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The airway epithelial cells and overlying layer of mucus are the first point of contact for particles entering the lung. The severity of environmental contributions to pulmonary disease initiation, progression, and exacerbation is largely determined by engagement with the airway epithelium. Despite the cellular cross-talk and cargo exchange in the microenvironment, epithelial cells produce miRNAs associated with the regulation of airway features in asthma. In line with this, there is evidence indicating miRNA alterations related to their multifunctional regulation of asthma features in the conducting airways. In this review, we discuss the cellular components and functions of the airway epithelium in asthma, miRNAs derived from epithelial cells in disease pathogenesis, and the cellular exchange of miRNA-bearing cargo in the airways.
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Introduction

The lung is constantly exposed to particles with diverse aerodynamic properties that determine where they are deposited in the airways. The airway epithelial cells exhibit a barrier function to protect the submucosal layer from pathogens, allergens, and pollutants in inhaled air. Furthermore, the airway epithelium coordinates with cells of the innate and adaptive immune systems to maintain host defense. In allergic disease, airway epithelial cells produce cytokines e.g. TSLP, IL-25, and IL-33 which drives dendritic cells toward Th2 response, activates eosinophils, and stimulates the production of type 2 cytokines in mast cells, respectively (1–4). Thus, epithelial cells support the initiation of airway inflammation and the pathogenesis of allergy related diseases e.g. allergic asthma.

Asthma is a complex, heterogenous disease characterized by symptoms such as recurrent episodes of wheezing, breathlessness, chest tightness, cough, and expiratory airflow fluctuation. Asthma is often dichotomized into endotypes distinguished by pathophysiological mechanisms. The most studied endotypes are type 2 and non-type 2, which are defined by various phenotypes (5). Emerging studies are still unraveling the pathophysiological mechanisms of asthma (5–8) though it is known that the disease is marked by chronic airway inflammation (9) which subsequently leads to hypersecretion of mucus, bronchial hyperresponsiveness, and airway edema and remodeling (7, 10, 11). Airway epithelial remodeling in asthma is demonstrated by subepithelial fibrosis, thickening of the sub-basement membrane, increase in smooth muscle mass, mucus gland hypertrophy, and vascular congestion, culminating in airway congestion and bronchoconstriction (6, 12). These prominent pathological features highlight the involvement of the airway epithelium in asthma [reviewed in (13, 14)]. Therefore, the epithelial biology of the conducting airways fundamentally provides insight to the understanding of the mechanistic development of asthma.

Goblet cell hyperplasia and mucus hypersecretion are striking pathophysiological features reported during asthma exacerbation (15). To define the molecular mechanisms leading to these manifestations, some studies have explained the role of EGFR in mucus cell metaplasia and mucus production in bronchial epithelial cells (16–18). Furthermore, a study done in patients with asthma demonstrated that epithelial cells increase the levels of GAD65/67 and GABAAR subunits in response to allergen challenge (19). The authors showed that the inhibition of GABA signaling decreased ovalbumin or IL-13-induced goblet cell hyperplasia and mucin production in mice.

It is reported that epithelial cells express several asthma susceptibility genes e.g. IL-1RL1, IL-33, TSLP, CDHR3, PCDH1, MUC5AC, KIF3A, EFHC1 and GSDMB (11, 20–22). Moreover, epithelial gene expression can be modulated by miRNAs, small noncoding RNAs that bind to target mRNAs leading to degradation or even translational repression (23–25). miRNAs are ∼22 nucleotides in length (23), and processed by two RNase III proteins, Drosha and Dicer. After transcription, the miRNA, known as primary or pri-miRNA, is processed into a precursor miRNA (pre-miRNA) and further into mature miRNA. It is widely known that miRNAs bind to sequence-specific recognition sites at the 3′ UTR of their target to repress gene expression. Nonetheless, miRNAs also bind to regions such as the 5′ UTR, coding sequence, and promoters (26). The molecules not only suppress genes, but also stimulate gene expression (27). miRNAs are involved in numerous biological processes, including the pathogenesis of many diseases. Therefore, miRNAs could serve as valuable biomolecules for disease diagnosis, progression, exacerbation and treatment response. For instance, as miRNAs are dysregulation during the pathogenesis of allergy and asthma, their levels can be quantitatively explored in patient samples from the skin, lung, and nose, and in sputum, exhaled breath condensates, and specific cell types (28).

miRNAs have been shown to be differentially expressed in bronchial epithelial cells following diesel exhaust particle, tobacco smoke, and virus exposures (28). Indeed, several miRNAs modulate genes involved in epithelial barrier function, proliferation, response to viral infection and mucus production (29–33). It is however suggest that the impact of miRNAs on the airway epithelium might differ with disease severity (31).

The thickening of the epithelium (34) and induction of goblet cell hyperplasia in asthma suggest a role for a dysregulated network of intracellular molecules in response to alterations in the milieu of the lung. We have earlier discussed the engagement of miRNAs in multiple gene regulation during the pathogenesis of asthma (35). miRNAs are altered in bronchial epithelial cells in patients with asthma (32), and some evidence suggests their contribution to the modulation of genes controlling cellular phenotypes. For example, a study showed that in humans, the expression of miR-4423 was restricted in the airway epithelium, while the overexpression of this miRNA in normal human bronchial epithelial cells (HBECs) contributed to an increase in cells expressing ciliated cell markers (36). Additionally, there was defective multiciliogenesis in the trachea, bronchus, and bronchiole of miR-34/449 “triple knockout” embryos (37), suggesting that the miR-34/449 family is essential for normal ciliation in the respiratory epithelium. Another study also used normal HBECs to demonstrate that miRNAs are differentially expressed in differentiated and undifferentiated cells (38). Other biological processes have been shown to be regulated by miRNAs in the lung epithelium, including the disruption of intercellular adhesion proteins and release of cytokines (39).

The protective function of epithelial cells in the airway is periodically challenged, as they are the first point of contact from the environment. The epithelia of the proximal and distal air spaces are variously vulnerable depending on the velocity of air entering the lungs. Hence, the airway epithelium is a primary site for the commencement and aggravation of respiratory diseases. In this review, we summarize the cellular components of the airway epithelium and their roles in the pathogenesis of asthma. Importantly, we focus on airway epithelial cell function in asthma, the connection between deregulated miRNAs and epithelial cell function, and finally, cross-talk in the microenvironment of the airway epithelium.


The airway epithelium

The microscopic aspects of lung development and signaling mechanisms have been exquisitely explained (40). As this review is about asthma, our focus is particularly on the lower respiratory system, which consists of the conducting and respiratory zones. The trachea, bronchi, and terminal bronchioles make up the conducting zone. The respiratory bronchioles, alveolar duct and alveoli form the respiratory zone, consisting of different epithelial cell types. The conducting zone transports respiratory gases and the respiratory zone functions in gas exchange. The respiratory epithelium comprises pseudostratified ciliated columnar epithelium with other functionally heterogeneous cells. The diverse cellular components include goblet, ciliated columnar, basal, brush, neuroendocrine cells, and pulmonary ionocytes. The airway epithelium merges with the pulmonary alveolar epithelium which consists of type I and type II cells. The type I cells make up the majority of the alveolar surface area and are essential for the air-blood barrier in the lungs (41, 42). The type II cells differentiate into type I cells in response to injury repair (43, 44).

In response to injury and stress, the lung is capable of regenerating the airway epithelium. The multipotent capacity of a specific cell type in the neighborhood of the basal lamina defines the cellular lineage hierarchy in the bronchial airway. These cells, known as basal cells, act as progenitor cells that maintain airway homeostasis through self-renewal and differentiation into specialized cell types such as ciliated and goblet cells (45, 46). Though it is unclear which signaling pathways primarily orchestrate the process, basal cells are capable of differentiating into tuft cells, pulmonary ionocytes, and neuroendocrine cells (47). In contrast, it is well documented that the fate of basal cell differentiation into other cell types is mediated by transcriptional networks of the Notch signaling pathway (48). Despite the multipotent progenitor characteristics of basal cells, their abundance is diverse in the conducting airways. In the human lung, basal cells are higher in the large airways as compared to the smaller airways (49). In addition to basal cells, maintenance of the airway epithelium is also supported by some subsets of club cells that terminally differentiate into ciliated cells in response to epithelial damage (50, 51). Additionally, pulmonary neuroendocrine cells in the bronchial epithelium proliferate and repair the neighboring epithelium (52), and rare clusters are shown to function as stem cells (53).

The ciliated cells of the epithelium have numerous motile cilia protruding from basal bodies on the apical part of the cells. These cilia are made of structural and motor proteins that orchestrate coordinated ciliary movement in the airway. Thus, the protective layer of mucus lining the epithelium is biomechanically beaten by the cilia in the direction leading outside the lung. This function supports the removal of inhaled particles and pathogens from the airways. It is suggested that motile cilia in the respiratory epithelium possess various forms of sensory functions such as mechanoreceptive and chemoreceptive properties [reviewed in (54)]. In contrast to their biomechanical role, ciliated cells of the airway are also targets for invading bacteria and viruses (55). Additionally, it has been demonstrated that ciliated cells transdifferentiate into specialized epithelial cells in response to injury (56).

Club cells are cuboidal non-ciliated, non-mucus secreting, and microvilli studded, with dense cytoplasmic granules (57). These cells are dome-shaped, facing the bronchiolar lumen. In humans, club cells are heterogeneous, and one subtype expresses high levels of the basal cell marker KRT5 (58). Like basal cells, this population of club cells is multipotent (58). There are variants of functional club cells located in the airways. For example, at the bronchioalveolar-duct junction and the microenvironment of neuroendocrine cells, club cells can assume progenitor properties to support epithelial regeneration in response to injury (59–61). Other functional features of club cells include their critical role in inflammation, biotransformation of environmental toxicants, mitigation of oxidative stress, and maintenance of the barrier function of the airway epithelium (62–64). Participation in these mechanisms involve the secretion of club cell protein 10 (CC10), KL-6 protein, lipids, glycoproteins, and surfactants (surfactant proteins A, B, and D).

Goblet cells are located throughout the conducting airway of the respiratory epithelium. Ultrastructural analysis of these cells shows that they are polarized, with nuclei located on the basal side and secretary granules located on the apical side. Along with club cells, goblet cells are also formed from epithelial cells under the triggering influence of IL-13 (65). In addition to IL-13, some inflammatory mediators, irritant gases, proteinases, bacterial products, and cigarette smoke exposures increase the number of goblet cells in the airways (66). Goblet cells contribute mucins to the mucus component in the airways, supporting the viscoelastic property of the mucus in the airway.

Since their discovery, the physiological and mechanical roles of pulmonary ionocytes were associated with mucus viscosity and clearance in cystic fibrosis (47, 67). Pulmonary ionocytes are differentiated from basal cells (47, 67) and transcriptionally distinguished by the expression of FOXI1 and the highest level of CFTR among the cells in the airway epithelium (68). Apart from basal cell differentiation into ionocytes, a possible cell lineage from tuft-like cells has been shown (69). In humans, FOXI1+ ionocytes are found in reduced amounts in the small, compared to large airway epithelium (68). Also, antibody inhibition of the Notch receptors in HBECs has been shown to decrease the number of pulmonary ionocytes (67), suggesting the influence of the signaling pathway in their production.



Epithelial cells in asthma

As a first line of defense, the mucus lining of the epithelium traps foreign particles for further clearance. Usually after an invasion by particles from the environment, epithelial cells react by increasing mucus secretion and ciliary beating in an attempt to cleanse the airway of harmful and insoluble particles. Disruptions in the mucus barrier expose the epithelial cells to allergens and noxious agents which could lead to severe damages. However, epithelial cells are strongly linked together by tight and adherens junctions to form a protective physical barrier over the underlying stromal region of the airway. Thus, the integrity of the airway epithelial landscape and the junctional complexes is essential to cushion against excessive injury from particles and invading pathogens.

Epithelial cells are often frail in asthmatic airways. This is marked by apoptosis and shedding of epithelial cells in the bronchial mucosa of asthma patients compared to healthy controls (70). In an in vitro experiment, allergen exposed airway epithelial cells released IL-25 (71). In another study on patients with mild atopic asthma, the epithelium and submucosa of bronchial biopsies showed increased immunoreactivity to IL-25, IL-33, and TSLP after allergen challenge (72). These findings highlight the role of airway epithelial cells in supporting inflammation by synthesizing lipid mediators and cytokines, which contribute to some of the pathological features of asthma (1, 73). As part of the initial steps in allergic response to inhaled particles and pathogens, the airway epithelial cells release chemokines and cytokines to attract and activate dendritic cells. These cytokines also activate the group 2 innate lymphoid cells (ILC2s) known to support type 2 inflammation in allergic diseases (74). Altogether, the interplay between airway epithelial cells and antigen-presenting cells in the milieu of inflammatory mediators stimulate key features of asthma.

Airway epithelial cells express various proportions of molecules that support the pathogenesis of asthma and indicate susceptibility to the disease. In an experimental mouse model, the Toll-like receptor (TLR) 4 was found to be highly expressed in the conducting airway epithelial cells (75). In this study, inhibition of TLR4 reduced airway lymphocytosis and eosinophilia, IL-5 and IL-13 in bronchoalveolar lavage fluid (BALF), peri-bronchovascular infiltrates, goblet cell hyperplasia, and airway hyperresponsiveness in HDM treated mice. There is also evidence that the cadherin-related family member 3 (CDHR3) expressed in airway epithelial cells is associated with exacerbation susceptibility in children with severe asthma (76). Another molecule, protocadherin 1 (PCDH1), expressed in bronchial epithelial cells, has emerged as a susceptibility gene for bronchial hyperresponsiveness and asthma in children (77, 78). In addition, these genes which are expressed in epithelial cells also indicate asthma susceptibility: ADAM33, GPRA, SPINK5, IRAKM, DPP10, and HLA-G (79).

The specialized functions of the cells in the airway epithelium suggest their independent response in allergy and asthma conditions. These cells encounter various levels of molecular-specific alterations detrimental to their functional performance. In a recent study, the level of TRPV4 was demonstrated to be increased in the apical membrane of bronchiolar cells in biopsies from asthma patients (80). Elevated levels of TRPV4 in club cells were moreover shown to act as signals for allergic inflammation. Previous studies have also demonstrated significantly reduced CC10 in the epithelial cells of small airways and in the plasma of asthma patients compared to controls (81, 82). A decrease in serum levels of CC10 has also been reported in patients with overlapping features of asthma and COPD (83). In mouse model of OVA-induced asthma, the mRNA and protein levels of CC10 were reduced in lung tissues and the airway, respectively (84), and CC10 was further associated with exacerbation of asthmatic phenotypes. These studies show that the immunomodulatory, anti-inflammatory, and anti-phospholipase A2 properties of CC10 are threatened in asthma conditions, suggesting a functional role of club cells in the disease.

A characteristic feature of airway epithelial remodeling is goblet cell metaplasia. In a mouse model with conditionally expressed spdef in the non-ciliated epithelial cells, increases were found in goblet cell metaplasia, eosinophil infiltration, and airway hyperresponsiveness (85). Again, there were marked increase in the mRNA levels of Th2 cytokines (Il-13 and Ccl17), eosinophilic chemoattractants (Ccl24 and Ccl20) and targets that signify dendritic cell activation (Il-33, Il-25, and Csf2) (85). Noteworthy, goblet cell metaplasia is coordinated by a wide range of molecules and signaling pathways e.g. Notch2, IL-4, IL-13, TNF-α, and EGF (86–89). In both mice and cultured epithelial cells, inhibition of IL-13 and the STAT6 signaling attenuated goblet cell metaplasia (90). In the mice, there was also evidence of decreased goblet cell metaplasia and prevention of HDM-induced airway hyperreactivity and inflammation. In another mouse study, inhibition of the CREB binding protein (CBP)/β-catenin pathway mitigated goblet cell metaplasia and mucus production in an HDM-induced model of allergic airway disease (91). Elevated FOXM1 has been shown in goblet and club cells of an HDM asthma mouse model and in patients with severe asthma (92). Deletion of FOXM1 in club cells decreased inflammation and airway resistance in an HDM-induced mouse model, and also reduced goblet cell metaplasia in the airway epithelium (92). Hyperplasia of goblet cells is also associated with chronic hypersecretion of mucus in asthma. The mechanisms of goblet cell hyperplasia and contribution to the apical mucus layer of the epithelium in humans and asthma mouse models have been described elsewhere (15, 93–96).

Ciliary function remains an important component of the respiratory airway epithelium. Despite the chemical barrier functions elicited by the airway epithelial cells the biomechanical action of ciliated cells is relevant for the clearance of foreign particles. Airway epithelial cell cilia respond to chemical stimuli and the physical properties of liquid components overlying them (97–99). Epithelial cell loss is usually marked in asthmatic airways – instigated by disruption and decreased formation of cellular tight junctions (100). These epithelial changes increase permeability to allergens (100, 101), mucus hypersecretion, and depletion of ciliated cells in the airway (102). Progenitor cells expressing FOXJ1, a marker for ciliated cells, are capable of differentiating into goblet cells under the influence of IL-13 (103). This underscores the role of ciliated cells in epithelial regeneration in response to injury. In bronchial biopsies from children with chronic onset of asthma, some cells co-expressed mucus (MUC5AC and CEACAM5) and ciliated cell genes (FOXJ1 and PIFO), and were named as mucus ciliated cells (104). It was further demonstrated that the cells exhibited elevated levels of IL-4/IL-13-induced genes, as well as asthma genes such as CSTI and POSTN, suggesting the involvement of these types of cells in mucus cell metaplasia (104).



Epithelial cell miRNAs in asthma

The role of airway epithelial cells in the pathogenesis of asthma merit the discussion of intracellular molecules that are functionally active in disease progression or symptom alleviation. miRNAs are dysregulated in respiratory diseases, and capable of modulating the expression of various genes implicated in airway biology and diseases (35). Murine models support investigations into miRNAs and their role in asthma and allergic airway disease. Using HDM treatment as a model for allergic airway disease in mice, data from one study showed greater than 5-fold increase in miR-145, miR-21 and let-7b in dissected airways compared to samples from saline-treated mice (105). Notably, inhibition of miR-145 reduced HDM-induced mucus hypersecretion in the airway epithelial cells and recruitment of eosinophils to the airway (105). Eosinophil recruitment was further demonstrated by a reduced number of eosinophils in BALF. However, the authors neither identified specific targets nor described the molecular mechanisms leading to reduced mucus hypersecretion after miR-145 antagonism.

In response to HDM-induced allergic asthma, one study found elevated levels of miR-16, miR-21, and miR-126 in the airway walls of mice (106). On the contrary, HDM-induced TLR-4 and MyD88 deficient mice demonstrated decreased levels of one of the miRNAs i.e. miR-126. Inhibition of miR-126 in the airway wall of WT mice suppressed HDM-induced mucus hypersecretion and other allergy-related features (106). Moreover, the MyD88 signaling pathway was found to regulate the expression of miR-126 and HDM-induced allergic inflammation. Altogether, transcriptomes of the airway walls of HDM challenged mice treated with ant-miR-126 showed differential regulation of genes that encode for proteins making up certain regions of the Ig kappa, Ig lambda and heavy chains. OBF.1 [Oct binding factor 1 a.k.a. BOB.1 (B-cell Oct binding protein 1)] and PU.1 were significantly upregulated, whereas GATA3 was downregulated. OBF.1 regulated the production of antibodies and PU.1 negatively regulated TLR4 and Th2 response.

Anti-mmu-mir-106a attenuated goblet cell metaplasia and mucin content in the airways of mice with OVA-induced allergic asthma (107). However, the molecular events leading to reduced goblet cell metaplasia require further investigation, as this was not demonstrated in the study. In contrast, some studies have demonstrated the involvement of miR-125b and miR-330 in the inhibition of goblet cell differentiation in allergic airway inflammation and in IL-13-induced MUC5AC secretion in bronchial epithelial cells, respectively (108, 109). Intranasal administration of miR-145–5p antagomir to mice reversed HDM-induced decrease in KIF3A (expressed in airway epithelial cells), reduced inflammatory response in the lung, and ultimately, modulated asthma phenotypes (39).

Analyses of samples from human subjects have been instrumental in studying airway biology and miRNAs in asthma. Dysregulated levels of miRNAs are reported in diverse human samples. For instance, decreased levels of miR-34b-5p, miR-34c-5p, miR-449a and miR-449b-5p were demonstrated in bronchial epithelial brushings from both steroid-naive and steroid-using asthma cohorts (110). As already described, miR-449 is important for the differentiation of ciliated cells (111). This was demonstrated by overexpressing miR-449 in proliferating human airway epithelial cells (HAECs), which eventually decreased the levels of NOTCH1 and DLL1. Additionally, inhibition of miR-449 in differentiating HAECs increased the protein levels of NOTCH1 and DLL1. Altogether, lower protein levels of NOTCH1 and DLL1 were found in multiciliated cells compared to undifferentiated and non-ciliated differentiated cells (111). Since the pathogenesis of asthma is impacted by multiple genetic factors, the reduction of miR-34b-5p and miR-34c-5p in asthma should be further investigated to determine their molecular influence in the disease.

Microarray analyses of bronchial epithelial cells from asthmatic patients have also shown decreased levels of miR-18a, miR-27a, miR-128, and miR-155 (32). Inhibition of all of these miRNAs together increased the release of IL-6 from bronchial epithelial cells compared to inhibition of each miRNA individually. Importantly, these findings potentially caution the selection of specific dysregulated miRNAs to provide mechanistic explanations of phenotypes and pathological observations in experimental disease conditions.

Bronchial epithelial cells from mild asthmatic patients indicated strong downregulation of miR-203 and significant increases in miR-487b, miR-181c, and miR-let-7f levels (112). Higher expression of the aquaporin gene AQP4, a predicted target for miR-203, was found in bronchial epithelial cells from mild asthma patients. AQP4 controls water transport across the cell membrane and we suggest that the level is possibly upregulated in the bronchial epithelium to support the clearance of obstructive fluids in asthmatic airways. Hence, miR-203 is decreased to support this process in asthma pathogenesis.

Among the numerous miRNAs differentially expressed in the bronchial epithelium of healthy and severe asthma patients, the levels of miR-19b-3p, miR-20a-5p, and miR-135b-5p were shown to be decreased while those of miR-574-3p and miR-625-3p were increased in asthma patients after validation in an expanded cohort (113). Using the Ingenuity Pathway Analysis, the authors ascertained that the numerous miRNAs dysregulated in severe asthma condition relate to several biological processes including epithelial repair and inflammation (113).

In a recent study, miR-141-3p was increased in primary HBECs and as well induced following allergic stimulation in patients with asthma (33). Knockdown of miR-141-3p in IL-13-treated HBECs led to decreased goblet cell genes and mucus-producing goblet cells (33). Also, endobronchial biopsy samples from patients with severe asthma displayed increased epithelial thickness, and bronchial epithelial cells showed an elevated rate of cell proliferation compared to samples from patients with mild asthma (30). Corresponding with the observation, the level of miR-19a was increased in bronchial epithelial cells in the severe asthma condition. Further evidence revealed that the transfection of miR-19a into bronchial epithelial cells promoted cell proliferation (30). Airway biopsies of patients with asthma demonstrated a decrease in miR-146a compared to the level in non-asthmatic controls (114). Additionally, stimulation of HBECs with cytokines associated with asthma (TNF-α, IL-17A, and IL-4) resulted in increased miR-146a. Thus, miR-146a response to pro-inflammatory cytokines implicates its relevance in neutrophilic asthma (114). Moreover, in this study, patients with neutrophilic asthma showed significant increase in the mRNA levels of IL-8 and CXCL1 in airway epithelial cells. Importantly, a negative association between miR-146a level (in bronchial brushing) and neutrophil counts (in BALF) was reported in asthmatic patients (114). The authors showed that overexpression of miR-146a in HBECs controlled inflammatory response by reducing the mRNA level and release of IL-8 and CXCL1, respectively. Additionally, the mRNA levels of the interferon response genes, IFITM1 and IRF1, were moderately increased in miR-146a transfected HBECs. Nevertheless, the regulation of these proteins and genes in this study only indicates a causal effect from miR-146a transfection into HBECs and not necessarily the regulation of putative targets.

While miRNAs regulate various genes to modulate phenotypes in the airway epithelium of asthma patients and experimental conditions, a single miRNA can also regulate multiple genes and several miRNAs can regulate the same gene. The epithelium of patients with asthma display several structural and functional anomalies linked to dysregulated miRNAs. miRNA candidates profiled in the airway epithelium may work synergistically or elicit additive effects to other subsets in the microenvironment of the epithelium to modulate these phenotypes. Thus, we posit that the study of specific miRNAs among a dysregulated pool may not adequately disentangle the mechanistic involvement of epithelial miRNAs in the pathogenesis of asthma. Because miRNA dysregulation in the asthmatic airway epithelium may be molecularly programmed in response to triggers, miRNAs should be collectively studied in relation to phenotypes in asthmatic airways and the pathogenesis of the disease in general. Figure 1 shows airway epithelial cell miRNAs and the features of asthma they are mechanistically involved with.
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FIGURE 1
Airway epithelial cell miRNAs in asthma. Inhibition of miR-145 and miR-126 decrease mucus hypersecretion. Inhibition of miR-106a reduces goblet cell metaplasia and airway mucus content. Decreased miR-141-3p leads to fewer mucus-producing goblet cells. miR-19a induces the proliferation of bronchial epithelial cells. miR-125b and miR-330 inhibit goblet cell differentiation and IL-13-induced MUC5AC secretion, respectively.




Cellular cross-talk in the vicinity of the airway epithelium

Cells release extracellular vesicles (EVs) containing bioactive cargoes that influence cellular functions in asthma (115, 116). Thus, the exchange of biomolecules in the vicinity of the airway epithelium may be supported by EVs. In a recent publication, it was demonstrated that epithelial cells exchange cargoes to alter mucin hypersecretion and miRNA content of exosomes in target cells (117).

EV miRNAs are believed to support the infiltration of inflammatory cells to the lungs, regulate Th2 inflammation, modulate mast cell degranulation, regulate cytokine production, and function in airway remodeling and hyperresponsiveness (118). Under physiological and pathological conditions, the number and content of EVs is altered. For example, treatment of HBECs with T2 (IL-4 + IL-13) and T17 (IL-17A + TNFα) cytokines induced the release of EVs (119). In an in-vitro model of experimental asthma, dysregulated miRNAs were found in the EV cargoes of normal HBECs challenged with IL-13 (120). These findings suggest a link between miR-34a, miR-92b and miR-210 to early stage Th2 response in the airway and asthma. In another study, HDM-exposed mice showed increased BALF EVs bearing miRNAs suggested to be involved in allergic airway inflammation (121).

Dysregulated intracellular miRNAs in airway epithelial cells determine cellular response and phenotypes. The cross-talk orchestrated through cargo exchange between the cells is therefore a key component in asthma pathogenesis. Moreover, cell signaling mechanisms and pathways crucial for the progression and mitigation of asthma require the unraveling of miRNAs generated by specific cells in the airways. This could support the understanding of the pathomechanisms of goblet cell hyperplasia and metaplasia, and mucus hypersecretion in asthma.




Conclusion

Epithelial cells are the first cellular contact of environmental materials entering the lung. miRNA regulation of targets in the airway support the maintenance of epithelial barrier integrity or dysfunction in asthma. Communications established between epithelial cells in the airways depict the relevance of miRNAs in response to alterations in the cellular milieu in asthmatic conditions. A gap of knowledge remains when it comes to understanding the role of epithelial cell miRNAs in asthma. Further studies require the use of single cell small RNA sequencing combined with functional assays, including cell lines with genetically modified miRNAs and target genes to expand this research field. Moreover, defining the possible vesicular cargo exchanges between the epithelial cells in the airways and dysregulated miRNAs in each specific cell type is essential to broaden understanding of signaling pathways connected to the pathophysiology of asthma.
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