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Interleukin (IL)-36 cytokines are members of the IL-1 superfamily, which consists of three agonists (IL-36α, IL-36β and IL-36γ) and an IL-36 receptor antagonist (IL-36Ra). IL-36 cytokines are crucial for immune and inflammatory responses. Abnormal levels of IL-36 cytokine expression are involved in the pathogenesis of inflammation, autoimmunity, allergy and cancer. The present study provides a summary of recent reports on IL-36 cytokines that participate in the pathogenesis of inflammatory diseases, and the potential mechanisms underlying their roles in asthma. Abnormal levels of IL-36 cytokines are associated with the pathogenesis of different types of asthma through the regulation of the functions of different types of cells. Considering the important role of IL-36 cytokines in asthma, these may become a potential therapeutic target for asthma treatment. However, existing evidence is insufficient to fully elucidate the specific mechanism underlying the action of IL-36 cytokines during the pathological process of asthma. The possible mechanisms and functions of IL-36 cytokines in different types of asthma require further studies.
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1 Introduction

IL-36 cytokines are members of the IL-1 protein family, because the amino acid sequences of IL-36 cytokines have high similarity with IL-1β and IL-1Ra (1). The IL-36 cytokine family consists of three agonists (IL-36α, IL-36β and IL-36γ; previously named as IL-1F6, IL-1F8 and IL-1F9, respectively) and an antagonist, IL-36Ra (also termed as IL-1F5) (2). These agonists can bind to IL-36R (also called IL-1Rrp2) and IL-1RAcp, and recruit the myeloid differentiation primary response gene 88 (MyD88) signaling molecule to produce pro-inflammatory cytokines through the activation of nuclear factor−κB (NF−κB) and mitogen−activated protein kinase (MAPK) pathways (3). However, the engagement of IL-36R through antagonist IL-36Ra does not cause this effect (4). IL-36 cytokines are initially secreted as an inactive prerequisite form, truncating its N-terminus by proteolysis to become biological molecules (4). Studies have revealed that IL-36 cytokines can be cleaved by proteases. IL-36α is cleaved by elastase and cathepsin G, and IL-36β is cleaved by cathepsin G and protease-3 (5). IL-36γ can be cleaved by elastase, protease-3, cathepsin G and cathepsin S (5, 6). Notably, recent studies have revealed that microbially derived proteases can hydrolyze IL-36γ, which is critical for pathogen infection and inflammatory response (7, 8). The neutrophil-derived elastase can also cleave IL-36Ra (9). The biological activity and mechanism of IL-36 cytokine cleavage through proteases in specific disease microenvironments still need to be explored. This may help provide new directions for the elucidation of disease mechanisms and its treatment.

The IL-36 cytokine family is crucial for immune homeostasis and inflammation response through the regulation of the production of pro-inflammatory and anti-inflammatory cytokines (10–12). IL-36 cytokines can be secreted by different types of cells, including keratinocytes (13), macrophages (14), epithelial cells (15), T cells (16, 17), myofibroblasts (18), neutrophils (19), and plasma cells (20). Importantly, IL-36 cytokines contribute to the pathogenesis of autoimmune and inflammatory diseases, such as psoriasis, pulmonary diseases, inflammatory bowel disease, rheumatoid arthritis, allergic rhinitis, Sjogren’s syndrome, and systemic lupus erythematosus (15–17, 20–22). Recent studies have revealed that IL-36R is mainly expressed in lung fibroblasts, epithelial cells, dendritic cells, keratinocytes, eosinophils, macrophages, T cells, neutrophils, and B cells (10, 15, 23–28).

Asthma is a heterogeneous airway inflammatory disease characterized by airway inflammation and airway hyperresponsiveness (AHR) (29, 30). It is well-known that different subsets of T helper (Th) cells are critical for the pathogenesis of asthma (31, 32). In addition to classic Th1 and Th2 cells, a number of studies have suggested that Th9, Th17, Th22, and regulatory T cells (Tregs) are pivotal in asthma (33, 34). According to the ratio of eosinophils and neutrophils in induced sputum, asthma can be divided into four subtypes: paucigranulocytic asthma (PA), eosinophilic asthma (EA), mixed granulocytic asthma (MA), and neutrophil asthma (NA) (35). The treatment options for each subtype of asthma differ, and these subtypes of asthma varyingly respond to traditional therapies (35). Traditional EA is closely correlated to allergen-specific Th2 cells and their secreted cytokines (36), and well-responds to inhaled corticosteroids (37). In contrast, NA usually has a feature of neutrophil inflammation mediated by Th1 and Th17 cells, and is resistant to steroid therapies (38, 39), but responds to macrolide drugs (40, 41). Macrolide drugs have side effects. Hence, there is an urgent need to develop NA-targeted drugs. Therefore, it is important to identify the inflammatory subtypes of asthma in clinic, and novel biomarkers for its diagnosis and personalized treatment.

IL-36 cytokines play an important role in T cell response, and IL-36β can promote Th1 cell response in mice (10). In addition, IL-36β can cooperate with IL-12 to enhance the Th1 polarization in vitro (42). Furthermore, the engagement of IL-36R through its ligands can enhance the Th1 and Th17 response in Aspergillus fumigatus-infected peripheral blood mononuclear cells (PBMCs) (43). IL-36β promotes the development of M2 macrophages to produce IL-1β, tumor necrosis factor-α (TNF-α), IL-8, and other pro-inflammatory factors in vitro (25). Furthermore, IL-36 cytokines are potent regulators for neutrophilic and eosinophilic inflammation. Moreover, IL-36 cytokines can promote the production of IL-6 and CXC motif chemokine ligand (CXCL) 8 in human lung fibroblasts and bronchial epithelial cells, and enhance the inflammatory response of neutrophils (23). Interestingly, IL-36γ promotes eosinophil adhesion, migration and activation in vitro, and may be involved in the pathogenesis of allergic rhinitis in vivo (15). A complex relationship exists among IL-36 cytokines, nod-like receptor family pyrin domain 3 (NLRP3), neutrophil extracellular traps (NETs) and autophagy. In vivo and in vitro experiments have demonstrated that IL-36α promotes the NLRP3 expression and activation in mouse renal tubular epithelial cells and macrophages (44), while IL-36Ra inhibits NLRP3 activation and reduces inflammation in a mouse model of atherosclerosis (45). NETs increase the expression of IL-36α and IL-36γ in human bronchial epithelial cells (46). In vitro experiments have revealed that IL-36β activates autophagy in CD4+CD25+ Tregs, which may be valuable for the prognosis of sepsis (47). Accordingly, IL-36 cytokines play an important role in inflammation. However, further exploration is needed to determine whether these have the same role in asthma, or whether there are other unknown pathways. The present study summarizes the biological research advances in the roles of IL-36 cytokines in the pathogenic process of inflammatory subtypes of asthma, and uncovers new therapeutic targets for its personalized treatment.



2 IL-36 Cytokines and Inflammation

IL-36 cytokines are implicated in the pathogenesis of a number of diseases, such as allergic rhinitis (AR), chronic rhinosinusitis (CRS), inflammatory bowel disease, psoriasis, and rheumatoid arthritis (15, 20, 27, 48, 49). However, the expression levels and roles of IL-36 differ in these varying types of diseases, indicating the functional complexity in innate immunity and adaptive immunity (Figure 1). IL-36 cytokines may be involved in the pathogenesis of AR, since abnormal levels of serum IL-36 cytokines were detected in human AR patients (15). The levels of serum IL-36γ in AR patients are significantly higher, when compared to that in the control group, and this is positively correlated with the eosinophil count and eosinophilic cationic protein concentration (15). Indeed, IL-36γ can regulate the survival, migration, adhesion and activation of eosinophils in vitro (15). Similarly, higher levels of serum IL-36 cytokines were detected in AR patients, when compared to the control group, and IL-36α can promote Th17 cell differentiation in vitro (50). IL-36γ is highly expressed in CRS, and induces the production of chemokines to promote neutrophil inflammation in vitro (27). Furthermore, higher IL-36α expression levels were observed in patients with CRS and nasal polyps in the refractory group, when compared to the control group, and the increase in IL-36α expression and neutrophil inflammation were considered as risk factors for refractory in human CRS patients (51). Similarly, the IL-36α expression is higher in the rectal mucosa of patients with ulcerative colitis, when compared to that in healthy subjects, and IL-36 cytokines can regulate T cell subsets in a mouse model of intestinal inflammation (48). The treatment with recombinant IL-36 promotes Th1 responses, but inhibits Th17 responses in vitro (48). The IL-36 cytokine expression increased in a mouse model of psoriasis, and the reciprocal regulation between IL-36 cytokines and Th17-related cytokines maintained and amplified the pro-inflammatory response, contributing to the pathogenesis of psoriasis (49). In addition, IL-36α can enhance the expression of IL-6 and IL-8 in synovial fibroblasts in vitro (20).




Figure 1 | The production of IL-36 cytokines and the downstream signaling network. IL-36 can bind to IL-36R on a variety of cells (such as keratinocytes, dendritic cells, T cells, eosinophils, PBMCs and macrophages) through different signaling pathways to produce cytokines and chemokines, and promote neutrophil and eosinophil infiltration, T cell proliferation and macrophage polarization, in order to promote inflammation. However, IL-36Ra acts as an antagonist of IL-36R without activating the downstream signaling.



IL-36 cytokines also contribute to the process of other airway inflammatory diseases. In chronic obstructive airway inflammation, these include chronic obstructive pulmonary disease (COPD) and asthma (52, 53). The induced sputum IL-36 cytokine levels in patients with eosinophilic airway inflammation were lower, when compared to patients with neutrophilic airway inflammation (53). Recent studies have revealed that the expression levels of IL-36Ra in asthma patients were lower, when compared to healthy controls, and that IL-36Ra can inhibit asthmatic inflammation in mouse models (54). Intrabronchial instillation with IL-36α induces an increase in CXCL1 and CXCL2, which recruit neutrophil infiltration in mice (55). Long-term smoking patients, with or without COPD, express higher levels of serum IL-36α, when compared to healthy non-smokers, and the serum IL-36α levels for these smoking patients are positively correlated with the concentrations of various pro-inflammatory cytokines (56).

IL-36 cytokines are an important hub, and have dual functions in pulmonary infectious diseases. These can not only act as immune defenders against infectious pathogens, but also contribute to lung injury. Lung IL-36γ levels increase in mice with bacterial pneumonia, and IL-36γ induces M1 macrophage activation and enhances the phagocytic activity, promoting bacterial clearance (57). Furthermore, the IL-36α and IL-36γ expression in the lungs can be induced by infection with Pseudomonas aeruginosa, and upregulate prostaglandin E2 production to impair bacterial clearance and deteriorate lung injury in vitro and in vivo (58). Moreover, the IL-36γ expression is elevated in Mycobacterium tuberculosis-infected macrophages, and enhances the macrophage’s phagocytosis of Mycobacterium tuberculosis (59). In addition, IL-36γ induces antimicrobial peptide production to limit the Mycobacterium tuberculosis replication in macrophages (60). Conversely, the IL-36 signaling appears to have a limited role in the host defense against Mycobacterium tuberculosis infection in vivo (61). Similarly, the IL-36α expression can be enhanced by influenza virus infection, and aggravate lung damage (62). In the mouse model of influenza virus-induced pneumonia, IL-36R deficiency mitigates mortality and lung damage, which is correlated to the reduction in the levels of pro-inflammatory factors, chemokines, and neutrophil aggregation (62). In addition, high IL-36γ expression levels promote the apoptosis of influenza A virus-infected lung epithelial cells, inhibit autophagy, and interfere with the IFN signaling pathway in vivo (63). IL-36γ is an important homeostatic regulator in antiviral response and viral immune evasion (63). The IL-36γ expression in airway epithelial cells can be enhanced by rhinovirus infection in asthmatic patients (64). Thus, the IL-36/IL-36R axis is correlated to the pathophysiology of airway inflammation. Further exploration is needed to elucidate the role of IL-36 cytokines in lung infection.



3 IL-36 Cytokines and Autophagy

Autophagy is a process of self-degradation of cells. This maintains cellular and organismal homeostasis by degrading its own organelles and proteins, and is critical for innate and adaptive immunity, and inflammatory response (65, 66). Furthermore, autophagy is involved in asthmatic inflammation, airway remodeling, and response to asthma treatment drugs (67–69). Autophagy-related 5 (ATG5) gene transcript variants are associated with the development of childhood asthma (70), and the polymorphisms of ATG5 and ATG7 are associated with neutrophilic airway inflammation in asthma (71). The increase in expression of orosomucoid-like protein 3 (ORMDL3), a susceptibility gene, can induce autophagy in bronchial epithelial cells of asthmatic patients, and damage epithelial cells (72). Autophagy regulates innate and adaptive immunity during the development of asthma. Furthermore, autophagy regulates the survival and proliferation of innate lymphoid type-2 cells (ILC2s), and inhibiting the ILC2 autophagy can modulate ILC2 metabolic pathways, thereby inhibiting AHR and inflammation in allergic asthma (73). In asthmatic mice, IL-4 promotes B cell autophagy, and enhances the antigen presentation to CD4+ T cells, in order to exacerbate asthma (74). In recent years, a number of drugs with therapeutic potential for targeting autophagy (inhibiting autophagy or activating autophagy) in asthma have emerged. In vitro, budesonide and statins inhibit mTOR inhibitor-mediated autophagy in macrophages, decrease the Beclin-1 and LC3 expression, increase the p62 and IL-10 expression, and reduce asthmatic inflammation (69). Some Chinese herbal medicines can also regulate autophagy, and may be potential drugs for asthma treatment (75, 76). IL-36 cytokines are regulators of various inflammatory and immune diseases. It is noteworthy that there are few studies on the relationship between IL-36 cytokines and autophagy. A recent study revealed that IL-36 cytokines can improve rheumatoid arthritis symptoms by promoting synovial cell autophagy, thereby inhibiting synovial cell migration and invasion (77). In addition, IL-36β can enhance the autophagy of Tregs, and attenuate the immunosuppressive effect, improving the prognosis of patients with sepsis (47). Furthermore, IL-36γ can induce autophagy in cells infected with Mycobacterium tuberculosis, and enhance the bacterial clearance (59). Interestingly, IL-36γ promotes lung epithelial cell apoptosis and attenuates autophagy following influenza A virus infection, and enhances the antiviral immune response (63). Accumulating evidence has implicated autophagy in the pathogenesis of airway inflammation and airway remodeling in asthma (67, 78, 79). Accordingly, targeting autophagy through IL-36 cytokines may be important for the process of asthma, contributing to the complex pathogenesis of asthma. Further targeted therapy may be worthy of further exploration.



4 IL-36 in Human Asthma

The abnormal expression of IL-36 cytokines is involved in the pathogenesis of different subtypes of asthma (Figure 2). The mechanisms underlying the action of IL-36 cytokines in the pathogenesis of asthma may be complex through multiple channels. The IL-36 subfamily participates in the pathogenesis of different subtypes of asthma by secreting cytokines and chemokines for the recruitment and infiltration of T cells, neutrophils and eosinophils.




Figure 2 | The potential roles of IL-36 cytokines in asthma. IL-36 cytokines promote Th1, Th17 and Th9 differentiation, and inhibit iTreg differentiation. These also enhance the production of cytokines and chemokines through lung epithelial cells, fibroblasts and macrophages, and promote neutrophil and eosinophil inflammation to participate in the pathogenesis of various subtypes of asthma. Neutrophil degranulation or NET-derived proteases can promote IL-36 cytokine cleavage, thereby promoting inflammatory response. IL-36 cytokines can also regulate autophagy and NLRP3, but the specific roles in asthma remain to be elucidated. IL-36Ra can reduce the production of cytokines, AHR and airway inflammation, and the inflammatory response of asthma.




4.1 Abnormal Expression of IL-36 Cytokines in Asthma

Compared with healthy controls, the IL-36 expression is not significantly altered in patients with COPD and asthma (53). In contrast, when patients were further classified by inflammatory phenotype, COPD and asthma patients with eosinophilic airway inflammation have significantly lower levels of IL-36 cytokine expression, relative to healthy controls and patients with neutrophilic airway inflammation (53). The serum level of IL-36 cytokines is negatively correlated with the degree of eosinophilic inflammation, but is positively correlated with the degree of neutrophil inflammation in COPD and asthma patients (53). Similarly, the IL-36γ expression level is positively associated with the count of neutrophils in AR patients complicated with asthma (15). Conversely, the expression of IL-36Ra decreases, and IL-36Ra has anti-inflammatory effects in asthmatic patients, reducing the production of IL-1, IL-6, IL-17 and TNF-α in PBMCs and sputum cells (54). Furthermore, IL-36Ra reduces airway inflammation in asthmatic patients by inhibiting the activation of IL-36 signaling, and the production of pro-inflammatory factors (54).



4.2 The Mechanisms Underlying the Roles of IL-36 Cytokines in Asthma

The balance of different subsets of T cells is critical for regulating immune responses during the process of asthma. Th2 cells mediate eosinophilic asthma, and responds well to steroid therapy and novel biological agents (anti-IL-5, anti-IL-13, etc.), providing novel therapeutic strategies for this type of asthma (80, 81). Th17 cell-related factors promote smooth muscle cell contraction and proliferation for asthmatic airway remodeling and AHR (82, 83). Th1 and Th17 cells mediate neutrophilic asthma, and are associated with the resistance to steroid therapy (31, 84). Th9 cells and their secreting IL-9 increase in the peripheral blood and lung tissues of ovalbumin (OVA)-induced asthmatic mice (85). Th9 cells promote bronchial hyperresponsiveness in asthmatic mice, and are associated with the resistance to steroid therapy in asthmatic subjects (86, 87). Tregs have potent immunosuppressive activity. The frequency of circulating Treg cells in asthmatic patients was lower, when compared to that in healthy controls, and this was negatively correlated with asthma severity (88). The number of Tregs in the bronchoalveolar lavage fluid (BALF) of moderate-to-severe asthmatic patients was higher, when compared to that in healthy controls, which may reflect compensative anti-inflammatory response (89). However, another study revealed that the number of Tregs in BALF decreased in children with asthma (90). The treatment with iTregs can reduce airway inflammation and AHR in OVA-challenged asthmatic mice (91, 92). Th1/Th2 and Th17/Treg imbalance occur during the process of asthma (88, 93). The Th17/Treg ratio is positively correlated with the severity of AHR in children with asthma, and is associated with worsening asthma (93, 94). Huai Qi Huang (a mixture of Chinese herbs), ligustrazine and oligo-fucoidan can regulate the Th1/Th2 and Treg/Th17 imbalance in asthma, and reduce asthma severity (95–97). Given the essential role of T cells in asthma, researches that target the imbalance of different subsets of T cells show great potential. IL-36β and IL-12 promote Th1 polarization (42). The engagement of IL-36R through inflammatory mediators promote the Th1 response, and inhibit Th17 differentiation, regulation for intestinal inflammation and homeostasis in mice (48). IL-36α promotes the activation of the nucleotide-binding domain, the leucine-rich-containing family, and NLRP3 inflammasomes, enhances T cell proliferation and Th17 differentiation, and promotes tubular interstitial inflammation (44). Furthermore, the activation of IL-36R signaling can enhance the production of IL-17 and interferon-γ (IFN-γ) through Th17 and Th1 cells, respectively, in human PBMCs, after infection with Aspergillus fumigatus (43). IL-17A can feedback enhance the IL-36 expression, creating a positive cascade to increase the production of pro-inflammatory cytokines in human keratinocytes (49). The positive feedback effect of IL-17A and IL-36 also occurs in patients with CRS and nasal polyps (27). Th17 responses participate in the pathogenesis of NA (31, 98, 99). Th1 cells and their cytokines, as well as TNF-α, are the main mediators of NA, and are closely correlated to the resistance to steroid therapy (100, 101). Similar findings were achieved in the mouse model of neutrophil airway inflammation. Collectively, IL-36 cytokines promote Th1 differentiation, and have both promoting and inhibiting effects on Th17 differentiation, which are dependent on the specific inflammatory microenvironment in different types of inflammatory diseases.

In intestinal inflammation, IL-36γ can promote Th9 differentiation, which is mediated through the IL-2-STAT5 and IL-4-STAT6 pathways (102). IL-36γ inhibits inducible Treg differentiation by activating the NF-kB signaling (102). Th9 cells can induce eosinophil infiltration and bronchial hyperresponsiveness, independent of the eosinophils in mice (86), and this may be correlated to steroid resistance (87). In addition, some factors can enhance the Treg response to reduce the airway inflammation of asthma (103, 104). Apparently, the imbalance of Th9 and Treg response is crucial for the development of asthma, and the restoration of the balance between these may be applied as a novel therapeutic strategy for treating asthma. Indeed, epimedin C can regulate the Th9/Treg balance to inhibit airway inflammation in a mouse model of asthma (105).

In recent decades, the functions of IL-36 cytokines have been widely investigated, and abnormal IL-36 expression levels were associated with the development of a variety of diseases. Accordingly, IL-36 cytokines may be applied as therapeutic targets for the treatment of inflammatory diseases, including some types of asthma. Further understanding the molecular mechanisms underlying the actions of IL-36 cytokines in the inflammatory subtypes of asthma would provide a novel base for the design of personalized treatments for asthma. The potential mechanisms by which IL-36 cytokines contribute to the development of the inflammatory subtypes of asthma were further summarized.



4.3 IL-36 Cytokines Promote Inflammation in NA


4.3.1 IL-36 Cytokines and NETs

Neutrophils are crucial for immune and inflammatory response. NET is the process of programmed neutrophil death, and pathogens can trigger NETs that comprise of extracellular DNA and multiple protein components, such as neutrophil elastase (NE) and myeloperoxidase, which are important for the clearance of bacterial pathogens (106). Interestingly, NETs are involved in the development of asthma, and are potential therapeutic targets. Furthermore, NETs are highly detected in NA mice, and promote neutrophilic inflammation (107). In NA mice, NETs can stimulate the production of CXCL1, CXCL2 and CXCL8 in lung airway epithelial cells, and promote the chemotactic infiltration of neutrophils (107). Furthermore, NETs stimulate macrophages to secrete IL-1β, recruit neutrophils, and further promote the progression of NETs (108). Moreover, NETs can stimulate airway epithelial cells to secrete pro-inflammatory factors, such as IL-1α, IL-1β and other IL-1 family members, thereby promoting the production of IL-36 cytokines, and further inducing neutrophil aggregation (46). In addition, NET-related proteases, cathepsin G and elastase can cleave IL-36 cytokines (109). Notably, the positive feedback loop between neutrophils and NETs promote the formation of NETs that act on keratinocytes through TLR4/IL-36R signaling to activate the MyD88/NF-kB signaling. This promotes the LCN2, IL-36γ, CXCL1 and CXCL8 expression, further recruiting neutrophils to deteriorate the inflammatory response (110).



4.3.2 IL-36 Cytokines and Neutrophils

A recent report has revealed that IL-36 cytokines are important factors upstream of neutrophils (21). This is consistent with previous observations that IL-36 cytokines can recruit neutrophils by inducing CXCL1 and CXCL2 expression (55, 111, 112). Indeed, the levels of sputum IL-36α and IL-36γ in COPD patients are positively correlated with the number of sputum neutrophils (52). Consistently, higher levels of sputum IL-36 cytokines were observed in patients with neutrophil airway inflammation, and this was correlated with the number of sputum neutrophils, when compared to those with eosinophilic airways (53). IL-36α and IL-36γ increase the CXCL1 and CXCL2 expression to promote neutrophil recruitment in vivo (55, 111), and IL-36γ can activate the NF-kB signaling in macrophages, indicating that IL-36γ and IL-36α act as pro-inflammatory factors to recruit neutrophils (55, 111). Functionally, the injection of IL-36γ can increase the severity of AHR in mice (111). In generalized pustular psoriasis, IL-36 cytokines can promote keratinocytes to produce chemokines that recruit neutrophils (113). In addition, IL-36γ can promote the expression of neutrophil chemotactic factors of IL-8 and CXCL3 in lung fibroblasts (114).



4.3.3 IL-36 Cytokines and NLRP3

NLRP3 is activated in HDM-induced asthmatic mice, and NLRP3 promotes Th2 response (115, 116). Dexamethasone can inhibit NLRP3 activation and attenuate the OVA-induced allergic airway inflammation in mice (117). The inhibition of NLRP3 is a promising strategy for the treatment of asthmatic inflammation (115, 118). IL-36 cytokines promote NLRP3 activation and IL-23/IL-17 production, leading to kidney inflammation and fibrosis (44). Another study revealed that IL-36Ra protects from atherosclerosis by inhibiting NLRP3 activation, and IL-1β and caspase-1 p10 production (45). The level of NLRP3 activation increased in NA patients (119), and this was associated with the degree of neutrophil airway inflammation, disease severity, and steroid resistance in asthma patients (120). In addition, there is a reciprocal regulatory relationship between autophagy and NLRP3. However, the precise mechanism underlying the action of NLRP3 in the pathogenesis of inflammatory asthma remains to be determined (121). In summary, IL-36 cytokines promote the pathogenesis of NA through multiple mechanisms.



4.3.4 IL-36 Cytokines and Eosinophil Airway Inflammation

The level of sputum IL-36 cytokines in patients with eosinophilic obstructive airway inflammation was lower, when compared to that of neutrophil inflammation and healthy controls, and this was negatively correlated with the degree of eosinophil inflammation (53). Elevated IL-36β, IL-36γ and IL-36Ra expression levels can be detected in eosinophilic pustular folliculitis (122). IL-36γ promotes eosinophil inflammation through the activation of p38MAPK and MEK signaling in vitro (15). Recent data have indicated that the expression level of IL-36γ increases in AR patients, particularly in the asthmatic group, which is consistent with the findings for dermatophagoides pteronyssinus group 1, and that IL-17, IL-25 and IL-33 can upregulate the expression of IL-36R in eosinophils in vitro (15). IL-36 cytokines may trigger the aggregation of neutrophils and eosinophils, leading to tissue injury during the pathogenic process of autoimmune bullous dermatosis, such as dermatitis herpetiformis, bullous pemphigoid, and pemphigus vulgaris (123). Furthermore, IL-36 cytokines can regulate the pathogenesis of eosinophilic pustular folliculitis (122). Preliminary studies have revealed that IL-36 cytokines can inhibit eosinophilic airway inflammation, but promote eosinophilic inflammation in the process of other diseases. The effect of IL-36 cytokines on eosinophilic inflammation may depend on the pathogenic nature of the disease. The complex mechanisms underlying the roles of IL-36 cytokines remain to be elucidated.



4.3.5 Regulation of IL-36 Cytokines on Monocytes/Macrophages

Macrophages can be classically activated as macrophages (M1) with pro-inflammatory activity, and alternately activated as macrophages (M2) with anti-inflammatory activities (124). Macrophage polarization is involved in asthma pathogenesis. M1 cells can secrete Th1-related cytokines and promote neutrophil inflammation, while M2 cells can promote Th2-dominant eosinophilic inflammation (125). Furthermore, macrophages can regulate the production of inflammatory factors involved in allergic asthma. In a mouse model of OVA-induced acute exacerbations, alveolar macrophages can promote the production of IL-1β, IL-6, CXCL-1 and TNF-α, exacerbating the asthmatic process (126). The increase in clearance of apoptotic cells through alveolar macrophages can help reduce the asthmatic inflammation (127), while the impaired macrophage function weakens the control of asthmatic inflammation (128). In addition, alveolar macrophages may be associated with the resistance to steroids in patients with severe asthma, when compared to non-severe asthma (129). IL-36 cytokines can modulate the functions of macrophages, contributing to the development of asthmatic airway inflammation. IL-36β enhances M2 cells to produce pro-inflammatory factors, such as IL-1β, IL-6, IL-8 and TNF-α, in vitro (25). Another study revealed that IL-36γ protects the body against tissue damage. In bacterial pneumonia, IL-36γ promotes the production of Th1-related cytokines by DCs, which enhance the classical activation of macrophages into M1 cells (57). In renal tubule interstitial lesions, IL-36 cytokines promote the activation of NLRP3 inflammasome in macrophages, contributing to the pathogenesis of renal disease (44). In a mouse model of dextran sodium sulfate (DSS)-induced colitis, IL-36α can promote colonic inflammation by enhancing neutrophil and macrophage infiltration (48). The regulation of macrophage polarization by IL-36 cytokines in specific environments is complex, and exerts different effects, which needs to be further studied.



4.3.6 The Effect of IL-36 Cytokines on Other Types of Cells

IL-36 cytokines can promote the production of IL-6 and CXCL8 in lung fibroblasts and bronchial epithelial cells in vitro (23). CXCL8 is an inducer of neutrophils, and promotes NA and inflammation. IL-6 can promote NA resistance to corticosteroids (38). Through extracellular signal regulated kinase (ERK) 1 and 2, p38, and NF-kB signaling in human airway epithelial cells, IL-36γ increases the expression of MUC5AC, and plays a role in allergic and inflammatory diseases (130). The MUC5AC expression was upregulated in mouse models of EA and NA (131). MUC5AC is crucial for airway eosinophil inflammation and AHR, and the levels of sputum MUC5AC in patients with mild asthma before steroid treatment were higher, when compared to that in the healthy control group (132). IL-36β can promote monocyte-derived DC maturation and induce Th1 inflammatory response through IL-1Rrp2 (133). IL-36γ can be expressed through lung fibroblasts, and activate the downstream signaling to produce neutrophil chemokines IL-8 and CXCL3, and Th17 chemokine CCL20 (114). TNF-α, IL-1β, IL-17, and the TLR3 agonist dsRNA can stimulate IL-36γ production in airway epithelial cells in vitro, which exacerbates neutrophil inflammation (114).





5 IL-36 Cytokines in Animal Models of Asthma

IL-36 cytokines have a pro-inflammatory activity in mouse models of asthma. In asthmatic A/J mice induced by ovalbumin, the IL-36γ expression levels were upregulated (134). Recent data has revealed that treatment with IL-36Ra to target IL-36R reduces airway inflammation by inhibiting the activation of NF-kB signaling in the mouse model of OVA-induced asthma (54). Similarly, higher levels of IL-36γ, CXCL1 and CXCL2 were detected in the lung of asthmatic mice, following the challenge with house dust mite extracts (111). In addition, intratracheal infusion with IL-36γ can increase the severity of AHR in mice (111). Similarly, the allergen challenge increases the CXCL1 mRNA transcripts, and neutrophil infiltrates in the BALF in the mouse model of OVA-induced asthma (135). Furthermore, IL-36γ can enhance the NF-kB expression in mouse lungs (111), and sustain the NF-kB activation in patients with severe uncontrolled asthma, promoting the production of inflammatory mediators during the pathogenic process of asthma (136).



6 Asthma Treatment and IL-36 Cytokines

IL-36 cytokines have a central role in autoimmune diseases. Serum IL-36α and IL-36γ levels were elevated in patients with systemic lupus erythematosus, when compared to the healthy groups, and these were positively correlated with complement C3 levels (22). Furthermore, the IL-36γ expression was upregulated in psoriatic tissues and serum (137). IL-36 cytokines promote the production of TNF-α, IL-6 and IL-8 pro-inflammatory factors in keratinocytes, and IL-36 and Th17 are present in the feedback loop to promote psoriatic inflammation (49). IL-36α induces psoriatic dermatitis in mice, and the administration of the anti-IL-36R monoclonal antibody can significantly attenuate the psoriatic skin thickening and inflammation (138). In addition, IL-36α was elevated in the intestinal mucosa of patients with ulcerative colitis, when compared to healthy controls, further demonstrating the reduced inflammation in IL-36R deficient DSS-induced colitis mice (48). In mice with intestinal fibrosis, the mucosal inflammation was reduced, and the fibrosis attenuated the anti-IL-36R antibody (139). IL-36 cytokines play an important role in the pathogenesis of autoimmune diseases, and blocking the IL-36/IL-36R axis is a promising therapeutic strategy for the treatment of autoimmune diseases.

The IL-36/IL-36R signaling may serve as a potential target for future treatments, including neutralizing antibodies against IL-36 cytokines and the IL-36 receptor, and inhibitors of enzymes for IL-36 cytokine cleavage. IL-36 inhibitors can directly act on IL-36 cytokines. The IL-36γ inhibitor (A-552) can bind human IL-36γ to inhibit its pro-inflammatory effects, which was validated in a human psoriasis model of IL-36γ-induced 3D skin equivalents (140). In addition, since IL-36 cytokines require cleavage to exert their active effects, the inhibition of proteases that cleave IL-36 cytokines is another promising strategy. A study revealed that a small-molecule inhibitor of elastase can inhibit IL-36γ cleavage and subsequent inflammatory responses (141). Another study reported that peptide-based cathepsin G or elastase inhibitors that target IL-36 cytokines can inhibit their cleavages, and exert anti-inflammatory effects in psoriasis (142).

Targeting IL-36R is also an effective approach to block IL-36R related signaling. The anti-IL-36R antibodies of ANB019 (imsidolimab) and BI655130 (spesolimab) are presently included in clinical trials. Spesolimab is a selective humanized antibody against the IL-36 receptor that inhibits the activation and response of downstream pro-inflammatory signaling (143). In a single-arm, phase I study, the spesolimab blockade of IL-36R exhibited the rapid regulation of deregulated molecular pathways in generalized pustular psoriasis and palmoplantar pustulosis, IL-36, Th1/Th17, and neutrophil-mediated and keratinocyte-mediated inflammation-related genes were downregulated at the first week after spesolimab administration (144). A recent study reported a single, open-label phase I trial for the intravenous administration of 10 mg/kg of spesolimab for seven patients with generalized pustular psoriasis (145). The disease severity was assessed using GPPGA scores at the start of the trial, and five patients achieved clear or nearly clear skin within the first week (145). The skin of all patients, with or without IL-36Ra mutation, achieved clear or almost clear skin at the fourth week (145). Spesolimab has been proven to be effective, although mild-to-moderate adverse effects can occur (145).

Another 12-week, phase IIa, multicenter, double-blind, randomized controlled clinical trial was conducted to test the therapeutic effects and safety of spesolimab in 59 patients with palmoplantar pustulosis, following the treatment with 900 mg or 300 mg of spesolimab or placebo (146). The severity of palmoplantar pustulosis decreased at a faster rate over time in the spesolimab treated group, when compared to the placebo group (146). These results indicate that spesolimab has a potential therapeutic effect, and can be well-tolerated with comparable adverse events (146). ANB019 has been tested in phase I clinical trials on healthy volunteers (147), and is being evaluated in a clinical trial for generalized pustular psoriasis patients (148). IL-1RAcP (IL-1R3) is an attractive therapeutic target. Antibodies against IL-1R3 have been evaluated in multiple preclinical models, and blocking IL-1R3 inhibits several factors of the IL-1 family, including IL-36, thereby reducing inflammation in the disease (149). More research is needed to explore the significance of this target in the future.

Peptide-based neutrophil protease inhibitors and small-molecule elastase inhibitors have the characteristics of low cost and can be applied locally in the diseased skin (141, 142). However, the efficient and specific synthesis of protease inhibitors remains challenging (150). The application value of its systemic administration for disease treatment is worth exploring in future research. Currently, biological drugs targeting cytokines such as IL-4, IL-5, IL-13, and TNF-α have been approved or are under development for the treatment of uncontrolled severe asthma (151, 152). The strategies for neutralization of a cytokine are very effective, but they are expensive, and given the cost-effectiveness, more severe uncontrolled asthma is more suitable for such inhibitors (141, 152). In addition, biological drugs require systemic administration, which may cause adverse effects, such as infection and allergic reactions, and the optimal delivery method of such drugs to the target site remains to be studied (152). A study has shown that individuals with the IL-36R gene knockout mutations does not impair the immune defense function, suggesting that blocking the IL-36 signaling may have good safety (153). Targeting the IL-36 cytokine pathway is promising for the treatment of neutrophilic asthma or more severe asthma in the absence of other appropriate therapies, although more researches are needed in the future.

Furthermore, the modulation of NETs and autophagy may also be promising strategies to inhibit airway inflammation that involve IL-36 cytokines. NETs and autophagy modulators are potential therapeutic reagents for asthma. Peripheral blood neutrophil autophagy and NETs commonly occur in severe asthmatic patients, and can damage airway epithelial cells to promote inflammation (154). The inhibition of the NET process may help reduce asthmatic inflammation, and nitric oxide synthase can inhibit the formation of NETs (155). The therapeutic peptide P140 to downregulate the autophagic flux can attenuate AHR and airway inflammation in allergic mice (156, 157), and inhibit NET release (157). Therefore, further investigation on the network of IL-36 cytokines in the pathogenesis of asthma is warranted, which may provide a potentially promising strategy for asthma treatment.



7 Discussion

IL-36 cytokines can inhibit eosinophilic airway inflammation, promote neutrophil inflammation, and participate in the pathogenesis of different subtypes of asthma. These may be applied as novel therapeutic targets for the treatment of asthma. Through the receptors, IL-36 cytokines can regulate different types of inflammatory cells, including neutrophils, eosinophils, macrophages and DCs. The specific mechanism underlying the actions of IL-36 cytokines in different subtypes of asthmatic inflammation remains not fully understood. Hence, further research is needed.

In conclusion, IL-36 cytokines have important biological roles in the development and progression of asthma. IL-36 cytokines regulate the differentiation of T lymphocytes, and functions of neutrophils, eosinophils and macrophages, induce the production of cytokines and chemokines, leading to the infiltration of neutrophils and eosinophils, and participate in the pathogenesis of various subtypes of asthmatic inflammation. However, the exact mechanism underlying the actions of IL-36 cytokines in different subtypes of inflammatory asthma remains unclear. Accordingly, strategies that target the IL-36 cytokine family may help in the design of novel therapies for the treatment of asthma.



Author Contributions

HD drafted and revised the manuscript. YH, WL and WY collected the information and conducted the literature review. PG conceived and designed the study. All authors contributed to the article and approved the submitted version.



Funding

This review was supported by grants from the Natural Science Foundation of Jilin Province (20210101460JC) and the National Natural Science Foundation of China (82070037).



Abbreviations

AHR, airway hyperresponsiveness; AR, allergic rhinitis; ATG5, Autophagy-related 5 gene; BALF, bronchoalveolar lavage fluid; COPD, chronic obstructive pulmonary disease; CRS, chronic rhinosinusitis; CXCL, CXC motif chemokine ligand; DCs, dendritic cells; DSS, dextran sodium sulfate; EA, eosinophilic asthma; ERK, extracellular signal regulated kinase; HDM, house dust mite extract; IFN-γ, interferon-γ; IL, Interleukin; IL-36Ra, IL-36 receptor antagonist; ILC2s, innate lymphoid type-2 cells; iTreg, inducible regulatory T; MA, mixed granulocytic asthma; MAPK, mitogen−activated protein kinase; MyD88, Myeloid differentiation primary response gene 88; NA, neutrophilic asthma; NE, neutrophil elastase; NETs, neutrophil extracellular traps; NF−κB, nuclear factor−κB; NLRP3, nod-like receptor family pyrin domain containing 3; ORMDL3, orosomucoid-like protein 3; OVA, ovalbumin; PA, paucigranulocytic asthma; PBMCs, peripheral blood mononuclear cells; TNF-α, tumor necrosis factor-α; Th, T helper.



References

1. Sims, JE, and Smith, DE. The IL-1 Family: Regulators of Immunity. Nat Rev Immunol (2010) 10(2):89–102. doi: 10.1038/nri2691

2. Dunn, E, Sims, JE, Nicklin, MJ, and O'Neill, LA. Annotating Genes With Potential Roles in the Immune System: Six New Members of the IL-1 Family. Trends Immunol (2001) 22(10):533–6. doi: 10.1016/S1471-4906(01)02034-8

3. Towne, JE, Garka, KE, Renshaw, BR, Virca, GD, and Sims, JE. Interleukin (IL)-1f6, IL-1F8, and IL-1F9 Signal Through IL-1Rrp2 and IL-1racp to Activate the Pathway Leading to NF-kappaB and MAPKs. J Biol Chem (2004) 279(14):13677–88. doi: 10.1074/jbc.M400117200

4. Towne, JE, Renshaw, BR, Douangpanya, J, Lipsky, BP, Shen, M, Gabel, CA, et al. Interleukin-36 (IL-36) Ligands Require Processing for Full Agonist (IL-36α, IL-36β, and IL-36γ) or Antagonist (IL-36Ra) Activity. J Biol Chem (2011) 286(49):42594–602. doi: 10.1074/jbc.M111.267922

5. Henry, CM, Sullivan, GP, Clancy, DM, Afonina, IS, Kulms, D, and Martin, SJ. Neutrophil-Derived Proteases Escalate Inflammation Through Activation of IL-36 Family Cytokines. Cell Rep (2016) 14(4):708–22. doi: 10.1016/j.celrep.2015.12.072

6. Ainscough, JS, Macleod, T, McGonagle, D, Brakefield, R, Baron, JM, Alase, A, et al. Cathepsin S is the Major Activator of the Psoriasis-Associated Proinflammatory Cytokine IL-36γ. Proc Natl Acad Sci United States America (2017) 114(13):E2748–e57. doi: 10.1073/pnas.1620954114

7. Macleod, T, Ainscough, JS, Hesse, C, Konzok, S, Braun, A, Buhl, AL, et al. The Proinflammatory Cytokine IL-36γ Is a Global Discriminator of Harmless Microbes and Invasive Pathogens Within Epithelial Tissues. Cell Rep (2020) 33(11):108515. doi: 10.1016/j.celrep.2020.108515

8. Peñaloza, HF, Olonisakin, TF, Bain, WG, Qu, Y, van der Geest, R, Zupetic, J, et al. Thrombospondin-1 Restricts Interleukin-36γ-Mediated Neutrophilic Inflammation During Pseudomonas Aeruginosa Pulmonary Infection. mBio (2021) 12(2):e03336–20. doi: 10.1128/mBio.03336-20

9. Macleod, T, Doble, R, McGonagle, D, Wasson, CW, Alase, A, Stacey, M, et al. Neutrophil Elastase-Mediated Proteolysis Activates the Anti-Inflammatory Cytokine IL-36 Receptor Antagonist. Sci Rep (2016) 6:24880. doi: 10.1038/srep24880

10. Vigne, S, Palmer, G, Lamacchia, C, Martin, P, Talabot-Ayer, D, Rodriguez, E, et al. IL-36R Ligands are Potent Regulators of Dendritic and T Cells. Blood (2011) 118(22):5813–23. doi: 10.1182/blood-2011-05-356873

11. Gabay, C, and Towne, JE. Regulation and Function of Interleukin-36 Cytokines in Homeostasis and Pathological Conditions. J Leukocyte Biol (2015) 97(4):645–52. doi: 10.1189/jlb.3RI1014-495R

12. Heath, JE, Scholz, GM, Veith, PD, and Reynolds, EC. IL-36γ Regulates Mediators of Tissue Homeostasis in Epithelial Cells. Cytokine (2019) 119:24–31. doi: 10.1016/j.cyto.2019.02.012

13. Mercurio, L, Failla, CM, Capriotti, L, Scarponi, C, Facchiano, F, Morelli, M, et al. Interleukin (IL)-17/IL-36 Axis Participates to the Crosstalk Between Endothelial Cells and Keratinocytes During Inflammatory Skin Responses. PLoS One (2020) 15(4):e0222969. doi: 10.1371/journal.pone.0222969

14. Meier-Schiesser, B, Feldmeyer, L, Jankovic, D, Mellett, M, Satoh, TK, Yerly, D, et al. Culprit Drugs Induce Specific IL-36 Overexpression in Acute Generalized Exanthematous Pustulosis. J Invest Dermatol (2019) 139(4):848–58. doi: 10.1016/j.jid.2018.10.023

15. Qin, X, Liu, M, Zhang, S, Wang, C, and Zhang, T. The Role of IL-36γ and its Regulation in Eosinophilic Inflammation in Allergic Rhinitis. Cytokine (2019) 117:84–90. doi: 10.1016/j.cyto.2019.02.008

16. Nishida, A, Hidaka, K, Kanda, T, Imaeda, H, Shioya, M, Inatomi, O, et al. Increased Expression of Interleukin-36, a Member of the Interleukin-1 Cytokine Family, in Inflammatory Bowel Disease. Inflamm Bowel Dis (2016) 22(2):303–14. doi: 10.1097/MIB.0000000000000654

17. Ciccia, F, Accardo-Palumbo, A, Alessandro, R, Alessandri, C, Priori, R, Guggino, G, et al. Interleukin-36α Axis is Modulated in Patients With Primary Sjögren's Syndrome. Clin Exp Immunol (2015) 181(2):230–8. doi: 10.1111/cei.12644

18. Takahashi, K, Nishida, A, Shioya, M, Imaeda, H, Bamba, S, Inatomi, O, et al. Interleukin (IL)-1β Is a Strong Inducer of IL-36γ Expression in Human Colonic Myofibroblasts. PLoS One (2015) 10(11):e0138423. doi: 10.1371/journal.pone.0138423

19. Bozoyan, L, Dumas, A, Patenaude, A, and Vallières, L. Interleukin-36γ is Expressed by Neutrophils and can Activate Microglia, But has No Role in Experimental Autoimmune Encephalomyelitis. J Neuroinflamm (2015) 12:173. doi: 10.1186/s12974-015-0392-7

20. Frey, S, Derer, A, Messbacher, ME, Baeten, DL, Bugatti, S, Montecucco, C, et al. The Novel Cytokine Interleukin-36α is Expressed in Psoriatic and Rheumatoid Arthritis Synovium. Ann Rheum Dis (2013) 72(9):1569–74. doi: 10.1136/annrheumdis-2012-202264

21. Koss, CK, Wohnhaas, CT, Baker, JR, Tilp, C, Przibilla, M, Lerner, C, et al. IL36 is a Critical Upstream Amplifier of Neutrophilic Lung Inflammation in Mice. Commun Biol (2021) 4(1):172. doi: 10.1038/s42003-021-01703-3

22. Mai, SZ, Li, CJ, Xie, XY, Xiong, H, Xu, M, Zeng, FQ, et al. Increased Serum IL-36α and IL-36γ Levels in Patients With Systemic Lupus Erythematosus: Association With Disease Activity and Arthritis. Int Immunopharmacol (2018) 58:103–8. doi: 10.1016/j.intimp.2018.03.011

23. Zhang, J, Yin, Y, Lin, X, Yan, X, Xia, Y, Zhang, L, et al. IL-36 Induces Cytokine IL-6 and Chemokine CXCL8 Expression in Human Lung Tissue Cells: Implications for Pulmonary Inflammatory Responses. Cytokine (2017) 99:114–23. doi: 10.1016/j.cyto.2017.08.022

24. Foster, AM, Baliwag, J, Chen, CS, Guzman, AM, Stoll, SW, Gudjonsson, JE, et al. IL-36 Promotes Myeloid Cell Infiltration, Activation, and Inflammatory Activity in Skin. J Immunol (Baltimore Md 1950) (2014) 192(12):6053–61. doi: 10.4049/jimmunol.1301481

25. Dietrich, D, Martin, P, Flacher, V, Sun, Y, Jarrossay, D, Brembilla, N, et al. Interleukin-36 Potently Stimulates Human M2 Macrophages, Langerhans Cells and Keratinocytes to Produce Pro-Inflammatory Cytokines. Cytokine (2016) 84:88–98. doi: 10.1016/j.cyto.2016.05.012

26. Lian, LH, Milora, KA, Manupipatpong, KK, and Jensen, LE. The Double-Stranded RNA Analogue Polyinosinic-Polycytidylic Acid Induces Keratinocyte Pyroptosis and Release of IL-36γ. J Invest Dermatol (2012) 132(5):1346–53. doi: 10.1038/jid.2011.482

27. Wang, H, Li, ZY, Jiang, WX, Liao, B, Zhai, GT, Wang, N, et al. The Activation and Function of IL-36γ in Neutrophilic Inflammation in Chronic Rhinosinusitis. J Allergy Clin Immunol (2018) 141(5):1646–58. doi: 10.1016/j.jaci.2017.12.972

28. Penha, R, Higgins, J, Mutamba, S, Barrow, P, Mahida, Y, and Foster, N. IL-36 Receptor is Expressed by Human Blood and Intestinal T Lymphocytes and is Dose-Dependently Activated via IL-36β and Induces CD4+ Lymphocyte Proliferation. Cytokine (2016) 85:18–25. doi: 10.1016/j.cyto.2016.05.023

29. Boonpiyathad, T, Sözener, ZC, Satitsuksanoa, P, and Akdis, CA. Immunologic Mechanisms in Asthma. Semin Immunol (2019) 46:101333. doi: 10.1016/j.smim.2019.101333

30. Pavón-Romero, GF, Serrano-Pérez, NH, García-Sánchez, L, Ramírez-Jiménez, F, and Terán, LM. Neuroimmune Pathophysiology in Asthma. Front Cell Dev Biol (2021) 9:663535. doi: 10.3389/fcell.2021.663535

31. Jeong, J, and Lee, HK. The Role of CD4(+) T Cells and Microbiota in the Pathogenesis of Asthma. Int J Mol Sci (2021) 22(21):11822. doi: 10.3390/ijms222111822

32. Durrant, DM, and Metzger, DW. Emerging Roles of T Helper Subsets in the Pathogenesis of Asthma. Immunol Investigat (2010) 39(4-5):526–49. doi: 10.3109/08820131003615498

33. Tumes, DJ, Papadopoulos, M, Endo, Y, Onodera, A, Hirahara, K, and Nakayama, T. Epigenetic Regulation of T-Helper Cell Differentiation, Memory, and Plasticity in Allergic Asthma. Immunol Rev (2017) 278(1):8–19. doi: 10.1111/imr.12560

34. Li, L, Shan, W, Zhu, H, Xue, F, Ma, Y, Dong, L, et al. SJMHE1 Peptide From Schistosoma Japonicum Inhibits Asthma in Mice by Regulating Th17/Treg Cell Balance via miR-155. J Inflamm Res (2021) 14:5305–18. doi: 10.2147/JIR.S334636

35. Simpson, JL, Scott, R, Boyle, MJ, and Gibson, PG. Inflammatory Subtypes in Asthma: Assessment and Identification Using Induced Sputum. Respirol (Carlton Vic) (2006) 11(1):54–61. doi: 10.1111/j.1440-1843.2006.00784.x

36. Agache, I, Sugita, K, Morita, H, Akdis, M, and Akdis, CA. The Complex Type 2 Endotype in Allergy and Asthma: From Laboratory to Bedside. Curr Allergy Asthma Rep (2015) 15(6):29. doi: 10.1007/s11882-015-0529-x

37. Woodruff, PG, Modrek, B, Choy, DF, Jia, G, Abbas, AR, Ellwanger, A, et al. T-Helper Type 2-Driven Inflammation Defines Major Subphenotypes of Asthma. Am J Respir Crit Care Med (2009) 180(5):388–95. doi: 10.1164/rccm.200903-0392OC

38. Xue, Y, Zhou, Y, Bao, W, Fu, Q, Hao, H, Han, L, et al. STAT3 and IL-6 Contribute to Corticosteroid Resistance in an OVA and Ozone-Induced Asthma Model With Neutrophil Infiltration. Front Mol Biosci (2021) 8:717962. doi: 10.3389/fmolb.2021.717962

39. Chang, HS, Lee, TH, Jun, JA, Baek, AR, Park, JS, Koo, SM, et al. Neutrophilic Inflammation in Asthma: Mechanisms and Therapeutic Considerations. Expert Rev Respir Med (2017) 11(1):29–40. doi: 10.1080/17476348.2017.1268919

40. Simpson, JL, Powell, H, Boyle, MJ, Scott, RJ, and Gibson, PG. Clarithromycin Targets Neutrophilic Airway Inflammation in Refractory Asthma. Am J Respir Crit Care Med (2008) 177(2):148–55. doi: 10.1164/rccm.200707-1134OC

41. Piacentini, GL, Peroni, DG, Bodini, A, Pigozzi, R, Costella, S, Loiacono, A, et al. Azithromycin Reduces Bronchial Hyperresponsiveness and Neutrophilic Airway Inflammation in Asthmatic Children: A Preliminary Report. Allergy Asthma Proc (2007) 28(2):194–8. doi: 10.2500/aap.2007.28.2958

42. Vigne, S, Palmer, G, Martin, P, Lamacchia, C, Strebel, D, Rodriguez, E, et al. IL-36 Signaling Amplifies Th1 Responses by Enhancing Proliferation and Th1 Polarization of Naive CD4+ T Cells. Blood (2012) 120(17):3478–87. doi: 10.1182/blood-2012-06-439026

43. Gresnigt, MS, Rösler, B, Jacobs, CW, Becker, KL, Joosten, LA, van der Meer, JW, et al. The IL-36 Receptor Pathway Regulates Aspergillus Fumigatus-Induced Th1 and Th17 Responses. Eur J Immunol (2013) 43(2):416–26. doi: 10.1002/eji.201242711

44. Chi, HH, Hua, KF, Lin, YC, Chu, CL, Hsieh, CY, Hsu, YJ, et al. IL-36 Signaling Facilitates Activation of the NLRP3 Inflammasome and IL-23/IL-17 Axis in Renal Inflammation and Fibrosis. J Am Soc Nephrol JASN (2017) 28(7):2022–37. doi: 10.1681/ASN.2016080840

45. Tian, Y, Ling, XY, Chen, DL, Zhang, XQ, and Qiu, CM. Interleukin-36 Receptor Antagonist Attenuates Atherosclerosis Development by Inhibiting NLRP3 Inflammasome. J Cell Physiol (2020) 235(12):9992–6. doi: 10.1002/jcp.29813

46. Hudock, KM, Collins, MS, Imbrogno, M, Snowball, J, Kramer, EL, Brewington, JJ, et al. Neutrophil Extracellular Traps Activate IL-8 and IL-1 Expression in Human Bronchial Epithelia. Am J Physiol Lung Cell Mol Physiol (2020) 319(1):L137–l47. doi: 10.1152/ajplung.00144.2019

47. Ge, Y, Huang, M, Dong, N, and Yao, YM. Effect of Interleukin-36β on Activating Autophagy of CD4+CD25+ Regulatory T Cells and Its Immune Regulation in Sepsis. J Infect Dis (2020) 222(9):1517–30. doi: 10.1093/infdis/jiaa258

48. Russell, SE, Horan, RM, Stefanska, AM, Carey, A, Leon, G, Aguilera, M, et al. IL-36α Expression is Elevated in Ulcerative Colitis and Promotes Colonic Inflammation. Mucosal Immunol (2016) 9(5):1193–204. doi: 10.1038/mi.2015.134

49. Carrier, Y, Ma, HL, Ramon, HE, Napierata, L, Small, C, O'Toole, M, et al. Inter-Regulation of Th17 Cytokines and the IL-36 Cytokines In Vitro and In Vivo: Implications in Psoriasis Pathogenesis. J Invest Dermatol (2011) 131(12):2428–37. doi: 10.1038/jid.2011.234

50. Qin, X, Zhang, T, Wang, C, Li, H, Liu, M, and Sun, Y. IL-36α Contributes to Enhanced T Helper 17 Type Responses in Allergic Rhinitis. Cytokine (2020) 128:154992. doi: 10.1016/j.cyto.2020.154992

51. Kim, DK, Kim, JY, Han, YE, Kim, JK, Lim, HS, Eun, KM, et al. Elastase-Positive Neutrophils Are Associated With Refractoriness of Chronic Rhinosinusitis With Nasal Polyps in an Asian Population. Allergy Asthma Immunol Res (2020) 12(1):42–55. doi: 10.4168/aair.2020.12.1.42

52. Li, W, Meng, X, Hao, Y, Chen, M, Jia, Y, and Gao, P. Elevated Sputum IL-36 Levels are Associated With Neutrophil-Related Inflammation in COPD Patients. Clin Respir J (2021) 15(6):648–56. doi: 10.1111/crj.13338

53. Moermans, C, Damas, K, Guiot, J, Njock, MS, Corhay, JL, Henket, M, et al. Sputum IL-25, IL-33 and TSLP, IL-23 and IL-36 in Airway Obstructive Diseases. Reduced Levels of IL-36 in Eosinophilic Phenotypes. Cytokine (2021) 140:155421. doi: 10.1016/j.cyto.2021.155421

54. Liu, XG, Li, J, Zheng, LJ, Han, B, and Huang, F. Interleukin-36 Receptor Antagonist Alleviates Airway Inflammation in Asthma via Inhibiting the Activation of Interleukin-36 Pathway. Int Immunopharmacol (2020) 81:106200. doi: 10.1016/j.intimp.2020.106200

55. Ramadas, RA, Ewart, SL, Iwakura, Y, Medoff, BD, and LeVine, AM. IL-36α Exerts Pro-Inflammatory Effects in the Lungs of Mice. PLoS One (2012) 7(9):e45784. doi: 10.1371/journal.pone.0045784

56. Kovach, MA, Che, K, Brundin, B, Andersson, A, Asgeirsdottir, H, Padra, M, et al. IL-36 Cytokines Promote Inflammation in the Lungs of Long-Term Smokers. Am J Respir Cell Mol Biol (2021) 64(2):173–82. doi: 10.1165/rcmb.2020-0035OC

57. Kovach, MA, Singer, B, Martinez-Colon, G, Newstead, MW, Zeng, X, Mancuso, P, et al. IL-36γ is a Crucial Proximal Component of Protective Type-1-Mediated Lung Mucosal Immunity in Gram-Positive and -Negative Bacterial Pneumonia. Mucosal Immunol (2017) 10(5):1320–34. doi: 10.1038/mi.2016.130

58. Aoyagi, T, Newstead, MW, Zeng, X, Nanjo, Y, Peters-Golden, M, Kaku, M, et al. Interleukin-36γ and IL-36 Receptor Signaling Mediate Impaired Host Immunity and Lung Injury in Cytotoxic Pseudomonas Aeruginosa Pulmonary Infection: Role of Prostaglandin E2. PLoS Pathogens (2017) 13(11):e1006737. doi: 10.1371/journal.ppat.1006737

59. Gao, Y, Wen, Q, Hu, S, Zhou, X, Xiong, W, Du, X, et al. IL-36γ Promotes Killing of Mycobacterium Tuberculosis by Macrophages via WNT5A-Induced Noncanonical WNT Signaling. J Immunol (Baltimore Md 1950) (2019) 203(4):922–35. doi: 10.4049/jimmunol.1900169

60. Ahsan, F, Moura-Alves, P, Guhlich-Bornhof, U, Klemm, M, Kaufmann, SH, and Maertzdorf, J. Role of Interleukin 36γ in Host Defense Against Tuberculosis. J Infect Dis (2016) 214(3):464–74. doi: 10.1093/infdis/jiw152

61. Segueni, N, Vigne, S, Palmer, G, Bourigault, ML, Olleros, ML, Vesin, D, et al. Limited Contribution of IL-36 Versus IL-1 and TNF Pathways in Host Response to Mycobacterial Infection. PLoS One (2015) 10(5):e0126058. doi: 10.1371/journal.pone.0126058

62. Aoyagi, T, Newstead, MW, Zeng, X, Kunkel, SL, Kaku, M, and Standiford, TJ. IL-36 Receptor Deletion Attenuates Lung Injury and Decreases Mortality in Murine Influenza Pneumonia. Mucosal Immunol (2017) 10(4):1043–55. doi: 10.1038/mi.2016.107

63. Liu, S, Li, H, Wang, Y, Li, H, Du, S, Zou, X, et al. High Expression of IL-36γ in Influenza Patients Regulates Interferon Signaling Pathway and Causes Programmed Cell Death During Influenza Virus Infection. Front Immunol (2020) 11:552606. doi: 10.3389/fimmu.2020.552606

64. Bochkov, YA, Hanson, KM, Keles, S, Brockman-Schneider, RA, Jarjour, NN, and Gern, JE. Rhinovirus-Induced Modulation of Gene Expression in Bronchial Epithelial Cells From Subjects With Asthma. Mucosal Immunol (2010) 3(1):69–80. doi: 10.1038/mi.2009.109

65. Shibutani, ST, Saitoh, T, Nowag, H, Münz, C, and Yoshimori, T. Autophagy and Autophagy-Related Proteins in the Immune System. Nat Immunol (2015) 16(10):1014–24. doi: 10.1038/ni.3273

66. Kinsella, RL, Nehls, EM, and Stallings, CL. Roles for Autophagy Proteins in Immunity and Host Defense. Vet Pathol (2018) 55(3):366–73. doi: 10.1177/0300985818754967

67. Silveira, JS, Antunes, GL, Kaiber, DB, da Costa, MS, Ferreira, FS, Marques, EP, et al. Autophagy Induces Eosinophil Extracellular Traps Formation and Allergic Airway Inflammation in a Murine Asthma Model. J Cell Physiol (2020) 235(1):267–80. doi: 10.1002/jcp.28966

68. Yu, H, Cheng, Y, Zhang, G, Wang, X, Gu, W, and Guo, X. P62-Dependent Autophagy in Airway Smooth Muscle Cells Regulates Metabolic Reprogramming and Promotes Airway Remodeling. Life Sci (2021) 266:118884. doi: 10.1016/j.lfs.2020.118884

69. Maneechotesuwan, K, Kasetsinsombat, K, Wongkajornsilp, A, and Barnes, PJ. Role of Autophagy in Regulating Interleukin-10 and the Responses to Corticosteroids and Statins in Asthma. Clin Exp Allergy J Br Soc Allergy Clin Immunol (2021) 51(12):1553–65. doi: 10.1111/cea.13825

70. Martin, LJ, Gupta, J, Jyothula, SS, Butsch Kovacic, M, Biagini Myers, JM, Patterson, TL, et al. Functional Variant in the Autophagy-Related 5 Gene Promotor is Associated With Childhood Asthma. PLoS One (2012) 7(4):e33454. doi: 10.1371/journal.pone.0033454

71. Pham, DL, Kim, SH, Losol, P, Yang, EM, Shin, YS, Ye, YM, et al. Association of Autophagy Related Gene Polymorphisms With Neutrophilic Airway Inflammation in Adult Asthma. Korean J Internal Med (2016) 31(2):375–85. doi: 10.3904/kjim.2014.390

72. Guo, F, Hao, Y, Zhang, L, Croteau-Chonka, DC, Thibault, D, Kothari, P, et al. Asthma Susceptibility Gene ORMDL3 Promotes Autophagy in Human Bronchial Epithelium. Am J Respir Cell Mol Biol (2022) 66(6):661–70. doi: 10.1165/rcmb.2021-0305OC

73. Galle-Treger, L, Hurrell, BP, Lewis, G, Howard, E, Jahani, PS, Banie, H, et al. Autophagy is Critical for Group 2 Innate Lymphoid Cell Metabolic Homeostasis and Effector Function. J Allergy Clin Immunol (2020) 145(2):502–17.e5. doi: 10.1016/j.jaci.2019.10.035

74. Xia, F, Deng, C, Jiang, Y, Qu, Y, Deng, J, Cai, Z, et al. IL4 (Interleukin 4) Induces Autophagy in B Cells Leading to Exacerbated Asthma. Autophagy (2018) 14(3):450–64. doi: 10.1080/15548627.2017.1421884

75. Zhang, Y, Wang, X, Zhang, H, Tang, H, Hu, H, Wang, S, et al. Autophagy Modulators From Chinese Herbal Medicines: Mechanisms and Therapeutic Potentials for Asthma. Front Pharmacol (2021) 12:710679. doi: 10.3389/fphar.2021.710679

76. Wang, X, Gao, Y, Yang, Q, Fang, X, and Li, Z. Pingchuanning Decoction Attenuates Airway Inflammation by Suppressing Autophagy via Phosphatidylinositol 3-Kinase/Protein Kinase B/mammalian Target of Rapamycin Signaling Pathway in Rat Models of Asthma. J Cell Biochem (2019) 120(3):3833–44. doi: 10.1002/jcb.27665

77. Hao, Z, and Liu, Y. IL-38 and IL-36 Target Autophagy for Regulating Synoviocyte Proliferation, Migration, and Invasion in Rheumatoid Arthritis. Dis Markers (2021) 2021:7933453. doi: 10.1155/2021/7933453

78. McAlinden, KD, Deshpande, DA, Ghavami, S, Xenaki, D, Sohal, SS, Oliver, BG, et al. Autophagy Activation in Asthma Airways Remodeling. Am J Respir Cell Mol Biol (2019) 60(5):541–53. doi: 10.1165/rcmb.2018-0169OC

79. Liu, JN, Suh, DH, Trinh, HK, Chwae, YJ, Park, HS, and Shin, YS. The Role of Autophagy in Allergic Inflammation: A New Target for Severe Asthma. Exp Mol Med (2016) 48(7):e243. doi: 10.1038/emm.2016.38

80. Huang, C, Li, F, Wang, J, and Tian, Z. Innate-Like Lymphocytes and Innate Lymphoid Cells in Asthma. Clin Rev Allergy Immunol (2020) 59(3):359–70. doi: 10.1007/s12016-019-08773-6

81. Borish, L. The Immunology of Asthma: Asthma Phenotypes and Their Implications for Personalized Treatment. Ann Allergy Asthma Immunol (2016) 117(2):108–14. doi: 10.1016/j.anai.2016.04.022

82. Kudo, M, Melton, AC, Chen, C, Engler, MB, Huang, KE, Ren, X, et al. IL-17A Produced by αβ T Cells Drives Airway Hyper-Responsiveness in Mice and Enhances Mouse and Human Airway Smooth Muscle Contraction. Nat Med (2012) 18(4):547–54. doi: 10.1038/nm.2684

83. Chang, Y, Al-Alwan, L, Risse, PA, Halayko, AJ, Martin, JG, Baglole, CJ, et al. Th17-Associated Cytokines Promote Human Airway Smooth Muscle Cell Proliferation. FASEB J (2012) 26(12):5152–60. doi: 10.1096/fj.12-208033

84. Shilovskiy, IP, Nikolskii, AA, Kurbacheva, OM, and Khaitov, MR. Modern View of Neutrophilic Asthma Molecular Mechanisms and Therapy. Biochem Biokhimiia (2020) 85(8):854–68. doi: 10.1134/S0006297920080027

85. Hoppenot, D, Malakauskas, K, Lavinskienė, S, Bajoriūnienė, I, Kalinauskaitė, V, and Sakalauskas, R. Peripheral Blood Th9 Cells and Eosinophil Apoptosis in Asthma Patients. Medicina (Kaunas Lithuania) (2015) 51(1):10–7. doi: 10.1016/j.medici.2015.01.001

86. Saeki, M, Kaminuma, O, Nishimura, T, Kitamura, N, Mori, A, and Hiroi, T. Th9 Cells Elicit Eosinophil-Independent Bronchial Hyperresponsiveness in Mice. Allergol Int (2016) 65 Suppl:S24–9. doi: 10.1016/j.alit.2016.05.003

87. Saeki, M, Kaminuma, O, Nishimura, T, Kitamura, N, Mori, A, and Hiroi, T. Th9 Cells Induce Steroid-Resistant Bronchial Hyperresponsiveness in Mice. Allergol Int (2017) 66s:S35–s40. doi: 10.1016/j.alit.2017.07.001

88. Yang, YL, Pan, YQ, He, BS, and Zhong, TY. Regulatory T Cells and Th1/Th2 in Peripheral Blood and Their Roles in Asthmatic Children. Trans Pediatrics (2013) 2(1):27–33. doi: 10.3978/j.issn.2224-4336.2012.04.03

89. Smyth, LJ, Eustace, A, Kolsum, U, Blaikely, J, and Singh, D. Increased Airway T Regulatory Cells in Asthmatic Subjects. Chest (2010) 138(4):905–12. doi: 10.1378/chest.09-3079

90. Hartl, D, Koller, B, Mehlhorn, AT, Reinhardt, D, Nicolai, T, Schendel, DJ, et al. Quantitative and Functional Impairment of Pulmonary CD4+CD25hi Regulatory T Cells in Pediatric Asthma. J Allergy Clin Immunol (2007) 119(5):1258–66. doi: 10.1016/j.jaci.2007.02.023

91. Burchell, JT, Wikstrom, ME, Stumbles, PA, Sly, PD, and Turner, DJ. Attenuation of Allergen-Induced Airway Hyperresponsiveness is Mediated by Airway Regulatory T Cells. Am J Physiol Lung Cell Mol Physiol (2009) 296(3):L307–19. doi: 10.1152/ajplung.00521.2007

92. Xu, W, Lan, Q, Chen, M, Chen, H, Zhu, N, Zhou, X, et al. Adoptive Transfer of Induced-Treg Cells Effectively Attenuates Murine Airway Allergic Inflammation. PLoS One (2012) 7(7):e40314. doi: 10.1371/journal.pone.0040314

93. Zheng, R, Wang, F, Huang, Y, Xiang, Q, Dai, H, and Zhang, W. Elevated Th17 Cell Frequencies and Th17/Treg Ratio are Associated With Airway Hyperresponsiveness in Asthmatic Children. J Asthma (2021) 58(6):707–16. doi: 10.1080/02770903.2020.1737710

94. Zou, XL, Chen, ZG, Zhang, TT, Feng, DY, Li, HT, and Yang, HL. Th17/Treg Homeostasis, But Not Th1/Th2 Homeostasis, is Implicated in Exacerbation of Human Bronchial Asthma. Ther Clin Risk Management (2018) 14:1627–36. doi: 10.2147/TCRM.S172262

95. Liang, P, Peng, S, Zhang, M, Ma, Y, Zhen, X, and Li, H. Huai Qi Huang Corrects the Balance of Th1/Th2 and Treg/Th17 in an Ovalbumin-Induced Asthma Mouse Model. Biosci Rep (2017) 37(6):BSR20171071. doi: 10.1042/BSR20171071

96. Ji, NF, Xie, YC, Zhang, MS, Zhao, X, Cheng, H, Wang, H, et al. Ligustrazine Corrects Th1/Th2 and Treg/Th17 Imbalance in a Mouse Asthma Model. Int Immunopharmacol (2014) 21(1):76–81. doi: 10.1016/j.intimp.2014.04.015

97. Yang, CH, Tian, JJ, Ko, WS, Shih, CJ, and Chiou, YL. Oligo-Fucoidan Improved Unbalance the Th1/Th2 and Treg/Th17 Ratios in Asthmatic Patients: An Ex Vivo Study. Exp Ther Med (2019) 17(1):3–10.  doi: 10.3892/etm.2018.6939

98. Yang, L, Zheng, Y, Miao, YM, Yan, WX, Geng, YZ, Dai, Y, et al. Bergenin, a Pparγ Agonist, Inhibits Th17 Differentiation and Subsequent Neutrophilic Asthma by Preventing GLS1-Dependent Glutaminolysis. Acta Pharmacol Sin (2021) 43(4):963–76. doi: 10.1038/s41401-021-00717-1

99. Wei, Q, Liao, J, Jiang, M, Liu, J, Liang, X, and Nong, G. Relationship Between Th17-Mediated Immunity and Airway Inflammation in Childhood Neutrophilic Asthma. Allergy Asthma Clin Immunol (2021) 17(1):4. doi: 10.1186/s13223-020-00504-3

100. Kim, YM, Kim, YS, Jeon, SG, and Kim, YK. Immunopathogenesis of Allergic Asthma: More Than the Th2 Hypothesis. Allergy Asthma Immunol Res (2013) 5(4):189–96. doi: 10.4168/aair.2013.5.4.189

101. Dejager, L, Dendoncker, K, Eggermont, M, Souffriau, J, Van Hauwermeiren, F, Willart, M, et al. Neutralizing Tnfα Restores Glucocorticoid Sensitivity in a Mouse Model of Neutrophilic Airway Inflammation. Mucosal Immunol (2015) 8(6):1212–25. doi: 10.1038/mi.2015.12

102. Harusato, A, Abo, H, Ngo, VL, Yi, SW, Mitsutake, K, Osuka, S, et al. IL-36γ Signaling Controls the Induced Regulatory T Cell-Th9 Cell Balance via Nfκb Activation and STAT Transcription Factors. Mucosal Immunol (2017) 10(6):1455–67. doi: 10.1038/mi.2017.21

103. Hu, Q, Jin, L, Zeng, J, Wang, J, Zhong, S, Fan, W, et al. Tryptophan Metabolite-Regulated Treg Responses Contribute to Attenuation of Airway Inflammation During Specific Immunotherapy in a Mouse Asthma Model. Hum Vaccines Immunotherapeut (2020) 16(8):1891–9. doi: 10.1080/21645515.2019.1698900

104. Liao, W, Zhou, L, Zhao, X, Song, L, Lu, Y, Zhong, N, et al. Thermoneutral Housing Temperature Regulates T-Regulatory Cell Function and Inhibits Ovabumin-Induced Asthma Development in Mice. Sci Rep (2017) 7(1):7123. doi: 10.1038/s41598-017-07471-7

105. Huang, M, Wei, Y, and Dong, J. Epimedin C Modulates the Balance Between Th9 Cells and Treg Cells Through Negative Regulation of Noncanonical NF-κb Pathway and MAPKs Activation to Inhibit Airway Inflammation in the Ovalbumin-Induced Murine Asthma Model. Pulmonary Pharmacol Ther (2020) 65:102005. doi: 10.1016/j.pupt.2021.102005

106. Papayannopoulos, V. Neutrophil Extracellular Traps in Immunity and Disease. Nat Rev Immunol (2018) 18(2):134–47. doi: 10.1038/nri.2017.105

107. Wan, R, Jiang, J, Hu, C, Chen, X, Chen, C, Zhao, B, et al. Neutrophil Extracellular Traps Amplify Neutrophil Recruitment and Inflammation in Neutrophilic Asthma by Stimulating the Airway Epithelial Cells to Activate the TLR4/ NF-κb Pathway and Secrete Chemokines. Aging (2020) 12(17):16820–36. doi: 10.18632/aging.103479

108. Chen, X, Li, Y, Qin, L, He, R, and Hu, C. Neutrophil Extracellular Trapping Network Promotes the Pathogenesis of Neutrophil-Associated Asthma Through Macrophages. Immunol Investigat (2021) 50(5):544–61. doi: 10.1080/08820139.2020.1778720

109. Clancy, DM, Henry, CM, Sullivan, GP, and Martin, SJ. Neutrophil Extracellular Traps can Serve as Platforms for Processing and Activation of IL-1 Family Cytokines. FEBS J (2017) 284(11):1712–25. doi: 10.1111/febs.14075

110. Shao, S, Fang, H, Dang, E, Xue, K, Zhang, J, Li, B, et al. Neutrophil Extracellular Traps Promote Inflammatory Responses in Psoriasis via Activating Epidermal TLR4/IL-36r Crosstalk. Front Immunol (2019) 10:746. doi: 10.3389/fimmu.2019.00746

111. Ramadas, RA, Ewart, SL, Medoff, BD, and LeVine, AM. Interleukin-1 Family Member 9 Stimulates Chemokine Production and Neutrophil Influx in Mouse Lungs. Am J Respir Cell Mol Biol (2011) 44(2):134–45. doi: 10.1165/rcmb.2009-0315OC

112. Furue, K, Yamamura, K, Tsuji, G, Mitoma, C, Uchi, H, Nakahara, T, et al. Highlighting Interleukin-36 Signalling in Plaque Psoriasis and Pustular Psoriasis. Acta Dermato-venereol (2018) 98(1):5–13. doi: 10.2340/00015555-2808

113. Johnston, A, Xing, X, Wolterink, L, Barnes, DH, Yin, Z, Reingold, L, et al. IL-1 and IL-36 are Dominant Cytokines in Generalized Pustular Psoriasis. J Allergy Clin Immunol (2017) 140(1):109–20. doi: 10.1016/j.jaci.2016.08.056

114. Chustz, RT, Nagarkar, DR, Poposki, JA, Favoreto, S, Avila, PC, Schleimer, RP, et al. Regulation and Function of the IL-1 Family Cytokine IL-1F9 in Human Bronchial Epithelial Cells. Am J Respir Cell Mol Biol (2011) 45(1):145–53. doi: 10.1165/rcmb.2010-0075OC

115. Ma, M, Li, G, Qi, M, Jiang, W, and Zhou, R. Inhibition of the Inflammasome Activity of NLRP3 Attenuates HDM-Induced Allergic Asthma. Front Immunol (2021) 12:718779. doi: 10.3389/fimmu.2021.718779

116. Bruchard, M, Rebé, C, Derangère, V, Togbé, D, Ryffel, B, Boidot, R, et al. The Receptor NLRP3 is a Transcriptional Regulator of TH2 Differentiation. Nat Immunol (2015) 16(8):859–70. doi: 10.1038/ni.3202

117. Guan, M, Ma, H, Fan, X, Chen, X, Miao, M, and Wu, H. Dexamethasone Alleviate Allergic Airway Inflammation in Mice by Inhibiting the Activation of NLRP3 Inflammasome. Int Immunopharmacol (2020) 78:106017. doi: 10.1016/j.intimp.2019.106017

118. Lunding, LP, Skouras, DB, Vock, C, Dinarello, CA, and Wegmann, M. The NLRP3 Inflammasome Inhibitor, OLT1177(®) , Ameliorates Experimental Allergic Asthma in Mice. Allergy (2022) 77(3):1035–8. doi: 10.1111/all.15164

119. Simpson, JL, Phipps, S, Baines, KJ, Oreo, KM, Gunawardhana, L, and Gibson, PG. Elevated Expression of the NLRP3 Inflammasome in Neutrophilic Asthma. Eur Respir J (2014) 43(4):1067–76. doi: 10.1183/09031936.00105013

120. Kim, RY, Pinkerton, JW, Essilfie, AT, Robertson, AAB, Baines, KJ, Brown, AC, et al. Role for NLRP3 Inflammasome-Mediated, IL-1β-Dependent Responses in Severe, Steroid-Resistant Asthma. Am J Respir Crit Care Med (2017) 196(3):283–97. doi: 10.1164/rccm.201609-1830OC

121. Biasizzo, M, and Kopitar-Jerala, N. Interplay Between NLRP3 Inflammasome and Autophagy. Front Immunol (2020) 11:591803. doi: 10.3389/fimmu.2020.591803

122. Sato, S, Chiba, T, Nakahara, T, and Furue, M. Upregulation of IL-36 Cytokines in Folliculitis and Eosinophilic Pustular Folliculitis. Australas J Dermatol (2020) 61(1):e39–45. doi: 10.1111/ajd.13143

123. Żebrowska, A, Woźniacka, A, Juczyńska, K, Ociepa, K, Waszczykowska, E, Szymczak, I, et al. Correlation Between IL36α and IL17 and Activity of the Disease in Selected Autoimmune Blistering Diseases. Mediators Inflamm (2017) 2017:8980534. doi: 10.1155/2017/8980534

124. Yunna, C, Mengru, H, Lei, W, and Weidong, C. Macrophage M1/M2 Polarization. Eur J Pharmacol (2020) 877:173090. doi: 10.1016/j.ejphar.2020.173090

125. Saradna, A, Do, DC, Kumar, S, Fu, QL, and Gao, P. Macrophage Polarization and Allergic Asthma. Trans Res J Lab Clin Med (2018) 191:1–14. doi: 10.1016/j.trsl.2017.09.002

126. Herbert, C, Scott, MM, Scruton, KH, Keogh, RP, Yuan, KC, Hsu, K, et al. Alveolar Macrophages Stimulate Enhanced Cytokine Production by Pulmonary CD4+ T-Lymphocytes in an Exacerbation of Murine Chronic Asthma. Am J Pathol (2010) 177(4):1657–64. doi: 10.2353/ajpath.2010.100019

127. Miki, H, Pei, H, Gracias, DT, Linden, J, and Croft, M. Clearance of Apoptotic Cells by Lung Alveolar Macrophages Prevents Development of House Dust Mite-Induced Asthmatic Lung Inflammation. J Allergy Clin Immunol (2021) 147(3):1087–92.e3. doi: 10.1016/j.jaci.2020.10.005

128. Fitzpatrick, AM, Holguin, F, Teague, WG, and Brown, LA. Alveolar Macrophage Phagocytosis is Impaired in Children With Poorly Controlled Asthma. J Allergy Clin Immunol (2008) 121(6):1372–8, 8.e1-3. doi: 10.1016/j.jaci.2008.03.008

129. Bhavsar, P, Hew, M, Khorasani, N, Torrego, A, Barnes, PJ, Adcock, I, et al. Relative Corticosteroid Insensitivity of Alveolar Macrophages in Severe Asthma Compared With non-Severe Asthma. Thorax (2008) 63(9):784–90. doi: 10.1136/thx.2007.090027

130. Bae, CH, Choi, YS, Na, HG, Song, SY, and Kim, YD. Interleukin (IL) 36 Gamma Induces Mucin 5AC, Oligomeric Mucus/Gel-Forming Expression via IL-36 Receptor-Extracellular Signal Regulated Kinase 1 and 2, and P38-Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells in Human Airway Epithelial Cells. Am J Rhinol Allergy (2018) 32(2):87–93. doi: 10.1177/1945892418762844

131. Tan, HT, Hagner, S, Ruchti, F, Radzikowska, U, Tan, G, Altunbulakli, C, et al. Tight Junction, Mucin, and Inflammasome-Related Molecules are Differentially Expressed in Eosinophilic, Mixed, and Neutrophilic Experimental Asthma in Mice. Allergy (2019) 74(2):294–307. doi: 10.1111/all.13619

132. Tajiri, T, Matsumoto, H, Jinnai, M, Kanemitsu, Y, Nagasaki, T, Iwata, T, et al. Pathophysiological Relevance of Sputum MUC5AC and MUC5B Levels in Patients With Mild Asthma. Allergol Int (2021) 71(2):193–9. doi: 10.1016/j.alit.2021.09.003

133. Mutamba, S, Allison, A, Mahida, Y, Barrow, P, and Foster, N. Expression of IL-1Rrp2 by Human Myelomonocytic Cells is Unique to DCs and Facilitates DC Maturation by IL-1F8 and IL-1f9. Eur J Immunol (2012) 42(3):607–17. doi: 10.1002/eji.201142035

134. Ramadas, RA, Li, X, Shubitowski, DM, Samineni, S, Wills-Karp, M, and Ewart, SL. IL-1 Receptor Antagonist as a Positional Candidate Gene in a Murine Model of Allergic Asthma. Immunogenetics (2006) 58(10):851–5. doi: 10.1007/s00251-006-0146-x

135. Fulkerson, PC, Zimmermann, N, Hassman, LM, Finkelman, FD, and Rothenberg, ME. Pulmonary Chemokine Expression is Coordinately Regulated by STAT1, STAT6, and IFN-Gamma. J Immunol (Baltimore Md 1950) (2004) 173(12):7565–74. doi: 10.4049/jimmunol.173.12.7565

136. Gagliardo, R, Chanez, P, Mathieu, M, Bruno, A, Costanzo, G, Gougat, C, et al. Persistent Activation of Nuclear factor-kappaB Signaling Pathway in Severe Uncontrolled Asthma. Am J Respir Crit Care Med (2003) 168(10):1190–8. doi: 10.1164/rccm.200205-479OC

137. D'Erme, AM, Wilsmann-Theis, D, Wagenpfeil, J, Hölzel, M, Ferring-Schmitt, S, Sternberg, S, et al. IL-36γ (IL-1F9) is a Biomarker for Psoriasis Skin Lesions. J Invest Dermatol (2015) 135(4):1025–32. doi: 10.1038/jid.2014.532

138. Su, Z, Paulsboe, S, Wetter, J, Salte, K, Kannan, A, Mathew, S, et al. IL-36 Receptor Antagonistic Antibodies Inhibit Inflammatory Responses in Preclinical Models of Psoriasiform Dermatitis. Exp Dermatol (2019) 28(2):113–20. doi: 10.1111/exd.13841

139. Scheibe, K, Kersten, C, Schmied, A, Vieth, M, Primbs, T, Carlé, B, et al. Inhibiting Interleukin 36 Receptor Signaling Reduces Fibrosis in Mice With Chronic Intestinal Inflammation. Gastroenterology (2019) 156(4):1082–97.e11. doi: 10.1053/j.gastro.2018.11.029

140. Todorović, V, Su, Z, Putman, CB, Kakavas, SJ, Salte, KM, McDonald, HA, et al. Small Molecule IL-36γ Antagonist as a Novel Therapeutic Approach for Plaque Psoriasis. Sci Rep (2019) 9(1):9089. doi: 10.1038/s41598-019-45626-w

141. Sullivan, GP, Davidovich, PB, Sura-Trueba, S, Belotcerkovskaya, E, Henry, CM, Clancy, DM, et al. Identification of Small-Molecule Elastase Inhibitors as Antagonists of IL-36 Cytokine Activation. FEBS Open Bio (2018) 8(5):751–63. doi: 10.1002/2211-5463.12406

142. Sullivan, GP, Henry, CM, Clancy, DM, Mametnabiev, T, Belotcerkovskaya, E, Davidovich, P, et al. Suppressing IL-36-Driven Inflammation Using Peptide Pseudosubstrates for Neutrophil Proteases. Cell Death Dis (2018) 9(3):378. doi: 10.1038/s41419-018-0385-4

143. Ganesan, R, Raymond, EL, Mennerich, D, Woska, JR Jr., Caviness, G, Grimaldi, C, et al. Generation and Functional Characterization of Anti-Human and Anti-Mouse IL-36R Antagonist Monoclonal Antibodies. mAbs (2017) 9(7):1143–54. doi: 10.1080/19420862.2017.1353853

144. Baum, P, Visvanathan, S, Garcet, S, Roy, J, Schmid, R, Bossert, S, et al. Pustular Psoriasis: Molecular Pathways and Effects of Spesolimab in Generalized Pustular Psoriasis. J Allergy Clin Immunol (2022) 149(4):1402–12. doi: 10.1016/j.jaci.2021.09.035

145. Bachelez, H, Choon, SE, Marrakchi, S, Burden, AD, Tsai, TF, Morita, A, et al. Inhibition of the Interleukin-36 Pathway for the Treatment of Generalized Pustular Psoriasis. New Engl J Med (2019) 380(10):981–3. doi: 10.1056/NEJMc1811317

146. Mrowietz, U, Burden, AD, Pinter, A, Reich, K, Schäkel, K, Baum, P, et al. Spesolimab, an Anti-Interleukin-36 Receptor Antibody, in Patients With Palmoplantar Pustulosis: Results of a Phase IIa, Multicenter, Double-Blind, Randomized, Placebo-Controlled Pilot Study. Dermatol Ther (2021) 11(2):571–85. doi: 10.1007/s13555-021-00504-0

147. Ngo, VL, Kuczma, M, Maxim, E, and Denning, TL. IL-36 Cytokines and Gut Immunity. Immunology (2021) 163(2):145–54. doi: 10.1111/imm.13310

148. Iznardo, H, and Puig, L. Exploring the Role of IL-36 Cytokines as a New Target in Psoriatic Disease. Int J Mol Sci (2021) 22(9):4344. doi: 10.3390/ijms22094344

149. Højen, JF, Kristensen, MLV, McKee, AS, Wade, MT, Azam, T, Lunding, LP, et al. IL-1R3 Blockade Broadly Attenuates the Functions of Six Members of the IL-1 Family, Revealing Their Contribution to Models of Disease. Nat Immunol (2019) 20(9):1138–49. doi: 10.1038/s41590-019-0467-1

150. Venkatasamy, R, and Spina, D. Protease Inhibitors in Respiratory Disease: Focus on Asthma and Chronic Obstructive Pulmonary Disease. Expert Rev Clin Immunol (2007) 3(3):365–81. doi: 10.1586/1744666X.3.3.365

151. Tan, R, Liew, MF, Lim, HF, Leung, BP, and Wong, WSF. Promises and Challenges of Biologics for Severe Asthma. Biochem Pharmacol (2020) 179:114012. doi: 10.1016/j.bcp.2020.114012

152. Bousquet, J, Chiron, R, and Humbert, M. Biologics in Asthma: Difficulties and Drawbacks. Expert Opin Biol Ther (2008) 8(12):1921–8. doi: 10.1517/14712590802496928

153. Mahil, SK, Catapano, M, Di Meglio, P, Dand, N, Ahlfors, H, Carr, IM, et al. An Analysis of IL-36 Signature Genes and Individuals With IL1RL2 Knockout Mutations Validates IL-36 as a Psoriasis Therapeutic Target. Sci Trans Med (2017) 9(411):eaan2514. doi: 10.1126/scitranslmed.aan2514

154. Pham, DL, Ban, GY, Kim, SH, Shin, YS, Ye, YM, Chwae, YJ, et al. Neutrophil Autophagy and Extracellular DNA Traps Contribute to Airway Inflammation in Severe Asthma. Clin Exp Allergy J Br Soc Allergy Clin Immunol (2017) 47(1):57–70. doi: 10.1111/cea.12859

155. Li, WX, Wang, F, Zhu, YQ, Zhang, LM, Zhang, ZH, and Wang, XM. Inhibitors of Nitric Oxide Synthase can Reduce Extracellular Traps From Neutrophils in Asthmatic Children In Vitro. Pediatr Pulmonol (2020) 55(1):68–75. doi: 10.1002/ppul.24520

156. Daubeuf, F, Schall, N, Petit-Demoulière, N, Frossard, N, and Muller, S. An Autophagy Modulator Peptide Prevents Lung Function Decrease and Corrects Established Inflammation in Murine Models of Airway Allergy. Cells (2021) 10(9):2468. doi: 10.3390/cells10092468

157. Bendorius, M, Neeli, I, Wang, F, Bonam, SR, Dombi, E, Buron, N, et al. The Mitochondrion-Lysosome Axis in Adaptive and Innate Immunity: Effect of Lupus Regulator Peptide P140 on Mitochondria Autophagy and NETosis. Front Immunol (2018) 9:2158. doi: 10.3389/fimmu.2018.02158




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Dong, Hao, Li, Yang and Gao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-13-921275-g001.jpg
IL=36 («,3,y)

IL-1RACP

|L-36Ra «X-

A\ No signal
o\
ko

Keratinocytes O

TexcLn "l\a‘\f\ RBMC

. TcxeLs T\ i

Th1 cytokines CCL3 & IL-17
¥CCL5 1 IkBC 1

e

T o TCCLZO ¢

TT F-o i
Eosinophil TCDSO,CDB MHCE 1 Neutrophils Th17

activation TIL-G 12 infiltration infiltration

cell membrane

ThO

#0000

Th1 Th17 iTreg Th9 Eosinophil

inflammation





OEBPS/Images/fimmu.2022.921275_cover.jpg
’ frontiers l Frontiers in Immunology

IL-36 Cytokines: Their Roles in
Asthma and Potential as a
Therapeutic





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        IL-36 Cytokines: Their Roles in Asthma and Potential as a Therapeutic

      

        		

          1 Introduction

        



        		

          2 IL-36 Cytokines and Inflammation

        



        		

          3 IL-36 Cytokines and Autophagy

        



        		

          4 IL-36 in Human Asthma

        

          		

            4.1 Abnormal Expression of IL-36 Cytokines in Asthma

          



          		

            4.2 The Mechanisms Underlying the Roles of IL-36 Cytokines in Asthma

          



          		

            4.3 IL-36 Cytokines Promote Inflammation in NA

          

            		

              4.3.1 IL-36 Cytokines and NETs

            



            		

              4.3.2 IL-36 Cytokines and Neutrophils

            



            		

              4.3.3 IL-36 Cytokines and NLRP3

            



            		

              4.3.4 IL-36 Cytokines and Eosinophil Airway Inflammation

            



            		

              4.3.5 Regulation of IL-36 Cytokines on Monocytes/Macrophages

            



            		

              4.3.6 The Effect of IL-36 Cytokines on Other Types of Cells

            



          



          



        



        



        		

          5 IL-36 Cytokines in Animal Models of Asthma

        



        		

          6 Asthma Treatment and IL-36 Cytokines

        



        		

          7 Discussion

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-921275-g002.jpg
> NETs

~h

neutrophil elastase

T~ degranulation _--""
Neutrophils
Asthma

IL_36(°‘76,Y) PR

S l- < IL-36Ra
IL-12 autophagy
>
IL-36
4 Tho
Th1 cytokines / l “"

o iTreg Th17 Th1 Epithelial cell lung fibroblast cell PBMC

N IL-1g 4

& L6 CXCL1 IL-6 |
IL-18 & CXCL8 CXCL3|CcXCL2
IL-6 ‘ IL-8 |cxcLs IL-17 |
IL-8 IL-6 TNF-O(l
TNF-« TmucsAc

| | AHR

Rl o
Neutrophils _ .~ Neutrophils Neutrophils _ = Neutrophils NETFapHlE RETeR
Dol osinophi ) ) p ; eutrophils
infiltration p Eosinophil infiltration  infiltration ~ E0SiNophil infiitration infiltration ]nﬁnrat?on

Airway inflammation





