorded above. Rats were pretreated with TIIA alone or in combination with CsA followed by removing the right kidney and clamping of the left renal artery for 30 min and reperfusion for 24 h. Sham rats were used as control. *p < 0.05 vs. sham group, #p < 0.05 vs. IR (obese) group, Δp < 0.05 vs. TIIA group, ▴p < 0.05 vs. CsA group.




TIIA Combined With CsA Can Improve the Abnormity of Mitochondrial Biogenesis and Dynamics Induced by Acute Renal IR in Obese Rats

Real-time qPCR and western blot were used to measure the mitochondrial dynamics and biogenesis, and we chose PGC-1α, Nrf1, and Tfam to represent mitochondrial biogenesis and Drp1 (fission), Mfn1 (fusion), and Mfn2 (fusion) to stand for mitochondrial dynamics (fission and fusion courses). In our study, the results showed that IR (obese) and IR could decrease the mRNA and protein levels of PGC-1α, Nrf1, Tfam, and Drp1, especially in the IR (obese) (p < 0.05), which were increased by giving with CsA, TIIA, and TIIA+CsA, and pretreatment with TIIA+CsA was higher than TIIA and CsA (p < 0.05; p < 0.05). IR (obese) and IR could increase the mRNA and protein expression levels of Mfn1 and Mfn2, especially IR (obese) (p < 0.05), which can be decreased by giving CsA, TIIA, and TIIA+CsA (p < 0.05), and pretreatment with TIIA+CsA was lower than TIIA and CsA (p < 0.05; Figures 5A,B).
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FIGURE 5. Tanshinone IIA (TIIA)+ cyclosporine A (CsA) preserved lung mitochondrial biogenesis and dynamics in renal renal ischemia-reperfusion (IR)-induced lung injury. The expression of PGC-1α, Nrf1, and Tfam in mRNA (A) and protein (B) levels. The expression of Mfn1, Mfn2, and Drp1 in mRNA level. *p < 0.05 vs. sham group, #p < 0.05 vs. IR (obese) group, ▵p < 0.05 vs. TIIA group, ▴p < 0.05 vs. CsA group.




TIIA Combined With CsA Modulated the PI3K/Akt/Bad Pathway

Finally, western blot was used to measure the target proteins of the PI3K/Akt/Bad pathway. We detected the PI3K, Akt, p-Akt, Bad, p-Bad, Bcl-2, Bax, Cyt-c, caspase-3, and PARP protein expression levels. The protein expression levels of Bax, Cyt-c, caspase-3, and PARP could be dramatically increased by acute renal IR, especially IR (obese) (p < 0.05), which could be decreased by giving CsA, TIIA, and TIIA+CsA (p < 0.05), and pretreatment with TIIA+CsA was lower than TIIA and CsA (p < 0.05). TIIA, CsA, and TIIA+CsA could induce Akt phosphorylation and enhance PI3K, p-Akt, p-Bad, and Bcl-2 expression and downregulate expression of p-Bad/Bad, Cyt-c, caspase-3, and PARP, especially TIIA+CsA (p < 0.05; Figure 6).
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FIGURE 6. Tanshinone IIA (TIIA)+ cyclosporine A (CsA) modulated myocardial PI3K/Akt/Bad pathway. The expression of PI3K, p-Akt, Akt, p-Bad, Bad, Bax, Bcl-2, Cyt-c, caspase-3, and PARP in protein level. *p < 0.05 vs. sham group, #p < 0.05 vs. IR (obese) group, Δp < 0.05 vs. TIIA group, ▴p < 0.05 vs. CsA group.





DISCUSSION

AKI often induces ALI in critically ill patients. When AKI is combined with ALI, the mortality is as high as ~80% (21). As a clear risk factor for cardiovascular disease, hyperlipidemia can increase the risk of renal I/R injury by increasing ROS and inflammation (22, 23). In our study, we used high-fat diet (HFD) to feed rats to establish an obesity model. HFD cannot induce a significant injury in renal function and histological structure but can increase nuclear translocation of transcription factors (e.g., NF-κB) and their activity; these effects in turn could worsen the inflammatory damage in an autocrine-dependent manner (23). Renal IR triggers many complex changes that eventually induce apoptosis and necrosis in renal tissues. Inflammation and ROS can be increased by oxidative stress, inducing proinflammatory mediator release during the phase of reperfusion. For the mechanism of renal IR described above, several anti-inflammatory and antioxidant agents were discovered to play effective roles in reducing the injury of renal IR. They can raise the survivability of the kidney induced by IR injury (24). AKI often goes with ALI in critically ill patients, and there is a clear relationship between AKI and ALI, but specific pathophysiological change between the kidney and the lungs remains unclear. This phenomenon has recently become a hot issue because of abnormal results; despite the use of dialysis, the mortality of AKI has remained at 50% (25), therefore, we must search for a new method to reduce the mortality of AKI combined with obesity. During 6 h of renal injury, pulmonary vascular permeability and associated lung diseases are increased due to oxidative stress and inflammation (5). Using multiple lines, White et al. found that apoptosis induced lung injury at 24 h (7). In our study, renal ischemia-reperfusion injury (IRI) induced ALI, and HE staining of lung histology for obese rats showed that renal IRI could notably induce disordered alveolar structure, large numbers of inflammatory cells and red blood cells in the alveolar cavity, and pulmonary interstitial edema, especially in the obesity model rats, and CsA, TIIA, and TIIA+CsA could alleviate lung injury (Figure 2B). In the meantime, the TUNEL results showed that acute renal IRI could induce lung cell apoptosis, and CsA, TIIA, and TIIA+CsA could decrease the quantity of apoptotic cells (p < 0.05; Figure 3B), pretreatment with TIIA+CsA was lower than TIIA and CsA. IR (obese) and IR could raise the activity of caspase-3 (p < 0.05; Figure 3C), and the cleaved caspase-3 in lung tissues could be raised by IR (obese) and IR (Figure 3D), and using CsA, TIIA, and TIIA+CsA could decrease them, especially in the TIIA+CsA (p < 0.05). ALI can induce lung cell apoptosis in a mechanism involving the α2AR/PI3K/Akt pathway in Li et al. (26). Structural damage of lung tissue decreases the external respiratory function; our results showed that the arterial blood pH value, PaO2, and PaCO2 were decreased in the two groups (IR (obese) and IR), especially in the IR (obese) group (p < 0.05; Figure 1). Our results are similar to those by Li et al. (26). The TV, MV, PIF, PEF, and EF50 can be decreased by IR and IR (obese). The Sraw can be raised by IR (obese) and IR (p < 0.05), and those index can be improved by giving CsA, TIIA, and TIIA+CsA, especially in the TIIA+CsA (p < 0.05; Figure 1).

To date, studies have shown that a variety of anti-inflammatory agents were discovered, including antiapoptotic agents (26), α-MSH (27), and IL-6 inhibitors (28). A previous research found that acute renal IR could induce lung mitochondrial dysfunction (only detected MMP) and that dexmedetomidine could attenuate lung inflammation, apoptosis, and MMP (26). However, using MMP alone to assess the mitochondrial dysfunction is too simple, and more methods and indexes can be used to assess the mitochondrial dysfunction. In our study, we detected MMP, opening of mPTP, mitochondrial ROS, mitochondrial ATP, mtDNA, and mitochondrial dynamics/biogenesis to assess the mitochondrial dysfunction comprehensively. However, no studies have explored the mitochondrial dysfunction in lungs induced by AKI, and no antimitochondrial dysfunction agents have been found to defend against ALI led by AKI in obese rats.

As a universal medicinal herb, modern technology has proved that Salvia miltiorrhiza Bge. can eliminate hazardous substances in the blood, promote thrombolysis and the activity of fibrinolytic enzymes, smooth blood vessels, reduce blood viscosity, and protect the cardiovascular system (29).

As the main active ingredient in Salvia miltiorrhiza Bge, TIIA can attenuate renal injury induced by renal IR through the downregulation of inflammation and the expression of myeloperoxidase (MPO) and caspase-3 (30). TIIA can decrease the release of cytochrome and the generation of ROS, prevent mPTP opening, reduce the percentage of apoptotic cells, and inactivate caspase-3 (31). Because CsA can inhibit the opening of the mPTP, it has been fundamental in implicating mPTP as a target for protective treatment, which can be improved at the initial stage of reperfusion (31). It is now widely believed that mitochondrial dysfunction (increasing the opening of mPTP and decreasing MMP) plays an important role in raising injury induced by acute renal IRI (18). The opening of mPTP causes the membrane potential to inhibit oxidative phosphorylation and decrease and the swelling of mitochondria. The opening of the mPTP is operated by binding the CyP-D in the mitochondria membrane. Previous researches of the heart showed that CsA defended from IR by binding with CyP protein, independently of anticalcineurin properties, then inhibiting mPTP opening (32). However, to our knowledge, no study has explored whether CsA can be used to inhibit the opening of mPTP to protect renal IRI so as to protect lung mitochondria. Mitochondrial function can be conceptualized as the pathophysiological bridge between kidney-lung interactions during the clinical stage of renal IRI-induced ALI and AKI. Therefore, in this study, we hypothesized that the protective effect of TIIA and CsA on ALI was involved in improving the mitochondrial dysfunction.

As the energy center of cells, mitochondria supply more than 95% ATP (33). Therefore, mitochondria can be seen as a logical target in identifying pathophysiological processes and treatment target in various metabolic diseases. There are many methods for establishing ALI and AKI induced by renal IRI. To explore the mitochondrial relationship between the kidney and the lungs, renal IR rat model was established through removing the right kidney and clamping the left renal artery for 30 min, then reperfusing for 24 h, with pretreatment with TIIA combined with CsA, and then detecting the mitochondrial function. Figure 2C shows that acute renal IRI induced ALI, and using electron microscopy images (×40,000) of rat lung tissue, we could see the abnormal mitochondrial morphology typical of membrane rupture or mitochondrial swellings induced by renal IRI, especially in the obesity model rats, and we could decrease mitochondrial injury through pretreatment CsA, TIIA, and TIIA+CsA, especially with the TIIA+CsA (p < 0.05; Figure 2C). IR (obese) and IR could increase the percentage of damaged mitochondria in lung tissues (p < 0.05; Figure 2D). In the meantime, IR (obese) and IR could decrease the RCR, especially IR (obese), which could be relieved through pretreatment CsA, TIIA, and TIIA+CsA, especially with the TIIA+CsA (p < 0.05; Figure 4). The opening of mPAP (%) and ROS level could be increased by acute renal IR, and using TIIA and CsA could decrease the opening of mPAP (%) and ROS level (p < 0.05; Figure 4). MMP (ratio of red/green) and mitochondrial ATP level could be decreased by acute renal IR (p < 0.05), and using CsA, TIIA, and TIIA+CsA could decrease the MMP (ratio of red/green) and mitochondrial ATP level, especially with the TIIA+CsA (p < 0.05; Figure 4). Our results are similar to liver tissues reported by Luan et al. (34).

The mtDNA copy number in every mitochondria is constant; therefore, we can use the total copy number of mtDNA to evaluate mitochondria quantity in cells (35, 36). Although the mechanism of repairing mtDNA is unknown, mtDNA is adjacent to the respiratory chain, making it more fragile compared with nuclear DNA, because mtDNA is exposed to oxidative stress. In our study, we observed the injury effects of renal IR on mtDNA and CsA, TIIA, and TIIA+CsA had the protective effect. We used the ratio of long and short fragments to evaluate the degree of injury. Our results showed that IR (obese) and IR could decrease the ratio of long/short fragments, especially IR (obese) (p < 0.05), and pretreatment with CsA, TIIA, and TIIA+CsA could increase the ratio, especially with the TIIA+CsA (p < 0.05; Figure 4). Synthesis of electron transport chain proteins will be inhibited induced by damaged mtDNA, which will inhibit electron transport.

As an important adaptation of exposure to chronic energy deprivation, mitochondrial biogenesis may be modulated through multiple factors, such as Tfam and Nrf1. Nrf1 can facilitate the transcription of many nuclei-encoded mitochondrial proteins, including those involved in respiratory complexes and oxidative phosphorylation. Tfam can increase gene transcription and DNA replication in mitochondria through directly binding to the mitochondrial genome. PGC-1α is a critical transcriptional coactivator and can regulate key factors, including Nrf1 and Tfam and is thought to increase mitochondrial biogenesis (37). When the expression levels of the above genes change, mitochondrial biogenesis will become chaotic. Figure 5 shows that acute renal IR could decrease the PGC-1α, Nrf1, and Tfam expression in the levels of mRNA and protein. TIIA+CsA markedly increased the mRNA and protein expression levels of PGC-1α, Nrf1, and Tfam. Pretreatment with, decreased ROS, a sufficient energy supply (ATP), and increased biogenesis factors may be operated synergistically to result in an improvement in the shortage of the intracellular energy supply (increasing ATP). Normally, harmful stimuli, including energy limitation, oxidative stress, and aging, can induce injury to mitochondria, which are then enclosed by autophagosomes, fused to lysosomes and finally degraded. Autophagy abnormalities in mitochondria can induce the increased levels of damaged mitochondria, resulting in mitochondrial dysfunction (34).

Normally, mitochondria undergo a fusion and fission dynamic process. This dynamic process plays a very important role in maintaining constant changes in the size, network of mitochondria, and shape; they are under the operation of Mfns and Drp1 proteins (38). Our results in Figure 5 showed that the expression levels of Drp1 and Mfns (Mfn1 and Mfn2) changed in opposite directions after acute renal IR, indicating an imbalance of fission-fusion in mitochondria. Mfns and Drp1 were observed to play an important role in mitochondria fusion and mitochondria fission, respectively. We observed a decrease in Drp1 and an increase in Mfn1 and Mfn2 after acute renal IR in the lungs.

The PI3K/Akt/Bad signaling pathway performs an important function in inhibiting mitochondria-mediated apoptosis (20). Based on the close relationship between the PI3K/Akt/Bad pathway and apoptosis, we studied the effect of PI3K in our system. PI3K is a phosphatidylinositol kinase with activities as a serine/threonine-specific protein kinase and a phosphatidylinositol kinase (39). After activation, phosphatidylinositol family members on the cell membrane can be phosphorylated, and the downstream signal molecule Akt can be recruited and activated. Then, activated Akt phosphorylates Ser136/Ser112 residues of the Bad protein (40). Phosphorylated Bad separates from the apoptosis-promoting complex and forms a 14-3-3 protein complex, leading to the inactivation of its apoptosis-promoting function and inhibiting apoptosis (41). Cytochrome c (Cyt-c) release from mitochondria into the cytosol can be induced by mitochondrial dysfunction, and Cyt-c can activate caspase-9 and caspase-3. Activation of either caspase can cleave poly ADP-ribose polymerase (PARP) and induce chromosomal DNA fragmentation (20). Our results showed that TIIA+CsA effectively regulated the expression of apoptotic PI3K/Akt/Bad pathway-related proteins, and CsA, TIIA, and TIIA+CsA could enhance PI3K and p-Akt expression and downregulate the expression of Cyt-c, cleaved caspase-3, and PARP. These results suggested that CsA, TIIA, and TIIA+CsA might improve mitochondrial function and inhibit the lung cells apoptosis induced by acute renal IRI through the PI3K/Akt/Bad signal pathway (Figure 6).

In our study, we separated mitochondria from lung tissues to demonstrate that renal IR promoted a large amount of ROS, which damaged proteins of the electron transport chain and mtDNA, ultimately damaging mitochondrial respiratory function, biogenesis and dynamic function and generating increasing amounts of ROS, especially in obese rats. The swelling of isolated mitochondria was led by the opening of the mPTP after IR. Opening the mPTP may cause a flow back of protons from the mitochondrial membrane space to the matrix, therefore, reducing MMP and ATP synthesis can induce metabolic abnormalities. The reductions in ATP synthesis and MMP were induced by the opening of the mPTP, resulting in the flow back of protons from the mitochondrial membrane space to the matrix, ultimately inducing the metabolic abnormalities and leading to lung cell apoptosis. However, pretreatment with TIIA+CsA can inhibit apoptosis by modulating mitochondrial function through activating the PI3K/Akt/Bad pathway in obese rats.



MATERIALS AND METHODS


Experimental Animals

Experiments were operated on male Sprague-Dawley (SD) rats)Liaoning Changsheng Biotechnology Co., Ltd. [Production License: SCXK(Liao) 2015-0001)], aged 8 weeks and weighing 180–220 g. The rats were housed in cages with controlled conditions of 45–65% humidity and 20 ± 3°C and with 12-h cycle of light/dark (lights on 06:00 h) and were fed with a pellet diet and water ad libitum.



Ethical Statement

Animal operating procedures and the experimental design were approved by the Ethical Committee of Animal Handling (2019019) of Liaoning University of Traditional Chinese Medicine, Shenyang, China and abided by the guidelines of the Care and Use of Laboratory Animals published by the US National Institutes of Health, and we made every effort to decrease the number of rats utilized and their suffering. In the meantime, we did our utmost to supply the better surroundings to the rats during research.



Drugs

TIIA (Injection of Sulfotanshinone Sodium, 10 mg each) was supplied by No. 1 Biochemical Pharmaceutical Co., Ltd in Shanghai. We used the deionized water to dissolve TIIA in order to obtain the 5-mg/ml stock solution. CsA (20 mg each) was obtained from Solarbio Science & Technology Co., Ltd, in Beijing. We used dimethylsulfoxide (DMSO) (0.1%) to dissolve CsA to obtain 2.5 mg/ml stock solution, which would be further diluted to obtain the appropriate concentration.



Animal Groupings and Methods of Drug Dosing

We randomly divided 120 rats into six groups, including the Sham operation, the IR, the IR (obese), the TIIA, the CsA, and the TIIA+ CsA group, with 20 rats in each group. All rats in the six groups were fed with general maintenance food for 2 weeks for the purpose of adapting to the environment. Then, the Sham group and the IR group were still fed with maintenance food for 8 weeks, but the other four groups were fed with HFD for 8 weeks. Sham group, the IR, and IR (obese) groups rats were given intraperitoneal injection of deionized water for 2 weeks. We gave 10 mg/(kg/day) TIIA (intraperitoneal injection) for 2 weeks before renal IR in the rats of TIIA group. We gave the 5-mg/kg CsA (intraperitoneal injection) 30 min before renal IR in the rats of CsA group, and the 10 mg/(kg/day) TIIA (intraperitoneal injection) for 2 weeks before renal IR+ 5 mg/kg CsA (intraperitoneal injection) 30 min before renal IR in the rats of TIIA+ CsA group. The components of the HFD included 25% total fat containing 18% protein, 11% unsaturated fat, 13% fiber, 44% carbohydrate, ash, and other ingredients (42). We chose the rats that increased 30% body weight for further research (43).



Surgical Procedure

We used the thiopental sodium (120 mg/kg) to anesthetize rats through intraperitoneal injection, and we pinched the rats paw and tail to evaluate the anesthetic effect. We opened the abdomen to expose the right kidney, and then dissected the renal pedicle to expose the renal vessels. 3–0 silk suture was used to ligate the blood vessel, and then we removed the right kidney. We exposed the left kidney, and used an arterial clamp to clamp off left renal artery for 30 min to build ischemia. With the 30-min ischemia, we removed the arterial clamp, and the tissue was reperfused for 24 h. The left kidneys were observed for 15 min to ensure normal blood reperfusion, which was shown by the color change of kidney to red again (44). The wound was closed with 3–0 silk suture. The rats were placed on a heating pad to maintain the 37°C body temperature throughout the whole experimental procedure. Sham-operated rats received the same surgical procedures without clamping off renal artery for 30 min (23).



Arterial Blood Gas Analysis

Arterial blood samples were used for arterial blood gas analysis. Arterial blood (0.5 ml) was obtained from the abdominal aorta, and the pH, partial pressure of oxygen (PaO2), and partial pressure of carbon dioxide (PaCO2) were measured with a blood gas analyzer (Beckman Coulter, Inc., USA).



Pulmonary Function Analysis

After the device [DSI's FinePointe Software and FinePointe Non-invasive Airway Mechanics (NAM) DSI, Inc., USA] was connected, rats were introduced into the double-lumen chamber and fixed to minimize the stress response. Data were collected after the double-lumen tube was stabilized. The data were collected and measured for 5 min each time. The rats were kept quiet before being measured. We chose tidal volume (TV), minute ventilation (MV), peak inspiratory force (PIF), peak expiratory force (PEF), exhale force Metaphase (EF50), and specific resistance of the airway (SRaw).



Histological Assessment of the Lung Using HE Staining

HE staining was performed as previously reported. After paraffin embedding, lung tissues were sectioned into 5-μm-thick sections (45). After immersion in paraformaldehyde (4%) for 24 h and then dehydration with ethanol (70%), we used H&E staining to stain the lung tissues and then visualized lung tissues with light microscopy. As previously reported, a scoring system was used to evaluate the histopathological injury (46). The injury degree of lung tissues was scored as follows (26): 0 grade, normal pulmonary tissues; 1 grade, mild or moderate infiltrations of leukocyte and neutrophil and interstitial congestion; 2 grade, formatting perivascular edema, partial leukocyte infiltration, and moderate infiltrations of neutrophils and leukocytes; and 3 grade, severe destruction in lung tissues and massive infiltration of neutrophils and leukocytes.



Apoptosis Assessment of the Lung Using TUNEL

We used the terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assay [In Situ Cell Death Detection Kit (Roche, Germany)] to detect apoptosis. As described in the HE staining section (45), we used 5-μm-thick sections to perform TUNEL staining. After deparaffinization and rehydration, protease K (10 μg/ml) was added to the sections for 15 min. The samples were supplemented with fresh TUNEL reaction mixture and were incubated at 37°C for 60 min with the dark. After washing, we used 0.1 μg/ml 4′,6-diamidino-2-phenylindole (DAPI) (Beyotime, China) to stain the cell nuclei. We used the fluorescence microscope (Canon, Japan) to analyze the samples in a drop of phosphate-buffered saline (PBS). We used a blinded manner to observe eight random visual fields per animal with ×200 magnification to calculate and analyze the number of TUNEL-positive cells per high-power field.



Caspase-3 Activity

We used the fluorescent caspase-specific substrate AcDEVD-7-pNA (Solarbio) to detect the caspase-3 activity. The lung tissue proteins (10 mg) were added to reaction buffer for incubation (37°C) for 2 h. We used the fluorimeter (405 nm) to quantify the enzyme-catalyzed release.



Using Electron Microscope to Observe Mitochondria

Lung tissues were obtained immediately after anesthesia and cut into small pieces (1 mm3). After fixing the specimens with 2% glutaraldehyde at 4°C, we used phosphate buffer (0.1 mol/L) to wash the samples, which was then fixed with 1% osmium tetroxide and then stained with 1% aqueous uranyl acetate. We used capsules including embedding medium to place the specimens 70°C for approximately 48 h. Uranyl acetate and alkaline lead citrate were used to stain specimen sections then to observe under electron microscope (HITACHI H-7650, Tokyo, Japan).



Preparation of Lung Mitochondria Suspension

As previously studied in the liver (34), rats were anesthetized, and then the lung was harvested and placed in a pH 7.4 ice-cold isolated buffer (10 mM Tris-HCl, 250 mM sucrose, and 1 mM EDTA). After trimming, lung tissues were rinsed with a homogenizer in an isolation buffer, and 50–100 mg of tissue was weighed. For preserving mitochondria integrity, the whole isolation process was performed at 4°C. Following centrifugation at 700× g for 10 min, the supernatant was collected and the samples were centrifuged at 7,000× g for 10 min again. Then, we discarded the supernatant and washed the mitochondria pellet with 5 ml of isolation buffer, centrifuging twice in 7,000× g for 10 min. We obtained a clean mitochondria solution and preserved it in mitochondrial preservation solution (10 mM KH2PO4, 5 mM HEPES, 2 mM MgCl2, 1 mM EDTA, 100 mM KCl, and 20 mM sucrose) to get a mitochondria suspension (5 mg/ml protein), which was placed on ice for immediate use. We measured the protein concentration of mitochondrial suspensions using the bicinchoninic acid (BCA) reagent box (Beyotime, Shanghai, China) and to ensure the protein concentrations were between 100 and 1,000 μg/ml. Mitochondria suspension was used to detect the mitochondrial membrane potential (MMP), the opening of the mPTP, reactive oxygen species (ROS), respiratory control rate (RCR), and adenosine triphosphate (ATP) synthesis.



Measurement of MMP

We detected the MMP using the mitochondrial membrane potential assay kit (Beyotime, Shanghai, China). (1) Diluting five times the JC-1 dyeing buffer into 1×; (2) then, we added five-diluted JC-1 working solution (0.9 ml) into purified mitochondria (0.1 ml) with the protein level 100–1,000 μg/ml; and (3) MMP was detected by fluoroenzyme-labeled reagent. We added mixed solution (1 ml) to fluoroenzyme-labeled assay, with the 530-nm emission wavelength and 490-nm excitation wavelength, and then the ratio of the red/green was calculated.



Measurement of ATP

We used the luciferase-based luminescence enhanced ATP assay kit (Beyotime, Shanghai, China) to measure the level of adenosine triphosphate (ATP) in the isolated mitochondria. We incubated isolated mitochondria (1 mg/ml) into the 0.5-mL respiration buffer (2.5 mM succinate, 2.5 mM malic acid, and 2.5 mM ADP) for 10 min. We used the SpectraMax Paradigm Multi-Mode Microplate Reader (Molecular Devices, Sacramento, CA, USA) to detect the ATP concentrations.



The Opening of mPTP

The opening of the mPTP was measured by detecting the A540 absorbance of mitochondria exposed to 250 μM CaCl2 (“+”: treatment with Ca+; “–”: treatment without Ca+). Purified Mitochondrial Membrane Pore Channel Colorimetric Assay kit (GENMED, Shanghai, China) was used for detection; 200 μmol/L CaCl2 was used to induce mPTP opening. An ultramicro microporous plate spectrophotometer (Biotek, USA) was used to read the value of optical density (OD) from 0 to 10 min at 520 nm. The OD decrease reflected the mPTP opening. The OD value noted at the onset of the experiment (0 min) represented the minimum optical density (min OD); the OD value noted at the end of the experiment (10 min) represented the maximum optical density (min OD). The min/max OD was negatively associated with the extent of MPTP opening (34, 47).



Measurement of ROS

ROS was detected using a Multi-Mode Microplate Reader with a fluorescent probe of 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA).



Measurement of RCR

We used the RCR (ratio of state III and state IV) to assess the integrity of isolated mitochondria, oxidative phosphorylation, and respiratory chain function. RCR was assessed using an Oxytherm Clark-type oxygen electrode (OXYT1/ED; Hansatech Instruments, Norfolk, UK). Sixty micrograms mitochondria (separated from the lung) were put into the oxytherm chamber containing pH 7.2 respiration buffer (0.1% BSA, 125 mM KCl, 20 mM HEPES, 2 mM MgCl2, and 2.5 mM KH2PO4) and stirring respiration buffer at 37°C to ensure that all of the respiration buffer contained equal amounts of mitochondria. For each state of respiration, the slope of the response of mitochondria to consecutive administrations of respiration substrates was defined as rate of oxygen consumption, as previously reported (48).



Measurement of Damaged mtDNA

The injured mtDNA was calculated through the ratio of long and short fragments using real-time quantitative polymerase chain reaction (RT-qPCR). (1) DNA isolation: total lung DNA was extracted by the Genomic-tip 20/G kit (Qiagen, Valencia, CA, USA). The quantification of the PCR products or purified DNA was performed fluorometrically using the Picogreen dsDNA reagent (Invitrogen, Milan, Italy). (2) RT-qPCR was performed on lung DNA extracts as previously reported (35) using the following modification: the PCR amplification was performed using the Ranger DNA Polymerase with appropriate premixes (Bioline Ltd., London, UK). The two pairs (mtDNA long fragment and short fragment) of primers (General Biosystems, Anhui, China) are shown in Table 2. (3) For amplification of the mtDNA long fragment, the standard thermocycler program included an initial denaturation at 94°C (1 min), 94°C (15 s) for 18 cycles, 65°C (12 min), and a final extension at 72°C (10 min). The short fragment of the mtDNA was amplified by the same condition, except that the extension temperature was regulated to 60°C.


Table 2. Sequence of primers for RT-PCR and long PCR.
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RNA Extraction and cDNA Synthesis

We isolated total genome RNA with TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Spectrophotometry (260 nm) was used to assess the quality of isolated RNA. Reverse transcription was performed with 1 μg total RNA and an M-MLV Reverse Transcriptase Kit (Promega A3500; Promega, Madison, WI, USA). Briefly, the 40-μl total reaction volume was used in a Veriti 96 Well Thermal Cycler Long PCR system (Applied Biosystems, Foster City, CA, USA) according to the following reaction procedure: 72°C (3 min), 42°C (90 min), 70°C (15 min) and held at 4°C.



Real-Time qPCR

We used the RT-qPCR to detect the copy numbers of the transcription levels of specific genes with cDNA templates. PCR was performed on a Rotor-Gene Q Sequence Detection System (QIAGEN, Germany) using SYBR Premix Ex TaqII (TakaraBioINC) (49). The PCR was conducted in a 20-μl system (1 μl synthetic cDNA + 10 μl SYBR Premix Ex Taq II + 0.5 μM primers), with the following procedure: 95°C (10 min); 95°C (10 s), 40 cycles, 60 °C (15 s); 72 °C (20 s); and 72 °C (10 min). The values were calculated with GAPDH as the internal control (50). Two pairs of PCR primer sequences used in our study are shown in Table 2.



Protein Detection

Western blot was used to detect target protein. Total proteins were extracted from tissues using RIPA Lysis Buffer. Protein concentration was measured using a BCA Protein Assay Kit. To examine the expression of proteins, the same amount of total protein was loaded on an 8–12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel. Separated proteins were then transferred onto PVDF membranes. After being blocked in skim milk solution, the membrane was incubated overnight separately with the antibodies anti-GAPDH, anti-PI3K, anti-p-Akt, anti-Akt, anti-p-Bad, anti-Bad, anti-Bax, anti-Bcl-2, anti-Cyt-c, anticaspase-3, anticleaved-caspase-3, anti-PARP, anti-Drp1, anti-Mfn1, anti-Mfn2, anti-PGC-1, anti-NRF1, and anti-TFam (antibodies are shown in Table 3). Subsequently, the membrane was incubated with secondary HRP-conjugated goat antirabbit antibodies (Santa Cruz Biotechnology). Proteins were visualized using an enhanced chemiluminescence kit from Thermo Fisher Scientific (Massachusetts, USA). ImageJ software (Alpha View SA) was used to perform densitometric analysis.


Table 3. Antibodies used in the study.
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Statistical Analysis

Statistical analysis was operated by the SPSS statistical package (Version 17.0, SPSS Inc. Chicago, IL, USA). The mean ± standard deviation was used to express the data. The one-way analysis of variance (ANOVA) was used to compare among six independent groups. The two-to-two comparison among groups was used to analyze the variance, and Tukey's t test was used for multiple comparisons between six groups. We regarded p < 0.05 as having statistically significant difference.




CONCLUSIONS

Our results demonstrated that lung mitochondrial dysfunction was induced in the process of renal IR, especially in the obese rats. Mitochondrial dysfunction can be seen as the direct pathophysiological kidney-lung interactions during the stage of AKI and ALI induced by renal IR. During this process, lung mitochondrial function was impaired, dynamics was altered, and biogenesis was inhibited. ROS overproduction led to mtDNA damage and a significant decrease of MMP followed by a reduction of intracellular ATP. Thus, TIIA+CsA can be seen as a protective agent, which can attenuate lung apoptosis via modulating mitochondrial function by activating PI3K/Akt/Bad pathway in obese rats. But in our study, considering of the combination therapy, we did not use the PI3K/Akt/Bad pathway inhibitor, so the mechanism of drug intervention cannot be fully revealed. In the future, we will explore the other protective mechanism of TIIA+CsA and the signaling pathway of apoptosis. These results may be a promising protective strategy for managing obesity-related AKI and ALI. However, this application needs further large-scale experimental and clinical studies.
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Introduction

Asthma is a chronic and recurring airway disease, which related to mast cell activation. Many compounds derived from Chinese herbal medicine has promising effects on stabilizing mast cells and decreasing inflammatory mediator production. Safranal, one of the active compounds from Crocus sativus, shows many anti-inflammatory properties. In this study, we evaluated the effect of safranal in ovalbumin (OVA)-induced asthma model. Furthermore, we investigate the effectiveness of safranal on stabilizing mast cell and inhibiting the production of inflammatory mediators in passive systemic anaphylaxis (PSA) model.



Methods

OVA-induced asthma and PSA model were used to evaluate the effect of safranal in vivo. Lung tissues were collected for H&E, TB, IHC, and PAS staining. ELISA were used to determine level of IgE and chemokines (IL-4, IL-5, TNF-α, and IFN-γ). RNA sequencing was used to uncovers genes that safranal regulate. Bone marrow-derived mast cells (BMMCs) were used to investigate the inhibitory effect and mechanism of safranal. Cytokine production (IL-6, TNF-α, and LTC4) and NF-κB and MAPKs signaling pathway were assessed.



Results

Safranal reduced the level of serum IgE, the number of mast cells in lung tissue were decreased and Th1/Th2 cytokine levels were normalized in OVA-induced asthma model. Furthermore, safranal inhibited BMMCs degranulation and inhibited the production of LTC4, IL-6, and TNF-α. Safranal inhibits NF-κB and MAPKs pathway protein phosphorylation and decreases NF-κB p65, AP-1 nuclear translocation. In the PSA model, safranal reduced the levels of histamine and LTC4 in serum.



Conclusions

Safranal alleviates OVA-induced asthma, inhibits mast cell activation and PSA reaction. The possible mechanism occurs through the inhibition of the MAPKs and NF-κB pathways.
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Introduction

Asthma is a chronic and recurring airway disease characterized by shortness of breath and a tight feeling in the chest. In severe cases asthma attack could lead to death. Asthma is induced by the sensitization process from repeated exposure to allergens, which increased airway responsiveness. In clinical practice, first-line drugs, such as corticosteroids and bronchodilators, are used. However, more than half of the patients receiving first-line drug therapy do not respond to the treatment (1). Thus, finding new treatments for asthma is crucial. The histological integrity of asthma includes an increase in the number of goblet cells and thickening of the airway smooth muscle (2). With repeated exposure to allergen, the number of mast cells in the bronchial tissue significantly increases (3). Therefore, mast cells are well known instigators of the asthma reaction.

Mast cells are innate immune cells that are implicated in many allergic diseases, such as allergic dermatitis (4), allergic asthma (5) and systemic anaphylaxis (6). Mast cells express various cell receptors, one of which is FcϵRI. In the early phase, mast cells are activated by a specific pathogen IgE binding to an FcϵRI receptor when the mast cell interacts with specific allergens, it degranulates to release its preformed contents, which contain substances such as histamine and proteases. The activation of mast cells also initiates signaling pathways, such as the NF-κB and MAPKs pathways. These pathways lead to the transcription and production of inflammatory cytokines, i.e., IL-6, TNF-α, and LTC4 via the 5-LO and cPLA2 pathways. These inflammatory mediators increase inflammatory reactions by inducing microvascular dilation and muscular contraction, which are the cause of edema and airway narrowing during an asthma episode. If left untreated, chronic allergic inflammation can lead to remodeling in the airway (7). Therefore, it is important to control allergic inflammation in its early phase.

Mast cells also contribute to systemic anaphylaxis, which are acute and could be lethal in severe cases. Studies have shown the relationship of mast cells, which is believed to be responsible for the elevated level of histamine in anaphylaxis patients (8). While first-line treatments, such as corticosteroid and antihistamine drugs are effective in treating asthma and anaphylactic reactions, some patients do not respond to the treatments, and some patients have a high rate of recurrence. Long-term usage of these drugs produces severe side effects. However, the side effect of these drugs remained high.

Recent investigations have focused on finding new mast cell stabilizers derived from Chinese herbal medicine. Compounds from Chinese herbal medicine showed potential efficacy in stabilizing mast cells. Saffron (Crocus sativus.), one of the commonly used Chinese herbal medicines, has shown many promising effects for treating anxiety and cardiovascular-related diseases. However, its active ingredients and its mechanism need further examination. Safranal is one of the main active compounds derived from saffron. It has shown therapeutic effects in the treatment of Alzheimer’s disease (9) and antioxidant (10). A previous study has shown that safranal decreased airway responsiveness in the OVA-induced asthma model (11). In this study, we investigated this effect in vivo via the PSA model and evaluated the effect of safranal on OVA-induced asthma in mice. Furthermore, we used primary mast cells (BMMCs) to investigate the effectiveness of safranal on stabilizing mast cell degranulation and inhibiting the production of inflammatory mediators.



Materials and Methods


Drug and Reagents

Safranal, OVA, DNP-IgE, and DNP-HSA was purchased from Sigma Aldrich (MO, USA), purity of Safranal is ≥90.0%. RMPI-1640, fetal bovine serum (FBS), penicillin, and streptomycin were purchased from Gibco (Grand Island, NY/Carlsbad, CA, USA). Milli-Q water was supplied from a water purification system (Millipore, MA, USA). The horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG was purchased from Invitrogen (Carlsbad, CA, USA), Alum Adjuvant (Thermo Scientific, USA).



Animal Grouping

Female BALB/c mice (18-20 g) were purchased from the Shanghai SLAC Laboratory (Shanghai, China) and housed in an SPF (specific pathogen-free) and controlled temperature (25 ± 2°C) environment with a 12-h light/dark cycle in the Shanghai University of Traditional Chinese Medicine. The animal ethics committee of Shanghai University of Traditional Chinese Medicine approved the animal experimental procedures and welfare (No. SZY201807007). Mice were provided a normal diet and drinking water and acclimated to the new environment for at least one week before the beginning of the experiment.



Induction of OVA-Induced Asthma

Mice were randomly divided into five groups: a control group, an ovalbumin (OVA) model group, a low-dose safranal (200 mg/kg) group, a high-dose safranal (500 mg/kg) group, and a dexamethasone (DEX) group (0.5 mg/kg). Mice were sensitized by injection with OVA i.p (20 µg in PBS and alum) on day 0 and day 14 with a total volume of 200 µl. On days 15 to 21, mice were treated with vehicle, safranal or DEX p.o. q.d. On days 22, 23, and 24, mice were treated with OVA (1% in PBS) aerosolized in an airtight box for 30 min. On day 25, the mice were anesthetized with 1% pentobarbital sodium before cardiac puncture for blood collection. The lung and spleen were collected for further analysis.



Induction of Passive Systemic Anaphylaxis

To induce PSA, mice were randomly divided into 4 groups: a normal control group, a positive control group (administered anti-DNP-IgE and vehicle), a low-concentration safranal group (administered anti-DNP-IgE, vehicle and 200 mg/kg, p.o.) and a high-concentration safranal group (administered anti-DNP-IgE, vehicle and 500 mg/kg, p.o). On the first day, we injected anti-DNP-IgE (2 µg in 100 µl PBS) i.v., and after 24 h, the mice were given safranal or vehicle for 1 h before i.v injection with DNP-HSA (2 mg in 200 µl PBS). After 5 min, the mice were anesthetized with 1% pentobarbital sodium and euthanized by cardiac puncture. Blood was collected and kept at 4°C for 4 h before centrifugation, at 3,000 rpm for 15 min. Serum was collected for further analysis.



Culture and Activation of BMMCs

Female BALB/c mice (18–20 g) were euthanized, and the hind legs were dissected. Bone marrow was flushed with serum-free RPMI-1640, and 30% Pokeweed Mitogen-Spleen Cell Conditioned Medium (PWM-SCM) was used to culture the bone marrow cells. The medium was changed every other day. After 5 to 6 weeks, the BMMCs were mature and confirmed according to previously described procedures (12). Prior to the experiment, BMMCs were changed from culture medium to RPMI-1640 and sensitized overnight with DNP-IgE (500 ng/ml). Cells were washed with PBS and pretreated with or without safranal for 1 h before stimulation with DNP-HSA (100 ng/ml).



Cell Viability Assay

Cell viability was determined using the MTT assay. BMMCs were seeded in 96-well plates at a concentration of 1 × 105 cells/ml overnight. Cells were treated with various concentrations of safranal for 4 h before the addition of MTT (0.5 mg/ml) and incubated for 4 h. The supernatant was removed, and hydrochloride-isopropanol was added to the precipitate and mixed until fully dissolved. The OD was measured at 570 nm.



Measurement of β-Hexosaminidase

To measure the percentage of degranulation in mast cells, BMMCs were pretreated with DNP-IgE (500 ng/ml) in HBSS medium overnight before performing the assays. Cells were washed with PBS for three times, then diluted to 1×106 cells/ml, seeded in 96-well plates and treated with or without safranal for 30 min before stimulation with DNP-HSA (100 ng/ml) for 15 min. The percentage of β-hexosaminidase (β-hex) released was determined by adding substrate containing P-nitrophenyl-N-acetyl-β-d-glucosaminide (Sigma-Aldrich, MO, USA) and citric acid (pH 4.5) to the supernatant as previously described (5).



Measurement of Inflammatory Mediators

BMMCs were seeded at 1 × 106 cells/ml and incubated overnight. Safranal (10 µM or 100 µM) was added for 1 h, and the cells were stimulated with DNP-HSA for 24 h at 37°C and 5% CO2 in an incubator. The supernatants were collected and centrifuged at 3000 rpm for 5 min at 4°C for analysis of IFN-γ, IL-6, and TNF-α concentrations using ELISA (R&D Systems, Minneapolis, MN, USA). IgE and IL-5 levels were measured by ELISA (BD Bioscience, NJ, USA). The levels of LTC4 and histamine were measured using an EIA kit (Cayman Chemical, MI, USA). IL-13 and IL-4 levels were measured by an ELISA kit (Thermo Scientific, USA) according to the manufacturer’s instructions.



Western Blot Analysis

BMMCs were homogenized, and protein levels were quantified using BCA reagent (Beyotime, Shanghai, China). Nuclear and cytoplasmic extractions were performed as instructed by the manufacturer (Beyotime, Shanghai, China). Samples were loaded and electrophoresed by 10% to 12% SDS-PAGE and transferred to nitrocellulose membranes. The membranes were blocked in 5% nonfat milk and diluted in TBS-T for 2 h, followed by incubation with primary antibodies. The following primary antibodies were used in this experiment, iNOS, COX-2, phospho-IKKα/β, IKKα/β, phospho-IκBα, IκBα, phospho-ERK½, ERK½, phospho-p38, p38, p65, phospho-c-Jun, c-Jun, c-fos, β-tubulin, lamin A/C, phospho-JNK, JNK, phospho-cPLA2, 5-LO, and β-actin, at a 1:1000 dilution (Cell Signaling Technology, Danvers, MA, USA). Secondary antibodies included horseradish peroxide-conjugated goat anti-rabbit antibody and anti-mouse IgG at a 1:2500 dilution.



RNA Sequencing

BMMCs were collected after treatment with DNP-HSA with or without treatment with safranal. Total RNA was extracted using the Qiagen RNeasy Kit (Qiagen, Hombrechtikon, Switzerland), according to the manufacturer’s instructions. RNA-seq data was filtered with SOAPnuke (v1.5.2) (13). The clean reads were mapped to the reference genome using HISAT2 (v2.0.4) (14). Bowtie2 (v.2.2.5) (15) was applied to align clean reads to the reference coding gene set, and then the expression level of the gene was calculated by RSEM (v1.2.12) (16). Differential expression analysis was performed using PossionDis with false discovery rate (FDR) ≤ 0.05 and |Log2Ratio| ≥ 1. KEGG enrichment analysis of annotated differentially expressed genes was performed by Phyper based on the hypergeometric test. The sequence data were deposited in the BioSample database under the SRA accession number PRJNA639182



Statistical Analysis

Data and statistic results are presented as the mean ± S.E.M., and all results were derived from at least three independent experiments. Statistical analyses were performed using GraphPad Prism Software 8.0 (San Diego, CA, USA). Differences between two groups were analyzed using an unpaired Student’s t test, and multiple comparisons were assessed using one-way analysis of variance (ANOVA) with Tukey’s multiple comparison test. P<0.05 was considered statistically significant.




Results


Safranal Alleviated OVA-Induced Asthma

To investigate the effect of safranal on anti-allergic reactions, we established an OVA-induced asthma model (Figure 1A). After challenging with OVA, the serum IgE levels were measured. The results showed that safranal significantly reduced the IgE levels in serum (Figure 1B). Next, the histology of the lung tissue was evaluated via H&E, PAS and toluidine blue staining. We found that the infiltration of inflammatory cells and the amount of mucus secretion in the OVA-treated group were increased, while safranal suppressed the infiltration of inflammatory cells and the amount of mucus secretion (Figures 2A, B). The number of mast cells in the lung tissue was determined by toluidine blue staining and immunohistochemistry of c-kit. The results showed that mast cell infiltration increased significantly in the OVA-treated mice. Safranal-treated mice showed less mast cell infiltration in lung tissue than the OVA-treated mice (Figures 2C–F). Since Th1/Th2 cytokines are crucial in asthma, an imbalance of these cytokines can cause allergic asthma (17). We analyzed Th1/Th2 cytokine levels in lung tissue and found that the levels of IL-4, IL-5, IL-13 significantly increased, while the IFN-γ level decreased in the OVA-treated group. Safranal significantly decreased the IL-4, IL-5, and IL-13 levels (Figures 3A–C) and increased the IFN-γ levels in lung tissue (Figure 3D). This finding is consistent with the previous study (11). The production of Th1/Th2 cytokines is related to T cells. To further investigate the effect of safranal on T cells, lung tissue was stained for CD4 and Foxp3, which are markers for T cells. The results showed an increase in CD4 and Foxp3, which are CD4+ T cell markers in the OVA-treated group, and safranal decreased the infiltration of CD4+ T cells (Figures 3E, F). Since the spleen is an important peripheral immune organ, and it contains many types of immune cells, we further stimulated splenocyte with OVA and collected the cells for western blot analysis. We investigated whether safranal decreased the activation of the NF-κB and MAPKs pathways in splenocyte. The results showed that a high dose of safranal suppressed the activation of the NF-κB and MAPKs pathways in splenocyte (Figures 4A–E).




Figure 1 | Safranal alleviates OVA-induced asthma. (A) OVA-induced asthma model. Mice were sensitized with OVA on days 1 and 14 before oral administration of vehicle, Safranal or Dexamethasone. On days 22, 23, and 24 Mice were challenged with OVA. Blood samples were collected by cardiac puncture and level of serum IgE was determined (B). The data are presented as the means ± S.E.M. of n=10. Ns=no significance ###p < 0.001 compared to nontreated group, *p < 0.05, ***p < 0.001 compared to OVA treated group.






Figure 2 | Histological of lung tissue. (A, B) H&E and PAS staining showed safranal suppressed infiltration of inflammatory cells, amount of mucus secretion. (C, D) Toluidine blue staining of lung tissue showed the number of mast cell in lung tissue. Numbers of mast cells within the lung were quantified in 200×200µm. (E, F) IHC staining of c-kit showed marker of the mast cells. The data are presented as the means ± S.E.M. of n=10. ##p<0.01 compared to nontreated group. *p<0.05 compared to OVA treated group. The scale labels shown are 50 μm.






Figure 3 | Effect of Safranal on Th1/Th2 cytokines and T cells in lung tissues. Safranal decrease the level of IL-4, IL-5, IL-13 (A–C) in lung tissues, while IFN-γ level increased (D). Effect of safranal on T cell in lung tissues. (E, F) IHC staining of CD4 and Foxp3. The result showed decreased of CD4 and Foxp3 in safranal treated group. The data are presented as the means ± S.E.M. of n = 10. #p <0.05, ##p <0.01, ###p <0.001 compared to nontreated group. **p <0.01, ***p <0.001 compared to OVA treated group. The scale labels shown are 50μm.






Figure 4 | Effect of Safranal on NF-κB and MAPKs pathways in splenocyte. Safranal suppressed the activation of the NF-κB and MAPKs pathways proteins in splenocyte (A–E). The data are presented as the means ± S.E.M. of n = 10. #p <0.05, ##p <0.01, ###p <0.001 compared to nontreated group. *p <0.05 compared to OVA treated group.





RNA-Sequencing of Safranal and DNP-HSA–Treated BMMCs

To alternatively uncover the genes that safranal might regulate and investigate the new potential properties of safranal, we performed RNA sequencing on antigen-activated and safranal-treated BMMCs. As the heatmap shows, the differentially expressed genes are presented in Figure 5A and Supplementary 1. We analyzed the results using the KEGG pathway database and found 13 differentially expressed genes that were related to the immune systems (Figure 5B). The protein interactions of these genes were evaluated, and we found that Ccl7 and Cxcl10 were highly related among the differentially expressed genes, as shown in Figure 5C. We also found that safranal regulated genes that are related to transient neonatal diabetes, postaxial polydactyly and allergic rhinitis (Supplementary 2). As result suggested that safranal regulated Cxcl10 gene, this gene is related to occurrence of asthma (18), we found that safranal decrease the level of Cxcl10 in lung tissue of OVA-treated mice (Supplementary 3). These chemokines may be potential target for asthma treatment and needs to be further investigated.




Figure 5 | RNA-sequencing of safranal and DNP-HSA treated BMMCs. BMMCs were treated with safranal before stimulating with DNP-HSA. (A) Heatmap of genes expression shows effect of safranal treated BMMC on representative differentially expressed genes comparing to DNP-HSA treated. False Discovery Rate (FDR) ≤ 0.05 and |Log2Ratio| ≥ 1. (B) KEGG pathway database analysis found 13 differentially expressed genes that were related to the immune systems. (C) The protein interactions of these genes were evaluated, Ccl7 and Cxcl10 were found to be most related among the differentially expressed genes.





Safranal Inhibited Degranulation and Decreased Inflammatory Mediator Production in BMMCs

Since safranal showed effect on reducing mast cell infiltration in OVA-induced asthma model and RNA sequencing reveals regulation of Cxcl10 and Ccl7, we proceed with the in vitro experiment. First, we evaluated the cytotoxicity of safranal in BMMCs by MTT assay. BMMCs were treated with various concentrations of safranal, and we found no significant cell toxicity at 100 µM (Figure 6A). The highest concentration of 100 µM was used in the in vivo experiment. Next, the degranulation of BMMCs was detected by β-hex assay. After DNP-HSA activation, mast cells released β-hex by 40% compared to that from nontreated BMMCs. We found that safranal significantly reduced the percentage of β-hex released (Figure 6B). While the activation of BMMCs also released cytokines, such as IL-6 and TNF-α, our results suggested that safranal significantly inhibited the production of TNF-α and IL-6 (Figures 6C, D). LTC4 is a potent cytokine released by mast cells and is related to many allergic diseases. Our results showed that safranal treatment dose-dependently decreased the production of LTC4 (Figure 6E). When activated, cPLA2 is phosphorylated to release arachidonic acid (AA) from the nuclear membrane, and this molecule is converted to LTC4 by 5-LO. We found that safranal inhibited the phosphorylation of cPLA2 and nuclear translocation of 5-LO (Figure 6F).




Figure 6 | Safranal inhibited degranulation and decreased inflammatory mediator production in BMMCs. (A) Cytotoxicity of safranal in BMMC. Cells were treated with various concentrations of safranal, cell viability was measured using the MTT assay. (B–E) BMMCs were incubated with safranal and stimulation with DNP-HSA. Supernatant were collected and analyzed for β-hexosaminidase, IL-6, TNF-α, and LTC4 production. (F) Level of 5-LO and p-cPLA2 in cytosol and nucleus were analyzed by western blot analysis. The data shown are representative of three independent experiments. Data are the means ± S.E.M. of three independent experiments. ###p <0.001 compared to nontreated group, *p <0.05, **p <0.01, ***p <0.001 compared to DNP-HSA.





Safranal Inhibited the MAPKs and NF-κB Signaling Pathways

Whereas the MAPKs and NF-κB signaling pathways play a great role in inflammatory responses, our RNA-seq data showed differentially expressed genes that were related to the immune systems such as Ccl7 and Cxcl10 are related to MAPKs and NF-κB signaling pathways (19). As we previously reported, safranal inhibited the MAPKs and NF-κB signaling pathways in macrophages (20). We investigated whether safranal also inhibited these signaling pathways in BMMCs. As expected, the phosphorylation of proteins in MAPKs pathways, such as ERK, JNK, and p38, were inhibited (Figures 7A–D), as well as the phosphorylation of IKK and IκBα in the NF-κB pathway (Figures 7E–G). When both signaling pathways are activated, the transcription factors NF-κB and AP-1 are translocated into the nucleus. The transcription factors then bind to DNA and produce inflammatory mediators. We investigated whether safranal inhibited their nuclear translocation. Western blot analysis showed that the nuclear translocation of p-65 and AP-1 was inhibited (Figure 8A). Furthermore, we also measured the transcription factor activity via TransAM assay and found similar results (Figures 8B, C).




Figure 7 | Safranal inhibited the MAPKs and NF-κB signaling pathways. Cells were pretreated with Safranal for 1 h prior to DNP-HSA treatment. The levels of phosphorylation of proteins in MAPKs pathways ERK, JNK and p38 (A–D) and NF-κB pathway IKK and IκBα (E–G) were measured by western blot and normalized to β-actin. The data shown are representative of three independent experiments and indicate the means ± S.E.M. ##p < 0.01, ###p <0.001 compared to nontreated group, *p <0.05, **p <0.01compared to DNP-HSA.






Figure 8 | Safranal inhibited the nuclear translocation of NF-κB, AP-1. (A) BMMCs were collected after incubation with safranal and stimulation of DNP-HSA. Transcriptional factors p65, p-c-jun, and c-Fos in cytoplasmic or nuclear extracts were determined using western blot. (B, C) Nuclear transcriptional factors binding activity of p65, and AP-1 were determined by Trans AM kit, the result present in OD value. The data shown are representative of three independent experiments and indicate the means ± S.E.M. ##p <0.01 compared to nontreated group, *p <0.05, **p <0.01 compared to DNP-HSA.





Safranal Alleviated the PSA Reaction

The systemic allergic reaction is acute and deadly, and this effect is mainly due to the activation of mast cells (21). Since safranal has inhibitory effects against mast cell activation, a passive systemic anaphylaxis (PSA) model was used to investigate the anti-allergic effects of safranal in vivo. The levels of LTC4 and histamine in serum from the PSA model were analyzed. We found that the levels of LTC4 and histamine significantly increased in the vehicle group and decreased in the safranal-treated group (Figures 9A, B).




Figure 9 | Safranal alleviated PSA reaction. (A) Mice were sensitized with DNP-IgE 24 h before oral administration of PBS or safranal. After 1 h mice were i.v. injected with DNP-HSA for 5 min. Blood samples were collected by cardiac puncture. (B) Serum was collected and analyzed for LTC4 and histamine production. All data shown are the means ± S.E.M. of n=7. ###p <0.001 compared to nontreated group, **p <0.01, ***p <0.001 compared to DNP-HSA treated group.






Discussion

Research has suggested that Chinese herbal medicine has potential anti-allergic effect by inhibiting different allergic mechanisms, such as stabilizing mast cells (5), regulating eosinophils (22), balancing Treg/Th2 cells (23), and regulating the gut microbial flora (24). Saffron is commonly used in Chinese herbal medicine and has shown potential in treating diseases. Recent clinical trials suggested that saffron could be used for treating depression (25), macular degeneration (26) and asthma (27). However, its active compounds that take part in this effect are not well characterized. Active compounds derived from saffron include crocin, crocetin, picrocrocin, and safranal. Studies have reported that safranal has the potential to treat diseases such as Parkinson’s disease (28) and gastric ulcers (29). In this study, we further investigated the mechanisms involved in the anti-asthma effect of safranal.

The early asthmatic reaction is highly IgE dependent (30). Therapeutic approaches for refractory asthma include the reduction in bronchial mucosal IgE levels, and this can improve patients’ lung function (31). Since mast cells are highly associated with allergic diseases, including asthma, mast cell inhibitor showed promising results in controlling corticosteroid-dependent asthma (32). The results of this study showed that the number of mast cells increased in lung tissue and showed improvement in the integrity of lung histology. This finding suggests that safranal can reduce the migration of mast cells, thus reduce the inflammation in lung tissue. Another approach for the treatment of asthma is keeping a balance of Th2 cytokines (33). A previous report demonstrated that safranal alleviated asthma in mice by reducing iNOS levels and balancing Th2 cytokines (11). In this study, we showed safranal could reduce the production of IL-4, IL-5, and IL-13, the finding is comparable with dexamethasone. Since these cytokines are mainly produced by T cells, we further investigated the amounts of Foxp3 and CD4 in lung tissue, which are markers of T cells. These proteins were reduced in safranal-treated mice, suggested that safranal reduces the number of T cells in lung tissue. Since activation of mast cells can recruit T cells to the inflammation site (34), we suspected that safranal may decrease the number of mast cells and stabilize them to decrease the recruitment of T cells in lung tissue.

Mast cells are known to be related to allergy-related diseases, such as atopic dermatitis, asthma, systemic anaphylactic, etc. During the sensitization process, allergen specific IgE antibody is produced by B cells and binds to the FcϵRI receptor on mast cells. In the early-phase allergic reaction, specific pathogens bind to the sensitized mast cells, resulting in the degranulation and production of inflammatory mediators. Preformed substances that are deposited in mast cell granules include histamine and proteases which can cause edema and vasodilation. While the activation of pathogens also initiates the NF-κB signaling pathway, the signaling begins with phosphorylation of IKK, which leads to IκBα degradation into NF-κB p65 and p50 dimers (35). NF-κB dimers then translocate into the nucleus, the translation of dimers leads to the production of inflammatory mediators, such as IL-6 and TNF-α. Activation of specific pathogens via IgE-mediated reactions also leads to the phosphorylation of MAPKs, such as p38, ERK, and JNK. These MAPKs lead to nuclear translocation of AP-1, which transcribes and produces cytokines, such as IL-6 and TNF-α. Furthermore, phosphorylation of MAPKs, especially ERK (36), increases LTC4 biosynthesis from AA via the cytoplasmic cPLA2 and 5-LO pathway. When activated by phosphorylated ERK, cPLA2 frees AA from plasmid membranes. Free AA then is synthesized into LTA4 by 5-LO, followed by the conjugation with glutathione, which converts LTA4 to LTC4. As reported, histamine and LTC4 are potent mediators of anaphylactic diseases, such as asthma and systemic anaphylaxis. Studies have suggested that patients with anaphylactic shock have high levels of LTC4 and histamine. These mediators increase microvascular permeability, induce bronchoconstriction, etc. These are the cause of death in anaphylactic shock patients. This phenomenon is highly related to mast cell activation and degranulation. Some findings have suggested that anaphylactic reaction can be reduced by inhibiting mast cell activation (37). Several approaches have been reported to stabilized mast cells by targeting KIT (38), Fyn and Lyn (39), reducing IgE (40), etc. This study showed that safranal stabilized mast cells by decreasing degranulation and production of inflammatory mediators IL-6, TNF-α, and LTC4. The mechanism occurred via the inhibition of NF-κB and MAPKs and the inhibition of nuclear transcriptional factors. However, phosphorylated p38 and JNK protein expression in lung tissue has no statistically significant difference between model group and high dose safranal group. The results showed decreasing trend of the two proteins. Thus, further studies should be conducted to verify with greater sample size. We also found that the inhibition of MAPKs decreased LTC4 production by decreasing the activation and nuclear translocation of 5-LO and cPLA2. Since the effect of safranal on stabilizing mast cells was shown, we further investigated whether safranal could alleviate mast cell-related anaphylactic reactions. By using the PSA model, which passively stimulates mast cells in vivo, we found that the levels of histamine and LTC4 in serum were decreased.

As RNA-seq results revealed the effect of safranal on decreasing Ccl7 and Cxcl10 expression. These chemokines are related to asthma (18). Ccl7 is a chemoattractant for mast cells. By inhibiting Ccl7, the number of mast cells in lung tissue decreased (41). While 50% of asthma patients who are not responsive to corticosteroid treatments have elevated levels of Cxcl10, a study suggested that Cxcl10 could reduce steroid resistance (42). The production of Cxcl10 is related to JNK and NF-κB p65 activation (43), thus safranal could reduce Cxcl10 by the inhibition of JNK and NF-κB p65. In allergic conjunctivitis, Ccl7 promotes FcϵRI-mediated allergic reaction (44). Therefore, Ccl7 and Cxcl10 are potential targets to overcome allergic diseases. Further investigation of this mechanism should be conducted.

Here, we report that safranal, an active compound derived from Crocus sativus, has the potential to treat allergic diseases such as systemic anaphylaxis and asthma. Safranal also has potential to stabilizing mast cells and inhibiting cytokine production. The possible mechanism occurs through the inhibition of the MAPKs and NF-κB pathways. As summarised in Figure 10.




Figure 10 | Safranal alleviated OVA-induced asthma model and inhibits mast cell activation.
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Endoplasmic reticulum (ER) stress that disrupts ER function can occur in response to a wide variety of cellular stress factors leads to the accumulation of unfolded and misfolded proteins in the ER. Many studies have shown that ER stress amplified inflammatory reactions and was involved in various inflammatory diseases. However, little is known regarding the role of ER stress in hyperoxia-induced acute lung injury (HALI). This study investigated the influence of ER stress inhibitor, 4-phenyl butyric acid (4-PBA), in mice with HALI. Treatment with 4-PBA in the hyperoxia groups significantly prolonged the survival, decreased lung edema, and reduced the levels of inflammatory mediators, lactate dehydrogenase, and protein in bronchoalveolar lavage fluid, and increased claudin-4 protein expression in lung tissue. Moreover, 4-PBA reduced the ER stress-related protein expression, NF-κB activation, and apoptosis in the lung tissue. In in vitro study, 4-PBA also exerted a similar effect in hyperoxia-exposed mouse lung epithelial cells (MLE-12). However, when claudin-4 siRNA was administrated in mice and MLE-12 cells, the protective effect of 4-PBA was abrogated. These results suggested that 4-PBA protected against hyperoxia-induced ALI via enhancing claudin-4 expression.
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Introduction

In critical pulmonary and cardiorespiratory disease, the delivery of oxygen to peripheral tissues is increased with supplemental oxygen treatment. However, prolonged exposure to very high concentrations of oxygen (≥ 50%) leads to an acute lung injury and acute respiratoryIntroduction distress syndrome (ALI/ARDS), and eventually death (1). ALI induced by exposure to supraphysiological concentrations of oxygen (hyperoxia) is characterized by capillary endothelial and alveolar epithelial cell damage, inflammatory cell infiltration, and non-cardiogenic pulmonary edema (2). Hyperoxia-induced acute lung injury (HALI) is caused by reactive oxygen species and the release of pro-inflammatory mediators that induces lung epithelial cell death via apoptosis or necrosis (3, 4). However, the molecular mechanisms behind HALI in this disease process have not been adequately understood.

The endoplasmic reticulum (ER) stress originates as a cascade of reactions called the unfolded protein response (UPR), which is activated in response to an accumulation of unfolded or misfolded proteins in the ER lumen (5). Three specialized ER-localized protein sensors are involved in UPR initiation: inositol-requiring enzyme 1α (IRE1α), double-stranded RNA-dependent protein kinase (PKR)-like ER kinase (PERK), and activating transcription factor 6 (ATF6), which are released from binding immunoglobulin protein (BiP; also known as glucose-regulated protein–78, or GRP78) during ER stress. GRP78 is an ER-resident chaperone, which associates with these three ER stress sensors and represses their activity (6, 7). During ER stress, GRP78 was released from these three proteins to activate UPR and modified downstream effectors, including phosphorylation α subunit of eukaryotic initiation factor-2 (eIF-2α), activating transcription factor 4 (ATF4), ATF6, and increasing CCAAT/enhancer-binding protein (C/EBP) homologous protein (CHOP) levels (8–10). In addition, ER stress can activate the NF-κB signaling, thereby promoting the production of various inflammatory mediators (11). ER stress has been contributed to the progression of the disease involving inflammation including respiratory diseases, diabetes, obesity, neurodegenerative diseases, inflammatory bowel diseases, and many metabolic diseases (5, 11–14). 4-Phenyl butyric acid (4-PBA) is commonly thought an “ER stress inhibitor” primarily as a chemical chaperone. The major mechanism for the action of 4-PBA is that the hydrophobic regions of the chaperone interact with exposed hydrophobic segments of the unfolded protein. This interaction protects the protein from aggregation, promotes the folding of proteins, and reduces ER stress. 4-PBA is an orally bioavailable, and low molecular weight fatty acid that has been approved by the Food and Drug Administration for clinical use to treat urea cycle disorders and hyperammonemia (15). 4-PBA has potential benefit for a wide variety of diseases like cancer, cystic fibrosis, thalassemia, spinal muscular atrophy as well as protein folding diseases such as type 2 diabetes mellitus, amyotrophic lateral sclerosis, Huntington disease, Alzheimer’s disease, and Parkinson disease (15–20). Moreover, ER stress has a role in developing HALI (21). However, the pathophysiology of ER stress in HALI is still elusive.

Claudins belong to a large family of integral membrane proteins that are essential components in the tight junction (TJ) formation and function. Different claudins with distinct roles modulated paracellular solutes transportation through adjacent epithelial cells. Claudin-3, claudin-4, and claudin-18 are predominantly expressed in the alveolar epithelium (22). Expression of claudin-4 protein well correlates with an alveolar barrier function in mice and human lungs (23, 24). Kage et al. reported that claudin-4 deficient mice had been shown to increase susceptibility to HALI (25). One study reported that dermatophagoides farinae-sensitized mice had increased ER stress and impaired airway epithelial barrier function which was associated with an exaggerated decrease of TJ proteins. In contrast, 4-PBA (an inhibitor of ER stress) inhibited the increase of ER stress and subsequently reversed the decrease of TJ proteins (26). Besides, 4‐PBA prevented the loss of TJ proteins by suppressing ER stress after spinal cord injury (27). Although it has been demonstrated that hyperoxia exposure decreases the protein expression of claudin-4 in the pulmonary epithelial barrier (28), the contribution of ER stress in HALI to pulmonary TJ barrier dysfunction is still not conclusive.

Therefore, the present study investigated whether 4-PBA reduced ER stress and enhanced the expression of the claudin-4 protein in a mouse model of HALI and then determined the role of claudin-4 protein in the beneficial effects of 4-PBA using small interfering RNA (siRNA). Similar studies were also performed in mouse lung epithelial cells exposed to hyperoxia.



Methods


Animal Model of Hyperoxia Exposure

Male C57BL/6J mice (8-10 weeks of age) were housed according to the National Institutes of Health Guidelines. All experiments were approved by the Animal Review Committee of National Defense Medical Center (approval number: IACUC-17-258). The room was regulated with 12 hours day/night cycle. Food and water were provided ad libitum. The mice were randomly assigned to the control group, hyperoxia group, and hyperoxia + 4-PBA group. 4-PBA (10 mg/kg per day; Sigma-Aldrich, St Louis, MO, USA) or saline was intraperitoneally administrated to mice at 0, 24, 48 and 72 h. The dose of 4-PBA in the present study was selected based on previous studies and our preliminary studies (20) (Supplementary Figure 1). The hyperoxia mice were exposed to more than 99% oxygen in an airproof chamber for 24, 48, and 72 hours, respectively, as described previously (3). The control mice were exposed only to room air.



Survival Study

Mice treated with saline, or 4-PBA were continuously exposed to hyperoxia for evaluation of survival. The number of surviving mice was determined at 5-hours intervals until the last mouse died.



Wet/Dry Lung Weight Ratio

The right upper lung lobe was excised at the end of the experiment. After the wet lung weight was determined, and then a part of the right upper lung lobe was dried in an oven at 60°C for 48 hours. The W/D weight ratio was calculated.



Alveolar Fluid Clearance (AFC)

AFC was determined in vivo using an in situ model of mouse lung as previously described (29, 30). In brief, anesthetized mice were maintained at 37°C using a heating pad and lamp. During the experiment, the trachea was exposed and cannulated with an 18-gauge intravenous catheter. The lungs were inflated with 100% oxygen at continuous positive airway pressure of 7 cm H2O. Then, the instillate containing fluorescein isothiocyanate (FITC)-labeled albumin (Sigma-Aldrich, St. Louis, MO) was delivered to the lungs within 1 minute at a dose of 12.5 mL/kg. Alveolar fluid samples (100 μL) were collected 1 minute after instillation and at the end of the experiment (15 minutes later). The collected fluids were centrifuged at 3,000×g for 10 minutes, and the fluorescence activity in the supernatant was counted in duplicate. AFC was computed from the increase in alveolar fluid albumin concentration as follows:

	

where Ci and Cf represented the initial and final concentrations of FITC-albumin in the aspirate at 1 and 15 minutes, respectively, as assessed by the fluorescence activity measurements.



Bronchoalveolar Lavage Analysis of Protein, Lactate Dehydrogenase (LDH), and Cytokine Contents

The left lung was lavaged twice with 0.5 mL of saline after the experiment. The bronchoalveolar lavage fluid (BALF) was centrifuged at 200×g for 10 minutes. The concentration of proteins in the supernatant was measured using a bicinchoninic acid protein assay kit (Pierce, Rockford, IL). Lactate dehydrogenase (LDH) activity in BALF was measured using the method as previously described (31). BALF tumor necrosis factor-α (TNF-α, catalog number: RTA00), Monocyte Chemoattractant Protein-1 (MCP-1, catalog number: RCN100), interleukin-6 (IL-6, catalog number: R6000B), and keratinocyte-derived chemokine (KC, catalog number: R6000B) levels were determined using a commercial mouse ELISA kit (R&D Systems Inc., Minneapolis, MN, USA).



Malondialdehyde (MDA) and Protein Carbonyl Content in the Lung Tissue

MDA and protein carbonyl content were estimated as previously described (32). Briefly, the MDA of the supernatant was measured by absorbance at 532 nm and was expressed as nmol/mg protein. The protein carbonyl content was measured by the reaction with dinitrophenylhydrazine and was expressed as the concentration of carbonyl derivatives in the protein (nmol carbonyl/mg protein).



Immunohistochemical Analysis of Lung Myeloperoxidase

Immunohistochemical staining to evaluate myeloperoxidase (MPO) was performed as described previously (33). Briefly, paraffin-embedded lung tissue sections were deparaffinized before antigen retrieval. The lung sections were incubated with a solution of 3% H2O2 in methanol for 15 min to block endogenous peroxidase. The slides were exposed to rabbit polyclonal antibody (anti-MPO, 1:100, Cell Signaling Technology, Danvers, MA, USA). The slides were then washed and incubated for 30 min with rat-specific horseradish peroxidase polymer anti-rabbit antibody (Nichirei Biosciences, Tokyo, Japan), and then horseradish peroxidase substrate was added for 3 min. The lung sections were then counterstained with hematoxylin.



Western Blotting Analysis

The right lung samples and cell protein lysates were separated by 10% SDS polyacrylamide gel electrophoresis and immunoblots were developed as previously described (34). The membranes were blocked for 1 hours at room temperature with 5% nonfat milk and then incubated overnight at 4°C with the following antibodies: claudin-3 (Invitrogen, Carlsbad, CA, USA), claudin-4 (OriGene Technologies, Inc., Rockville, MD, USA), claudin-18 (Invitrogen), GRP78 (Abcam, Cambridge, MA, USA), phospho PERK (Taiclone, Taipei, Taiwan), phospho IRE1 (Abcam), ATF6 (Bioss Antibodies, Woburn, MA, USA), ATF4 (Bioss), GADD153 (CHOP, Santa Cruz Biotechnology, Dallas, TX, USA), B-cell lymphoma (Bcl)-2 (Santa Cruz Biotechnology), NF-κB p65, phospho-NF-κB p65, inhibitor of NF-κB (IκB)-α, cleaved caspase-3 and proliferating cell nuclear antigen (PCNA, Cell Signaling Technology), and β-actin (Sigma-Aldrich). All results were normalized to β-actin and expressed as the relative values to those for the control group.



Immunofluorescence Detections for Claudin-4

Immunofluorescence staining for claudin-4 was performed as previously described (34). Lung tissue sections were deparaffinized, permeabilized using 0.1% Triton X-100, and blocked with 5% BSA before incubation with anti-claudin-4 (1:200, OriGene Technologies, Inc.) antibody overnight at 4°C. Fluorescein isothiocyanate-conjugated goat anti-rabbit IgG (1:200; Santa Cruz Biotechnology) was used as the secondary antibody for counterstaining. After washing in PBS and DAPI staining, slides were observed and images were captured using a fluorescence microscope (Leica DM 2500; Leica Microsystems GmbH, Wentzler, Germany).



Cell Culture and Treatments

Mouse lung epithelial (MLE)-12 cells were cultured in DMEM/F-12 medium (Invitrogen) supplemented with 10% fetal bovine serum, penicillin (100 U/mL), and streptomycin (10 μg/mL) at 37°C and 5% CO2 in humidified air as described previously (34). These cells were exposed to hyperoxia (95% O2 and 5% CO2) for 72 hours. The cells were pretreated with vehicle, 4-PBA (0.3 mM), or claudin-4 siRNA (25 nM). The dose of 25 nM claudin-4 siRNA used in MLE-12 cell was determined by Western blot (Supplementary Figure 2). For claudin-4 siRNA transfection, MLE-12 cells were incubated for 24 hours and transfected with claudin-4 siRNA, using DharmaFECT™ 1 siRNA Transfection Reagent (Dharmacon Inc. Chicago, IL, USA). MLE-12 cells with non-targeting control siRNA treatment were used as negative controls. After 24 hours, the culture medium was replaced with the recommended medium. Forty-eight hours after claudin-4 siRNA treatment, MLE-12 cells were exposed to hyperoxia for 72 hours. Next, cells were lysed for protein extraction subjected to the western blot procedure. The supernatant was collected and assayed for KC using a mouse KC ELISA kit (R&D, Inc.). The experiments were performed in triplicates.



siRNA Transfection In Vivo

100 μg of claudin-4 siRNA per mouse was administrated intratracheally in 50 μl. The intratracheal dose of 100 μg claudin-4 siRNA was determined by Western blot in the lung tissue (Supplementary Figure 3). Claudin-4 siRNA was sprayed directly into the mice lungs via the endotracheal route using a MicroSprayere aerolizer (Penn-Century, Philadelphia, PA, USA) as described previously (35). Forty-eight hours after injection, 4-PBA or saline was given intraperitoneally and then mice were exposed to hyperoxia for 72 hours. All the mice were sacrificed 72 hours after anesthesia, and the lung samples were collected.



Electric Cell-Substrate Impedance Sensing (ECIS)

Epithelial barrier function was determined as previously described (36) using an ECIS system (Applied Biophysics, Troy, NY, USA). The ECIS with two 8W1E array plates (ibidi GmbH, Martinsried, Germany) served as a platform. The array holder was placed in a standard cell culture incubator (37°C, 100% humidity and 5% CO2). The array plates were equilibrated overnight with 400 μl of DMEM/F12 at cell culture conditions. Then 6×105 MLE-12 cells were seeded on ECIS electrode arrays. After 20 hours of adherence, the arrays were affixed to the ECIS system and recorded with ECMS 1.0 software (CET, IA, USA). ECIS tracings expressed as transepithelial electric resistance (TER) are normalized to plateaued resistance values (subsequent values divided by initial values), and comparisons were made between 4-PBA (0.3 mM), claudin-4 siRNA (25 nM), and vehicle control-treated MLE-12 cells.



Data Analysis

Statistical analyses were performed using GraphPad Prism 5 statistical software (GraphPad Software, San Diego, CA, USA). The data were presented as means ± SD, and multiple groups were evaluated using one-way ANOVA followed by a post-hoc Bonferroni test. Differences in survival were conducted using the Kaplan–Meier method with a log-rank test. p-value < 0.05 was considered statistically significant differences.




Results


4-PBA Ameliorated HALI in Mice

To investigate the protective effect of 4-PBA in mice with exposure to 100% O2, the survival was compared between the hyperoxia + 4-PBA group and the saline + hyperoxia group. All mice exposed to hyperoxia died within 105 h hours, whereas treatment with 4-PBA significantly prolonged survival in mice exposed to hyperoxia (Figure 1A). The protein and LDH levels in the BALF in mice with exposure to hyperoxia for 24, 48, and 72 hours were time-dependently increased (Figures 1B, C). The W/D ratio was significantly increased but AFC was significantly decreased in mice with exposure to hyperoxia for 72 hours when compared with the room air group (Figures 1D, E). Histologic evaluation of lung tissues in mice with exposure to hyperoxia for 72 hours showed distinct alveolar wall thickening and increased neutrophil infiltration in the interstitium and alveoli (Figure 1F). In contrast, treatment with 4-PBA significantly decreased protein and LDH levels in the BALF, and W/D ratio, increased AFC, and improved pathological change in lung tissue (Figures 1B–F).




Figure 1 | 4-PBA prolonged survival rate, and improved lung edema and lung histopathology in mice with hyperoxia-induced lung injury. Survival was determined every 5 hours. The Kaplan–Meier survival curve was plotted and the difference in survival between the groups was significant (p < 0.001, log-rank test) (A). Protein concentration in bronchoalveolar lavage fluid (BALF) (B), BALF lactate dehydrogenase (LDH) activity (C), and lung wet/dry ratio (W/D) (D) significantly increased in the hyperoxia group. Treatment with 4-PBA significantly attenuated the increase in these parameters. In addition, the 4-PBA increased AFC in mice exposed to hyperoxia 72 hours (E). 4-PBA treatment significantly reduced thickening of the alveolar walls and neutrophil infiltration in the hyperoxia group. (representative results, Bar = 50 µm, hematoxylin, and eosin staining) (F). Data are expressed as mean ± SD (6 mice per group). **p < 0.01, ***p < 0.001, compared with the 0 hour group; +p < 0.05, ++p < 0.01, compared with the hyperoxia (72h) group; ##p < 0.01 compared with the room air group.





4-PBA Suppressed Hyperoxia-Induced Increase of Inflammatory Mediator Production in BALF

To assess the anti-inflammatory effects of 4-PBA on HALI, TNF-α, IL-6, KC, and MCP-1 production in BALF were detected. The levels of TNF-α, IL-6, MCP-1 and KC were significantly increased after exposure to hyperoxia for 72 hours compared with the room air group (Figures 2A–D). However, 4-PBA-treated mice markedly reduced the level of these inflammatory mediators in BALF. These results indicate that 4-PBA may attenuate HALI by suppressing the inflammatory response.




Figure 2 | 4-PBA alleviates hyperoxia-induced inflammatory mediator production in the bronchoalveolar lavage fluid (BALF). TNF-α (A), IL-6 (B), MCP-1 (C), and KC (D) levels were analyzed by ELISA in the BALF. Data are expressed as mean ± SD (6 mice per group). ***p < 0.001, compared with the room air group; +p < 0.05, ++p < 0.01, +++p < 0.001 compared with the hyperoxia group.





4-PBA Attenuated Hyperoxia-Induced ROS Production

The index for oxidative stress including MPO, MDA, and protein carbonyl was examined to evaluate the anti-oxidative activity of 4-PBA in mice with HALI. Hyperoxia induced significant increases in the numbers of MPO-positive cells, and the levels of MDA and protein carbonyl contents in the lung tissue (Figures 3A–C). However, 4-PBA significantly suppressed these increases.




Figure 3 | 4-PBA attenuates hyperoxia-induced oxidative stress in lung tissue. Immunohistochemical staining (×200) of MPO in 72 hours after hyperoxia (A). The MDA levels in the BALF (B), and protein carbonyl contents (C) in lung tissues were analyzed by ELISA. Data are expressed as mean ± SD (6 mice per group). **p < 0.01, ***p < 0.001, compared with the room air group; +p < 0.05 compared with the hyperoxia group.





4-PBA Inhibited NF-κB Signaling Pathway and Apoptosis in Mice With HALI

To investigate whether 4-PBA treatment can inhibit the NF-κB signaling pathway and apoptosis in HALI, the protein expressions of NF-κB, IκB-α, cleaved caspase-3, and Bcl-2 were measured by Western blotting. The reduction in cytoplasmic IκB-α after 72 hours of exposure to hyperoxia corresponded with an increase in nuclear p65, indicating activation of the NF-κB pathway (Figures 4A–C). The level of cleaved caspase-3 was significantly increased (Figures 4A, E), whereas the Bcl-2 was significantly decreased in the hyperoxia group compared to the room air group (Figures 4A, D). In contrast, 4-PBA treatment significantly increased IκB-α and Bcl-2 levels, and decreased NF-κB p65 and cleaved caspase-3 levels.




Figure 4 | 4-PBA suppresses NF-κB signaling pathway and apoptosis in mice with HALI. (A) Western blot analysis of NF-κB, IκB-α, Bcl-2 and cleaved caspase-3 expression in lung tissues. Relative expressions of NF-κB (B), IκB-α (C), Bcl-2 (D), and cleaved caspase-3 (E) in lung tissues were shown. Data are expressed as mean ± SD (3 mice per group). *p < 0.05, **p < 0.01, ***p < 0.001, compared with the room air group; +p < 0.05 compared with the hyperoxia group.





4-PBA Reduced ER Stress-Related Protein Expressions in Mice With HALI

To evaluate whether ER stress-related proteins are activated upon HALI, the protein levels of GRP78, p-PERK, p-IRE1, ATF-6, CHOP, ATF-4, and p-eIF2α were measured in lung tissues. Western blot analyses demonstrated that the levels of GRP78, p-PERK, p-IRE1, ATF-6, CHOP, ATF-4, and p-eIF2α in lung tissues were significantly increased after 72 hours hyperoxia exposure, compared with the room air group. The increase of ER stress-related proteins after 72hours hyperoxia exposure were markedly reduced by administration of 4-PBA (Figures 5A–H).




Figure 5 | 4-PBA alleviates hyperoxia-induced ER stress-related proteins in lung tissues. (A) Western blot analysis of GRP78, p-PERK, p-IRE1, ATF6, CHOP, ATF4, and p-elF-2 expression in lung tissues. Relative expressions of GRP78 (B), p-PERK (C), p-IRE1 (D), ATF6 (E), CHOP (F), ATF4 (G), and p-elF-2 (H) in lung tissues were shown. Data are expressed as mean ± SD (3 mice per group). **p < 0.01, ***p < 0.001, compared with the room air group; +p < 0.05, ++p < 0.01 compared with the hyperoxia group.





4-PBA Restored the Hyperoxia-Induced Disruption of Tight Junctions in Lung Tissue

To understand whether 4-PBA can regulate the expression of various claudin proteins in mice with HALI, claudin-3, claudin-4, and claudin-18 in the lung were determined. The result demonstrated that the levels of claudin-3, claudin-4, and claudin-18 in lung tissues were significantly decreased at 72 hours exposed to hyperoxia, compared with the room air group. The decrease of claudin-4 protein after hyperoxia exposure was significantly increased by administration of 4-PBA but not for claudin-3 and claudin-18 (Figures 6A, B). Immunofluorescence images from the room air group indicated that claudin-4 was localized in the alveolar epithelium cells showing continuous distribution. After 72 hours exposure to hyperoxia, claudin-4 showed discontinuous and decreased expression. Treatment with 4-PBA increased the staining intensity compared with the hyperoxia group, demonstrating retrieval of claudin-4 protein expression (Figure 6C).




Figure 6 | 4-PBA enhances claudin-4 protein expression in mice with HALI. (A) Western blot analysis of claudin-3, claudin-4, and claudin-18 expression in lung tissues. (B) Relative expressions of claudins in lung tissues were shown. (C) Representative immunofluorescence staining of claudin-4 (red fluorescence). The results are expressed as the mean ± SD; n= 3. *p < 0.05 and **p < 0.01, compared with the room air group, +p < 0.05 compared with the hyperoxia group.





4-PBA Protected Against Hyperoxia-Induced Epithelial Barrier Dysfunction in MLE-12 Cells via Enhancing Claudin-4 Expression

To verify the role of claudin-4 in the protective effect of 4-PBA, cells were transfected with siRNA targeting claudin-4. As shown in Figures 7A, B, MLE-12 decreased resistance after exposed to hyperoxia, as using ECIS assessment compared with the room air group. 4-PBA-treated MLE-12 significantly increased resistance after exposed to hyperoxia. But the protective effect of 4-PBA was blunted when claudin-4 was knockdown. The immunofluorescence staining showed that the decreased fluorescence intensity and disrupted distribution of claudin-4 was noted in the MLE-12 cells exposed to hyperoxia when compared with room air. 4-PBA failed to restore barrier function in claudin-4 siRNA -treated MLE12 exposed to hyperoxia (Figure 7C). Treatment with 4-PBA in MLE-12 increased claudin-4 protein expression in the hyperoxia group. But the increased claudin-4 protein expression induced by 4-PBA was abolished by claudin-4 knockdown (Figure 7D).




Figure 7 | Claudin-4 knockdown abrogates the beneficial effects of 4-PBA on barrier function of MLE-12 cells. (A) Dynamic measurement of barrier function in MLE-12 cells subjected to room air, hyperoxia, hyperoxia + 4-PBA, and hyperoxia + claudin-4 siRNA + 4-PBA. Depicted plots were mean normalized resistance values with standard error from 3 repeated measures in each condition (B) Quantitation of normalized resistance 72 hours in each condition in MLE-12 cells (C) Representative immunofluorescence staining of claudin-4 (green fluorescence). (D) Representative Western blot and densitometry analysis of claudin-4. Data are mean ± SD, each experiment was performed at least independently in triplicate, *p < 0.05, **p < 0.01, ***p < 0.001 compared with the room air group, ++p < 0.01, compared with the hyperoxia group.





The Protective Effects of 4-PBA in Attenuating KC Production, GRP78 and CHOP Protein Expression, and Apoptosis in Hyperoxia-Exposed MLE-12 Cells Were Blocked by Claudin-4 Knockdown

In MLE-12 cells, 4PBA significantly attenuated the hyperoxia-induced increase in the level of KC, GRP78, and CHOP protein expression, and cleaved caspase-3 protein expression but decreased Bcl-2 protein expression. These beneficial effects of 4PBA were abolished in cells transfected with claudin-4 siRNA (Figures 8A–F).




Figure 8 | Claudin-4 knockdown blunts the beneficial effects of 4-PBA in KC production, GRP78 and CHOP protein expression, and apoptosis in hyperoxia-exposed MLE-12 cells. (A) KC in BALF was measured by ELISA. (B) Western blot analysis of GRP78, CHOP, Bcl-2, and cleaved caspase-3 expression in MLE-12 cells. Relative expressions of GRP78 (C), CHOP (D), Bcl-2 (E), and cleaved caspase-3 (F) in MLE-12 cells were shown. Data are mean ± SDs, each experiment was performed at least independently in triplicate, *p < 0.05, **p < 0.01, ***p < 0.001 compared with the control group, +p < 0.05, compared with the hyperoxia group.





Claudin-4 Knockdown Abolishes the Beneficial Effect of 4-PBA in Mice With HALI

When mice were treated with claudin-4 siRNA, the beneficial effect of 4-PBA in the survival of hyperoxia mice was abrogated (Figure 9A). Further, mice treated claudin-4 siRNA also abolished the effect of 4-PBA in decreasing pathological changes, carbonyl content in lung tissue, and protein, IL-6, and KC concentrations in BALF in hyperoxia-exposed mice (Figures 9B–F).




Figure 9 | The beneficial effects of 4-PBA in mice with hyperoxia-induced lung injury were abolished by claudin-4 siRNA. Survival for each group was monitored during the observation period and plotted as Kaplan-Meier survival curves. The difference in survival between hyperoxia + 4-PBA and hyperoxia + claudin-4 siRNA + 4-PBA groups was significant (p < 0.05, log-rank test) (A). Representative immunohistochemical staining images of MPO (B). Protein carbonyl contents (C) in lung tissue and protein (D), KC (E), and IL-6 (F) levels in the BALF were measured by ELISA. The results are expressed as the mean ± SD; n=6. ***p < 0.001, compared with the control group; +p < 0.05, +++p < 0.001 compared with the hyperoxia group. #p < 0.05, ###p < 0.001 compared with the hyperoxia + 4-PBA group.





Claudin-4 Knockdown Blocked the Effect of 4-PBA in ER Stress, NF-κB Signaling Pathway, and Apoptosis in Mice With HALI

As shown in Figure 10, 4-PBA decreased GRP78, CHOP, NF-κB, and cleaved caspase-3 protein expressions, and increased IκB-α and Bcl-2 protein expressions. However, these beneficial effects of 4PBA disappeared when claudin-4 siRNA was employed in the mice (Figures 10A–G).




Figure 10 | Claudin-4 knockdown attenuates the effect of 4-PBA in GRP78 and CHOP protein expression, NF-κB signaling pathway, and apoptosis in mice with hyperoxia-induced lung injury. (A) Western blot analysis of GRP78, CHOP, NF-κB, IκB-α, Bcl-2, and cleaved caspase-3 expression in lung tissues. Relative expressions of GRP78 (B), CHOP (C), NF-κB (D), IκB-α (E), Bcl-2 (F), and cleaved caspase-3 (G) in lung tissues were shown. The results are expressed as the mean ± SD; n=3. *p < 0.05, **p < 0.01, ***p < 0.001, compared with the control group; +p < 0.05, compared with the hyperoxia group.






Discussion

This study demonstrated that 4-PBA, a chemical chaperone, significantly improved multiple indices of HALI, such as prolonging survival, and decreasing AFC, lung edema, and disruption of tight junction proteins, production of pro-inflammatory cytokines, oxidative stress, the pulmonary neutrophil influx, and lung tissue damage. Furthermore, 4-PBA also inhibited hyperoxia-induced ER stress protein expressions, apoptosis, and NF-κB signaling pathways. Consistent with in vivo findings, 4-PBA treatment had a similar advantageous effect on MLE-12 epithelial cells exposed to hyperoxia. Importantly, 4-PBA enhanced claudin-4 protein expression in mice and MLE-12 cells exposed to hyperoxia. However, these protective effects of 4-PBA were abolished when claudin-4 was knockdown. These experiments indicate that 4-PBA may have potential benefits as adjuvant therapy for HALI and the protective mechanism was via enhancing claudin-4 expression.

The involvement of ER stress in pulmonary disorders including lung cancer, pulmonary fibrosis, pulmonary infection, cigarette smoke exposure, and asthma have been reported (37–41). ER stress contributes to impair hyperoxia-induced lung injury in the rat (42, 43). 4-PBA attenuates unfold protein aggregation and ER stress in LPS-induced lung inflammation (44). In this study, 4-PBA reduced the hyperoxia-induced up-regulation of GRP78, PERK, IRE1α, ATF4, ATF6, eIF2, and CHOP in both mice and MLE12. The results showed that 4-PBA was able to attenuate the pathologic changes associated with HALI. These findings suggest that ER stress is one of the crucial players during inducing and maintaining HALI.

Transmembrane and cytosolic proteins create a primary barrier to maintain lung fluid balance. The barrier function of all epithelia and endothelia is mainly provided by tight junction proteins. Claudins were integral membrane proteins found in tight junction that mainly provided the barrier function of all epithelia and endothelia (45). Hyperoxia exposure decreased claudin-4 protein expression that resulted in alveolar epithelial barrier dysfunction (18). Vyas‐Read et al. (46) demonstrated that the claudin composition of tight junctions in the pulmonary epithelium was affected by hyperoxia that increased rat sensibility to pulmonary edema and respiratory distresses. The results showed that hyperoxia impaired the expression of claudin-4 proteins and thereby increased the vascular permeability, and 4-PBA treatment significantly increased claudin-4 protein expression but not claudin-3 and claudin-18, which reduced the severity of lung injury. Moreover, in in vitro studies using MLE-12 epithelial cells exposed to hyperoxia, 4-PBA significantly attenuated the hyperoxia-induced epithelial barrier dysfunction and increased claudin-4 protein expression. However, the beneficial effect of 4-PBA was diminished by claudin-4 siRNA administration in mice and MLE-12 cells. These data suggested that the beneficial effect of 4-PBA in HALI was mediated by enhancing claudin-4 protein expression. Further study is needed to understand how 4-PBA increases the expression of claudin-4 in HALI.

It is clear that ER and oxidative stress are highly inter-related biological processes of exacerbating the inflammation which leads to pathophysiology in HALI (4). When ER protein folding is severely impaired in HALI, a large amount of ROS will be produced (4). High ROS levels can activate injured signaling pathways that aggravate inflammation, modify cellular signaling and function, leading to cell death. ER stress was also an important feature in epithelial cell dysfunction and death, both of which contributed to inflammation and disease. Harding et al. (47) have reported that the production of ROS has been linked to ER stress and the UPR. Further, ROS generation and ER stress are closely linked events of apoptosis (48). When the ER stress is lessened, cells will survive due to UPR-activated pro-survival signaling (48). Blocking ER stress with 4-PBA significantly decreased intracellular ROS generation and apoptosis (49–51). Therefore, ROS generation and ER stress accentuated each other through a positive feed-forward loop (48, 52). In the present study, administration of 4-PBA effectively reduced ER stress, MDA, protein carbonyl, and inflammatory response in HALI. Our results were also comparable with previous reports (50, 51). However, the exact mechanism needs further clarification.

A lot of evidence has demonstrated that ROS can disrupt epithelial and endothelial TJ proteins (53). Compromised tight junction barrier increases paracellular permeability and triggers a series of events including apoptosis and inflammatory response in the gastrointestinal tract, liver, kidney, lung, and brain (35, 53, 54). TJ barrier dysfunction and inflammation are closely related with each other, and proinflammatory cytokines contributes to the inflammatory cascade, TJ dysregulation, and apoptosis. Further, ROS can disturb ER protein folding, induce ER stress, and decrease the expression of TJs (49, 55). Subsequently, it can stimulate the UPR to cause apoptosis (49, 56). Previous studies also demonstrated the complex links between TJ proteins, cell death pathways, and inflammatory responses (56). In this study, 4-PBA effectively reduced oxidative and ER stress, the level of proinflammatory cytokines, and apoptosis but increased claudin 4 protein expression in HALI. Therefore, the integration of the TJ proteins, inflammatory signaling pathways, ROS, ER stress and apoptosis is important to the pathogenesis of a variety of diseases. However, the detailed molecular mechanisms in the complex network of interactions are still not elucidated. Further study will be required to understand the interplay.

NF-kB signaling pathway is critical for inflammatory response and associated with the production of various cytokines and chemokines (57). Under physiological conditions, NF-κB proteins are normally sequestered in the cytoplasm by its endogenous inhibitor, IκB. Upon activation, IκB phosphorylation triggers ubiquitin-dependent degradation and subsequently releases NF-κB which translocates to the nucleus and induces transcription of target genes (58). Previous studies have previously demonstrated that HALI promoted IκB degradation and NF-κB activation (29, 46). It had been previously shown that inhibition of NF-κB attenuated the stretch-induced increase in alveolar epithelial cell permeability (59). Kim et al. (45) showed that 4-PBA attenuated LPS-mediated NF-κB activation in the lungs. In this study, 4-PBA significantly suppressed IκB degradation and NF-κB activation that led to decreased production of proinflammatory cytokines and chemokines, such as TNF-α, IL-6, MCP-1, and KC, and reduced leukocyte infiltration in lung tissue. Moreover, in in vitro studies, 4-PBA also significantly inhibited NF-κB activation and the production of KC in MLE-12. Therefore, the anti-inflammatory effect of 4-PBA could be partly explained by its inhibition of NF-κB signaling and the consequent production of pro-inflammatory cytokines. However, these protective effects of 4-PBA were canceled by claudin-4 gene knockdown.

The present study focused on changes in the protein levels of claudin-4 by 4-PBA. Other types of intercellular junctions, such as occludin and zonula occludens (ZO) proteins also regulate tight junction assembly. Occludin-deficient mice are viable, indicating that occludin is not required for epithelia to form functional tight junctions. Further, barrier function in ZO-1/ZO-2-deficient Madin-Darby canine kidney cells is comparable to that of wild-type controls (60). All claudin family members have their various roles in modulating paracellular solutes transportation through adjacent epithelial cells. The effects of combinations of other claudins with claudin-4 in HALI were not clear (61). Further, the possibility that ER stress is involved in the oligomerization of these proteins under hyperoxia condition should be further investigated.

In summary, this study demonstrated that 4-PBA, an ER stress inhibitor, attenuated HALI by prolonging survival, decreasing lung edema, production of inflammatory cytokines, reactive oxygen species, apoptosis, and the activation of NF-κB and ER stress signaling (Figure 11). In addition, 4-PBA increased the TJ protein expression of claudin-4. The results of in vitro experiments with 4-PBA and MLE-12 cells exposed to hyperoxia confirmed the in vivo experiments. But these beneficial effects of 4-PBA were abolished when claudin-4 was knocked down. Further understanding of the physiological action of 4-PBA for tight junction protein is needed before being considered as a therapeutic option in HALI.




Figure 11 | Schematic shows that hyperoxia triggers endoplasmic reticulum (ER) stress responses that lead to inflammation and apoptosis. The inflammation and apoptosis impair tight junction function and lung vascular permeability that induce acute lung injury. 4-PBA administration improves these phenomena. ATF4, activating transcription factor 4; ATF6, activating transcription factor 6; IRE1, inositol-requiring enzyme 1; PERK, protein kinase-like ER kinase. p-elF-2α, eukaryotic translation initiation factor 2α.
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Sleep-related breathing disorders (SBDs) are characterized by abnormal respiration during sleep. Obstructive sleep apnea (OSA), a common SBD increasingly recognized by physicians, is characterized by recurrent episodes of partial or complete closure of the upper airway resulting in disturbed breathing during sleep. OSA syndrome (OSAS) is associated with decreased patients' quality of life (QoL) and the presence of significant comorbidities, such as daytime sleepiness. Similarly to what seen for OSAS, the prevalence of asthma has been steadily rising in recent years. Interestingly, severe asthma (SA) patients are also affected by poor sleep quality—often attributed to nocturnal worsening of their asthma—and increased daytime sleepiness and snoring compared to the general population. The fact that such symptoms are also found in OSAS, and that these two conditions share common risk factors, such as obesity, rhinitis, and gastroesophageal reflux, has led many to postulate an association between these two conditions. Specifically, it has been proposed a bidirectional correlation between SA and OSAS, with a mutual negative effect in term of disease severity. According to this model, OSAS not only acts as an independent risk factor of asthma exacerbations, but its co-existence can also worsen asthma symptoms, and the same is true for asthma with respect to OSAS. In this comprehensive review, we summarize past and present studies on the interrelationship between OSAS and SA, from endo-phenotype to clinical aspects, highlighting possible implications for clinical practice and future research directions.

Keywords: sleep-reated breathing disorders, obstructive sleep apnea syndrome, severe asthma, airway inflammation, obesity


INTRODUCTION

While sleep-related breathing disorders (SBDs) and asthma, two of the most widespread respiratory diseases, have been increasingly well-characterized, their mutual comorbidity and potential bidirectional relationship still need to be fully addressed. Obstructive sleep apnea syndrome (OSAS) is the most common—albeit currently underdiagnosed—form of SBD, with a prevalence of up to 30% in Western populations (1). In the last 20–30 years, there has been growing evidence that OSAS is associated with increased bronchial hyperresponsiveness (2) and inflammation (3) and that may represent an independent risk factor for asthma exacerbations (4). Similarly, the prevalence of asthma has been steadily rising, affecting up to 22% of the population in many countries (5). Many patients suffering from asthma report poor sleep conditions, often attributed to nocturnal worsening of their asthma (6–8), increased daytime sleepiness (6), and a higher prevalence of snoring as compared to the general population (9). Such symptoms are commonly found in OSAS patients, suggesting an association between these two conditions (10). Moreover, these two diseases share common risk factors, such as obesity, rhinitis, and gastroesophageal reflux (GER) (11). However, it still remains to be determined whether—and to what extent—OSAS and asthma are just two distinct diseases with similar symptoms, or they are pathophysiologically associated (10).



DEFINITIONS AND EPIDEMIOLOGY

Over the last decade, growing attention has been paid to sleep and SBDs, the latter characterized by abnormal respiration during sleep. According to the International Classification of Sleep Disorders (3rd edition), they can be classified in into four major groups: (i) obstructive sleep apnea (OSA); (ii) central sleep apnea (CSA); (iii) sleep-related hypoventilation; and (iv) sleep-related hypoxemia disorder (12, 13). The most common sleep-related breathing disorder is OSAS, which is increasingly being recognized due to the obesity epidemic and a greater public and physician awareness (14). OSAS is a syndrome characterized by recurrent episodes of partial or complete closure of the upper airway, resulting in disturbed breathing during sleep. The recurrent collapse of the pharyngeal airway during sleep is associated with decreased quality of life (QoL) and significant medical comorbidities (14), leading to apnea or hypopnea and, thus, to intermittent hypoxia and sleep segmentation throughout the night (15–17). Abnormal fluctuations of cardiac rhythm, blood pressure, and intrathoracic pressure are also frequently observed (16, 18). These acute disturbances evolve into mid- and long-term sequelae, such as chronic inflammation, endothelial dysfunction, and metabolic dysregulation (17, 19, 20), followed by hypertension, cardiovascular morbidities (16, 18–20), obesity, insulin resistance (17, 19, 20), impaired cognitive function (16, 20–22), mood, and QoL (16, 20, 22, 23), and premature death (16, 20, 24–26). In recent years, the prevalence of SBDs among the general population has been constantly growing probably due to the availability of more sophisticated and reliable diagnostic devices alongside the aforementioned increased physician awareness. However, these estimates are often biased by methodological issues, such as the different criteria used to define OSAS and the type of technology being employed.

In-laboratory attended diagnostic polysomnography or portable home sleep testing can be used to diagnose sleep apnea (14). In the 80's, an average estimate of prevalence in the general population was set at around 5–30%, with higher rates being more common males (1, 20). In the early 90's, Young and colleagues published the results of the Wisconsin Cohort study (WSCS) (27), the first study on SDB prevalence, confirming that these conditions generally affect more men than women (24 vs. 9%, respectively). The authors also estimated that 2% of women and 4% of men belonging to the middle-aged workforce met the diagnostic criteria for sleep apnea syndrome—i.e., an individual with an apnea-hypopnea score of 5 or higher and co-existing daytime hypersomnolence. These estimates were subsequently revised upwards in a follow-up study (16).

In the following years, new criteria for case definition and revised recommendations for recording and scoring were issued by the American Academy of Sleep Medicine. Furthermore, the combined use of nasal pressure technology and pulse oximeters led to a substantial improvement of the sensitivity of breath recording during sleep hours (20). Thanks to these advances, a large population-based study (HypnoLaus) was able to report a significantly higher prevalence of moderate-to-severe sleep-disordered breathing (≥15 events per h) in men compared to women (49.7 vs. 23.4%, respectively) (20), potentially linked to risk factors such as smoking habits, hormonal influences, and different patterns of fat deposition and responsiveness to inspiratory loading.

Continuous positive airway pressure (C-PAP) therapy is the first-line treatment for OSAS in adults (14). Other modalities include mandibular advancement devices, surgery, or upper airway stimulation therapy. Adjunctive therapy should include weight loss in overweight patients, avoidance of sedatives and alcohol before sleep, and possibly positional therapy (14).

Similarly to what seen for OSAS, also the prevalence of asthma has been steadily rising in recent years, now affecting around 22% of the population in several countries across the globe (5, 28, 29). Indeed, asthma affects more than 330 million people worldwide, and it is likely that by 2025 100 million more people could suffer from it (30, 31). Even though asthma prevalence is higher in developed countries, it continues to rise in low- to middle- income countries where it is associated with a higher mortality rate (31, 32). In the US, the prevalence of asthma in 2017 was 7.9%, with higher rates in children (<18 years; 8.4%) and lower rates in adults (≥18 years; 7.7%) (32). In 2010, nearly 1.8 million emergency room visits were attributed to asthma, and in 2013 this disease accounted for an estimated 10.1 million lost work days among employed adults (33).

To make matter worse, over nine million children in the US have been diagnosed with asthma, of whom 75% have active disease (28, 29). While asthma is more common in males during childhood, it becomes more prevalent in adult women. This gender gap narrows down in the 5th decade, suggesting that sex hormones may play a role in the development of some forms of asthma (31).

Asthma is a multifactorial chronic respiratory disease, usually associated with airway hyperresponsiveness to direct or indirect stimuli, and with persistent airway inflammation. These features may lead to variable expiratory airflow limitation and to the common symptoms of wheeze, shortness of breath, chest tightness, and/or cough (5).

Asthma may have different underlying causes and processes. Indeed, its etiology has been increasingly attributed to interactions between environmental factors (e.g., air pollution, aeroallergens, and weather), host factors (e.g., obesity, nutritional factors, infections, and allergic sensitization), and genetic factors (e.g., asthma susceptibility genes, sex) (31). Interestingly enough, asthma shares a common background of chronic inflammation—and thus statistical association—with other health issues, for example psoriasis and vitiligo (34, 35) or food anaphylaxis (36).

Based on diverse recognizable clusters of demographic elements, clinical features, and pathophysiological characteristics, it is possible to recognize several different “asthma phenotypes.” Some of the common phenotypes indicated by the Global Initiative for Asthma (GINA) 2020 guidelines are summarized in Table 1 (5). Moreover, nearly 3–5% of the total asthma population can be classified as having severe asthma (SA): the small group of SA patients accounts for most of the cost for asthma care (40). The current definition of SA is based on the 2014 ERS/ATS guidelines (41, 42). The diagnostic criteria of SA in patients aged ≥6 years and those of uncontrolled asthma are shown in Table 2.


Table 1. Most common phenotypes of asthma (5).
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Table 2. Definition of severe asthma (2014 ERS/ATS guidelines).
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A large number of patients suffering from asthma report poor sleep, often attributed to nocturnal worsening of their asthma (6–8), increased daytime sleepiness (6), and a higher prevalence of snoring than that of the general population (9).



UNDERLYING PATHWAYS

Symptoms present in both OSAS and asthma suggest a possible association between the two conditions. The first demonstration that asthma is associated with an increased risk of developing OSAS came from the Wisconsin Sleep Cohort Study, a randomized population-based prospective study started in 1988, where 547 adult subjects (52% females, mean age 50 years) were subjected to polysomnography every 4 years. Asthma data were recorded by general practitioners or through the administration of questionnaires. Subsequently, the relationship between the incidence of asthma and OSAS and excessive daytime sleepiness (EDS) was examined by regression analysis. The results showed that the relative risk for asthma patients—adjusted by sex, age, and body mass index (BMI)—of developing OSAS during a 4-year observational period was quite high (RR = 1.39). The observation that asthma was significantly related to the development of new OSAS (RR = 2.72, P = 0.045) led the authors to conclude that asthma is related to the development of OSAS with EDS (43–45). Further studies suggested a bidirectional correlation between asthma and OSAS, with a mutual negative effect in term of severity. Specifically, OSAS was shown to not just be an independent risk factor for asthma exacerbations (4) but also to worsen asthma (46). Likewise, asthma was shown to exacerbate OSAS in the same study (46). Lastly, the Berlin Questionnaire survey study recorded a more frequent occurrence of daytime sleepiness and apnea in asthmatic patients compared to the general population (10).

The first evidence of a higher frequency of roncopathy in atopic women (47) was described by a 14-year prospective study, showing a pathogenetic role of asthma in sleep respiratory disorder development (48). Other authors evaluated the effect of OSAS on asthma control, reporting that the presence of OSAS was associated with poor asthma control (3) both at daytime and night (11). In addition, OSAS treatment ameliorated asthma symptoms, morning peak flow values, and QoL (12). Further confirmation of the interplay between asthma and OSAS came from a series of polysomnographic studies showing a high OSAS prevalence (up to 90%) in patients suffering from SA (49, 50). Fittingly, findings from an SA cohort study demonstrated that a higher proportion of patients with SA were at high risk of developing OSAS compared to controls (26 vs. 3%, respectively) (51).

According to the results of the Severe Asthma Research Program, SA patients experienced poorer sleep quality, were sleepier, and had a worse QoL than their healthy counterparts. A significant association between the Sleep Apnea Scale of the Sleep Disorders Questionnaire (SA-SDQ) and the count of polymorphonuclear cells in sputum was recorded as well. In particular, each increase in SA-SDQ score by its standard deviation (6.85 units) was associated with a rise in percentage of sputum neutrophils of 7.78 (95% CI 2.33–13.22, P = 0.0006), independent of obesity and other confounders (51). Thus, the authors concluded that OSAS symptoms are more prevalent among asthmatics, where they tend to associate with higher disease burden. Finally, among asthma patients, the increased risk of OSAS was associated with the occurrence of neutrophilic airway inflammation, suggesting that OSAS may be an important contributor to neutrophilic asthma (51).



PATOPHYSIOLOGICAL CORRELATION BETWEEN OBSTRUCTIVE SLEEP APNEA SYNDROME AND SEVERE ASTHMA

The observation that OSAS is an independent risk factor of asthma exacerbation and that each condition can worsen the other (51) suggests a bidirectional correlation between asthma and OSAS with a reciprocal negative effect in term of severity. Congruently, SA, SA treatment, and comorbidities can all lead to pharynx alterations, favoring OSAS development. Furthermore, in asthma patients, prolonged inhaled corticosteroid (ICS) therapy in the presence of gastroesophageal reflux is associated with chronic snoring and higher risk of OSAS (52) independently from classical risk factors such as obesity or rhinitis. Finally, long-term ICS therapy can modulate hormones secretion, especially growth hormone release (53, 54), which may cause metabolic and cardiovascular complications (55), thereby worsening the effects of OSAS. The hypothesized mechanism underlying the interrelationship between OSAS and SA is shown in Table 3. More recently, researchers have proposed that OSAS and asthma patients may be more susceptible to SA attacks induced by systemic inflammation (71, 72). These findings strongly suggest that all asthmatic patients should be evaluated for OSAS-associated risk factors, such as gastroesophageal reflux and rhinitis, in order to detect—and eventually treat—sleep apneas. Overall, in light of the higher incidence of respiratory sleep disorders in SA patients, OSAS treatment may reduce the number of asthma attacks, lead to a better control of asthma, and improve the patients' QoL.


Table 3. Mechanisms underlying the relationship between asthma and OSAS.
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ASTHMA INVOLVMENT IN THE PATHOGENESIS OF OBSTRUCTIVE SLEEP APNEA SYNDROME

Different observations highlighted a relationship between asthma symptoms and their impact on sleep quality revealing often a coexistence of asthma and obstructive sleep apnea syndrome. Risk factors common to the two diseases include obesity, rhinitis and gastroesophageal reflux. Airway and systemic inflammation, neuromechanical effects of recurrent upper airways collapse and asthma medications are additional explanatory factors. Recent evidences demonstrated the underlying mechanisms to the development of OSAS in asthma patients. An interesting research by Kalra et al. in a large population-based cohort of young atopic women found 20.5% prevalence of habitual snoring (≥3 nights per week), moreover they also reported a significant association between asthma and snoring. This effect was independent of upper respiratory tract symptoms (e.g., rhinitis), cigarette smoking, and race (47). Another longitudinal 14-year prospective study on risk factors for habitual snoring in a general adult population indicated the presence of asthma as a risk factor for snoring, showing its pathogenetic role for sleep-disordered breathing development (48). It was previously observed how asthma may modify the pharynx collapsibility (58), in particular during asthma attacks, increased negative intrathoracic pressure may lead to higher pharynx collapsibility (59), which can also arise from decreased respiratory volumes (the same happens in asthma patients) (60). As asthma is also associated with respiratory muscles weakness and upper ways instability, sleep fragmentation caused by asthma nocturnal symptoms may also induce a loss of slow-waves sleep and cognitive impairment (61) An additional link between asthma and OSAS is sustained by systemic inflammation and the use of systemic and inhaled corticosteroids (62, 63). Corticosteroids, frequently prescribed in asthma patients, may lead to a pharyngeal structures remodeling (64). Study on dogs showed that dexamethasone may lead to instability of pharyngeal muscles (“floppy”) reducing their protective effect on upper airways during sleep (65). Lastly it is important to underline the toxic effect on the pharyngeal mucosa by gastroesophageal reflux, a frequent condition in asthma (69), associated with laryngospasm and neurogenic inflammation (64). OSAS patients display a higher frequency of acid reflux along with micro-aspiration phenomenon of gastric acid and nocturnal bronchoconstriction, thereby establishing a bidirectional relationship (70).



RELATIONSHIP BETWEEN ASTHMA AND OBESITY

Obesity represents a major risk factor and a disease modifier of asthma both in children and adults (66). It was found that obese subjects have increased risk of asthma and obese asthmatics have more symptoms, more frequent and severe exacerbations, a reduced response to medications and an overall decreased quality of life highlighting a bidirectional correlation between these two entities. There are likely different phenotypes within the obese asthma syndrome: those seen in lean individuals complicated by obesity, disease newly arising in obese individuals and phenotypes worsens by increased environmental pollutants response (67). Different factors contributing to the syndrome of obesity-related asthma have been hypothesized such as diet, the microbiome, genetic factors, metabolic and immune function (oxidative stress, cytokines, innate, and adaptive immunity), environmental exposures and mechanical effects: reduction in functional residual capacity (FRC) and expiratory reserve volume (ERV) (68). As obese asthma syndrome is a complex and multifactorial entity which is just beginning to be understood further studies should better characterize this disease to understand, in particular, mechanisms conducting to the phenotype of severe and uncontrolled asthma.



CLINICAL IMPLICATIONS

It remains unclear whether OSAS in asthmatic subjects is merely a comorbidity or a specific “subphenotype” of asthma. On the one hand, patients with allergic asthma are often characterized by T2-driven inflammation and over-production of IL-5—resulting in airway eosinophilia—and IL-13—leading to airway smooth muscle hyperresponsiveness and mucus hypersecretion—, complicated by the development of obesity and OSAS (40, 73). On the other hand, in obese female patients with later onset of non-allergic asthma, mechanical changes affecting the lung function (i.e., restrictive pattern) may favor obstructive apnea development. In these patients, adipose tissue are known to secret several cytokines and adipokines that can have a direct effects on the airway epithelium and trigger bronchial hyperreactivity (Figure 1) (66, 74).
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FIGURE 1. Interrelationships between severe asthma, obesity, and obstructive sleep apnea.


The relationship between OSAS, obesity, and asthma may be even more complex and may involve other players, including mechanical, dietary, and genetic factors (75). A plausible explanation to this interplay comes from the “integrated airway” hypothesis, according to which an inflammatory process within a continuous upper airway obstruction results in intrathoracic pressure swings, frequent arousals, and intermittent hypoxia, all contributing to an inflammatory milieu, as demonstrated by the association of OSAS with cardiovascular and cerebrovascular diseases (40, 76). The result of the association of OSAS with SA is an increased risk of comorbidities, such as cardiovascular sequelae (51).

For the reasons above mentioned polysomnography is recommended in asthmatics with inadequate control of nocturnal symptoms despite adequate treatment (77).



HOW OSAS THERAPY CAN AFFECT ASTHMA AND VICEVERSA

A recent research has investigated the relationship between OSAS, asthma and quality of life, going deeply on the prevalence of sleep impairment and predictors of sleep quality among asthmatic patients (78). The results of this study highlight that sleep disturbance is a common problem among these patients and suggest that sleep quality can be predicted considering the level of asthma control and the presence of comorbid conditions. The results of this study suggest the need for clinicians to detect poor sleep quality in these subjects to better address the correct and targeted treatment for each condition. Previous studies have shown, for example, that PAP treatment is beneficial to control sleep disturbances either in OSAS and asthmatic patients. In asthmatic patients with OSAS, C-PAP treatment may lead to a significant improvement in asthma symptoms, morning peak expiratory flow, and quality of life (QoL) (79). Fittingly, C-PAP treatment reduced asthma symptoms and bronchodilator use while improving lung function tests and QoL (40). CPAP in this context represent a valid tool to integrate with the corticosteroid treatment considering that corticosteroids, may have side effects like leading to a pharyngeal structures remodeling, fatty tissue redistribution, impairment of growth hormone (GH)-insulin-like growth factor (IGF)-1 axis conducting to a negative role in bone metabolism (54, 55, 64). Moreover, studies on animals demonstrated that corticosteroids may enhance force fluctuation-induced relengthening in contracted airway smooth muscle leading to instability of pharyngeal muscles reducing their protective effect on upper airways during sleep (65) and conducting to a worsening of OSAS.

A prospective trial by Serrano-Pariente et al. has shown that the proportion of adult asthmatic patients suffering from uncontrolled asthma decreased from 41.4 to 17.2% in response to C-PAP therapy. Likewise, the percentage of patients experiencing asthma attacks during the course of 6 months decreased from 35.4 to 17.2% following C-PAP treatment (80).

In good agreement, OSAS treatment in SA patients has been shown to influence the cardiovascular risk. Oxidative stress and systemic inflammation may, in fact, lead to metabolic dysregulation in OSAS patients (44, 46).

The fact that OSAS patients, regardless of their weight, display increased oxidative stress with vascular endothelial dysfunction has led to the hypothesis that continuous positive airway pressure therapy (C-PAP) and anti-oxidant treatment (vitamin C) may improve endothelial function (68). Moreover, in OSAS patients, atherosclerosis symptoms can be ameliorated through mandibular advancement devices (MADs) or C-PAP (81), suggesting that OSAS treatment, primitive or comorbid, may prevent cardiovascular sequelae, such as acute myocardial infarction, stroke, and acute fatal cardiovascular events.



CONCLUSIONS AND FUTURE DIRECTIONS

In conclusion, mounting evidence appear to indicate that there exists a relationship between OSAS and SA based on shared pathophysiological factors and bidirectional interactions (40). Similarly to asthma, OSAS promotes inflammatory responses by means of hypoxia, hypercapnia, and sleep fragmentation, resulting in a reversible increase in C-reactive protein (CRP). Production of TNF-α, a pro-inflammatory cytokine, is elevated in OSAS patients and plays an important role in collapse and re-opening of the airways. Both pro-inflammatory factors tend to decrease following C-PAP treatment (77), thereby improving asthma symptoms and QoL (40). In our experience, C-PAP therapy can also improve lung function tests in adult asthmatic patients (unpublished data).

Taken all together, the results from the literature highlight the importance of assessing the co-existence of asthma, chiefly SA—a condition with poor prognosis and higher managements cost—, in OSAS patients as well as the presence of other sleep-related breathing disorders and apneas, especially when asthma is difficult to control or comorbid.

Overall, the key observation that OSAS treatment reduces cardiovascular sequelae while improving the QoL (11) points to the urgent need to fill critical gaps in our knowledge about endotypes, phenotypes, and comorbidities in OSAS.
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Background: Many studies have demonstrated the efficacy of single-allergen sublingual immunotherapy (SLIT) in polysensitized patients with allergic rhinitis (AR), but less is reported in polysensitized patients with allergic asthma (AS).

Method: Data of 133 adult patients with house dust mite (HDM)-induced AS who had been treated for 3 years were collected. These patients were divided into the control group (treated with low to moderate dose of inhaled glucocorticoids and long-acting β2 agonists, n = 37) and the SLIT group (further treated with Dermatophagoides farinae drops, n = 96). The SLIT group contained three subgroups: the single-allergen group (only sensitized to HDM, n = 35), the 1- to 2-allergen group (HDM combined with one to two other allergens, n = 32), and the 3-or-more-allergen group (HDM combined with three or more other allergens, n = 29). The total asthma symptom score (TASS), total asthma medicine score (TAMS), and asthma control test (ACT) were assessed before treatment and at yearly visits. Forced expiratory volume in 1 s/forced vital capacity (FEV1/FVC) was assessed before treatment and at the end of SLIT.

Results: TASS and ACT scores in the control group were significantly higher than that in the single-allergen group and the 1- to 2-allergen group after 1, 2, and 3 years of SLIT and significantly higher than that in the 3-or-more-allergen group after 3-year SLIT (all p < 0.05). TAMS of the control group was significantly higher than that of the other three groups after 0.5, 1, 2, and 3 years of SLIT (all p < 0.05). FEV1/FVC in the control group was significantly higher than baseline after 3 years of immunotherapy (p < 0.05).

Conclusion: Patients sensitized to HDM with/without other allergens showed similar efficacy after 3 years of SLIT. However, the initial response of patients with three or more allergens was slower during immunotherapy process.

Keywords: allergic asthma, sublingual immunotherapy, monosensitization, polysensitization, efficacy


INTRODUCTION

Asthma is a common chronic airway disease worldwide, affecting 18% of the populations in different countries (1). It has been recently proposed that asthma is a heterogeneous disease with different clinical phenotypes, and allergic asthma (AS) is one of the most important phenotypes, accounting for more than three-fifths of adult asthma (2). The World Allergy Organization Position Paper estimated that the global prevalence of allergic diseases was 10–40%, including 300 million patients with AS (3). In China, house dust mite (HDM) is the main allergen for patients with allergic diseases and the prevalence of sensitization was ~48% (4). HDM served as the main allergen in southern places while pollen might be the main allergen in the northern area in China. Kewu Huang and his colleagues reported in the Lancet that the prevalence of asthma in people aged over 20 was 4.2% in China, and the total number of patients had reached 45.7 million in 2019. However, 71.2% of 2,032 asthma patients had been never diagnosed by a physician in China and only 5.6% of them had received formal treatment (5).

Allergen immunotherapy (AIT) was born in 1,911 and has a history of more than 100 years. AIT is considered as the only option that may alter the natural course of allergic diseases (6). The latest international consensus on AIT has clearly stated that it has significant effect on allergic rhinitis (AR) and AS (7, 8). Sublingual immunotherapy (SLIT) and subcutaneous immunotherapy (SCIT) are the most common approaches for AIT. Considering the potential risks of AIT-associated adverse events (AEs), SLIT has been the preferred route of allergen administration compared to SCIT because of its better safety profile and the convenience of self-administration without medical supervision (9).

Polysensitization is a highly prevalent clinical phenomenon (10). Recent meta-analyses and systematic reviews showed that SLIT with a single allergen is efficacious in both monosensitized and polysensitized patients with AR (11, 12), while the effect of SLIT for AS is less complete. The purpose of this study was to evaluate the efficacy of single-allergen SLIT in polysensitized AS patients and provide an important reference for the specific immunotherapy in clinical practice.



METHODS


Ethics Statement

The clinical trial was approved by the Medical Ethics Committee of Shanxi Medical University. All patients were informed of the trial details, and all patients signed written informed consent prior to performing any procedures.



Study Design

This clinical trial was carried out in the Second Hospital Affiliated to Shanxi Medical University, Shanxi Bethune Hospital, Shanxi Academy of Medical Sciences, Tongji Shanxi Hospital, Third Hospital of Shanxi Medical University, and First Hospital Affiliated to Shanxi Medical University. Subjects aged 18–60 years were recruited from the outpatients that visited the departments between, March 15, 2016, and September 15, 2016. Patients' asthma symptoms and medication scores were recorded in our database; besides, suspected patients with bronchial asthma required the asthma control test (ACT). The number of samples collected is based on the actual number of patients who finished the treatment in each group.

Recruitment criteria included patients sensitized to aeroallergens aged 18–60 years, all of whom have been diagnosed with mild-to-moderate bronchial asthma; pulmonary function test FEV1 >70% of the predicted value; patients without previous AIT and with single allergen of HDM or HDM combined with other one to three or more allergens were recruited; other allergens are limited to inhaled allergens, but there is no limit to the types of allergens (including Humulus scandens, Ragweed, Alternaria alternata, Cladosporium cladosporium, Aspergillus fumigatus, cat hair, dog hairs, pillow material, Mulberry silk, and cockroach). The allergen protein homology between Dermatophagoides farinae (D. farinae) and Dermatophagoides pteronyssinusanf (D. pteronyssinusanf) is as high as 80% (13); therefore, both are included in the HDM allergen group. Sensitization to D. farinae and/or D. pteronyssinusanf and other inhaled allergens were confirmed by the presence of specific immunoglobulin E (sIgE) ≥ 0.70 KU/L (grade 2 and above) using the UniCAP system (Phadia, Uppsala, Sweden). Patients were excluded from the study if they had one of the following conditions: severe or uncontrolled asthma; uncontrolled or acute allergic diseases (anaphylactic shock); taking Angiotensin-Converting Enzyme (ACE) or β-blockers; serious psychological or mental illness; severe acute or chronic heart failure, kidney failure; pregnancy; and malignant tumors.

Demographic and clinical data were collected at each phase. According to the treatment method selected by the patients themselves rather than random grouping, eligible participants were divided into the control group (treated with low to moderate dose of inhaled glucocorticoid and long-acting β2 agonists) and SLIT group (treated with low to moderate dose of inhaled glucocorticoids and long-acting β2 agonists further treated with D. farinae drops); both the control group and the SLIT group were divided into single-HDM SLIT subgroup, HDM combining with other 1–2 allergen SLIT subgroup, and HDM combining with other 3 or more allergen SLIT subgroup, respectively. Patients were treated using standardized allergen D. farinae drops (Chanllergen; Zhejiang Wolwo Bio-Pharmaceutical Co., Ltd., Zhejiang, China) labeled from 1 to 5 containing proteins of 1, 10, 100, 333, and 1,000 μg/ml, respectively. The main components of vials 1–5 are the same, but the concentrations of protein are different. Information regarding normal drug dosage is shown in Table 1. The drug was self-administered daily at the same time and administered sublingually for 1–3 min before swallowing.


Table 1. SLIT drops dosing for patients.
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Clinical Efficacy

During the treatment, patients were required to keep a diary recording of symptom and medication use. The investigators calculated the weekly average scores at every visit. The total asthma symptom score (TASS), total asthma medicine score (TAMS), ACT, and forced expiratory volume in 1 s/forced vital capacity (FEV1/FVC) were recorded. TASS was the sum of daytime asthma symptoms scores and nocturnal asthma symptoms scores. The daytime asthma symptoms were scored from 0 to 5 points according to the general severity of wheeze, shortness of breath, dyspnea, and cough and its impact on daily life. The nocturnal symptoms were scored from 0 to 4 points according to the frequency of nocturnal and early morning awakening by asthma (14). TAMS was calculated as follows (per day): one point for long-acting β2 agonists and two points for inhaled glucocorticoids; TAMS is the sum of all the recorded medicine scores (15). ACT is an effective tool to assess the degree of asthma control. Twenty-five points mean well-controlled, 20–24 points mean partially controlled, and it is uncontrolled when the points are below 20 (16). In addition, FEV1/FVC were measured to evaluate the pulmonary function of patients at the beginning and the end of immunotherapy by a pulmonary function tester.



Safety Assessment

Safety profile was assessed according to AEs recorded in daily cards. All AEs were addressed under the instruction of the physicians.



Patient Management

Initial clinical education and follow-up education were carried out for all the patients. The patient files were established to record symptoms, medication use, and AEs of patients at the beginning of the treatment. Telephone follow-ups were provided to patients to solve problems that occurred in the treatment process and to arrange the next follow-up visit.



Statistical Analysis

Statistical analyses were performed using the SPSS 21.0 software (IBM Corp., Armonk, New York, USA). Data were assessed for normality and equal variation and results were expressed as mean ± standard deviation (SD). Kolmogorov–Smirnov test was performed to assess the normality of the distribution in continuous variables. Two-way analysis of variance (ANOVA) was used when the variables distributed normally. Otherwise, Kruskal–Wallis H test or Mann-Whitney U-test was performed. The two-tailed level of statistical significance was set at p = 0.05. Figures were plotted using GraphPad Prism 7.0 (Software Inc. La Jolla, CA, USA), and p < 0.05 was considered statistically significant.




RESULTS


Subjects

A total of 230 participants [mean age, 41.19 ± 11.02 years; 33.91% female (n = 78), 66.09% male (n = 152)] were screened, of whom 133 completed the entire study in the control group (n = 37), single-allergen group (n = 35), 1- to 2-allergen group (n = 32), and 3-or-more-allergen group (n = 29). All groups were comparable with respect to gender, age, TASS, TAMS, and ACT, and there were no statistical differences in all items except the single-allergen group vs. the control group and the 1- to 2-allergen group in the FEV1/FVC% item (Table 2). The reasons for the patients' dropout included incomplete study (n = 20), withdrew consent (n = 9), lost to follow-up (n = 36), undetermined FEV1/FVC at the end of SLIT (n = 29), and others (n = 3).


Table 2. The demographic and clinical characteristics before treatment in the four groups.

[image: Table 2]



TASS Evaluation

There was no statistical difference of TASS between the control group, single-allergen group, 1- to 2-allergen group, and 3-or-more-allergen group at baseline and 0.5 years (all p > 0.05), while there was a significant difference between the control group and the single-allergen group and 1- to 2-allergen group after immunotherapy after 1 and 2 years (all p < 0.05). The TASS score of the control group was significantly higher than that of the single-allergen group, the 1- to 2-allergen group, and the 3-or-more-allergen group at 3 years (p < 0.05, Figure 1A).


[image: Figure 1]
FIGURE 1. (A) The comparison of TASS scores between the control group, single-allergen group, 1- to 2-allergen group and 3-or-more-allergen group at different time points (mean ± SD). (B) The comparison of TAMS scores between the control group, single-allergen group, 1- to 2-allergen group and 3-or-more-allergen group at different time points (mean ± SD). ⋆p < 0.05, ⋆⋆⋆p < 0.001.




TAMS Evaluation

As shown in Figure 1B, there was no statistical difference of TAMS between the control group, the single-allergen group, the 1- to 2-allergen group, and the 3-or-more-allergen group at baseline (all p > 0.05). However, TAMS in the control group was significantly higher than that in the single-allergen group, 1- to 2-allergen group and 3-or-more-allergen group after immunotherapy for 0.5 (p < 0.001), 1 (p < 0.05), 2 (p < 0.05), and 3 (p < 0.001) years.



ACT Evaluation

Similar to the trend of TASS, there was no significant difference between all groups at baseline and 0.5 years (all p > 0.05). The values of ACT in the single-allergen group and 1- to 2-allergen group were significantly higher than that in the control group at 1 and 2 years (all p < 0.05), and the ACT score of the control group was significantly higher than that of the single-allergen group, 1- to 2-allergen group and 3-or-more-allergen group at 3 years (p < 0.05, Figure 2A).
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FIGURE 2. (A) The comparison of ACT between the control group, single-allergen group, 1- to 2-allergen group and 3-or-more-allergen group at different time points (mean ± SD). (B) The comparison of FEV1/FVC(%) between the control group, single-allergen group, 1- to 2-allergen group and 3-or-more-allergen group at different time points (mean ± SD). ⋆p < 0.05, ⋆⋆⋆p < 0.001.




FEV1/FVC Evaluation

FEV1/FVC was directly assessed at baseline and after 3 years of immunotherapy. In the single-allergen group, the FEV1/FVC was significantly lower than the control group (p < 0.001) and 1- to 2-allergen group (p < 0.05) at baseline. Although there was no significant difference between the single-allergen group, 1- to 2-allergen group, and 3-or-more-allergen group (all p > 0.05) after immunotherapy for 3 years, there were significant differences between them and the control group (all p < 0.05, Figure 2B).



Safety

No severe systemic adverse effects (AEs), anaphylaxis, asthma acute attack, or use of adrenaline were reported during the entire treatment period. Overall, 10 AEs occurred in the control group: 5 oral or sublingual itching, 3 swelling, and 2 diarrhea; 23 AEs occurred in the single-allergen group: 11 oral numbness or pruritus, 8 mild gastrointestinal reaction, and 4 aggravation of allergic symptoms; 9 numbness of tongue and 5 mouth ulcer make up all the AEs of the 1- to 2-allergen group, and there were 15 AEs in the 3-or-more-allergen group involving 7 oral numbness or pruritus and 8 mild gastrointestinal reaction. All AEs were relieved without any treatment within a week.




DISCUSSION

AS is one of the most common chronic diseases in all age population with high incidence and prevalence. As a disease-modifying therapy, SLIT is strongly recommended for treatment of AS patients, which has the potential to prevent the onset of new allergen sensitizations and the progression of respiratory allergies (7). Although SLIT has been widely studied, it mainly focuses on the area of single-allergen efficacy (17), objective indicators (18), and immune response pathway (19). Meanwhile, we found that most patients are not limited to a single allergen but multiple allergies in the actual clinical diagnosis and treatment process. What we are really concerned about is the efficacy of single-allergen SLIT for polysensitized patients. In this study, we selected patients allergic to D. farinae as the main body, as the research drug is specifically designed for HDM. In addition, other allergens are restricted to inhalation allergens, because inhalation allergens are more difficult to avoid in life. The number and types of allergens in each patient are also different in clinical treatment and the diagnosis and treatment ability of each hospital is different; therefore, this classification method is more conducive to guiding clinical practice for doctors.

In our study, there was a significant difference in FEV1/FVC between the single-allergen group, the control group, and the 1- to 2-allergen group, which indicated that FEV1/FVC in the single-allergen group is significantly lower than that in the other groups. The results of TASS and TAMS scores showed that efficacy of SLIT was consistent for patients in the single-allergen group and the 1- to 2-allergen group. Although patients in the 3-or-more-allergen group had slower onset of initial immunotherapy, they eventually achieved the same effect as the single-allergen group and the 1- to 2-allergen group. ACT identified as an effective tool for monitoring and assessing asthma (20). In present study, ACT was similar to the trend of TASS, although the response of patients in the 3-or-more-allergen group was slower than that in the single-allergen group and the 1- to 2-allergen group; the same effect as these two groups could be achieved in the end. The ACT results of patients were all above 20, and asthma symptoms were partially controlled after SLIT for 0.5, 1, 2, and 3 years. At baseline, FEV1/FVC in the single-allergen group was significantly lower than that in the control group and the 1- to 2-allergen group, which indicated that the lung function of patients in the single-allergen group was worse than that of patients in other groups. Additionally, the FVE1/FVC of patients in all three SLIT subgroups were significantly higher than that in the control group for the 3-year treatment, suggesting that lung function has been significantly improved whether patients have one or more allergens after 3-year SLIT.

However, there was no difference after treatment between the control group and some SLIT groups at certain time points, like the 0.5-year group of the TASS (Figure 1A) and ACT (Figure 2A). For this, we speculated that both the SLIT group and the control group were treated with symptomatic drugs at the early beginning. Therefore, the consistency in the symptoms of patients might be attributed to the role of inhaled glucocorticoids and long-acting β2 agonists in this process. After that, with the withdrawal of symptomatic drugs, the actual therapeutic effect has been shown.

The safety of SLIT has been demonstrated in multiple reviews of a large number of clinical trials (5, 21). No severe systemic AEs were reported in this trial. All the AEs were mainly local AEs such as transient oral itching and swelling. All the AEs were relieved within a week, with or without therapy. In addition, our study had relatively high compliance with 133/230 people completing the study; this was inseparable from the regular follow-up of medical staff. We also found that the total number of dropouts gradually increased as the follow-up time prolonged. Most patients quit SLIT mainly because their symptoms were under control. The period of dropout among these patients was mainly distributed during the follow-up period of 4–6 months. This might be related to the serious lack of knowledge of AS and SLIT treatment, the insufficient medical propaganda, and insufficient attention to asthma patients in China.

In this study, it was not easy for more than 100 patients to complete the treatment for 3 years; this was mainly due to our management of patients. We presented the information of patients at different time points; these data mainly came from our follow-up and collection of patients. The actual frequency of follow-up was much higher than the data we displayed. We believed that without our close contact with patients, these data could not be obtained. So, we look forward to sharing our follow-up methods with you in the future. However, the absence of a placebo control group was the main limitation in this study. Besides, we lacked the analysis of objective indicators of curative effect, and only the most important antibody component sIgE was partially introduced. Although there is no final conclusion on predictors, we expect to make our own voice in further research.

In conclusion, patients sensitized to HDM with/without other allergens showed similar efficacy after 3 years of SLIT. However, the initial response of patients with 3 or more allergens was slower during the immunotherapy process.
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Gene Complete name FCcoppvs.s FCcoppvs.ns  Main functions References

FUS FUS RNA binding protein -34.63 -875 Involved in pre-mRNA splicing and the export of fully processed ©8)
MRNA to the cytoplasm
Maintenance of genomic integrity and mRNA/microRNA ©9)
processing
THRAP3 Thyroid hormon receptor -3354 —31.58 Enhances the transcriptional activation mediated by PPARG (@0)
associated protein 3 cooperatively with HELZ2
Acts as a coactivator of the CLOCK-ARNTL heterodimer 31)
Involved in response to DNA damage (@0)
DDX17 DEAD-Box helicase 17 -31.04 —a6.27 RNA helicase @)

pre-mRNA splicing, alternative splicing, ribosomal RNA processing ~ (33-36)
and miRNA processing, transcription regulation

Splicing of mediators of steroid hormone signaling pathway [}
Synergizes with TP53 in the activation of the MDM2 promoter; (38-40)
may also coactivate MDM2 transcription through a

TP53-independent pathway

Coregulates SMAD-dependent transcriptional activity during @)
epithelal-to-mesenchymal transition

Plays a role in estrogen and testosterone signaling pathway (87, 39-41)
Promotes mRNA degradation mediated by the antiviral zinc-finger @)
protein ZG3HAVA
SCAF11 SR-Related CTD associated 144 127 Plays a role in pre-mRNA alternative splicing by regulating @)
factor 11 spliceosome assembly
STRAP Serine/threonine kinase receptor —10.8 -8.22 Plays a catalyst role in the assembly of small nuclear (@4
associated protein ribonucleoproteins (snRNPs), the building blocks of the
spliceosome
Negatively regulates TGFB signaling (@4
Positively regulates the PDPK1 kinase activity (@4)
RBM14 RNA binding molif protein 14 ~7.36 -6.31 General nuclear coactivator, and an RNA splicing modulator. “5)

Isoform 1 may function as a nuclear receptor coactivator. Isoform
2, functions as a transcriptional repressor

Plays a role in the regulation of DNA virus-mediated innate (6)
immune response by assembling into the HDP-RNP complex, a

complex that serves as a platform for IRF3 phosphorylation

BCLAF1 Bel-2-associated transcription  ~7.32 —4.13 Regulation of apoptosis interacting with BCL2 proteins @7
factor 1
ILF3 Interleukin enhancer binding -6.33 —4.61 Forms a heterodimer with ILF2, required for T-cell expression of (44)
factor 3 L2
Post transcriptional regulation of mRNA binding to poly-U (“8)
elements and AU-rich elements (ARES) in the 8'-UTR of target
mANA
Participates in the innate antiviral response (49,50)
Plays an essential role in the biogenesis of circRNAs (50)
SFSWAP Splicing factor SWAP -5.81 Regulates the spicing of fibronectin and CD45 genes 1)
RBM25 RNA binding motif protein 25 =57 Regulator of alternative pre-mRNA splicing 62)
Involved in apoptotic cell death through the regulation of the 62)
apoptotic factor BCL2L1 (proapoptotic isoform S, antiapoptotic:
isoform L)
DHX36 DEAH-Box helicase 36 -496 —5.31 Enhance the deadenylation and decay of mRNAs with 3'-UTR ©9)
AU-ich elements (ARE-MRNA)
Multifunctional ATP-dependent helicase that unwinds (564-57)
G-quadruplex (G4) structures
Plays a role in genomic integrity. Converts the G4-RNA structure (56, 58-62)
present in TREC into a double-stranded RNA
Plays a role in the regulation of cytoplasmic mRANA translation and (63, 64)
mMRNA stabilty
Plays a role in transcriptional regulation and post-transcriptional (54, 65, 66)
regulation
HNRNPA2B1  Heterogeneous nuclear —491 —4.63 Associates with nascent pre-mRNAs, packaging them into hnRNP ~ (67)
ribonucleoprotein A2/B1 particles and drive them into transcription, pre-mRNA processing,
RNA nuclear export, subcellular location, mRNA translation and
stability of mature mRNAs.
Involved in transport of specific mRNAS to the cytoplasm in ©8)
aligodendrocytes and neurons recognizing binding the A2RE o
the A2RE11 sequence motifs present on some mANAS.
Specifically binds single-stranded telomeric DNA sequences, ©9)
protecting telomeric DNA repeat against endonuclease digestion
Involved in the transport of HIV-1 genomic RNA out of the nucleus,  (69)
tothe MTOC, and then from the MTOC to the cytoplasm: acts by
specifically recognizing and binding the A2RE sequence motifs
present on HIV-1 genomic RNA.
CCAR1 Cel division cycle and apoptosis —2.79 298 Plays a role in cell cycle progression and/or cell proliferation (70, 71)
regulator 1
P53 coactivator 2
NROB1 Nuclear receptor subfamiy 0 1.57 331 Acts as a dominant-negative regulator of transcription which is 3
Group B member 1 mediated by the retinoic acid receptor
Functions as an anti-testis gene by acting antagonistically to Sry 73)
Plays a role in the development of the embryo and in the 3
maintenance of embryonic stem cell pluripotency
RBPMS RNA-Binding protein with 177 14 pre-mRNA maturation (binds to poly(A) RNA) 74,75)
multiple splicing
Required to increase TGFB1/Smad-mediated transactivation (75)
HDLBP High density lipoprotein binding  1.91 253 Regulates excess cholesterol levels in cells (76)
protein
Induces heterochromatin formation (76)
MATR3 Matrin 3 2 33 Plays a role in the regulation of DNA virus-mediated innate 6)
immune response by assembling into the HDP-RNP complex, a
complex that serves as a platform for IRF3
DHX30 DExH-Box helicase 30 218 245 Assermbly of the mitochondrial large ribosomal subunit 77,78)
Required for optimal function of the zinc-finger antiviral protein 9
ZC3HAV1
Involved in nervous system development differentiation 79

A2RE, 21 nucleotide hnRNP A2 response element; A2RE11, 11-nucleotide subsegment of the A2RE; ARE, AU Rich Elements; ARNTL, Aryl Hydrocarbon Receptor Nuclear Translocator
Like; circRNA, circular RNA; CLOCK, Circadian Locomoter Output Cycles Protein Kaput; HELZ2, Helicase With Zinc Finger 2; hnRNP. heteronuclear ribonucieoprotein; IL-2, Interleukin2;
IRF3, Interferon Regulatory Factor 3; MDIM2, Proto-oncogene MDIV2; miRNA, micro RNA; MTOC, microtubule organizing center; NONO, Non-POU Domain Containing Octemer Binding;
PDPK1, 3-Phosphoinositide Dependent Protein Kinase 1; rRNA, ribosomal RNA; SMAD, small mother against decantaplegic; TGF, Transforming Growth Factor B; TP53, Tumor Protein
53; TREC, telomerase RNA template component; ZC3HAV1, Zinc Finger CCCH-Type Containing Antiviral 1.
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Ingenuity canonical pathways p-value 2z-score Prediction Molecules

Estrogen receptor signaling 1.38E-05 —0.44 Inhibition PRKDC,NROB1,SPEN,POLR2H, POLR2L.

Cleavage and polyadenylation of B47E-04 o o CPSF2,CPSF6

Pre-mANA

Nucleotide excision repair pathway 3.02E-03 —1.41 Inhibition POLR2H,POLR2L.

Assembly of RNA polymerase 6.036-03 —1.41 Inhibition POLR2H,POLR2L

complex

NER pathway 2.19E-02 —1.41 Inhibition POLR2H,POLR2L

DNA double-strand break repair by 3.24E-02 1 Activation PRKDC

non-homologous end joining

RAN signaling 3.636-02 1 Activation TNPO1

Granzyme B signaling 3.63E-02 1 Activation PRKDC

Androgen signaling 3.98E-02 —1.41 Inhibition POLR2H,POLR2L

Hereditary breast cancer signaling 4.68E-02 —1.41 Inhibition POLR2H,POLR2L

2B. COPD/NS

Cleavage and polyadenylation of 2E-15 -3.16 Inhibition PAPOLA,CPSF2,CPSF6,CSTF1 NUDT21,CPSF1,CSTF2,CPSF3,

pre-mRNA CSTF3,CPSF4

Regulation of elF4 and p70S6K 2.88E-06 —3.87 Inhibition EIF2B4,PAIP2,EIF3E EIF4GH  EIF2B2,EIFAE EIF3M,EIF3G, EIF1,

signaling EIF3B,EIF3A EIF2B1, EIFSL,EIF1AX EIF3K

EIF2 signaling 3.026-05 -4 Inhibition EIF2B4,EIF3E,EIFAG1,EIF2B2 EIFAE EIFS,EIF3G,PTBP1 EIF1 EIF3,
HNRNPAT EIF28, EIF3A,EIFSL,EIFAX,EIF3K

Estrogen receptor signaling 0.000209 —2.11 Inhibition PRKDC,DDX5, THRAP3,SPEN,NROB1 POLR2H,GTF2F1,HNRNPD,
RBFOX2,POLR2K,POLR2L

Tight junction signaling 0.000363 ~173 Inhibition CPSF2,CPSF6,CSTF1 NUDT21,CPSF1,CSTF2,YBX3,CPSF3,
SYMPK,SAFB,CSTF3,CPSF4

Spliceosomal cycle 0.000501 1.41 Activation U2AF1/U2AF1LS,U2AF2

Telomere extension by telomerase 0.004169 -057 Inhibition HNRNPAT XRCCS, HNRNPA2B1

RAN signaling 0.005129 -057 Inhibition KPNB1,RANBP2,TNPOT

Assembly of RNA polymerase 0.025704 -2 Inhibition POLR2H GTF2F1,POLR2K, POLR2L

complex

mTOR signaling 0038019 -3 Inhibition EIF3G, EIF3B,EIF3A EIFSE, EIFAG1 EIFAE, EIFSL, EIF3M,EIF3K

2C. COPD/S

Regulation of elF4 and p70S6K 5.756-08 024 Activation EIF284,EIF4G3, PAIP2 EIFSE,EIF4G 1 EIF282, EIF4E,EIF3M EIF3G,

signaling EIF1,EIF3B,PAIP1 EIF3A EIF2B5 EIF1AX,EIFBL,EIF3K

EIF2 signaling 2.24€-07 022 Activation EIF2B4,EIFAG3, EIFSE, EIFAG 1 EIF2B2, EIF4E,EIF3M,EIF3G. PTBP1,
EIF1,EIF3B,HNRNPAT EIF5,PAIP1 EIF3A EIF2B5, EIF 1AX EIF3 EIF3K

RAN signaling 6.46E-07 ~1.63 Inhibition KPNB1,RANBP2,TNPO1,RANXPO1 IPOS

Cleavage and polyadenylation of 3.16E-06 —134 Inhibition PAPOLA,CPSF2,CSTF1,NUDT21,CSTF3

pre-mRNA

Spliceosomal cycle 0.000468 o 0 URAF1/U2AF1LS,U2AF2

Oxidized GTP and dGTP 000138 0 0 DDX6,RUVBL2

detoxification

mTOR signaling 0.004365 -0.30 Inhibition EIF3G EIF3B,EIF3A EIFAGS EIF3,EIFAG1 EIFSL EIFAE,EIF3M,
EIF4B,EIF3K

Estrogen receptor signaling 0008318 —1.41 Inhibition PRKDC,THRAP3 NROB 1, SPEN, HNRNPD,GTF2F1,POLR2K, POLR2

Telomere extension by telomerase 0040738 —1.41 Inhibition HNRNPAT HNRNPA2B1

In bold are the pathways associated with COPD vs. both controls.
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Antibodies

Anti-PIBK
Aati-p-Akt

Anti-Akt

Anti-p-Bad

Anti-Bad

Anti-Bel-2

Anti-Bax
Anti-Caspase-3
Anti-cleaved-Caspase-3
Anti-PARP1

Anti-Cyt-c

Anti-Mint

Anti-Mfn2

Anti-Dip1

Anti-PGCla

Anti-Nift

Anti-Tfam

Anti-GAPDH

Manufacturer

Proteintech
Proteintech
Proteintech
Cell signaling technology
Proteintech
Proteintech
Proteintech
Proteintech
Abcam
Proteintech
Proteintech
Proteintech
Proteintech
Proteintech
Proteintech
Proteintech
Proteintech
Proteintech

Catalog no.

67071-1-1g
66444-1-1g
10176-2-AP
5284
10435-1-AP
26593-1-AP
50509-2-1g
19677-1-AP
abd9822
13371-1-AP
12245-1-AP
13798-1-AP
12186-1-AP
10656-1-AP
66369-1-1g
12482-1-AP
20586-1-AP
60004-1-1g

Observed MW

110 KDa
62 KDa
56 KDa
23 KDa
18 KDa
26 KDa
26 KDa
32 KDa
17 KDa
89 KDa
13 KDa
86 KDa
86 KDa
27 KDa
100 KDa
67 KDa
25 KDa
36 KDa

Dilution

1:10,000
1:10,000
1:5,000
:1,000
1:2,500

1:2,500
1:10,000

1:10,000
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Cause of death

Infection after injection
Massive hemorrhage

Infection after surgery

Intestinal obstruction

Number of completed cases [ (%))

Sham

00
1
2
4

13 (65.00%)

IR (non)

oo o

4
13 (65.00%)

IR (obese)

o w o

10 (50.00%)

THA
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4
10 (50.00%)

CsA
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4
11 (65.00%)
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Target gene

Min1

Mfn2

Dipt

PGC-1a

Nrft

Tram

Long fragment

Shrot fragment

GAPDH

Primer sequence

Forward: 5'-GGGAAGACCAAATCGACAGA-3'
Reverse: 5'-CAAAACAGACAGGCGACAAA-3
Forward: 5'-GAGAGGCGATTTGAGGAGTG-3"
Reverse: §'-CTCTTCCCGCATTTCAAGAC-3'

Forward: 5'-GCCCGTGGATGATAAAAGTG-3

Reverse: 5'-TGGCGGTCAAGATGTCAATA-3'

Forward: 5'-GGACGAATACCGCAGAGAGT-3'

Reverse: 5/-CCATCATCCCGCAGATTTAC-3'

Forward: 5'-AAACCGAACACATGGCTACC-3'
Reverse: 5'-CTGCCGTGGAGTTGAGTATG-3'
Forward: 5'-TCACCTCAAGGGAAATTGAAG-3'
Reverse: 5'-CCCAATCCCAATGACAACTC-3
Forward:5'-AAAATCCCCGCAAACAATGACCACCC-3'
Reverse: 5'-GGCAATTAAGAGTGGGATGGAGCCAA-3'
Forward: 5'-CCTCCCATTCATTATCGCCGCCCTGC-8'
Reverse: 5'-GTCTGGGTCTCCTAGTAGGTCTGGGAA-3
Forward: 5'- AGGTCGGTGTGAACGGATTTG-3'
Reverse: 5'- GGGGTCGTTGATGGCAACA-3

Size (bp)

162

165

215

201

168

241

13,400

235

Tm (°C)

57
57
58
56
56
56
59
56
58
58
55
56
72

833 R

58
58
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Transcription factor Connected genes

Good responder only

E2F6 APAF1; BRCAT; BRD7; CDK1; CYCT; DHFR; E2F1; IL13; NRIP1

RFX2 FGF1; ILSRA

Poor responder only

HOXA1 BCL2; COND1; EPAST; IERS; LYLT; MYC; PCNA

Common

CREM [Good responder] ACE; ACR; ATF7; CCL4; CD247; CREB1; FASLG; FHLS; G6PD; GCM1; GPXd; HOXCS; HOXCS; HOXD; IL2;

IL5RA; LDHC; MSL1; PLAT; SPAGS; TAF4; TBP; TBP; TG; TH; ZAP70
[Poor responder] CCNAT; CCNA2; DUSP1; DUSP4; FOS; MC2R; SLC5AS; SLCBAS; STAR

D3 [Good responder] NAXN1
[Poor responder] TCF3; VEGFA
JUNB [Good responder] CLU; SMAD4; SFTPD
[Poor responder] APOM; CD82; CDKN1A; CDKN2A; EGFR; HOXBS; IL1B; ILS; IL4; IVL; LOR; NQOT; PLAUR; PTGS2
MXD1 (Good responder] ODC1; PTEN
[Poor responder] TERT
NFYB [Good responder] CCND2; CDKN18B; CYP2A6; FOS; FXR2; GFI1B; HBB; HOXBY; LPINT; SOX18; SOX3; STK11; TPH1
[Poor responder] ABCBT; FAS
PROX1 [Good responder] CYP7AT
[Poor responder] AKT2; CCNE1; COKN1B; CDKN1C; IFNG; NR112; NR5A2; RGS4; SIX3; TWIST1
SMAD7 [Good responder] TGFBRT

[Poor responder] CDK1; CDKN1A; CDKN2B; HMOX1; KLF5; KRT14; MET; MYC; TGFB1
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TF

E2F6

CREM

NFYB

JUNB

PROX1

SMAD7

Good responder

Pathway name

G1/S-Specific Transcription
Transcriptional Regulation by E2F6
G1/8 Transition

Mitotic G1 phase and G1/8 transition
Transcriptional Regulation by TP53
None

FOXO-mediated transcription

SMAD2/SMAD3:SMADA heterotrimer regulates
transcription

None

None

*adjusted P-values.

P-value*

2.02E-06
4.57E-06
0.001104
0.001794
0.002374

0.006694
0.007895

Poor responder

Pathway name

None

Phosphorylation of proteins involved in the G2/M
transition by Cyclin ACdc2 complexes

G2 Phase
None
Interleukin-4 and interleukin-13 signaling

Signaling by interleukins
Cytokine signaling in immune system

Mitotic G1 phase and G1/S transition

PTK6 regulates cell cycle

Cyclin E associated events during G1/S transition
Cyclin A:Cdk2-associated events at S phase entry
AKT phosphorylates targets in the cytosol

TP53 regulates transcription of genes involved in G1 cell

cyole arest
SMAD2/SMAD3:SMAD4 heterotrimer regulates
transcription

Mitotic G1 phase and G1/S transition

Transcriptional activity of SMAD2/SMAD3:SMAD4
heterotrimer

TFAP2 (AP-2) family regulates transcription of cell cycle

factors
Signaling by TGF-beta receptor complex

P-value*

0.000466

0.001549

0.000039

0.002486
0.005848
0.000634
0.001627
0.005497
0.005905
0.009838
0.000838

0.000503

0.001057
0.001335

0.001549

0.005696
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Good responder  Poor responder  P-value

n=28 n=19
Age (year) 519(138) 52.8(15.6) 083
Male 9(32.1%) 8(42.1%) 075
Atopy 15 (53.69%) 8(42.1%) 064
Blood cosinophil (ul) 5417 (220.4) 605.3 (349.6) 0.48
FEV1 (ml) 1,897.1 (501.3) 2,323.1 (987.6) 0.057
FEVA predicted (%) 675 (15.2) 719 (19.2) 0092
FVC (mL) 2770.3(684.6)  3,178.4(1,115.1) 012
FVC predicted (%) 79.1 (13.5) 862 (15.8) 0.11
FEVA/FVC ratio (%) 665 (11.5) 719 (10.3) 011
FEV increase (mL)* 694.3 (410.9) 784(1725) 182 x 1077
FEV1 increase (%)* 455 (42.7) 3781 1.24 % 1074

FEV1, Forced expiratory volume in 1 second; FVC, Forced vital capecit.
Differences between FEV1 measured at baseline and FEV1 measured at 4 weeks after
iniiation of treatment. Data are presented as ‘mean (standard deviation)” except for male
and atopy which are presented as “number (%)."
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TF nEdge(GR) nEdge(PR) nDiff Logz(EES)

MXD1 582 185 397 1.653
NFYB 430 142 288 1.598
E2F6 621 212 400 1.651
CREM 828 280 538 1514
RFX2 590 209 381 1.497
D3 235 662 —427 —1.494
HOXA1 279 818 -539 —1.552
JUNB 268 823 —565 -1.619
PROX1 205 678 —473 -1.726
SMAD7 57 328 —266 -2.503

TF, transcription factor; n, number; dif, difference; EES, edge enrichment score; GR, good
responder; PR, poor responder.
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POSI20  SERPINBZ Granuocyto nfraion Woouru PG et . (57
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Very High

L10, 14,
1L21Ls,
IFNG,
PTGER2

INFG

HIGH

1L-48, 1L-2R8

IL-13, 1L-5, 1L-6, TNE

1L10,1L-13, L4, 1L, COLI7

IL-4R, COL1, TGFB, CCLS,
CD40, RNASES, ALOXS, SELL,
174, ITGAL, POSTN, SERPINB2

1L:6,LGALSS

1L:33, ADAMSS, CHISLY, POSTN
™

cots

IL-4R, IL-1R2, MUCSAC

PTGER2, ADRB1
=

MEDIUM

IL-13,1L'5, FOXPS, IL:6, NFATC1, TLR, IL-1R1, TNF, TGFB, STAT1, MAPKI3,
IL-1R2, IL-33, ZAP70, TSLP, NFKBIZ, CD40, CD4S, LYN, NLAP3, ADRB1.

IL-10, 1L-4, FOXP3, NFATC1, IL-2, IL-4R, TNFAILS, STAT1, MAPK13, IL-9, IFNG,
TSLP, FPRS, ALOXS.
FOXPS, IL-6, NFATCY, L2, IL-4R, TNFAILS, TLRS, BAX, IL-1R1, CCL11, AKT,
TNF, TGFB1, STAT1, MAPK13, IL-9, IFNG, CCLS, IL-1R2 IL-33, ZAPTO.

1L-5, FOXPS, IL:6, NFATC1, L-2, TNFAIPS, TLR4, TGFB1, MAPK1S, IFNG, CCLS,
2AP70, IL-2RB, PTPRC, SPP1, SOS1, DUSP1, SVIL, LGALSS.
L6, NFATC1, TLR4, TNF, STAT1, MAPK13, PTPRC, VCAN, SPP1, FPR3, NOS2,
EIFsA, STPRS, SMURF1, LYN, NCF2, ALOX15, GPXS.

IL-10, FOXP3, IL-6, NFATC1, TNF, TGFB1, STATY, MAPK13, CD40, CDBS, L
17A,NLRPS, IL-25.

FOXP3, NFATCH, TNFAIP3, TLR4, BAX, IL-1R1, AKT1, TNF, TGFBS, STAT1,
MAPK13, COLS, IL-1R2, IL-8, FPR, CTSC, NFKBIZ, APAF1, NOS2, 10049,
S1PRS, NLRPS, NCF2
NFATC, IL-1R1, AKT1, TGFB1, MAPK13, IL-1R2, IL-33, TSL.
HLA-DOB1, HLA-DRBI, IL-25.
NFATC1, TNFAIPS, TLR4, BAX, AKT1, TN, TGFBI, STAT1, MAPK13, IFNG,
GOLS, ZAP70, PTPRC, SPP1, FPR3, CD40, SOS1, NOS2, CDBS, SVIL, RNASES,
‘ORMDL3, S10089, LGALSS, NCF2, ITGBY, ITGBS.
NFATCH, TLR4, TNF, TGFB1, STAT, MAPKI3, VCAN, NOS2, NCF2.

IL'5, CCL17, FOXP, IL-6, NFATCY, IL-2, TNFAIPS, TLR, IL-1R1, CCL11, AKTI,
TGFBI, STAT1, MAPK13, IFNG, CCLS, IL-1R2, ZAPTO, IL-2RB, L8, VCAN,
SPP1, FPR3, CTSC, NFKBIZ, DUSP, NOS2, S100A9, IRAK3, NCF2.
FOXPS, IL+6, NFATC1, TNFAIP3, TLR, CCL11, TNF, TGFB1, STAT, MAPKI3,
IFNG, VCAN, SPP1, FPRS, CDB6, CTSG.

, NFKBIZ, S100A9,

IL-10, L3, L4, L5, 1L, IL-2, STATA, IL-, IFNG, TSLP, GD40, NOS2, CLCAL,
Muc2, Mucss.
2ZAPT0, PTPRC, DUSP1, CDBS.
1L, CLCAL.
IL-13, CCL17, NFATCH, COL11, MAPKI3, IL-9, CCLS, SPP1, FPR3, SOS1,

S1PRS,

78, MUCSAC.
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OSAS (effects on asthma)
OSAS is linked to increased bronchial hyperresponsiveness (2, 56) and may
be an independent risk factor for asthma exacerbations (4).

The presence of OSAS is associated with poor asthma control (43) both at
daytime and night (57).

OSAS treatment improves asthrma symptoms, morning peak flow values,
and QoL (46).

Asthma (effects on OSAS)

A higher frequency of roncopathy in atopic wormen (47) was first reported by
a14-year prospective study showing a pathogenetic role of asthma in sleep
respiratory disorder development (48).

Asthma may modify the pharynx collapsibilty (59).

During asthma attacks, increased negative intrathoracic pressure may lead
to higher pharynx collapsibility (59), which can also arise from decreased
respiratory volumes (as in asthma patients) (50).

As asthma is also associated with respiratory muscles weakness and upper
ways instability, sleep fragmentation due to asthma with nocturnal symptoms.
may also induce a loss of slow-waves sleep and cognitive impairment (51).
An additional way from asthma to OSAS is systemic inflammation and use of
systemic and inhaled corticosteroids (62, 63). Corticosteroids, frequently
prescribed in asthma patients, may lead to a pharyngeal structures
remodeling and fatty tissue redistribution (54, 55, 64).

Study on dogs showed that dexamethasone may lead to instabity of
pharyngeal muscles (*floppy’) reducing their protective effect on upper
airways during sleep (65).

Asthma and obesity
Meajor risk factor and a disease modiffer of asthma both in children and
adults. Obese subjects have increased risk of asthma.

Obese asthmatics have more symptoms, more frequent and severe
exacerbations, a reduced response to medications and an overall decreased
quality of e (66).

Different phenotypes within the obese asthma syndrome: those seen in lean
individuals complicated by obesity, disease newly arising in obese individuals
and phenotypes worsens by increased environmental pollutants

response (67).

Different factors contributing to the syndrome of obesity-related asthma:
Diet, microbiome, genetic factors, metabolic and immune function,
environmental exposures, and mechanical effects (68).

Other conditions and comorbidities
Toxic effect on the pharyngeal mucosa by gastroesophageal reflux, a
frequent condition in asthma (69), associated with laryngospasm and
neurogenic inflammation (64).

OSAS patients display a higher frequency of acid reflux along with
micro-aspiration phenomenon of gastric acid and nocturnal
bronchoconstriction (70), thereby establishing a bidirectional relationship.

OSAS, Obstructive Sleep Disorder Syndrome; QolL, Quality of Life.
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Asthma is defined as severe if it was treated with:

Asthma which requires treatment with guidelines suggested medications for
GINA steps 4-5 asthma (high dose ICS* and LABA or leukotriene
modifier/theophyline) for the previous year or systemic GS for 250% of the
previous year to prevent it from becoming “uncontrolied” or which remains
“uncontrolled” despite this therapy

Asthma i defined as uncontrolled when it has the following signs and

symptoms:

a) Poor symptom control:
ACQ consistently > 1.
guidelines)

b) Frequent severe exacerbations:

Two or more bursts of systemic CS (=3 days each) in the previous year

c) Serious exacerbations:

At least one hospitalization, ICU stay or mechanical ventition in the previous
year

d) Airflow limitation:

After appropriate bronchodilator withhold FEV1 < 80% predicted (despite
reduced FEV1/FVC, defined as less than the lower limit of norma)

, ACT < 20 (or “not well-controlled” by NAEPP/GINA

#The definition of high dose inhaled corticosteroids (ICS) is age-specific.

GINA, Global Initative for Asthma; LABA, long-acting -agonists; CS, corticosteroid
ACQ, Asthma Control Questionnaire; ACT, Asthma Control Test; ICU, Intensive Care unit
NAEPP, National Asthma Education and Prevention Program; FEV1, forced expiratory
—r—y
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Allergic asthma: Associated with a personal history of a respiratory allergen
sensitization and, less commonly, with a food, drug, or contact allergy, this
phenotype reveals how much dysregulated immunity seems to be important
in the development of asthma, with elevated serum immunoglobulin E (gE)
levels, release of mediators from mast cells, skewed T helper 1 (Th) and Th2
responses and eosinophilic airway inflammation (28), recognizable by the
examination of the induced sputum or the evaluation of ts surrogate
biomarker, the fractional exhaled nitric oxide (FeNO) (37, 38). Often this
phenotype responds well to inhaled corticosteroid (ICS) treatment.
Non-allergic asthma: The other cluster of patients that do not suffer from
allergy; in these patients, the cellular profile of sputum may be neutrophilc,
cosinophilic or paucigranulocytic, containing only a few inflammatory cells.
1CS therapy has less response in this subgroup of patients.

Late-onset asthma: Some patients, women in particular, develop asthma
signs and symptoms in adult lfe for the very first time. Often, this subgroup of
patients is non-allergic and requires higher doses of ICS for the correct
treatment

Asthma with persistent airflow limitation: This phenotype can develop in
adults with long-standing asthma, probably following airway wall remodeling
@9).

Asthma with obesity: Patients may display strong respiratory symptoms but
Jittle eosinophilic airway inflammation.
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Character

Case No.
Male
Female
Age (years)
TASS
TAMS

AcT
FEV1/FVC%

Control group

37
10
27
4216+ 11.10
536 +1.21
7.60+1.01
1473 +2.24
76.80 £ 5.54

Single-allergen group

35
16
19
39.49 + 11.60
5.06 £ 1.37
7.86£1.42
16.37+2.37
73.65 + 5.64

1- to 2-allergen group

32
8
24
4188+ 11.29
4.78+1.29
7.31+1.89
14.97 +£2.44
76.23 £ 4.95

>3 allergen group

29
13
16
36.97 £+ 10.25
5.03+1.35
7.55 % 1.64
14.00 + 2.02
76.13 £ 3.85

p-value

p>005
p>005

p>005

Allp > 0,05
Allp > 005
Allp > 0.05
Allp > 005

p <005
(Single vs. Control/1-2)

TASS, total asthma symptom score; TAMS, total asthma medicine score; ACT, asthma control test; FEV1/FVC%, forced expiratory volume in 1 s/forced vital capacity.
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