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Abstract

:

The features of allergic asthma are believed to be mediated mostly through the Th2 immune response. In this Th2-dominant concept, the airway epithelium is presented as the helpless victim of Th2 cytokines. However, this Th2-dominant concept is inadequate to fill some of the vital knowledge gaps in asthma pathogenesis, like the poor correlation between airway inflammation and airway remodeling and severe asthma endotypes, including Th2-low asthma, therapy resistance, etc. Since the discovery of type 2 innate lymphoid cells in 2010, asthma researchers started believing in that the airway epithelium played a crucial role, as alarmins, which are the inducers of ILC2, are almost exclusively secreted by the airway epithelium. This underscores the eminence of airway epithelium in asthma pathogenesis. However, the airway epithelium has a bipartite functionality in sustaining healthy lung homeostasis and asthmatic lungs. On the one hand, the airway epithelium maintains lung homeostasis against environmental irritants/pollutants with the aid of its various armamentaria, including its chemosensory apparatus and detoxification system. Alternatively, it induces an ILC2-mediated type 2 immune response through alarmins to amplify the inflammatory response. However, the available evidence indicates that restoring epithelial health may attenuate asthmatic features. Thus, we conjecture that an epithelium-driven concept in asthma pathogenesis could fill most of the gaps in current asthma knowledge, and the incorporation of epithelial-protective agents to enhance the robustness of the epithelial barrier and the combative capacity of the airway epithelium against exogenous irritants/allergens may mitigate asthma incidence and severity, resulting in better asthma control.
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1. Introduction


The Global Strategy for Asthma Management and Prevention (2022 update) describes asthma as a ‘heterogeneous’ disease, usually characterized by chronic airway inflammation, and it is defined by the history of respiratory symptoms, such as wheeze, shortness of breath, chest tightness, and cough that vary over time and in intensity, together with variable expiratory airflow limitations. Airflow limitation may later become persistent [1]. Asthma affected an estimated 262 million people in 2019 and caused 455,000 deaths globally [2]. The two major types of asthma, atopic and allergic asthma, have an early childhood onset and are typically linked with a family history of asthma and/or other diseases of the atopic triad, namely allergic rhinitis and atopic dermatitis. In atopic asthma, various types of allergens, like different types of common pollens, cockroach allergens, house dust mites, dander from cats and dogs, etc., are the major inducers. These allergens sensitize only those individuals who are allergy-prone and have a genetic tendency [3]. After sensitization, when these allergy-prone individuals are exposed to the same allergens again, it leads to bronchoconstriction. Various forms of nonatopic asthma also exist, which include occupational asthma and exercise-induced asthma. Occupational asthma is caused by inhaling fumes, gases, and dust particles at the workplace. It is generally a reversible condition, wherein the symptoms disappear on aversion from the causative irritants. In exercise-induced asthma, the respiratory rate and tidal volume are heightened during exercise, which requires the airways to humidify a large amount of air in a short period, which causes excessive water loss from the airways. Consequently, hyperosmolarity and relative dehydration occur, which triggers the release of mediators like prostaglandins, histamine, leukotrienes, and cytokines that causes airway smooth muscle contraction and airway narrowing, leading to asthma [4].



Based on quantitative sputum cell analysis, Simpson and coworkers classified airway inflammation involved in asthma into eosinophilic, neutrophilic, paucigranulocytic, and mixed granulocytic types. The neutrophilic subtype is triggered by lung irritants like cigarette smoke, air pollutants, inhaled ozone, cold environment, vigorous exercise, or infectious exacerbation and is generally refractory to corticosteroid response. Mixed granulocytic asthma is characterized by the coexistence of eosinophils and neutrophils and might represent a transitional phase in asthma progression. Paucigranulocytic airway inflammation entails airway hyperresponsiveness due to altered airway smooth muscle contractility without the presence of eosinophils or neutrophils in the airways [5].



Nevertheless, allergic eosinophilic asthma is the most common type of asthma. The pathophysiology of asthma features airway obstruction accompanied by a narrowing of the airway lumen diameter owing to the chronic inflammation of the airways in response to inhaled allergens. There is plasma extravasation, edema, and an influx of various immune cells like eosinophils, neutrophils, lymphocytes, macrophages, and mast cells. Airway hyperresponsiveness occurs, wherein the smooth muscle of the airways contracts in response to inhaled stimuli, which can be reversed by the administration of bronchodilator. Apart from this, mucus plugging, airway remodeling, which includes goblet cell metaplasia, excessive subepithelial collagen deposition, airway smooth muscle hyperplasia, and increased vascularity are the possible mechanisms of this persistent airflow obstruction [6].



In allergic asthma, the exposure of sensitized individuals to allergens evokes a type 2 immune response. During the sensitization phase, dendritic cells capture inhaled allergens and present them to naive CD4+ T cells that are polarized to T helper 2 (Th2) cells, which secrete cytokines like IL-4, IL-5, and IL-13. IL-4 directs immunoglobulin class switches to IgE in B cells, which binds to the high-affinity IgE receptor on mast cells. Allergen re-exposure prompts allergen-mediated IgE crosslinking that results in rapid mast cell activation and degranulation. IL-5 brings about airway eosinophilia. IL-4 and IL-13 exert their direct effect on the airway epithelium by inducing goblet cell metaplasia and mucus hypersecretion. Moreover, IL-13 elicits airway hyperresponsiveness by acting on the airway smooth muscle cells [7]. Thus, the traditional concept of asthma involves the Th2-dominant immune response. However, these Th2 cytokines are also produced by type 2 innate lymphoid cells (ILC2s) to orchestrate the Th2 immune pathway in asthma. Importantly, the inducers of ILC2 are cytokines that are almost exclusively secreted by the airway epithelium. This underscores the importance of airway epithelium in asthma pathogenesis.




2. Need to Change the Existing Concepts of Asthma Pathogenesis (Figure 1)


A variety of medications are available in asthma therapy, and among them are bronchodilators and anti-inflammatory drugs, which include immunosuppressive agents. These currently available medications are based on the changes in the conceptual understanding of asthma pathogenesis since the era of Hippocrates. However, the obvious question lies in the exigency of novel concepts in the manifestation of asthma pathogenesis. While the current Th2-dominant concept of asthma not only failed to explain the dissociation between airway inflammation and airway remodeling, it also failed to explain the reasons for the increased incidences of severe asthma and therapy-resistant asthma. All these indicate a need for newer concepts in asthma pathogenesis that can explain the above pathological features on the basis of which one can devise novel therapeutic strategies for severe asthma and therapy-resistant asthma. In fact, the currently available medications are also based on the change in earlier concepts of asthma pathogenesis.
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Figure 1. A diagram that describes the concept changes that happened in asthma pathogenesis with time. 
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The first description of asthma was propounded by the Greek physician Hippocrates (460–377 BC) and is derived from the Greek word ‘‘asthmaino’’ (astZmaino), i.e., ‘‘panting or gasping’’. Early regimens to treat asthma were focused on symptom relief or the alteration of external factors, such as the use of plant extracts, life-style changes, surgery, or hypnosis. In the pre-inhaler era, inhaling the smoke from ‘‘asthma cigarettes’’, which contained compounds like atropine, belladonna, menthol, morphine, or cocaine, was also prevalent. For many years, the concept of the neuro-psychogenic origin of asthma was widely accepted. Due to this, psychopharmaca, like chlorpromazine, was prescribed. In 1892, the father of modern medicine in the Western World, Sir William Osler described asthma as the spasm of the bronchial muscles. As a result, bronchodilators like epinephrine, anticholinergics, and inhaled β-agonists were all introduced in the first half of the 20th century. The concept of asthma being an inflammatory disorder was strongly established in the 20th century. Therefore, targeting inflammatory mechanisms became popular in the second half of the 20th century. Presently, corticosteroids are hailed as the most potent anti-inflammatory drugs for asthma therapy. The action of leukotriene receptor antagonists is based on the antagonism of cysteinyl leukotrienes (CysLTs) at the CysLT1-receptor in the airways and inflammatory cells, which mediate bronchoconstriction, inflammation, and mucus production in asthma. Although they are not as efficacious as corticosteroids, they are used as an add-on medication [8,9,10].



Although the current therapeutic approach to asthma focuses mainly on the resolution of inflammation, it fails to ameliorate lung function or address disease exacerbation, which indicates the involvement of other factors. An upcoming concept projects airway remodeling as the other major culprit in asthma pathogenesis [11]. The disruption of the tight epithelial junctions in the airways confers susceptibility to allergens and evokes inflammatory responses, contributing to airway remodeling. In the airway epithelium of children with respiratory difficulties, structural alterations have been observed prior to the advent of airway inflammation and the clinical detection of asthma. This supports the notion that epithelial changes are an early event in asthma pathogenesis, thus challenging the dogma that chronic airway inflammation begets airway remodeling [12]. This concept of epithelial dominancy in asthma pathogenesis is relatively new in the context of the existing Th2-dominant concept. There is a need for new concepts in the context of therapy resistance and increased morbidity in asthma. Though it is well-known that epithelial injury and its subsequent changes, like airway remodeling, are crucial in asthma pathogenesis [13], detailed mechanistic studies were missing that could explain airway epithelial injury. Initially, it was believed that airway epithelial injury and airway remodeling were mere consequences of airway inflammation. However, Th2-dominant airway inflammation alone could not explain all these complex asthma features [14].



Thus, it is high time to acknowledge the pivotal role of the airway epithelium in driving the pathogenesis of asthma and delve deeper into understanding its mechanistic role.




3. Barrier Function of Airway Epithelium


3.1. Importance of Epithelial Barrier in Maintaining Homeostasis


As a first line of nonspecific defense, the anatomical barriers such as, skin and mucosal membrane protects our body system from environmental insults. Essentially, these barriers in our body have two major functions: (a) organ-specific functions and (b) the maintenance of organ homeostasis against external aggressors. For example, the stratum corneum, which is the outermost epidermal layer, is essential in limiting water loss by transcutaneous evaporation to maintain the water content of our body [15]. In addition, the skin barrier is also crucial in providing defense against the invasion of various external molecules and microbes. Similarly, the intestinal epithelium is essential in the absorption of nutrients, water, and electrolytes, along with the homeostatic role of restraining the entry of allergens, microbes, and other foreign molecules into the intestinal wall. Likewise, alveolar epithelium is fundamentally involved in gaseous exchanges, surfactant production, and the regulation of ions and water transport to maintain the fluid balance on the alveolar surface, in addition to the protective function against environmental irritants/pollutants [16]. The airway epithelial cells, which line the entire region from the trachea to the terminal bronchi, are lined up by the ciliated cells and the Clara cells at the region of conducting airways (trachea, bronchi, and bronchioles). However, airway epithelium does not have any special organ-specific function like gas exchange or nutrient absorption, even though it regulates water/ions transport. However, airway epithelial cells serve as sentries in restricting the entry of inspired airway luminal contents beneath the epithelial layer and in removing/neutralizing the various toxic/irritant substances from the inhaled air to prevent the access of these irritants to alveoli where vital gas exchange happens. In order to perform this key function, the airway epithelial layer has numerous types of machinery, like physical barriers, chemical barriers, special cellular machinery, etc.



Meanwhile, the regulation of the airway epithelial barrier function is emerging as a crucial checkpoint in asthma pathobiology. Numerous studies have evidenced that the respiratory epithelium is compromised in asthmatic conditions. Additionally, it has been noted that asthma patients’ bronchial epithelial cells have abnormal antimicrobial response patterns. According to biopsy studies carried out in children, structural alterations in the respiratory epithelium may take place prior to the beginning of airway inflammation. There is a theory that claims that structural and functional dysfunction in the respiratory epithelium leads to an aberrant immune system and structural cell signaling, which, in turn, causes remodeling, inflammation, and allergic airway hypersensitivity [17].




3.2. Anatomical Barrier Role of Airway Epithelium (Figure 2)


Epithelial junctional complexes act as crucial signaling hubs and threat detectors, interacting with the microenvironment and monitoring self-defense. This function of the epithelial barrier of the bronchial epithelial cells and its structural integrity is mainly conferred by the adhesive forces of the intercellular junctions. The major intercellular junction proteins documented in preserving the barrier include tight junctions, the adherens junctions, and the (hemi) desmosomes [18]. The tight and adherens junctions together form the apical junctional complex (AJC) and are present at the apicolateral border of the airway epithelial cells.
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Figure 2. Scheme diagram to illustrate the structural changes in the airway epithelial barrier in asthmatics compared to healthy airway epithelium. When the asthmatic airway epithelium is exposed to allergens and air pollutants, it causes disruption to the tight epithelial junction and adherens junction. This leads to heightened mucosal permeability, effectuating more inhaled particles and allergens present in the subepithelial region and promoting innate and adaptive immune responses. This is accompanied by PNEC hyperplasia, a loss of ciliated cell numbers, goblet cell metaplasia, mucus hypersecretion, the thickening of the basal membrane, subepithelial fibrosis, increased airway smooth muscle mass, and the excess deposition of extracellular matrix. 
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The claudin multigene family, which encodes for the tetraspan transmembrane proteins, are the core tight junction proteins [19]. They interact with the claudins on the adjacent cells and forge a barrier that regulates the paracellular diffusion of ions and solutes. The alveolar epithelium also expresses over a dozen claudins, out of which claudin-3 (cldn-3), claudin-4 (cldn-4), and claudin-18(cldn-18) are predominantly expressed [20]. The other claudins expressed by the alveolar epithelia include claudin-5 (cldn-5) and claudin-7 (cldn-7), which also aids in maintaining the alveolar epithelial barrier. The loss of these proteins leads to increased permeability and causes a loss of barrier function [21]. A research study conducted on the tight junction proteins involved in airway epithelial cells demonstrated that the expression of claudin-18 had been reduced in patients with asthma [22]. Asthmatic mice with claudin-18 deficiency were found to manifest increased susceptibility to airway hypersensitivity, which indicated the contribution of claudin-18 to the pathophysiology of asthma [22].



The adherens junctions that are present beneath the tight junction comprise the cadherin (E-cadherin) and the catenin (α-catenin, β-catenin, and p120) families that mediate cell-to-cell adhesion [23,24]. The deletion of E-cadherin in lung epithelia not only causes epithelial denudation with a loss of ciliated cells but also suppresses the differentiation of club cells and, thus, limits epithelial healing after damage due to the stem cell properties of club cells [25]. The sustained loss of E-cadherin also evokes the differentiation of epithelia into a mesenchymal phenotype, a process otherwise called epithelial-mesenchymal transition (EMT). This EMT is known to cause subepithelial fibrosis, which is the main feature in airway remodeling in asthmatics and increases the severity and complexity of the disease.



The tight and the adherens junction proteins are linked to cytosolic proteins on one end and to the actin cytoskeleton on the other end to form “cytosolic plaques” [26]. A dominant plaque protein is found in the family of zonula occludens (ZO), which cement the intracellular domains of the tight and adherens junction with various cytoskeletal components and actin-binding proteins, like α-catenin, α-actinin, and vinculin. It is now becoming evident that a lack of these certain junctional complexes is sufficient to trigger the alarm of the immune defenses. Perez-Moreno et al. demonstrated that the conditional ablation of p120 in the epidermal region provoked a robust inflammatory response [27]. The loss of p120 binding results in the nuclear translocation of nuclear factor kappa, which is a light chain enhancer of activated B cells (NF-κB), and thus drives the action of the inflammatory response via the promotion of IκBα [28]. Similarly, p120 downregulation in the human bronchial epithelial cells induces the activation of NF-κB and elicits the enhanced expression of proinflammatory cytokines, like IL-8 (partially mediated via the RhoA activity). There is growing evidence that asthmatic tissues more heavily activate NF-κB pathways. In samples from asthmatic patients, the inducible and transcriptionally active variants of NF-κB were shown, which corresponds to the increased expression of specific proinflammatory cytokines and enzymes observed in these patients [29].



Desmosomes and hemi-desmosomes connect the columnar epithelial cells to the basal cells and basement basal cells to extracellular matrix in the airways. They regulate cell adhesions and give mechanical backing to lung tissue [30].




3.3. Chemical Barrier Role of Airway Epithelium


Given the incessant exposure of the lungs to noxious substances, the surface of the airway is layered up with a highly evolved fluid lining that is exchanged dynamically to aid in the mucociliary clearance of antigens. The produced mucus layer and the periciliary layer (PCL) are the two separate layers that make up this fluid lining, also known as airway surface liquid (ASL). The secreted mucins are glycoconjugates with threonine-rich domains, and these act as biophysical “rafts” or barriers to convey the pathogens out of the conducting airways [31]. Mucins, like MUC13, MUC16, and MUC4, which are tethered to the epithelial cells, bestow a direct host defense barrier at the epithelial surface that can be removed by pathogen- or host-associated proteases, releasing microbes to the mucociliary ‘escalator’ for elimination. On the contrary, MUC5AC, MUC5BA, and MUC2, which are secreted by the airways, create a mucous gel that hinders bacterial aggregation, binds microbial pathogens, and impairs their ability to adhere [31]. Even though the increased secretion and release of airway mucus is a noisome accompaniment to environmental cues and infections, mucins help maintain airway homeostasis and eliminate pathogens and cellular debris during recovery from injury or infection. Airway disorders viz., chronic obstructive pulmonary disease (COPD), bronchiectasis, cystic fibrosis, and asthma, all exhibit excessive goblet cell differentiation and mucus hyperproduction [32].



The epithelial cells and the submucosal glands, which form an integral part of the innate immune system, secrete many host-defense proteins, including lysozymes, lactoferrin, lipocalin-2, defensins, cathelicidin, surfactant proteins, acute-phase proteins, psoriasin (S100A7) proteins, and palate, lung, and nasal epithelium clone (PLUNC) proteins [33]. The lung epithelial cells act as immune sentinels, and this sets up an innate immune response owing to an ample repertoire of cytosolic, membrane-bound, and endosomal pattern-recognition receptors (PRRs) to identify various pathogens [34].




3.4. Physiological Barrier in Airway


The airway defense responses that guard the lungs and the rest of the body against inhaled irritants like cigarette smoke and aerosols include bronchoconstriction, which is a crucial and effective reflex mechanism [35]. However, the chemical irritants stimulate the sensory nerves present in the respiratory tract, and the generated action potential is conducted by the vagus nerves (to the brain stem). This instantly causes bronchoconstriction via the cholinergic efferent pathway accompanied by the hypersecretion of mucus, coughing, and dyspneic sensations [36]. Thereof, the conjecture that bronchoconstriction is a physiological protective mechanism, becomes a clinical symptom as this also confines the entry of the air and, thus, difficulty in breathing occurs subsequent to the bronchoconstriction.




3.5. Special Cellular Machinery in Airway Epithelial Barrier


Surprisingly, airway epithelial layers also have special machinery, like pulmonary neuroendocrine cells (PNECs), that produce an array of neuropeptides, neurotransmitters, and amines to sense the environmental air and catabolize the irritants/toxicants of the air to neutralize them [37,38]. Therefore, these cells are considered intrapulmonary sensors that also sense hypoxia by chemoreception [39]. Indeed, like the traditional chemoreceptors present in the nose, the PNEC clusters that are part of the epithelial layer have been shown to have olfactory receptors so that they can sense the toxicants in the inspired air and react to prevent the further entry of such toxicants through induction of bronchoconstriction [40]. Recent research by Sui et al. has provided mechanistic proof that neuroendocrine cells play a crucial role in orchestrating asthmatic responses by activating goblet cells and group 2 innate lymphoid cells (ILC2). PNECs secrete calcitonin, gene-related peptide that activates the ILC2 response, which further encourages Th2 allergic reactions [41]. Studies have revealed an increase in PNECs in a variety of lung conditions, including asthma [42], COPD [35,39], and small-cell lung cancer [43].



Similarly, club cells present in the airway epithelial layer act like hepatocytes of the lung as they have more cytochrome P450 to detoxify xenobiotics present in the inspired air [44]. Club cells have the capacity to differentiate into ciliated and mucus-secreting goblet cells in response to epithelial damage, and this process is regulated by the intercellular junctional protein E-cadherin [45]. Patients with asthma and COPD [46] have been reported to have a reduced number of club cell counts, and this is associated with disease-severity [47].



In addition to having a chemosensory role, PNECs are also considered to be reserved stem cells, especially in the distal airway, and thus can form ciliated and Clara cells postepithelial injury [48]. Similarly, Clara or club cells are considered airway progenitor cells. A subset of variant Clara cells has been shown to have multipotent differentiation properties and, thus, can regenerate the bronchiolar epithelium [49].




3.6. Barrier Function of Airway Epithelium against Air Pollutants and Pathogens


Air pollutants are typically categorized as ultrafine, fine, and coarse, depending on their size, source, and nature (gases or particles). The main sources of indoor air pollution include stoves, biological substances (including mold), microplastics, and household dust, whereas automobile, industrial (urban), and agricultural (rural) activity are the major reason for outdoor pollution [50]. Airborne particulate matter (PM) is a heterogeneous mixture of solids and aerosols, which can include heavy metals, airborne dust, and nanoparticles discharged from chemical factories, wildfire smoke, vehicle exhaust, and volcanic eruptions. Urban homes have PM2.5- and PM10-rich indoor pollutants along with higher NO2 levels [51]. Since fine PM penetrates the narrow airways more deeply than coarse PM, it is particularly dangerous to breathe it in. Inhalation of fine particulates has been linked to the development of asthma and COPD. A correlation has been put forward between increased levels of outdoor pollution, particularly NO2, PM2.5, and black carbon, and the onset and development of childhood asthma along with lowered lung function [52].



In general, air pollutants may not lead to the development of asthma in atopic individuals, but this promotes the initiation. For example, cigarette smoke has been shown to increase the accessibility of allergens by damaging the airway epithelial barrier [53]. As a result, air pollution could potentiate the allergen uptake followed by their processing by antigen-presenting cells. Thus, children residing in urban areas have an increased tendency to develop asthma than non-urban children [51] by virtue of more pollution. On the other hand, in non-atopic asthma, both indoor and outdoor pollutants could initiate asthma development and this leads to cause occupational asthma. Antigen-presenting cells (APCs) present PM entering the submucosa of the airway to adaptive immune cells. PM-mediated increase in MHCII on APCs expedites the proliferation of adaptive immune cells and the release of inflammatory cytokines that further perturbs the functioning of the airway epithelial barrier [54]. Additionally, exposure to PM increases the number of neutrophils in the submucosa, which may cause the release of surfactant proteins to cause barrier dysfunction [55]. All this evidence indicates that air pollution can aggravate asthma initiation and development through many mechanisms. The primary risk factors for chronic airway disorders are these environmental factors along with genetic susceptibility factors. Both atopic and occupational asthma involve sensitization, in one case via allergens and in the latter case through low-weight molecular agents. The prevalence of occupational asthma is similarly as high as atopic asthma. The kind of etiological agents or asthmagens influences the mechanism of occupational asthma. These asthmagens are conventionally categorized as low-molecular-weight (LMW) agents and high-molecular-weight (HMW), with the limit confined to 5 to 10kDa [56]. LMW-mediated occupational asthma is brought on by chemicals like diisocyanates (e.g., tolueen diisocyanate, TDI) [57], metals, and certain substances generated from wood. LMW sensitizers have hapten-like properties. The precise processes behind LMW-related OA have not yet been thoroughly defined, despite the fact that specific IgE antibodies have also been found in OA caused by several LMW agents and that multiple investigations have suggested that immunologic mechanisms are at play [58]. In addition to these factors, asthma and other allergic diseases tend to get aggravated with seasonal change. This is due to epithelial injury as the denuded airway epithelial layer leads to exposed nerve endings that are located beneath the epithelial layer to the environment directly. As a result, temperature variation in the environment directly irritates these bare nerve endings to cause bronchoconstriction via smooth muscle contraction. In addition to these physical factors, biological factors like more grass pollination in the spring season can also induce/aggravate asthma development [59].



In addition to pollutants and allergens, pathogens also have a major role in disrupting the epithelial barrier. Adivitiya et al. have shown the impact Sars Cov2 has on mucociliary clearance through protein network analysis. The spike (S) protein of the virus utilizes ACE2 (angiotensin-converting enzyme 2) and TMPRSS2 protease, which are present in the ciliated and secretory cells, to enter the host. The receptor-binding domain of S also interacts with CD209, a lectin protein found in the epithelial cell, to facilitate virus entry. Additionally, PPIA and Neurolipin1 host receptors play a major role in potentiating infection. The virus causes loss of cilia, which in turn causes reduced mucus secretion and pathogen clearance. This again highlights the importance of the epithelial barrier and mucociliary clearance in combating viral infections [32].



Overall, airway epithelium has a variety of resources to protect lung function against environmental irritants.





4. The Victim Role of Airway Epithelium in Asthma Pathogenesis


From the earlier section, we can come to the clear conclusion that airway epithelium is not just part of the conducting airway, but it acts beyond the mere role of a physical barrier. However, in an immune era, its exact role in lung diseases, including asthma, has been underestimated.



4.1. Role of Th2 Cytokines in Airway Epithelial Barrier Dysfunction


It is generally believed that T helper 2 lymphocytes play a crucial role in asthma development after the initial sensitization phase (with allergen exposure). Upon repeated secondary exposures to the same allergen, Th2 cells accumulate in the lungs, and the features of allergic asthma develop. This is popularly referred to as type2/Th2 asthma, whereby such Th2 cells release various cytokines, like IL-4, IL-5, and IL-13, in response to allergens [60].



(a) IL-4 and IL-13: Both IL4 and IL-13 are crucial Th2 cytokines responsible for immunoglobulin class switching to enhance IgE production [61], leading to the degranulation of mast cells and basophils. The released proinflammatory meditators not only caused bronchoconstriction, but also cause airway epithelial injury. Treatment with both IL-4 and IL-13 cytokines showed reduced expression in the apical junctional complex proteins that encompass both the tight junction and adherent junction [62]. Treatment with IL-4 in HBEC (human bronchial epithelial cells) increases permeability in epithelial cells. There is reduced transepithelial electrical resistance that, in turn, leads to increased allergen sensitization and allergen uptake. IL-4 and IL-13 also cause a reduction in the ciliary beating of the ciliated epithelial cells and, in turn, in mucociliary clearance [45]. IL-13 also plays a major role in the secretion of periostin (POSTN), which is an essential biomarker in asthma. Periostin is an extracellular protein present in the matrix. It is a downstream product of the IL-13 pathway, signifying type 2 immunity. POSTN release is then coupled with epithelial mesenchyme transition, which is also shown in vitro in Beas2B cell lines. Thus, POSTN plays a major role in airway remodeling [63]. Overall, these cytokines are responsible for injuries to the airway epithelium. In addition to causing airway epithelial injury through oxidative stress, both IL-4 and IL-13 have been shown to cause perturbation in airway epithelial integrity with barrier dysfunction [62,64].



(b) IL-5: IL-5 plays a crucial role in differentiation, activation, maturation, and the recruitment of eosinophil that releases major basic cationic proteins, like major basic protein-1 (MBP-1), eosinophil cationic protein (ECP), eosinophil derived neurotoxin (EDN), and eosinophil peroxidase (EPO-1), that induce oxidative stress, causing an injury to the airway epithelium [65].




4.2. Mitochondrial Dysfunction in Asthmatic Airway Epithelium


The above section demonstrated how Th2 cytokines could cause a loss of epithelial barrier function. This section will focus on how these cytokines are linked to mitochondrial dysfunction in asthmatic airway epithelium.



The earlier clinical study found the presence of an increased number of mitochondria with altered structures in asthmatic children [66]. Later, our lab demonstrated the involvement of mitochondrial dysfunction in asthma pathogenesis [67]. Our lab also demonstrated a reduction in the cytochrome c oxidase (COX), which is the primary enzyme of the electron transport chain (ETC) residing in mitochondria’s inner mitochondrial membrane (IMM), which transfers electrons from the cytochrome c to oxygen in the lungs of mice with allergic airway inflammation. Further, the key subunit of cytochrome c oxidase was found to be reduced in the bronchial epithelia of asthmatic mice. The reduction in cytochrome c oxidase activity was associated with an increase in cytochrome c levels in lung cytosol, a reduction in adenosine triphosphate (ATP) levels in the lung, apoptosis of the airway epithelia, and asthmatic features. All these features were restored with treatments with either dexamethasone or IL-4mAb, indicating the involvement of Th2-mediated inflammation causing such mitochondrial structural changes and dysfunction in asthmatic airway epithelia [67], which also indicates the possible causative role of IL-4 in causing mitochondrial dysfunction in asthma.



While it is known that both IL-4 and IL-13 promote IgE class switching through STAT-6, they also induce an enzyme: 12/15-lipoxygenase (12/15-LOX, also called 15-lipooxygenase in humans) [68]. Even though the role of 5-lipoxygenase (5-LOX) is well established in asthma pathogenesis, the detailed role of 12/15-lipoxygenase was demonstrated by our lab. 12/15-LOX is one of the enzymes responsible for cellular suicide via the programmed disappearance of mitochondria and other cellular organelles from the reticulocytes and for immature fibroblasts converting into red blood cells and mature fibroblasts, respectively [69,70,71]. This is essential for the uninterrupted functions of red blood cells and mature fibroblasts, as the presence of organelles in these cells disturbs their functions, such as effective gas exchange and clear vision, respectively. Though it was known earlier that 12/15-LOX was increased in asthmatic lungs [72,73], its role in mitochondrial dysfunction was not known. The mere overexpression of 12/15-LOX in naïve mice causes mitochondrial dysfunction, along with the development of asthma-like features, indicating the pathogenetic role of 12/15-LOX [74]. Interestingly, it was observed that the bronchial epithelial cells of both control and asthmatic mice did not express 12/15-LOX. However, inflammatory cells, particularly macrophages, had shown significant expressions of 12/15-LOX in asthmatic lungs, and these macrophages may have released the linoleic and arachidonic acid metabolites of 12/15-LOX, like 13-S-HODE (13-Hydroxyoctadecadienoic acid) and 12-S-HETE (12-S-hydroxyeicosatetraenoic acid), respectively [74,75]. The intranasal administration of 13-S-HODE to the naïve mice alone caused mitochondrial degradation along with the development of breathing difficulties, even without allergen exposure. Detailed studies have shown that 13-HODE increases calcium levels in the bronchial epithelia through the transient receptor potential cation channel subfamily V member 1 (TRPV1) calcium channel, which then disrupts calcium homeostasis. When TRPV1 was inhibited in mice, damage to epithelia was reduced, along with the restoration of mitochondrial function. Thus, TRPV1 is a downstream target in the linoleic acid-driven pathway in asthma [75]. Further, 12/15-LOX inhibitors, like esculetin, coumarin-based antioxidants, and baicalein, and also antioxidants, like vitamin E, have been shown to attenuate airway epithelial injury along with the attenuation of asthmatic features [76,77,78]. More efforts are needed to identify 15-LOX modulators as epithelial protective agents in asthma therapy. All these indicate the possibility that mitochondrial dysfunction (observed in the airway epithelium of asthmatic conditions) could be mediated by infiltrated immune cells and cytokines, like IL-4 (released by them). In addition to these findings, the expression of ETC enzymes was also reduced in the blood cells of asthmatic patients even though there were higher mitochondrial copy numbers in these cells, indicating the possible compensatory response for reduced ETC enzymes or more oxidative stress [79].





5. Governing/Immune Role of Airway Epithelium in Allergic Airway Inflammation


So far, we have discussed how airway epithelium has been projected as a helpless victim of the immune cells. Although the innate immune response of airway epithelium is well known, it is only in the last decade that the literature has started showing the possible governing role of airway epithelium in maintaining lung homeostasis.



5.1. Less Dominant Role of Inflammation in Causing Epithelial Barrier Dysfunction


The Th2 immune response has been demonstrated as the causative factor for inciting the loss of epithelial layer integrity. However, numerous pieces of literature also suggest the possibility of inflammation-independent epithelial cell dysfunction. Numerous asthma susceptibility genes, for instance, IL33, IL1RL1, MUC5AC, TSLP, CDHR3, and KIF3A, are expressed in the airway epithelium. This highlights the significance of the airway epithelium in the development of asthma [12]. Anomalies in the epithelial barrier due to disruptions in the tight and adherens junctions have been proclaimed to be involved in allergen sensitization and asthma advancement [54]. All these indicate that asthmatic people might have a compromised and dysfunctional epithelial barrier. Genome-wide association studies in asthmatics have shown the association of various genes with asthma susceptibility and how these genes are also expressed in the airway epithelium [80]. In addition, various genes that are crucial in epithelial barrier homeostasis, like protocadherin 1 (PCDH1) and Cadherin-related family member 3 (CHHR3), have also been shown to be associated with asthma genetic studies [80,81,82]. Asthmatic children suffering from severe wheezing have reduced expression of CDHR3 (Cadherin-related family member 3) [83]. In early asthma cases, there was an increase in the expression of ORMLD3, which, in turn, reduced the expression of other epithelial proteins, like claudin 17 and E-cadherin, which gave rise to a compromised epithelial barrier [45].



In addition to the inherent barrier defects seen in asthma patients, allergens directly affect the lung epithelial barrier, the first layer of defense in them. Allergens, such as house dust mites (HDMs), pollens, cockroach extracts, and fungi, produces or contain proteases and hence disturb the epithelial barrier, causing increased sensitization [84]. Inhaled allergens or proteases can cause epithelial cells to recognize and react by activating a variety of PRRs, including TLR and PAR. NF-κB activation is stirred up by these activated receptor signals. This, in turn, causes transcriptional activation of myriads’ pro-inflammatory genes, including cytokines and chemokines. As the role of NOD-like receptors in allergic inflammation is complex and context-dependent [85], the role of innate immune receptors in allergic inflammation is complex. On the one hand, prolonged stimulation with low doses of innate immunity receptor agonists before sensitization reduces the severity of the allergic process, and on the other hand, stimulation of innate immunity receptors, together with the action of an allergen, increases allergic inflammation. In any event, the aforesaid evidence indicates that epithelial barrier dysfunction can be an inflammation-independent phenomenon.




5.2. Less Dominant Role of Inflammation in Causing Mitochondrial Dysfunction in Airway Epithelia


Similar to epithelial barrier dysfunction, mitochondrial dysfunction in asthmatic airway epithelia can additionally be unaided by inflammation. Investigations and research have already determined the possibility of inflammation and oxidative stress-induced mitochondrial dysfunction in asthmatic airway epithelia. When there was a forced reduction in the expression of certain ETC enzymes in airway epithelium, allergic airway inflammation features got developed [86]. This indicates the possibility of inflammation-independent mitochondrial dysfunction in asthma pathogenesis.



In mice studies, the dysfunctional mitochondria from stressed airway epithelium were replaced with the mesenchymal stem cells (MSCs) by overexpressing calcium-sensitive mitochondrial GTPase Miro1. It was observed that there is attenuation in the features of allergic airway inflammation. To such a degree, asthma features in mice got reduced by mesenchymal stem cell-mediated replacement of dysfunctional mitochondria from airway epithelium. Such evidence indicates not only the therapeutic importance of healthy mitochondria but also the determining role of airway epithelium in asthma pathogenesis [87]. Although most of these studies were performed in mice models, various human studies have likewise focused on the importance of mitochondrial genomics and dysfunctional mitochondria in asthma phenotype. Similar to asthma, even in acute lung injury, it has been shown that MSCs can restore the alveolar epithelial function through mitochondrial transfer [88]. In this way, recovery of epithelial health is sufficient to reduce the inflammation both in asthma and acute lung injury. This suggests not only the therapeutic roles of mitochondria but also the governing role of the epithelium in modulating pulmonary inflammation.




5.3. Airway Epithelium Induces ILC2-Mediated Type 2 Immune Response through Alarmins (Figure 3)


So far, the conventional rationale about the airway epithelium is of a ‘victim’ that often comes under recurrent stress from the inflammatory system in asthma. Albeit, over the last decade, mounting evidence has shifted the paradigm for the role of airway epithelium towards a more upstream modulator in airway inflammation. Several PRRs, including TLR2, TLR4, NOD1 [89,90], and PAR1-4, are expressed by airway epithelial cells [91,92]. Upon stimulation, they activate various signaling pathways that lead to the enlistment of immune cells and also the Th2 immune response [93]. One major group of cytokines which is recognized as important in this epithelium-driven immune response is called ‘alarmins’ [94]. ‘Alarmins’, specifically thymic stromal lymphopoietin (TSLP), interleukin-33, and interleukin-25, are released by airway epithelium upon cellular stress or damage caused by an allergen, pathogen, or pollutant exposure ultimately skews the immune response toward type 2 [95,96]. The concept of alarmins was introduced by Joost J Oppenheim. He used this umbrella term to describe a group of host proteins that are released upon cell damage or pathogen challenge, which recruit and activate both innate and adaptive immunity and galvanize the whole immune response through ‘early signals’ [94]. Although airway epithelium is considered the major source of alarmins but innate, adaptive, and other structural cells can also secrete alarmins [97].
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Figure 3. Airway epithelia regulating epi-immune response upon allergen/pathogen exposure. Pathogens or allergens disrupt the airway epithelia. Disrupted epithelia releases alarmins (IL-25, IL-33, and TSLP). Alarmins activate dendritic cells for Th2 polarization of the immune response. On the other hand, alarmins can directly activate ILC2 cells to secret IL-4, IL-5, and IL-13 cytokines. The dysregulation of this pathway leads to asthma pathogenicity. 
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5.3.1. TSLP


Thymic stromal lymphopoietin, which was initially identified as a member of the IL-2 family, is important for pre-B cell maturation [98]. A variety of stimuli can cause TSLP release from airway epithelium, such as respiratory syncytial virus infection [99], exposure to pro-inflammatory and T2 cytokine [92], or activation of PRR by allergen exposure [100]. TSLP is distantly related to IL-7, which is evident by its use of a heterodimeric receptor complex composed of TSLPR and IL-7Rα. TSLP receptor complex is expressed in a number of hematopoietic cells [98] and smooth muscle cells. TSLP activates dendritic cells, which polarize naïve CD4 + T cells to the Th2 phenotype. TSLP can also activate mast cells, eosinophils, and ILC2 cells, all are known for asthma pathogenesis [98].




5.3.2. IL-33


IL-33 is a member of the IL-1 cytokine family expressed constitutively by endothelial cells, fibroblasts, airway smooth muscle cells, and epithelial cells [98]. It is synthesized as a precursor with nuclear localization signal predominantly bound to chromatin. With DNA binding ability and cytokine activity, IL-33 can regulate transcription when in the nucleus but also act as an inflammatory cytokine when released from the cell. The receptor for IL-33 is heteromeric made up of suppression of tumorigenicity 2 (ST2) and IL-1 receptor accessory proteins (IL1RAcP) [98]. ST2 encoded by the IL1RL1 gene has two isoforms: ST2L (transmembrane) and sST2(soluble isoform). sST2 isoform acts as a decoy receptor and negatively regulates IL-33 activity. ST2L transmembrane receptors are found on a lot of hematopoietic cells, such as mast cells, macrophages, eosinophils, basophils, Th2 cells, and ILC2 [98]. Inhibition of IL-33 and ST2L interaction ameliorated allergic asthma in a murine model [101]. An increase in IL-33 in airway epithelium and BAL fluid correlated with the severity of asthma patients [102].




5.3.3. IL-25


IL-25 is a member of IL-17 family of cytokines. But unlike other members (IL-17A or IL-17F), which are involved in neutrophilic inflammation and T1 immunity, IL-25 promotes the T2 immune response [98]. Initially, it was thought that eosinophil and basophil were the primary sources of IL-25, but recent shreds of evidence indicate that endothelial cells, specialized chemosensory epithelial cells, activated Th2 cells, macrophages, and fibroblasts all secrete IL-25 [98]. IL-25 is stored as a preformed cytokine in the cytoplasm and is released after exposure to protease-containing allergens, like house dust mites. The IL-25 receptor, a heterodimer of IL-17RA/IL-17RB, is expressed on memory Th2, ILC2, dendritic cells, eosinophils, mast cells, and endothelium. The binding of IL-25 to its receptor activates both adaptive and innate immune responses associated with Th2-type inflammation. Blocking IL-25 improved the asthma condition in a murine model [103]. An increase in IL-25 is associated with greater airway eosinophilia, higher MUC5B expression, subepithelial fibrosis, and higher IgE levels, which was first identified in a subgroup of “IL-25 high” patients by Cheng et al. [104].




5.3.4. Discovery of ILC2 and Its Role in Asthma


Fort et al. reported that the intranasal administration of IL-25 in mice increased the type 2 immune response, elevated IgE levels, eosinophilia, mucus production, and epithelial hyperplasia in both normal mice [105] and RAG-deficient mice which lacked both B and T cells [106]. Later on, another group of researchers noticed a cell type that was Lin− cKit+ FcεR1− that produces IL-4, IL-5, and IL-13 after IL-25 stimulation [107]. Then, in 2010, three separate groups of researchers ultimately identified innate lymphoid cell type 2, which produces IL-4, IL-5, and IL-13 after stimulation with both IL-25 and IL-33 [108]. As discovered by Kondo et al., the ILC2-mediated allergic response is independent of adaptive immunity. Those RAG-deficient mice lacking functional B and T cells also developed allergic responses against protease-containing allergens, such as HDM. The adoptive transfer of ILC2 cells restored the hypersensitivity in RAG-deficient ILC2-depleted mice against allergens [109]. This evidence indicates that ILC2 could be a crucial player in airway hyperresponsiveness. The existing information suggests that ILC2 and Th2 cells might have the same/equal level of contribution in asthma [110]. Besides these, it is also important for homeostatic tissue repair after a brief epithelial injury, such as with an influenza infection [111]. As the airway constantly comes into direct contact with environmental particles, ILC2 promotes the Th2 response, which is a milder form of inflammation and reduces the damage, but when this is dysregulated, it results in hypersensitivity [112].




5.3.5. Determinant Role of Airway Epithelium in Mounting the Type of Immune Response


Thymocyte development provided the first evidence of epithelium-guiding immune cell maturation. As the concept of peripheral antigen presentation is dominated by DC, the role of epithelia is mostly ignored. However, new findings suggest that the airway epithelium might be at the fulcrum of the inflammatory response, in which they come into direct contact with foreign particles. If epithelium comes under any kind of stress, it releases immune modulators. For example, any wound or abrasion can cause the upregulation of the S100 group of calcium-binding proteins that help to maintain a hyperplastic environment [113], while it also has chemoattractant properties that activate RAGE/TLR-4-dependent pathways in myeloid cells [114]. Similar to immune cells, NF-κB also plays a central role in this epithelium-supervised epi-immune response [115]. Depending on the stimuli, airway epithelium can modulate immune responses. If the epithelial damage is not severe, then TSLP, IL-33, and IL-25 dominate the secreted products, which skews the immune response towards milder type 2. However, upon severe damage, epithelium releases IL-1α, Type-1 INF, and TNF- α, which promote a strong type-1 response. If dysregulated type 2 responses may cause asthma, atopic dermatitis, and ulcerative colitis while dysregulated type 1 responses may result into COPD, Crohn’s disease, Psoriasis, etc. [116].




5.3.6. Airway Epithelium as a Target for Innovative Treatments in Asthma


While ILC2 cells secrete good amounts of IL-4, IL-5, and IL-13 after stimulation with alarmins, the IL-33-mediated activation of ILC2 is resistant to glucocorticoid administration [117]. This evidence indicates epithelia might be involved in a steroid-resistant phenotype. Most asthma patients respond to glucocorticoid and β2 agonists therapy except a few (5–10%) [118]. Other than Th2/type 2 steroid-resistant asthma, neutrophilic-steroid-resistant asthma is also prominent, with an increase in the activity of three cytokines: IL-17, IL-8, and TNF-α [119]. Recent studies indicated that a subclass of innate lymphoid cells, ILC1 and ILC3, increase when LPS was administered to neutrophilic asthmatic mice. Interestingly, the eosinophilic ILC2 levels did not get altered. These ILC3 cells can potentiate the release of IL-17 and IL-22 in the airways. This is coupled with diminished epithelial barrier integrity, owing to the reduced expression level of tight junction proteins like occludin, zonula occludens, and claudin [120].



Thus, the experimental evidence indicates that the concept of the canonical activation of the immune system may not be the complete picture. Airway epithelium is not an innocent victim but is rather the dominant decision-maker regulating the immune responses. As asthma is a heterogenous disease, all patients do not respond to glucocorticoids. Identifying the subtypes that respond to different therapies could provide clinicians with more options. The alarmins released after epithelial stress act as an upstream regulator of asthma pathogenesis. Targeting upstream regulators has a more profound effect than any downstream mediator. Therefore, next-generation therapies for asthma treatment could be targeted against these alarmins. Tezepelumab is a monoclonal antibody against TSLP [121]. It has shown promising results in clinical trials and was recently approved by the US FDA for the treatment of severe asthma [122]. Another anti-TSLP monoclonal antibody is also undergoing clinical trials. Anti-IL-33 therapy is also under consideration, as the several monoclonal antibodies that target IL-33 are in different stages of clinical trials [123]. TH2/type 2 steroid resistance is the result of the alarmin-mediated activation of ILC2 [117]. Therefore, strategies that target alarmins or their release could be a good approach for asthma management.






6. Conclusions


When the treatment or control of asthma was insufficient, there was a need to modify the existing concept of asthma pathogenesis. Thus, the concept of asthma pathogenesis changed periodically from a neuropsychological disease to airway inflammation. Parallel to this conceptual change, the treatment strategy also changed from “calming mind” to anti-inflammatory drugs. For a long time, it has been believed that the Th2 immune response is the main driver of the entire pathophysiological features of asthma. When asthma was considered a Th2-dominant inflammatory disease, it was believed that almost everything was solved in asthma pathogenesis. However, this Th2-dominant hypothesis could not explain the poor correlation between airway inflammation and airway remodeling, severe asthma endotypes [Th2-high (eosinophilic) and Th2-low (non-eosinophilic)], therapy resistance in a certain percentage of asthmatics, etc. This indicated a need to change the concept used in asthma pathogenesis. In this context, it was always believed that the airway epithelium was a helpless victim of the immune cells. Although this was demonstrated to be partially true, it seems this is not the entire story. In this context, the literature in the last decade has emphasized the importance of airway epithelium in asthma pathogenesis. The airway epithelium has dual roles in healthy lung homeostasis and asthmatic lungs. The airway epithelium maintains lung homeostasis against environmental irritants, with its armamentaria, including anatomical barriers, chemical barriers, chemosensory apparatus, like pulmonary neuroendocrine cells, a detoxification system for inhaled xenobiotics, etc. However, if the external allergens load is severe and beyond the capacity of the airway epithelium, with or without the inherent epithelial barrier dysfunction in asthmatics, the airway epithelium starts secreting special biomolecules called alarmins that induce the ILC2-mediated type 2 immune response. This role is pathogenetic, as these alarmins tend to amplify the inflammatory response in contrast to the earlier homeostatic role. However, the exact role of these alarmins in asthma pathogenesis is yet to be investigated. The inflammatory mediators released from Th2 cells induce oxidative stress and also epithelial cell death. If the external irritants are severe, as is the case with cigarette smoke, the airway epithelium also releases IL-17A and IL-8, which are crucial in neutrophilic asthma. Current asthma pathogenesis knowledge is mostly based on the concept of “inflammation-induced epithelial injury”. So, it is obvious that therapeutic strategies have not focused on improving epithelial functioning in asthmatics, holding the belief that airway inflammation is the upstream event when an epithelial injury is caused. Thus, we believe that an epithelial-driven concept in asthma pathogenesis could fill most of the gaps in the current knowledge of asthma and also leads to the future possible incorporation of epithelial-protective agents to enhance the strength of the epithelial barrier and increase the fighting capacity of the airway epithelium against exogenous irritants/allergens and, thus, reduce asthma incidence and severity, with better asthma control.







Author Contributions


Conceptualization, U.M.; literature mining, S.S., J.D., A.R., A.K. and U.M.; Writing—original draft, U.M., S.S., J.D., A.R. and A.K.; Writing—review & editing, S.S., J.D., A.R., A.K. and U.M. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by MLP137 (MISSION LUNG) from CSIR and GAP432 of DST-SERB.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All the data are available in the manuscript.




Acknowledgments


Sabita Singh, Joytri Dutta, Archita Ray, and Atmaja Karmakar acknowledge The Academy of Scientific and Innovative Research (AcSIR), Sector-19, Kamla Nehru Nagar, Gaziabad-201002, India, for their Ph.D. registrations. Sabita Singh and Joytri Dutta acknowledge UGC for their fellowship support. Archita Ray, Atmaja Karmakar acknowledge CSIR for their fellowship support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Global Initiative for Asthma. Global Strategy for Asthma Management and Prevention. 2022. Available online: www.ginasthma.org (accessed on 18 January 2023).

	



Vos, T.; Lim, S.S.; Abbafati, C.; Abbas, K.M.; Abbasi, M.; Abbasifard, M.; Bhutta, Z.A. Global burden of 369 diseases and injuries in 204 countries and territories, 1990–2019: A systematic analysis for the Global Burden of Disease Study 2019. Lancet 2020, 396, 1204–1222. [Google Scholar] [CrossRef]

	



van Ree, R.; Hummelshøj, L.; Plantinga, M.; Poulsen, L.K.; Swindle, E. Allergic sensitization: Host-immune factors. Clin. Transl. Allergy 2014, 4, 12. [Google Scholar] [CrossRef]

	



Hamilton, D.; Lehman, H. Asthma Phenotypes as a Guide for Current and Future Biologic Therapies. Clin. Rev. Allergy Immunol. 2020, 59, 160–174. [Google Scholar] [CrossRef]

	



Sze, E.; Bhalla, A.; Nair, P. Mechanisms and therapeutic strategies for non-T2 asthma. Allergy 2020, 75, 311–325. [Google Scholar] [CrossRef]

	



Lambrecht, B.N.; Hammad, H.; Fahy, J.V. The Cytokines of Asthma. Immunity 2019, 50, 975–991. [Google Scholar] [CrossRef]

	



Calvén, J.; Ax, E.; Rådinger, M. The Airway Epithelium-A Central Player in Asthma Pathogenesis. Int. J. Mol. Sci. 2020, 21, 8907. [Google Scholar] [CrossRef]

	



Diamant, Z.; Boot, J.D.; Virchow, J.C. Summing up 100 years of asthma. Respir. Med. 2007, 101, 378–388. [Google Scholar] [CrossRef]

	



Gauthier, M.; Ray, A.; Wenzel, S.E. Evolving Concepts of Asthma. Am. J. Respir. Crit. Care Med. 2015, 192, 660–668. [Google Scholar] [CrossRef]

	



Holgate, S.T. A brief history of asthma and its mechanisms to modern concepts of disease pathogenesis. Allergy Asthma Immunol. Res. 2010, 2, 165–171. [Google Scholar] [CrossRef]

	



Banno, A.; Reddy, A.T.; Lakshmi, S.P.; Reddy, R.C. Bidirectional interaction of airway epithelial remodeling and inflammation in asthma. Clin. Sci. 2020, 134, 1063–1079. [Google Scholar] [CrossRef]

	



Heijink, I.H.; Kuchibhotla, V.N.S.; Roffel, M.P.; Maes, T.; Knight, D.A.; Sayers, I.; Nawijn, M.C. Epithelial cell dysfunction, a major driver of asthma development. Allergy 2020, 75, 1902–1917. [Google Scholar] [CrossRef]

	



Davies, D.E. The role of the epithelium in airway remodeling in asthma. Proc. Am. Thorac. Soc. 2009, 6, 678–682. [Google Scholar] [CrossRef]

	



Loxham, M.; Davies, D.E.; Blume, C. Epithelial function and dysfunction in asthma. Clin. Exp. Allergy 2014, 44, 1299–1313. [Google Scholar] [CrossRef]

	



Sparr, E.; Millecamps, D.; Isoir, M.; Burnier, V.; Larsson, Å.; Cabane, B. Controlling the hydration of the skin though the application of occluding barrier creams. J. R. Soc. Interface 2012, 10, 20120788. [Google Scholar] [CrossRef]

	



Guillot, L.; Nathan, N.; Tabary, O.; Thouvenin, G.; Le Rouzic, P.; Corvol, H.; Amselem, S.; Clement, A. Alveolar epithelial cells: Master regulators of lung homeostasis. Int. J. Biochem. Cell Biol. 2013, 45, 2568–2573. [Google Scholar] [CrossRef]

	



Georas, S.N.; Rezaee, F. Epithelial barrier function: At the front line of asthma immunology and allergic airway inflammation. J. Allergy Clin. Immunol. 2014, 134, 509–520. [Google Scholar] [CrossRef]

	



Hartsock, A.; Nelson, W.J. Adherens and tight junctions: Structure, function and connections to the actin cytoskeleton. Biochim. Biophys. Acta 2008, 1778, 660–669. [Google Scholar] [CrossRef]

	



Overgaard, C.E.; Mitchell, L.A.; Koval, M. Roles for claudins in alveolar epithelial barrier function. Ann. N. Y. Acad. Sci. 2012, 1257, 167–174. [Google Scholar] [CrossRef]

	



Soini, Y. Claudins in lung diseases. Respir. Res. 2011, 12, 70. [Google Scholar] [CrossRef]

	



Wittekindt, O.H. Tight junctions in pulmonary epithelia during lung inflammation. Pflug. Arch 2017, 469, 135–147. [Google Scholar] [CrossRef]

	



Sweerus, K.; Lachowicz-Scroggins, M.; Gordon, E.; LaFemina, M.; Huang, X.; Parikh, M.; Kanegai, C.; Fahy, J.V.; Frank, J.A. Claudin-18 deficiency is associated with airway epithelial barrier dysfunction and asthma. J. Allergy Clin. Immunol. 2017, 139, 72–81. [Google Scholar] [CrossRef]

	



Niessen, C.M.; Gottardi, C.J. Molecular components of the adherens junction. Biochim. Biophys. Acta 2008, 1778, 562–571. [Google Scholar] [CrossRef]

	



Fu, R.; Jiang, X.; Li, G.; Zhu, Y.; Zhang, H. Junctional complexes in epithelial cells: Sentinels for extracellular insults and intracellular homeostasis. FEBS J. 2022, 289, 7314–7333. [Google Scholar] [CrossRef]

	



Mitamura, Y.; Ogulur, I.; Pat, Y.; Rinaldi, A.O.; Ardicli, O.; Cevhertas, L.; Brüggen, M.C.; Traidl-Hoffmann, C.; Akdis, M.; Akdis, C.A. Dysregulation of the epithelial barrier by environmental and other exogenous factors. Contact Dermat. 2021, 85, 615–626. [Google Scholar] [CrossRef]

	



Luissint, A.C.; Parkos, C.A.; Nusrat, A. Inflammation and the Intestinal Barrier: Leukocyte-Epithelial Cell Interactions, Cell Junction Remodeling, and Mucosal Repair. Gastroenterology 2016, 151, 616–632. [Google Scholar] [CrossRef]

	



Perez-Moreno, M.; Davis, M.A.; Wong, E.; Pasolli, H.A.; Reynolds, A.B.; Fuchs, E. p120-catenin mediates inflammatory responses in the skin. Cell 2006, 124, 631–644. [Google Scholar] [CrossRef]

	



Qin, L.; Qin, S.; Zhang, Y.; Zhang, C.; Ma, H.; Li, N.; Liu, L.; Wang, X.; Wu, R. p120 modulates LPS-induced NF-κB activation partially through RhoA in bronchial epithelial cells. BioMed Res. Int. 2014, 2014, 932340. [Google Scholar] [CrossRef]

	



Hart, L.A.; Krishnan, V.L.; Adcock, I.M.; Barnes, P.J.; Chung, K.F. Activation and localization of transcription factor, nuclear factor-kappaB, in asthma. Am. J. Respir. Crit. Care Med. 1998, 158 Pt 1, 1585–1592. [Google Scholar] [CrossRef]

	



Yuksel, H.; Turkeli, A. Airway epithelial barrier dysfunction in the pathogenesis and prognosis of respiratory tract diseases in childhood and adulthood. Tissue Barriers 2017, 5, e1367458. [Google Scholar] [CrossRef]

	



Whitsett, J.A.; Alenghat, T. Respiratory epithelial cells orchestrate pulmonary innate immunity. Nat. Immunol. 2015, 16, 27–35. [Google Scholar] [CrossRef]

	



Kaushik, M.S.; Chakraborty, S.; Veleri, S.; Kateriya, S. Mucociliary Respiratory Epithelium Integrity in Molecular Defense and Susceptibility to Pulmonary Viral Infections. Biology 2021, 10, 95. [Google Scholar] [CrossRef]

	



Zhang, N.; Van Crombruggen, K.; Gevaert, E.; Bachert, C. Barrier function of the nasal mucosa in health and type-2 biased airway diseases. Allergy 2016, 71, 295–307. [Google Scholar] [CrossRef]

	



Leiva-Juárez, M.M.; Kolls, J.K.; Evans, S.E. Lung epithelial cells: Therapeutically inducible effectors of antimicrobial defense. Mucosal Immunol. 2018, 11, 21–34. [Google Scholar] [CrossRef]

	



Gu, X.; Karp, P.H.; Brody, S.L.; Pierce, R.A.; Welsh, M.J.; Holtzman, M.J.; Ben-Shahar, Y. Chemosensory functions for pulmonary neuroendocrine cells. Am. J. Respir. Cell Mol. Biol. 2014, 50, 637–646. [Google Scholar] [CrossRef]

	



Gu, Q.; Lee, L.Y. Neurophysiology: Neural Control of Airway Smooth Muscle. In Encyclopedia of Respiratory Medicine, Four-Volume Set 2006; Laurent, G.J., Shapiro, S.D., Eds.; Elsevier: Amsterdam, The Netherlands, 2006; pp. 138–145. [Google Scholar] [CrossRef]

	



Cutz, E.; Yeger, H.; Pan, J. Pulmonary neuroendocrine cell system in pediatric lung disease-recent advances. Pediatr. Dev. Pathol. Off. J. Soc. Pediatr. Pathol. Paediatr. Pathol. Soc. 2007, 10, 419–435. [Google Scholar] [CrossRef]

	



Song, H.; Yao, E.; Lin, C.; Gacayan, R.; Chen, M.H.; Chuang, P.T. Functional characterization of pulmonary neuroendocrine cells in lung development, injury, and tumorigenesis. Proc. Natl. Acad. Sci. USA 2012, 109, 17531–17536. [Google Scholar] [CrossRef]

	



Noguchi, M.; Furukawa, K.T.; Morimoto, M. Pulmonary neuroendocrine cells: Physiology, tissue homeostasis and disease. Dis. Model Mech. 2020, 13, dmm046920. [Google Scholar] [CrossRef]

	



Gu, Q.; Lee, l.-y. Neural Control of Airway Smooth Muscle. World J. Anesthesiol. 2020. [Google Scholar] [CrossRef]

	



Sui, P.; Wiesner, D.L.; Xu, J.; Zhang, Y.; Lee, J.; Van Dyken, S.; Lashua, A.; Yu, C.; Klein, B.S.; Locksley, R.M.; et al. Pulmonary neuroendocrine cells amplify allergic asthma responses. Science 2018, 360, eaan8546. [Google Scholar] [CrossRef]

	



Zhang, N.; Xu, J.; Jiang, C.; Lu, S. Neuro-Immune Regulation in Inflammation and Airway Remodeling of Allergic Asthma. Front. Immunol. 2022, 13, 894047. [Google Scholar] [CrossRef]

	



Schuller, H.M.; Plummer, H.K., 3rd; Jull, B.A. Receptor-mediated effects of nicotine and its nitrosated derivative NNK on pulmonary neuroendocrine cells. Anat. Record. Part A Discov. Mol. Cell. Evol. Biol. 2003, 270, 51–58. [Google Scholar] [CrossRef]

	



Laucho-Contreras, M.E.; Polverino, F.; Gupta, K.; Taylor, K.L.; Kelly, E.; Pinto-Plata, V.; Divo, M.; Ashfaq, N.; Petersen, H.; Stripp, B.; et al. Protective role for club cell secretory protein-16 (CC16) in the development of COPD. Eur. Respir. J. 2015, 45, 1544–1556. [Google Scholar] [CrossRef]

	



Hellings, P.W.; Steelant, B. Epithelial barriers in allergy and asthma. J. Allergy Clin. Immunol. 2020, 145, 1499–1509. [Google Scholar] [CrossRef]

	



Gohy, S.; Carlier, F.M.; Fregimilicka, C.; Detry, B.; Lecocq, M.; Ladjemi, M.Z.; Verleden, S.; Hoton, D.; Weynand, B.; Bouzin, C.; et al. Altered generation of ciliated cells in chronic obstructive pulmonary disease. Sci. Rep. 2019, 9, 17963. [Google Scholar] [CrossRef]

	



Oh, J.Y.; Lee, Y.S.; Min, K.H.; Hur, G.Y.; Lee, S.Y.; Kang, K.H.; Rhee, C.K.; Park, S.J.; Shim, J.J. Decreased serum club cell secretory protein in asthma and chronic obstructive pulmonary disease overlap: A pilot study. Int. J. Chronic Obstr. Pulm. Dis. 2018, 13, 3411–3417. [Google Scholar] [CrossRef]

	



Verckist, L.; Pintelon, I.; Timmermans, J.P.; Brouns, I.; Adriaensen, D. Selective activation and proliferation of a quiescent stem cell population in the neuroepithelial body microenvironment. Respir. Res. 2018, 19, 207. [Google Scholar] [CrossRef]

	



Liu, X.; Driskell, R.R.; Engelhardt, J.F. Stem cells in the lung. Methods Enzymol. 2006, 419, 285–321. [Google Scholar] [CrossRef]

	



Guarnieri, M.; Balmes, J.R. Outdoor air pollution and asthma. Lancet 2014, 383, 1581–1592. [Google Scholar] [CrossRef]

	



Toskala, E.; Kennedy, D.W. Asthma risk factors. Int. Forum. Allergy Rhinol. 2015, 5 (Suppl. 1), S11–S16. [Google Scholar] [CrossRef]

	



Tiotiu, A.I.; Novakova, P.; Nedeva, D.; Chong-Neto, H.J.; Novakova, S.; Steiropoulos, P.; Kowal, K. Impact of Air Pollution on Asthma Outcomes. Int. J. Environ. Res. Public Health 2020, 17, 6212. [Google Scholar] [CrossRef]

	



Tatsuta, M.; Kan, O.K.; Ishii, Y.; Yamamoto, N.; Ogawa, T.; Fukuyama, S.; Ogawa, A.; Fujita, A.; Nakanishi, Y.; Matsumoto, K. Effects of cigarette smoke on barrier function and tight junction proteins in the bronchial epithelium: Protective role of cathelicidin LL-37. Respir. Res. 2019, 20, 251. [Google Scholar] [CrossRef]

	



Aghapour, M.; Ubags, N.D.; Bruder, D.; Hiemstra, P.S.; Sidhaye, V.; Rezaee, F.; Heijink, I.H. Role of air pollutants in airway epithelial barrier dysfunction in asthma and COPD. Eur. Respir. Rev. Off. J. Eur. Respir. Soc. 2022, 31, 210112. [Google Scholar] [CrossRef]

	



Wang, F.; Liu, J.; Zeng, H. Interactions of particulate matter and pulmonary surfactant: Implications for human health. Adv. Colloid Interface Sci. 2020, 284, 102244. [Google Scholar] [CrossRef]

	



Tsui, H.C.; Ronsmans, S.; Hoet, P.H.M.; Nemery, B.; Vanoirbeek, J.A.J. Occupational Asthma Caused by Low-Molecular-Weight Chemicals Associated With Contact Dermatitis: A Retrospective Study. J. Allergy Clin. Immunology Pract. 2022, 10, 2346–2354. [Google Scholar] [CrossRef]

	



Douwes, J.; Pearce, N. Epidemiology of Respiratory Allergies and Asthma. In Handbook of Epidemiology; Springer: New York, NY, USA, 2014; pp. 2263–2319. [Google Scholar] [CrossRef]

	



Meca, O.; Cruz, M.J.; Sánchez-Ortiz, M.; González-Barcala, F.J.; Ojanguren, I.; Munoz, X. Do Low Molecular Weight Agents Cause More Severe Asthma than High Molecular Weight Agents? PLoS ONE 2016, 11, e0156141. [Google Scholar] [CrossRef]

	



Reid, M.J.; Moss, R.B.; Hsu, Y.P.; Kwasnicki, J.M.; Commerford, T.M.; Nelson, B.L. Seasonal asthma in northern California: Allergic causes and efficacy of immunotherapy. J. Allergy Clin. Immunol. 1986, 78 Pt 1, 590–600. [Google Scholar] [CrossRef]

	



León, B.; Ballesteros-Tato, A. Modulating Th2 Cell Immunity for the Treatment of Asthma. Front. Immunol. 2021, 12, 637948. [Google Scholar] [CrossRef]

	



Barnes, P.J. Th2 cytokines and asthma: An introduction. Respir. Res. 2001, 2, 64. [Google Scholar] [CrossRef]

	



Saatian, B.; Rezaee, F.; Desando, S.; Emo, J.; Chapman, T.; Knowlden, S.; Georas, S.N. Interleukin-4 and interleukin-13 cause barrier dysfunction in human airway epithelial cells. Tissue Barriers 2013, 1, e24333. [Google Scholar] [CrossRef]

	



Burgess, J.K.; Jonker, M.R.; Berg, M.; Ten Hacken, N.T.; Meyer, K.B.; van den Berge, M.; Nawijn, M.C.; Heijink, I.H. Periostin: Contributor to abnormal airway epithelial function in asthma? Eur. Respir. J. 2021, 57, 2001286. [Google Scholar] [CrossRef]

	



Schmidt, H.; Braubach, P.; Schilpp, C.; Lochbaum, R.; Neuland, K.; Thompson, K.; Jonigk, D.; Frick, M.; Dietl, P.; Wittekindt, O.H. IL-13 Impairs Tight Junctions in Airway Epithelia. Int. J. Mol. Sci. 2019, 20, 3222. [Google Scholar] [CrossRef]

	



Amin, K.; Janson, C.; Bystrom, J. Role of eosinophil granulocytes in allergic airway inflammation endotypes. Scand. J. Immunol. 2016, 84, 75–85. [Google Scholar] [CrossRef]

	



Konrádová, V.; Čopová, C.; Suková, B.; Houštěk, J. Ultrastructure of the bronchial epithelium in three children with asthma. Pediatr. Pulmonol. 1985, 1, 182–187. [Google Scholar] [CrossRef]

	



Mabalirajan, U.; Dinda, A.K.; Kumar, S.; Roshan, R.; Gupta, P.; Sharma, S.K.; Ghosh, B. Mitochondrial structural changes and dysfunction are associated with experimental allergic asthma. J. Immunol. 2008, 181, 3540–3548. [Google Scholar] [CrossRef]

	



Heydeck, D.; Thomas, L.; Schnurr, K.; Trebus, F.; Thierfelder, W.E.; Ihle, J.N.; Kühn, H. Interleukin-4 and -13 induce upregulation of the murine macrophage 12/15-lipoxygenase activity: Evidence for the involvement of transcription factor STAT6. Blood 1998, 92, 2503–2510. [Google Scholar] [CrossRef]

	



Rapoport, S.M.; Schewe, T.; Wiesner, R.; Halangk, W.; Ludwig, P.; JanickeHöhne, M.; Tannert, C.; Hiebsch, C.; Klatt, D. The lipoxygenase of reticulocytes. Purification, characterization and biological dynamics of the lipoxygenase; its identity with the 96 respiratory inhibitors of the reticulocyte. Eur. J. Biochem. 1979, 96, 545–561. [Google Scholar] [CrossRef]

	



Watson, A.; Doherty, F.J. Calcium promotes membrane association of reticulocyte 15-lipoxygenase. Biochem. J. 1994, 298, 377–383. [Google Scholar] [CrossRef]

	



van Leyen, K.; Duvoisin, R.M.; Engelhardt, H.; Wiedmann, M. A function for lipoxygenase in programmed organelle degradation. Nature 1998, 395, 392–395. [Google Scholar] [CrossRef]

	



Chu, H.W.; Balzar, S.; Westcott, J.Y.; Trudeau, J.B.; Sun, Y.; Conrad, D.J.; Wenzel, S.E. Expression and activation of 15-lipoxygenase pathway in severe asthma: Relationship to eosinophilic phenotype and collagen deposition. Clin. Exp. Allergy 2002, 32, 1558–1565. [Google Scholar] [CrossRef]

	



Chanez, P.; Bonnans, C.; Chavis, C.; Vachier, I. 15-lipoxygenase: A Janus enzyme? Am. J. Respir. Cell Mol. Biol. 2002, 27, 655–658. [Google Scholar] [CrossRef]

	



Mabalirajan, U.; Rehman, R.; Ahmad, T.; Kumar, S.; Leishangthem, G.D.; Singh, S.; Dinda, A.K.; Biswal, S.; Agrawal, A.; Ghosh, B. 12/15-lipoxygenase expressed in non-epithelial cells causes airway epithelial injury in asthma. Sci. Rep. 2013, 3, 1540. [Google Scholar] [CrossRef]

	



Mabalirajan, U.; Rehman, R.; Ahmad, T.; Kumar, S.; Singh, S.; Leishangthem, G.D.; Aich, J.; Kumar, M.; Khanna, K.; Singh, V.P.; et al. Linoleic acid metabolite drives severe asthma by causing airway epithelial injury. Sci. Rep. 2013, 3, 1349. [Google Scholar] [CrossRef]

	



Mabalirajan, U.; Dinda, A.K.; Sharma, S.K.; Ghosh, B. Esculetin restores mitochondrial dysfunction and reduces allergic asthma features in experimental murine model. J. Immunol. 2009, 183, 2059–2067. [Google Scholar] [CrossRef]

	



Mabalirajan, U.; Aich, J.; Leishangthem, G.D.; Sharma, S.K.; Dinda, A.K.; Ghosh, B. Effects of vitamin E on mitochondrial dysfunction and asthma features in an experimental allergic murine model. J. Appl. Physiol. 2009, 107, 1285–1292. [Google Scholar] [CrossRef]

	



Mabalirajan, U.; Ahmad, T.; Rehman, R.; Leishangthem, G.D.; Dinda, A.K.; Agrawal, A.; Ghosh, B.; Sharma, S.K. Baicalein reduces airway injury in allergen and IL-13 induced airway inflammation. PLoS ONE 2013, 8, e62916. [Google Scholar] [CrossRef]

	



Cocco, M.P.; White, E.; Xiao, S.; Hu, D.; Mak, A.; Sleiman, P.; Yang, M.; Bobbitt, K.R.; Gui, H.; Levin, A.M.; et al. Asthma and its relationship to mitochondrial copy number: Results from the Asthma Translational Genomics Collaborative (ATGC) of the Trans-Omics for Precision Medicine (TOPMed) program. PLoS ONE 2020, 15, e0242364. [Google Scholar] [CrossRef]

	



Loxham, M.; Davies, D.E. Phenotypic and genetic aspects of epithelial barrier function in asthmatic patients. J. Allergy Clin. Immunol. 2017, 139, 1736–1751. [Google Scholar] [CrossRef]

	



Koppelman, G.H.; Meyers, D.A.; Howard, T.D.; Zheng, S.L.; Hawkins, G.A.; Ampleford, E.J.; Xu, J.; Koning, H.; Bruinenberg, M.; Nolte, I.M.; et al. Identification of PCDH1 as a novel susceptibility gene for bronchial hyperresponsiveness. Am. J. Respir. Crit. Care Med. 2009, 180, 929–935. [Google Scholar] [CrossRef]

	



Bønnelykke, K.; Sleiman, P.; Nielsen, K.; Kreiner-Møller, E.; Mercader, J.M.; Belgrave, D.; den Dekker, H.T.; Husby, A.; Sevelsted, A.; Faura-Tellez, G.; et al. A genome-wide association study identifies CDHR3 as a susceptibility locus for early childhood asthma with severe exacerbations. Nat. Genet. 2014, 46, 51–55. [Google Scholar] [CrossRef]

	



Basnet, S.; Bochkov, Y.A.; Brockman-Schneider, R.A.; Kuipers, I.; Aesif, S.W.; Jackson, D.J.; Lemanske RFJr Ober, C.; Palmenberg, A.C.; Gern, J.E. CDHR3 Asthma-Risk Genotype Affects Susceptibility of Airway Epithelium to Rhinovirus C Infections. Am. J. Respir. Cell Mol. Biol. 2019, 61, 450–458. [Google Scholar] [CrossRef]

	



Runswick, S.; Mitchell, T.; Davies, P.; Robinson, C.; Garrod, D.R. Pollen proteolytic enzymes degrade tight junctions. Respirology 2007, 12, 834–842. [Google Scholar] [CrossRef]

	



Guryanova, S.V.; Gigani, O.B.; Gudima, G.O.; Kataeva, A.M.; Kolesnikova, N.V. Dual Effect of Low-Molecular-Weight Bioregulators of Bacterial Origin in Experimental Model of Asthma. Life 2022, 12, 192. [Google Scholar] [CrossRef]

	



Aguilera-Aguirre, L.; Bacsi, A.; Saavedra-Molina, A.; Kurosky, A.; Sur, S.; Boldogh, I. Mitochondrial dysfunction increases allergic airway inflammation. J. Immunol. 2009, 183, 5379–5387. [Google Scholar] [CrossRef]

	



Ahmad, T.; Mukherjee, S.; Pattnaik, B.; Kumar, M.; Singh, S.; Kumar, M.; Rehman, R.; Tiwari, B.K.; Jha, K.A.; Barhanpurkar, A.P.; et al. Miro1 regulates intercellular mitochondrial transport & enhances mesenchymal stem cell rescue efficacy. EMBO J. 2014, 33, 994–1010. [Google Scholar] [CrossRef]

	



Islam, M.N.; Das, S.R.; Emin, M.T.; Wei, M.; Sun, L.; Westphalen, K.; Rowlands, D.J.; Quadri, S.K.; Bhattacharya, S.; Bhattacharya, J. Mitochondrial transfer from bone-marrow–derived stromal cells to pulmonary alveoli protects against acute lung injury. Nat. Med. 2012, 18, 759. [Google Scholar] [CrossRef]

	



Barton, J.L.; Berg, T.; Didon, L.; Nord, M. The pattern recognition receptor Nod1 activates CCAAT/enhancer binding protein beta signalling in lung epithelial cells. Eur. Respir. J. 2007, 30, 214–222. [Google Scholar] [CrossRef]

	



Farkas, L.; Stoelcker, B.; Jentsch, N.; Heitzer, S.; Pfeifer, M.; Schulz, C. Muramyldipeptide modulates CXCL-8 release of BEAS-2B cells via NOD2. Scand. J. Immunol. 2008, 68, 315–322. [Google Scholar] [CrossRef]

	



Kauffman, H.F. Innate immune responses to environmental allergens. Clin. Rev. Allergy Immunol. 2006, 30, 129–140. [Google Scholar] [CrossRef]

	



Kato, A.; Favoreto, S.; Avila, P.C.; Schleimer, R.P. TLR3- and Th2 cytokine-dependent production of thymic stromal lymphopoietin in human airway epithelial cells. J. Immunol. 2007, 179, 1080–1087. [Google Scholar] [CrossRef]

	



Hammad, H.; Lambrecht, B.N. Dendritic cells and epithelial cells: Linking innate and adaptive immunity in asthma. Nat. Reviews Immunol. 2008, 8, 193–204. [Google Scholar] [CrossRef]

	



Oppenheim, J.J.; Yang, D. Alarmins: Chemotactic activators of immune responses. Curr. Opin. Immunol. 2005, 17, 359–365. [Google Scholar] [CrossRef]

	



Licona-Limón, P.; Kim, L.K.; Palm, N.W.; Flavell, R.A. TH2, allergy and group 2 innate lymphoid cells. Nat. Immunol. 2013, 14, 536–542. [Google Scholar] [CrossRef]

	



Smithgall, M.D.; Comeau, M.R.; Yoon, B.R.; Kaufman, D.; Armitage, R.; Smith, D.E. IL-33 amplifies both Th1- and Th2-type responses through its activity on human basophils, allergen-reactive Th2 cells, iNKT and NK cells. Int. Immunol. 2008, 20, 1019–1030. [Google Scholar] [CrossRef]

	



Gauvreau, G.M.; Bergeron, C.; Boulet, L.P.; Cockcroft, D.W.; Côté, A.; Davis, B.E.; Leigh, R.; Myers, I.; O’Byrne, P.M.; Sehmi, R. Sounding the alarmins-The role of alarmin cytokines in asthma. Allergy 2022, 78, 402–417. [Google Scholar] [CrossRef]

	



Whetstone, C.E.; Ranjbar, M.; Omer, H.; Cusack, R.P.; Gauvreau, G.M. The Role of Airway Epithelial Cell Alarmins in Asthma. Cells 2022, 11, 1105. [Google Scholar] [CrossRef]

	



Lee, H.C.; Headley, M.B.; Loo, Y.M.; Berlin, A.; Gale, M.; Debley, J.S., Jr.; Lukacs, N.W.; Ziegler, S.F. Thymic stromal lymphopoietin is induced by respiratory syncytial virus-infected airway epithelial cells and promotes a type 2 response to infection. J. Allergy Clin. Immunol. 2012, 130, 1187–1196. [Google Scholar] [CrossRef]

	



Allakhverdi, Z.; Comeau, M.R.; Jessup, H.K.; Yoon, B.R.; Brewer, A.; Chartier, S.; Paquette, N.; Ziegler, S.F.; Sarfati, M.; Delespesse, G. Thymic stromal lymphopoietin is released by human epithelial cells in response to microbes, trauma, or inflammation and potently activates mast cells. J. Exp. Med. 2007, 204, 253–258. [Google Scholar] [CrossRef]

	



Kamijo, S.; Takeda, H.; Tokura, T.; Suzuki, M.; Inui, K.; Hara, M.; Matsuda, H.; Matsuda, A.; Oboki, K.; Ohno, T.; et al. IL-33-mediated innate response and adaptive immune cells contribute to maximum responses of protease allergen-induced allergic airway inflammation. J. Immunol. (Baltim. Md. 1950) 2013, 190, 4489–4499. [Google Scholar] [CrossRef]

	



Jackson, D.J.; Makrinioti, H.; Rana, B.M.; Shamji, B.W.; Trujillo-Torralbo, M.B.; Footitt, J.; Del-Rosario, J.; Telcian, A.G.; Nikonova, A.; Zhu, J.; et al. IL-33-dependent type 2 inflammation during rhinovirus-induced asthma exacerbations in vivo. Am. J. Respir. Crit. Care Med. 2014, 190, 1373–1382. [Google Scholar] [CrossRef]

	



Ballantyne, S.J.; Barlow, J.L.; Jolin, H.E.; Nath, P.; Williams, A.S.; Chung, K.F.; Sturton, G.; Wong, S.H.; McKenzie, A.N. Blocking IL-25 prevents airway hyperresponsiveness in allergic asthma. J. Allergy Clin. Immunol. 2007, 120, 1324–1331. [Google Scholar] [CrossRef]

	



Cheng, D.; Xue, Z.; Yi, L.; Shi, H.; Zhang, K.; Huo, X.; Bonser, L.R.; Zhao, J.; Xu, Y.; Erle, D.J.; et al. Epithelial interleukin-25 is a key mediator in Th2-high, corticosteroid-responsive asthma. Am. J. Respir. Crit. Care Med. 2014, 190, 639–648. [Google Scholar] [CrossRef]

	



Fort, M.M.; Cheung, J.; Yen, D.; Li, J.; Zurawski, S.M.; Lo, S.; Menon, S.; Clifford, T.; Hunte, B.; Lesley, R.; et al. IL-25 induces IL-4, IL-5, and IL-13 and Th2-associated pathologies in vivo. Immunity 2001, 15, 985–995. [Google Scholar] [CrossRef]

	



Kondo, Y.; Yoshimoto, T.; Yasuda, K.; Futatsugi-Yumikura, S.; Morimoto, M.; Hayashi, N.; Hoshino, T.; Fujimoto, J.; Nakanishi, K. Administration of IL-33 induces airway hyperresponsiveness and goblet cell hyperplasia in the lungs in the absence of adaptive immune system. Int. Immunol. 2008, 20, 791–800. [Google Scholar] [CrossRef]

	



Fallon, P.G.; Ballantyne, S.J.; Mangan, N.E.; Barlow, J.L.; Dasvarma, A.; Hewett, D.R.; McIlgorm, A.; Jolin, H.E.; McKenzie, A.N. Identification of an interleukin (IL)-25-dependent cell population that provides IL-4, IL-5, and IL-13 at the onset of helminth expulsion. J. Exp. Med. 2006, 203, 1105–1116. [Google Scholar] [CrossRef]

	



Vivier, E.; Artis, D.; Colonna, M.; Diefenbach, A.; Di Santo, J.P.; Eberl, G.; Koyasu, S.; Locksley, R.M.; McKenzie, A.N.J.; Mebius, R.E.; et al. Innate Lymphoid Cells: 10 Years On. Cell 2018, 174, 1054–1066. [Google Scholar] [CrossRef]

	



Halim, T.Y.; Krauss, R.H.; Sun, A.C.; Takei, F. Lung natural helper cells are a critical source of Th2 cell-type cytokines in protease allergen-induced airway inflammation. Immunity 2012, 36, 451–463. [Google Scholar] [CrossRef]

	



Klein Wolterink, R.G.; Kleinjan, A.; van Nimwegen, M.; Bergen, I.; de Bruijn, M.; Levani, Y.; Hendriks, R.W. Pulmonary innate lymphoid cells are major producers of IL-5 and IL-13 in murine models of allergic asthma. Eur. J. Immunol. 2012, 42, 1106–1116. [Google Scholar] [CrossRef]

	



Allen, J.E.; Maizels, R.M. Diversity and dialogue in immunity to helminths. Nat. Rev. Immunol. 2011, 11, 375–388. [Google Scholar] [CrossRef]

	



Rigas, D.; Lewis, G.; Aron, J.L.; Wang, B.; Banie, H.; Sankaranarayanan, I.; Galle-Treger, L.; Maazi, H.; Lo, R.; Freeman, G.J.; et al. Type 2 innate lymphoid cell suppression by regulatory T cells attenuates airway hyperreactivity and requires inducible T-cell costimulator-inducible T-cell costimulator ligand interaction. J. Allergy Clin. Immunol. 2017, 139, 1468–1477. [Google Scholar] [CrossRef]

	



Thorey, I.S.; Roth, J.; Regenbogen, J.; Halle, J.P.; Bittner, M.; Vogl, T.; Kaesler, S.; Bugnon, P.; Reitmaier, B.; Durka, S.; et al. The Ca2+-binding proteins S100A8 and S100A9 are encoded by novel injury-regulated genes. J. Biol. Chem. 2001, 276, 35818–35825. [Google Scholar] [CrossRef]

	



Ryckman, C.; Vandal, K.; Rouleau, P.; Talbot, M.; Tessier, P.A. Proinflammatory activities of S100: Proteins S100A8, S100A9, and S100A8/A9 induce neutrophil chemotaxis and adhesion. J. Immunol. 2003, 170, 3233–3242. [Google Scholar] [CrossRef]

	



Nenci, A.; Becker, C.; Wullaert, A.; Gareus, R.; van Loo, G.; Danese, S.; Huth, M.; Nikolaev, A.; Neufert, C.; Madison, B.; et al. Epithelial NEMO links innate immunity to chronic intestinal inflammation. Nature 2007, 446, 557–561. [Google Scholar] [CrossRef]

	



Swamy, M.; Jamora, C.; Havran, W.; Hayday, A. Epithelial decision makers: In search of the ‘epimmunome’. Nat. Immunol. 2010, 11, 656–665. [Google Scholar] [CrossRef]

	



Kabata, H.; Moro, K.; Fukunaga, K.; Suzuki, Y.; Miyata, J.; Masaki, K.; Betsuyaku, T.; Koyasu, S.; Asano, K. Thymic stromal lymphopoietin induces corticosteroid resistance in natural helper cells during airway inflammation. Nat. Commun. 2013, 4, 2675. [Google Scholar] [CrossRef]

	



Holgate, S.T.; Polosa, R. The mechanisms, diagnosis, and management of severe asthma in adults. Lancet 2006, 368, 780–793. [Google Scholar] [CrossRef]

	



Marshall, C.L.; Hasani, K.; Mookherjee, N. Immunobiology of Steroid-Unresponsive Severe Asthma. Front. Allergy 2021, 2, 718267. [Google Scholar] [CrossRef]

	



Jonckheere, A.-C.; Seys, S.F.; Steelant, B.; Decaesteker, T.; Dekoster, K.; Cremer, J.; Dilissen, E.; Schols, D.; Iwakura, Y.; Vande Velde, G.; et al. Innate Lymphoid Cells Are Required to Induce Airway Hyperreactivity in a Murine Neutrophilic Asthma Model. Front. Immunol. 2022, 13, 849155. [Google Scholar] [CrossRef]

	



Gauvreau, G.M.; O’Byrne, P.M.; Boulet, L.P.; Wang, Y.; Cockcroft, D.; Bigler, J.; FitzGerald, J.M.; Boedigheimer, M.; Davis, B.E.; Dias, C.; et al. Effects of an anti-TSLP antibody on allergen-induced asthmatic responses. N. Engl. J. Med. 2014, 370, 2102–2110. [Google Scholar] [CrossRef]

	



Menzies-Gow, A.; Corren, J.; Bourdin, A.; Chupp, G.; Israel, E.; Wechsler, M.E.; Brightling, C.E.; Griffiths, J.M.; Hellqvist, Å.; Bowen, K.; et al. Tezepelumab in Adults and Adolescents with Severe, Uncontrolled Asthma. N. Engl. J. Med. 2021, 384, 1800–1809. [Google Scholar] [CrossRef]

	



Porsbjerg, C.M.; Sverrild, A.; Lloyd, C.M.; Menzies-Gow, A.N.; Bel, E.H. Anti-alarmins in asthma: Targeting the airway epithelium with next-generation biologics. Eur. Respir. J. 2020, 56, 2000260. [Google Scholar] [CrossRef]












	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Basolateral

Healthy airway

Ciliated cell
Goblet cell
Club cell

Pulmonary
neuroendocrine cell

K

Asthmatic airway

Airway Lumen

Microbes

Allergens

X5

Enha rlced epithelial

permeability
Microbial invasion Dendritic cells
Subepithelium
Subepithelial layer
Smooth muscle
cells
Extracellular
matrix

Cigarette smoke,
pollutants

o v v '-q -’

\‘./ Q'

' fé‘f( ‘Q,’

o « "\( 7,
Enhanced
< allergen uptake
by dendritic cells

%





nav.xhtml


  diagnostics-13-00808


  
    		
      diagnostics-13-00808
    


  




  





media/file0.png





media/file2.png
TIMELINE

EVOLUTION OF THE CONCEPT OF ASTHMA

. HIPPOCRATES
ERA

Smooth muscle disease
20TH g~y Bronchodilators like xanthines,
CENTURY [ “ _7' B agonists, anti-cholinergics,

L4 used

Inflammatory disease -
Currently inhaled 7 _ LATE 20TH

<
corticosteroids, IeL.Jkotrlene \ , \3,_. CENTURY
receptor antagonists used -

Epithelial barrier dysfunction - new concept
ZISIl) ° Loss of epithelial junctions

CENTURY B Bl evokes pro-inflammatory
™ response & airway remodeling






media/file5.jpg
patnogen P Ajergen

Y T

R —

Asthma

IgE cass swiching
Mastcol dograniaton

Dendrtccal Eosinophi actvation






media/file6.png
Pollutant

Pathog AIIergen
Airway . Mucus
Alarmin release Goblet cell
TSLP. ® .3

IL-25

Asthma

.

IgE class switching
Mast cell degranulation

Dendritic cell

Eosinophil activation






media/file3.jpg
Healthy airway

ot @ o





media/file1.jpg
TIMELINE

EVOLUTION OF THE CONCEPT OF ASTHMA

....e HIPPOCRATES
ERA

Smooth muscle disease
20TH . Bronchodilators like xanthines,
CENTURY B agonists, anti-cholinergics,

used

Inflammatory disease -
Currently inhaled 2 g LATE 20TH

conteastaric laakowians | [S)] Ll
receptor antagonists used

Epithelial barrier dysfunction - new concept
21T e Loss of epithelial juncti
y

CENTURY B pro-inflammatory.
vay remodeling






