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Abstract


The vast surface area of the respiratory system acts as an initial site of contact for microbes and foreign particles. The whole respiratory epithelium is covered with a thin layer of the airway and alveolar secretions. Respiratory secretions contain host defense peptides (HDPs), such as defensins and cathelicidins, which are the best-studied antimicrobial components expressed in the respiratory tract. HDPs have an important role in the human body’s initial line of defense against pathogenic microbes. Epithelial and immunological cells produce HDPs in the surface fluids of the lungs, which act as endogenous antibiotics in the respiratory tract. The production and action of these antimicrobial peptides (AMPs) are critical in the host’s defense against respiratory infections. In this study, we have described all the HDPs secreted in the respiratory tract as well as how their expression is regulated during respiratory disorders. We focused on the transcriptional expression and regulation mechanisms of respiratory tract HDPs. Understanding how HDPs are controlled throughout infections might provide an alternative to relying on the host’s innate immunity to combat respiratory viral infections.
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1. Introduction


The innate immune system is the human body’s initial line of defense against microorganisms such as bacteria, fungi, and viruses [1]. The innate immune system plays a significant role in protection, especially in the respiratory tract, which is constantly exposed to external substances and pathogenic microorganisms. HDPs are a critical component of the innate immune system and are high in cationic amino acid residues which are involved in both antimicrobial and immunomodulatory activities [2,3]. They are frequently amphipathic and range in size from a few hundred amino acid residues to several thousand [4]. HDPs are also found on the mucosal surfaces of the gastrointestinal, urogenital, and respiratory tracts in animals, and they have a pleiotropic effect on both innate and adaptive immune responses [5,6,7]. These multifunctional peptides can guard against bacteria, viruses, fungi, parasites, and protozoa and also regulate inflammation, wound healing, and adaptive immune response [8,9,10]. Defensins, cathelicidins, lactoferrin, lysozyme, secretary leucoprotease inhibitor (SLPI), and chemokine ligand are HDPs produced in the respiratory tract [11]. Lysozyme, a cell-wall-disintegrating enzyme; lactoferrin, an iron-chelating protein; SLPIs, anti-elastase and defensins; and cathelicidins, membrane permeabilizing peptides, are all secreted in respiratory secretions. Antimicrobial proteins, such as bactericidal permeability-increasing protein (BPI), surfactant proteins A–D, and other collectins are also present [11]. These HDPs play a role in pathogen clearance as well as immune response modulation during respiratory infections in the normal lung (Table 1). Additionally, HDP expression is triggered and elevated during infections to protect the host from pathogens which suggested a tight regulation of HDPs in host protection [12]. Furthermore, HDPs chemotactically attract immune cells and modify cellular processes to combat infectious pathogens by engaging with signaling pathways implicated in inflammation and disease progression [13,14,15]. The current study reviewed and explored the regulation and expression of HDPs in the respiratory tract. Interestingly, COVID-19, an ongoing pandemic disease, is also a respiratory disease that is primarily characterized by pneumonia and severe lung inflammation [16]. In the present study, we proposed that respiratory tract HDPs could have a therapeutic role in battling respiratory infectious diseases, such as COVID-19.




2. Major Antimicrobial Peptides Expressed in Lung Airways


2.1. Defensins


Human β defensins (HBDs) 1, 2, 3, and 4 have been found to have overlapping expression patterns. HBD1 is produced and expressed in the lung airway epithelia, which are in direct contact with ambient microflora [17]. Microbial compounds, such as lipopolysaccharide (LPS) and peptidoglycan, have been shown to increase HBD1 expression [32]. HBD’s have been detected in various organs other than the lungs, such as the heart, liver, lung tumor tissues, and stomach epithelial cells, even though their expression patterns overlap [33,34]. Furthermore, pathogen-derived compounds, cytokines, and chemokines produced by the immune system or injured cells all influence HBD expression [35]. It has been found that when immune cells are exposed to bacteria, LPS, IFN-γ, and IL-6, the expression of HBDs increases [36,37]. In recent studies, human defensins were reported to have antiviral activities against SARS-CoV-2 [38]. Additionally, HNP-1, retrocyclin, and human intestinal defensin5 were shown to reduce the viral infection by blocking the viral entry and were suggested as valuable therapeutic tools to combat SARS-CoV-2 infection [39,40]. Overall, defensins are reported to have antiviral activity against both enveloped and non-enveloped viruses via direct activity and indirectly via immunomodulatory activities [41].




2.2. Cathelicidin


The only cathelicidin generated by a vitamin-D-dependent antibacterial mechanism in humans is LL37 [42,43]. LL37, like defensins, is generated as a pre-propeptide in epithelial cells and is involved in the first immune response to a variety of infections [44]. Proinflammatory cytokines and growth hormones, such as the active form of vitamin D, regulate LL37 expression [45]. LL37 attracts neutrophils, monocytes, dendritic cells, and T cells, and it is quickly secreted by epithelial cells and leukocytes during infection in the airways [44]. LL37 increases the synthesis of IL-6 in human dendritic cells and acts as both an anti- and proinflammatory agent during the early stages of an infection’s immune response [46]. Individuals with cathelicidin-deficient neutrophils have been observed to be more susceptible to viral infections [44]. It recent studies, it has been shown that LL37 has direct activity against human rhinovirus and respiratory syncytial virus, and can protect against respiratory infections caused by these viruses in both mice and humans [47,48]. Interestingly, cathelicidins represent an inducible therapeutic target for fighting against viral infections.




2.3. Lactoferrin


Lactoferrin is an iron-binding glycoprotein found in breast milk, tears, vaginal secretions, gut-lining fluids, cervical mucus, saliva, and respiratory secretions. Lactoferrin, like other innate immunity proteins, is a cationic protein with antibacterial and anti-inflammatory effects [49]. Neutrophils secrete lactoferrin at the site of inflammation, which aids in host defense and immunological regulation at mucosal surfaces [50]. Lactoferrin has been shown to have potent antibacterial activity against clinical E. coli, S. aureus, and mucoid P. aeruginosa strains isolated from cystic fibrosis patients’ airways [51]. Next, lactoferrin has been shown to have synergistic antibacterial activities against bacteria when combined with other respiratory tract immune proteins, such as lysozyme and SLPI [52]. Lactoferrin has been shown to exhibit antiviral activity against a variety of viruses, including HIV, cytomegalovirus (CMV), and hepatitis B and C, and to have therapeutic promise when combined with interferon [53,54]. Lactoferrin has also been found to prevent inflammatory cells from infiltrating the lungs during pneumonia when taken orally [55]. Lactoferrin is a major inflammatory protein that has been shown to inhibit LPS-induced IL-8 production and peptidoglycan binding characteristics in human endothelial cells [56]. According to a recent study, lactoferrin consumption directly protects the host by inhibiting viral attachment and replication in the cell while also increasing systemic immune activities [57]. Conclusively, lactoferrin has potential antiviral and immunomodulatory properties to protect against respiratory viral infection and is suggested to be used as a nutraceutical [58]. Interestingly, lactoferrin confirmed to have protective effects and reduced respiratory tract infections in controlled randomized clinical trials via modulation of inflammation and immune response [59,60].




2.4. Secretory Leucoprotease Inhibitor (SLPI)


SLPI is a non-glycosylated protein that is expressed on the mucosal surface of epithelial cells in the respiratory system by macrophages, neutrophils, and mucosal epithelial cells. SLPI, as well as lysozyme, lactoferrin, and other innate immunity proteins found in respiratory and nasal secretions, is abundant in BAL [61,62]. The serine protease inhibitor SLPI also protects from neutrophil elastase, which is released by neutrophils during infection and inflammation [63]. SLPI is a multifunctional peptide that acts as an antibacterial, antiviral, and anti-inflammatory peptide [64]. In an immunoglobulin G (IgG) immune complex model of acute lung damage, SLPI is found to decrease neutrophil recruitment and thus inflammation in the lungs [65]. Prior treatment with SLPI effectively reduced inflammation in both the liver and the lungs of a mouse model of hepatic ischemia/reperfusion injury [66]. The inactivation of SLPI has also been linked to an increase in lung parenchymal inflammation, tissue destruction, and pneumonia [67]. The oxidative-stress-sensitive protein SLPI is found in respiratory cell linings, which have mechanisms to alleviate oxidative stress. Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is an oxidative stress regulator that also regulates SLPI expression. Sulforaphane (SFN), an isothiocyanate found in cruciferous vegetables, has recently been shown to boost Nrf2 activity, and consequently, supplementation with SFNs results in increased SLPI secretion in the nasal mucosa [68].




2.5. Lysozyme


Lysozyme is a basic antimicrobial protein that kills bacteria by disrupting the glycosidic connection between N-acetylglucosamine and N-acetylmuramic acid residues in peptidoglycan, which is a component of the bacterial cell wall. Both phagocytic and secretary neutrophils retain lysozyme, which is also generated by monocytes, macrophages, and the respiratory epithelium [69]. In the respiratory tracts of lysozyme-expressing transgenic mice, increased bacterial killing is observed. Furthermore, increased lysozyme concentration is found to link to lower systemic bacterial infection and increased in vivo survival [70]. It was demonstrated in a different in vivo study employing tracheal xenograft airways with or without submucosal glands that lysozyme secretary glands efficiently clear the bacterial load. Additionally, Immuno-depletion experiments revealed a strong antibacterial role for lysozyme in lung airways [71]. In a recent study, lysozyme was reported to have protective effects against SARS-CoV-2 in human corneal epithelial cells [72]. Interestingly, niclosamide-lysozyme particles were revealed to have potential anti-coronavirus activities and were suggested to develop as a therapeutic agent [73]. Overall, due to its potential antiviral activities and immunomodulatory properties, lysozyme is suggested as a promising therapeutic agent [74].




2.6. Lactoperoxidase


Lactoperoxidase (LPO) is a mammalian heme peroxidase that is released from the mucosal membrane of the airways and has been shown to reduce respiratory infections [30]. The presence of the LPO system and its role in the host defense has been investigated in human airways and tissue secretions [75]. LPO causes the oxidation of iodine, which is reported to increase the antiviral defense of respiratory mucosal surfaces [76]. Next, LPO-produced hypothiocyanite and hypoiodite were shown to have anti-influenza activity and suggested the development of an LPO-based antiviral system to protect against airway infections [77]. LPO is reported to combat the influenza virus in mice upon oral administration by reducing the infiltration of inflammatory cells in the lung [55]. Overall, LPO-based antiviral systems could be developed as an efficient alternative to combat respiratory viral infections to protect the lung airways.




2.7. CCL20


Chemokine ligand 20 (CCL20) has an antiparallel sheet core structure, charge distribution, and adaptive immunological signaling via a highly selective CCR6 receptor, all of which have structural and functional parallels with HBDs. CCL20 has been found to have dual functions in innate and adaptive immunity and is regulated by inflammatory mediators expressed in the airway epithelium [31]. Neutrophils have been shown to create CCL20, which is controlled by inflammatory cytokines, such as IL-1 and TNF-, via the NFB pathway [78,79]. CCL20 levels were shown to be higher in cystic fibrosis patients’ BAL compared to healthy BAL, implying that CCL20 plays a function in the respiratory immune defense [31]. CCL20 was reported as having anti-HIV-1 activity in the human female reproductive system via direct interaction with the virus [80]. Furthermore, increased levels of CCL20 are found in COVID-19 patients when compared to healthy counterparts [81]. This suggested a possible virally induced expression regulation of CCL20, which could be therapeutically targeted to protect lung airways against respiratory viral infections.





3. Regulation of AMPs Expression in the Respiratory Tract and Innate Immunity


Defensins and cathelicidins are the principal AMPs in the respiratory tract, and they are produced by a variety of cell types, including respiratory epithelial cells, neutrophils, and alveolar macrophages [82]. The main source of α-defensins is neutrophil recruitment in the lungs during infection or inflammation. The local expression of α-defensin (HD-5) is also influenced by respiratory epithelium and submucosal gland cells [83]. Other than α-defensins, non-goblet and serous cells primarily express β-defensins in epithelial cells [84]. Respiratory epithelial cells, alveolar macrophages, monocytes, and dendritic cells all express HBD1 constantly. The expression of hBD3, hBD4, hBD6, and hBD9 genes in respiratory epithelial cells is also modest under baseline circumstances [84,85,86]. Defensin expression has been shown to increase significantly under infection and inflammatory situations [87,88,89].



The expression of human cationic AMPs is both constitutive and inducible, which include HBD2, 3, 4, and LL37 [90,91,92]. LPS, lipoteichoic acid (LTA), TNF, IL-1β, and INF-γ are among the most studied inflammatory mediators that regulate the expression of HDPs [93,94]. Although the processes of AMP induction are poorly known, the HBD2 gene has been demonstrated to be induced by LPS in human airway epithelial cells [95]. In addition to LPS, cationic AMPs have been found to bind LTA, which results in the generation of TNF-α and IL-6 [96]. HBD1, 2, 3, and 4 genes were also found to be regulated by retinoic acid (RA) [97]. Next, the expression induction of HBD2, 3, and 4 is mediated by high Ca2+ concentration, proinflammatory cytokines, phorbol myristate acetate (PMA), and bacteria [97]. Furthermore, activation of the NFkβ, AP-1, JAK2, and STAT3 signaling pathways regulates the expression of defensins and cathelicidin genes [35]. In paneth cells, transcription factor-4 (TCF-4) and Wnt signaling pathway transcription factor govern the transcription of human defensins HD5 and HD6 genes [98]. Moreover, HBD3, which is produced in the respiratory airways during infection, is claimed to cause transactivation of the epidermal growth factor receptor via an LL37-controlled mechanism [99].



Respiratory epithelial cells, alveolar macrophages, neutrophils, and mast cells all produce cathelicidin in the lungs [100,101]. Because the promoter region of LL37 contains a vitamin D response element, the production of LL37 in respiratory epithelial cells is regulated by a vitamin-D-dependent pathway [102]. The presence of consensus binding sites for NFkβ, IL-6, acute phase response factor, and IFN-γ response element in LL37 genes suggests that LL37 gene expression is regulated by these factors [35]. Different human cell types, including keratinocytes, monocytes, neutrophils, and bone-marrow-derived macrophages, have been demonstrated to regulate LL37 gene expression under the influence of vitamin D response elements [102]. TLR-mediated signals are found to control the vitamin D receptor and Cyp27B1 (an enzyme that catalyzes the conversion of 25-hydroxyvitamin D3 to the active 1,25-hydroxyvitamin D3). Furthermore, 1,25-hydroxyvitamin D3 is linked to increased CD14 and TLR-2 production. These findings pointed to a direct relationship between TLR activation, vitamin D receptor modulation, and LL37 gene regulation, all of which play a role in the immune response during infection [103].



Surfactant proteins (SP) are produced in the lungs and are either hydrophobic or hydrophilic. Their major job is to keep the surface tension of the air–liquid contact constant, preventing lung collapse and overinflation. SP also has antimicrobial, anti-inflammatory, immunomodulatory, and surfactant regulation functions [104,105]. As early as the alveolar stage, which is the final stage of lung formation, SP synthesis and secretion are regulated in tandem with the developmental process [106]. Surfactant proteins are regulated by hormones, growth factors, and other regulatory chemicals in addition to the lung developmental stage. Different variables govern the surfactants SP-A and SP-D, and investigations have suggested that they are regulated independently of one another. Overall, gene expression regulation of AMPs is tightly regulated throughout the respiratory tract along with intervened immunomodulatory activities.



3.1. Toll-like and Cytokine Receptors Mediate Regulation


Several bacterial stressors and inflammatory factors regulate the transcription of β-defensins in the respiratory tract. AMP expression in the respiratory tract is increased in response to infection and inflammation induced by a variety of respiratory pathogens [49]. Pathogen-associated molecular patterns (PAMPs) are directly detected by epithelial cells of the respiratory tract via a toll-like receptor (TLR)-mediated pathway, according to several studies. TLRs also regulates the expression of β-defensins—such as HBD-2 [107]. TLR2, TLR3, TLR4, TLR5, TLR6, and TLR9, have all been discovered to have a role in the expression of hBD2—by binding to their respective TLR ligands [108,109,110].



Defensins are influenced by cytokines and inflammatory mediators in addition to TLR signaling. TNF and IL-1β, which are generated by macrophages during infection and promote innate immune activities via TLRs in the respiratory tract, were found to induce hBD2 in the respiratory epithelium [94,111]. Additionally, the generation of cytokine IL-17 in the respiratory tract regulates the expression of β-defensins in Th17 cells [112]. The expression of hBD3 is increased by interferon stimulation, which is controlled by STAT1 and inhibited by IL-4 and IL-13 [113]. Evidence suggests that tight regulation of signaling pathways governs the production of β-defensins. TLR- and IL-17-dependent transcription control of HBD2 is further regulated by MAP kinases, transcription factor NFkB, and AP-1 activation according to reports [114]. In light of available reports, TLR- and cytokine receptor-mediated gene regulation of AMPs in the respiratory tract could be a potential therapeutic target to combat respiratory infections.




3.2. Vitamin-D-Dependent Regulation


Vitamin D3 is the biologically active form of vitamin D, and its immunomodulatory properties have long been known. Several investigations have also shown that vitamin D3 has HDP-inducing effects [115]. Direct treatment of respiratory epithelial cells with 1,25-dihydroxyvitamin D(3) has been observed to promote LL37 expression [116]. Vitamin D response element (VDRE) is found in both LL37 and HBD2 gene promoters, and vitamin D can directly activate their expression in the respiratory tract, however, in comparison to LL37, the reaction to hBD-2 expression is substantially weaker [102]. Furthermore, vitamin D can indirectly cause AMP release in the respiratory tract by increasing PAMP recognition, which is accomplished by TLR2 and CD14 upregulation [117,118]. In isolated human keratinocytes, monocytes, neutrophils, normal human bronchial epithelial cells, and myeloid cells, vitamin D3 has been demonstrated to stimulate gene expression of defensins and cathelicidins [102,119,120]. In the presence of muramyl dipeptide, vitamin D3 has been shown to stimulate gene expression of hBD2 and LL37 in primary human monocytes and epithelial cells [121]. Vitamin D3 has also been shown to increase LL37 gene expression and protect against bacterial infection in the urinary bladder [122]. In addition, calcitriol, a vitamin D active metabolite, is found to be effective in increasing LL37 gene expression in breast cancer cells [123]. Vitamin D3 has also been observed to promote hBD2 expression in peripheral mononuclear cells in humans, lowering infection rates [124]. Vitamin D3 has been suggested as a therapeutic method for bacterial infection and viral infections such as COVID-19 [125]. Additionally, vitamin D3 may be utilized to treat respiratory viral infections as a treatment option because HBD2 is known to be produced in the respiratory tract during viral infections. Conclusively, AMPs expression in the respiratory tract is tightly regulated with Vitamin D which suggested Vitamin D as a potential nutraceutical to prevent respiratory viral infections.




3.3. Signaling Pathways Involved in the Regulation of Defensins and Cathelicidins


MAPK signaling pathways are involved in a variety of biological activities, such as cellular differentiation, proliferation, and death, as well as the immune response during disease [126,127]. The inducible production of defensins and cathelicidins is similarly mediated by MAPK signaling pathways. Transactivation of the cathelicidin promoter occurred via three MAPK kinase cascades (ERK1/2, JNK, and p38 kinase) that regulate the transcription factor and activator protein-1, as shown by sodium-butyrate-induced production of LL37 in human lung epithelial cells [128,129]. Butyrate has been shown to induce LL37 transcription in human colonic epithelial cells via the MAPK-ERK pathway as well as LL37 expression in human intestinal epithelial cells via the MAPK-ERK and MAPK-p38 pathways [130,131]. Furthermore, phenylbutyrate has been shown to directly stimulate LL37 gene expression via the MAPK-ERK and JNK pathways [132]. In human primary keratinocytes, the MAPK-ERK signaling pathway regulates LL37 gene expression caused by lithocholic acid [133]. In Coco-2 cells, phosphorylation of ERK and activation of p38 MAP kinase are required for zinc-induced LL37 expression.



NFkB is involved in a toll-like-receptor-stimulated signaling cascade that regulates the expression of target genes and modulates the immune response [134]. The role of NFkB in HDP inducible gene expression has been widely documented and investigated in several research articles. In a study, it was discovered that in the presence of L-isoleucine, epithelial defensin expression in bovine kidney epithelial cells is stimulated by the activation of tans-activating factors of the NFkB [135]. Gene expression of hBD2 in human bronchial and pulmonary gland epithelial cells via the NFkB signaling pathway is stimulated by andrographolide, a plant diterpenoid, and paeoniflorin, a non-steroid anti-inflammatory medication. The MAPK-p38 and ERK singling pathways were also engaged in paeoniflorin-dependent activation of HBD2 [136,137]. Furthermore, the MAPK-p38 signaling pathway induces the gene expression of hBD2 in human lung epithelial and colon cancer cells by both andrographolide and dehydroandrographolide [136,138]. In two separate studies, resveratrol, a stilbenoid, and genistein, a dietary supplement, were also found to be involved in NFkB-c/EBP-α dependent gene expression induction of LL37 in human keratinocytes via stimulation of the sphingosine-1-phosphate (SIP) signaling pathway. Additionally, resveratrol induced LL37 gene expression in human keratinocytes via the MAPK-ERK pathway [139,140].



HDPs are known to down-regulate gene transcription and associated gene expression regulation via histone deacetylases (HDACs), chromatin-modifying enzymes. Butyrate is a well-known HDAC inhibitor that has also been shown to stimulate the expression of endogenous pBD-2, pBD-3, protegrin 1–5, and myeloid antimicrobial peptide 36 in piglet macrophages [141]. Caprylic acid and nonanoic acid are likewise found to suppress the HDAC pathway, resulting in enhanced pBD-1 and pBD-2 gene expression [142]. In human lung epithelial cells, sodium butyrate induces LL37 expression by increasing the histone acetylation of an LL37 promoter [129]. The involvement of various signaling pathways for the gene expression regulation of AMPs in the respiratory tract suggested a multitier and tight regulation of AMPs expression and their role in protection against viral infections (Figure 1). These signaling networks could be a target for the development of inducible switches for AMPs, specifically during viral infection.





4. Nutrients Involved in the Regulation of Defensins and Cathelicidins


4.1. Amino Acids


Amino acids have been linked to the stimulation of immunological responses as well as the regulation of immune responses through lymphocyte proliferation and cytokine production [143]. Amino acids have previously been shown to induce the production of human defensin. L-isoleucine has been reported to stimulate the expression of human defensins in bovine kidney epithelial cells, swine jejunal epithelial cells, human peripheral blood mononuclear cells, and human colonic epithelial Caco-2 cells. However, because L-isoleucine required a stronger stimulation than D-isoleucine, the induction of expression is specific to confirmation [135,144]. Another study reported that L-arginine and L-isoleucine induced HBD1 expression but did not influence HBD2 expression in human colon cancer cells [145]. Following the findings, weaned pigs with 0.5 percent to 1.0 percent L-arginine supplementation showed increased gene expression of porcine β-defensins in the oral epithelium, tongue, ileum, and inguinal lymph nodes [146]. These findings suggested that essential amino acids have an essential role in defensin gene expression regulation. Next, dietary supplementation studies open up new avenues for the use of essential amino acids to increase the gene expression of HDPs. Furthermore, other than the regulation of defensin expression, basic amino acids can directly act against viruses. In a recent study, it was found that supplementation of lysine and reduction of arginine-rich food intake can ameliorate the infection caused by enveloped viruses such as SARS-CoV-2 and influenza [147]. Overall, amino acid supplementation could be used to induce specific HDPs in the respiratory tract to fight against viral infections in lung airways.




4.2. Fatty Acids and Analogs


The activation of gene expression of HDPs by fatty acids is known to alter the immune response and host immunity [148]. Short-chain fatty acids (SCFAs), acetate, propionate, and butyrate are colonic bacterial fermentation products that have been shown to have a role in HDP induction [144,149]. SCFAs, interestingly, greatly promote HDP expression and have been shown to improve host immunity, illness resistance, and the ability to regulate infectious diseases [148,150,151]. Acetate, propionate, and butyrate, which are found in fermented kiwifruit, have been shown to promote HBD1 and HBD2 expression in colonic epithelial cells [152].



LL37 is reported to be induced by fatty acids in addition to defensins. Through AP-1 and histone acetylation of the LL37 promoter, sodium butyrate has been shown to upregulate and stimulate LL37 gene expression in lung epithelial cells [129]. It has been found that isobutyrate, propionate, phenylbutyrate, isovaleric, isobutyric acids, valerate, hexanoate, and heptanoate all induce LL37 gene expression in human lung cells and colonic epithelial cells [130,132,153,154]. SCFAs were shown to have synergistic inducing effects on defensin and cathelicidin gene expression. However, combining phenylbutyrate with lactose was found to be substantially more effective in inducing LL37 gene expression in colonic epithelial cells [155]. Fatty acids’ ability to promote the gene expression of defensins and cathelicidin, as well as their potential application in the battle against respiratory viral infectious disease, was suggested by the data; nevertheless, more research and clinical studies are needed.




4.3. Carbohydrates and Conjugates


Carbohydrates are one of the most important energy-producing nutrients for humans. Glucose is a key carbohydrate and energy source that is also known to increase defensin and cathelicidin gene expression. Although studies have shown that glucose directly induces HBD1 and LL37 mRNA expression in human keratinocytes, renal cells, and embryonic kidney cells, high glucose concentrations reduced HBD mRNA expression and protein concentration in human keratinocytes [156,157,158,159]. Next, lactose as an immune inducer increased gene expression of LL37 in human breast milk, as demonstrated in colonic epithelial cells, monocytes, and macrophages [154,155]. Additionally, AV119, a natural avocado sugar, has likewise been shown to stimulate the expression of the HBD-2 gene in keratinocytes by activating protein kinase C, protein tyrosine kinase, and activator protein-1 [160,161]. Carbohydrates can also be utilized as a dietary supplement for the inducible expression of HDPs; however, further, studies are needed.




4.4. Plant Extracts


Plant extracts are known to have antiviral, antibacterial, antifungal, antioxidative, and immunomodulatory properties as well as the ability to maintain the gut microbiome [162,163]. Plant extracts have also been shown to influence gene expression as well as the gene expression induction of defensins and cathelicidins. A polyphenol called Epigallocatechin-3-gallate (EGCG) is found in many vegetables and fruits, including green tea, and has been shown to increase the release of defensins in gingival epithelial cells [164,165]. In gingival epithelial cells, green tea EGCG can promote the gene expression of both hBD1 and hBD2 [166]. In oral epithelial cells, a flavin derivative of black tea extract is reported to increase the gene expression of hBD1, hBD2, and hBD4 while lowering IL-8 production [167]. In a separate study, ellagic acid, a dimeric derivative of gallic acid found in a variety of fruits and vegetables, was found to stimulate hBD2 gene expression in human primary gingival epithelial cells [168]. In addition, Isatisindigotica root and plant-derived phenolic extracts are found to have anti-SARS-coronavirus-3C-like protease activity in a recent study [169]. According to reports, HDP-inducing plant extracts or chemicals could be used to treat bacterial and viral infections. However, further detailed research is needed.




4.5. Other Factors and Mechanisms


Other unclassified factors or substances, like defensins and cathelicidins, are known to activate the gene expression of HDPs in addition to the above-mentioned factors. Zinc, for example, raises the mRNA and, as a result, protein levels of porcine β-defensins 1, 2, and 3 in IPEC-J2 cells [170]. Calcium can also induce the gene expression of HBD2 and HBD3 in activated human keratinocytes [171]. Long-chain inulin-type fructans have also been shown to boost β-defensin-1 and LL37 expression in the mouse colon [172,173]. Lithocholic acid has also been shown to activate LL37 in colonic epithelial cells HT-29 [174]. In a separate investigation, aroylatedphenylenediamines are found to activate LL37 more efficiently in MN8CampLuc colonic epithelial cells when compared to butyrate and phenylbutyrate [175]. Additionally, some immunomodulatory medications, such as pimecrolimus, reported increasing LL37, hBD2, and hBD3 gene expression in human keratinocytes [176]. As a result of these findings, several HDP inducers may play an essential role in the fight against respiratory viral infectious diseases [154,177]. Furthermore, new cell-based assays could be developed and validated for high-throughput screening of novel inducers of LL37 and defensins disease control and prevention against respiratory tract viral infections.



The mTOR (mammalian target of rapamycin) and STAT3 signaling pathways have also been implicated in the up-regulation of -defensin gene expression by butyrate [178]. In a vitamin D receptor (VDR)-independent route, curcumin has been shown to promote LL37 expression in human monocytes [179]. Furthermore, bovine serum albumin has been demonstrated to promote hBD1 expression via a non-inflammatory mechanism requiring MYC proto-oncogene (c-myc) overexpression [145]. Furthermore, regulatory mechanisms involved in the expression of LL37 and activated by lactose and phenylbutyrate in colonic epithelial cells were found utilizing a proteomic method in a study [180].





5. Studying the Expression of HDPs and Protein–Protein Interaction (PPI) Networks Construction


The web-based gene expression database Bgee https://bgee.org/ (accessed on 5 January 2023) is employed for studying the expression levels of 17 HDPs as “expression scores” in various anatomical entities, from respiratory to gastrointestinal mucosa. The online database Search Tool for the Retrieval of Interacting Genes STRING, http://stringdb.org (accessed on 9 January 2023) is used to identify the interaction between the proteins and construct a PPI network. The molecular interaction network integrating gene expression profiles of HDPs in the respiratory tract is visualized using Cytoscape software (version 3.6.1). Furthermore, to identify the key modules in the PPI network the Cytoscape plugin MCODE (Molecular Complex Detection) is applied [181]. The degree cutoff was set as 5, and the rest of the parameters were set as default. Further, the plugin ClueGO is employed to analyze the pathway interaction network and annotate the function of key modules [182] (Figure 2).



5.1. Identifying the Transcription Factors and Validation


The transcription factors targeting the key modules were identified using the Cytoscape plugin iRegulon. The master regulators are those TFs whose target sets were found highly overlapping [183]. All the default parameters are left unchanged while predicting the TFs. Only those TFs are used to construct the regulatory network that covered more than 50% of genes and NES (Normalized Enrichment Score) > 5. Furthermore, reverse engineering is employed in metatargetome analysis to check the varied gene targets that overlap with our selected TFs. Expression levels of the TFs and target genes in various anatomical tissues were studied using the Bgee Gene expression Comparison webpage https://bgee.org/ (accessed on 5 January 2023). The results were displayed as maximum expression scores.




5.2. In Silico Analysis and Expression Profiling of Lung Airways Antimicrobial Peptides


The literature mining revealed the 17 candidate genes (Table 2) responsible for antibacterial action in airways/blood cells. Using Bgee, a web-based gene expression database, the expression levels of all 20 genes in different organs are analyzed as “expression scores” (Figure 3). The expression scores are a quantitative terminology wherein the expression levels of each gene have been normalized on a scale and calculated. Antimicrobial genes have a significant expression in respiratory tissues, blood cells, and gastrointestinal entities, under varied conditions. The Bgee platform has accumulated all these expression data and represented them as expression scores. We used STRING to create a PPI network of all these known proteins (Figure 4) with PPI enrichment values < 1.0 × 10−16, indicating significantly strong interactions among themselves. Tissue enrichment detection analysis revealed significantly enriched tissues and body fluids including, mouth, salivary gland, pharynx, urine, and tears which corroborated with enrichment scores (using Bgee). The PPI network is then displayed using the Cytoscape plugin clueGO (Figure 5) to evaluate the functional pathways and functions of each gene involved in the antimicrobial activity in the lung airways. Furthermore, detailed PPI analysis found that the genes are engaged in a variety of pathways, including bacterial infection response, inflammatory response, negative regulation of the viral process, cytokine-mediated signaling pathway, cytokine production, cytokine receptor binding, chemokine receptor binding, cellular response to tumor necrosis factor, response to LPS, toll-like receptor signaling pathway, antifungal humoral response, TNF, regulation of T-cell cytokine production and SARS-Cov2 innate immune evasion and cell-specific immune response (Figure 5). STRING and culeGO study revealed a close physical and functional connection of antimicrobial genes in the lungs, which is implicated in a variety of cellular responses.



The Cytoscape plugin Molecular Complex Detection (MCODE) is employed to study the highly dense interconnected clusters in the PPI network. Based on connectivity data and PPI analysis, two major modules with seven and three nodes were identified, respectively (Figure 6). Module 1 (seven genes) was discovered to be involved in defense response to bacteria, viral protein interactions with cytokines and cytokines receptors, the TNF signaling pathway, antimicrobial humoral responses, T-cell-mediated immunity, the TLR signaling system, interleukin-8 production, interleukin-10 signaling and calcium-driven signaling (Figure S1). Analysis for the genes present in Module 2 (threegenes) is discovered to be majorly involved in cellular responses to peptidoglycan, mucosal innate immunity, salivary production, gram-positive bacteria defense, amyloid precursor proteins from ordered fibrils and siderophore-dependent iron import into cells (Figure S2). In systems biology, identifying the master regulators of a biological pathway is a challenging aspect. We also used iRegulon to conduct regulatory analysis of both Modules 1 and 2 to discover transcription factors and master regulators involved in the expression control of the genes listed (Figure S3). Amongst several transcription factors (TFs) deduced from iRegulon analysis, only those with maximum targets and high Normalized Enrichment Scores (NES, >4.0) are chosen as the key regulators. The master regulators are considered to be transcription factors with significantly overlapping transcriptional target groups with the reported gene signatures (Figure S3A,B). We also used iRegulon to perform reverse engineering and metatargetome analysis on both Modules 1 and 2 using our selected TFs to visualize the other targets of the TFs and their interaction network (Figure S4A,B). The extended metatargetome analysis makes it clear that the overlapping targets (in the metatargetome network) indicate a core set of genes being regulated by these TFs.



The bioinformatic analysis of lung airways AMPs and their transcription regulator factors revealed the set of master regulators involved in specific designated cellular functions. By using the strategy and data presented in this study, one can predict the modulated HDPs in lung airways and their master regulators. The same strategy could be applied to respiratory infection conditions, which can reveal the possible HDP master regulators to be targeted to combat the diseases.





6. Conclusions


The present study explored the respiratory tract HDPs and their expression regulation in various cells like monocytes, macrophages, neutrophils, epithelial cells, keratinocytes, and mast cells during infection and host defense. The expression profile of 17 screened HDPs, responsible for antimicrobial activities in the various tissues and organs involved in the functional respiratory tract, has also been analyzed (Figure 2). Signaling pathways, such as MAPKs, NFkB, and histone acetylation, are involved in the gene expression regulation and induction of HDPs by several factors, such as amino acids, fatty acids, polyphenols, and vitamin D. Although in vitro studies suggested the role of immunomodulatory properties of HDPs during respiratory infections, in vivo studies for these properties of HDPs in the respiratory tract haven’t been conducted yet. Additionally, high-throughput screening assays have been developed to identify the multiple factors or compounds that can induce HDP gene expression [175,177]. Further dietary supplementation of HDP-inducing nutrients may serve as novel host-directed therapies or potential alternatives to treat respiratory diseases, such as COVID-19 [184,185,186,187]. The PPI network (Figure 3) and an elaboration of the pathways they govern (Figure 4) suggested that the genes are active participants in antimicrobial defense systems. Furthermore, amongst this interaction, there are two sets of highly interactive hubs constituting sets of 7 and 3 genes, respectively. Next, Figures S1–S4 confirm the participation of these two gene modules in defense against bacterial and viral infections.



Based on our review, along with expression and interaction network analysis, we suggested the importance of respiratory tract HDPs, their inducing factors, and TFs regulating individual pathways of antimicrobial defense as therapeutic agents to combat infectious diseases. However, further in-detail studies are required to explore the potential of HDPs, gene-expression-inducing factors, and TFs for protection against respiratory infections. This review is an outline to decipher the HDPs and their regulatory factors.




7. Limitations of the Study


The gene expression studies and PPI network analysis in the present study are solely based on the bioinformatic analysis of the publicly available databases. Additionally, all the gene expression analyses were performed using the gene expression profiling of a healthy individual, and further in-detail analysis is needed to compare the gene expression profile of AMPs in various respiratory tract infections. Furthermore, in vitro and in vivo studies are warranted to explore and fully understand the gene expression regulation of AMPs during different viral respiratory tract infections.
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Figure 1. Schematic representation of various signaling pathways involved in the gene expression regulation of AMPs during respiratory tract viral infections. 
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Figure 2. Adopted work-flow to study the gene expression profile of HDPs in lung airways habitat, and construction of PPI network. 
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Figure 3. Antimicrobial peptide gene expression profile in lung airways. Expression levels of 20 potential genes responsible for antimicrobial activity in the lung airways/blood cells. The Y-axis shows the expression score represented by different color bars while the X-axis shows different genes expressed in respective tissue or blood cells in the respiratory tracts/lung airways. 
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Figure 4. Protein–protein interaction network generated using STRING database. Different-colored circles represent the different antimicrobial peptides while connecting lines represent various interactions between the studied AMPs. Peptide shows more than one type of interaction connected with multiple lines respectively. 
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Figure 5. PPI Pathway analysis using Cytoscape plugin ClueGO to interpret the functional pathways and functions of each gene responsible for antimicrobial activity in lung airways. Different-colored circles indicate different functions or functional pathways as mentioned in the figure. 
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Figure 6. Key molecules identified from the PPI network generated using Cytoscape plugin MCOD. (A) Module 1 contains 7 proteins represented as 7 nodes and 14 edges, with a score of 4.667. (B) Module 2 contains 3 proteins represented as 3 nodes and 3 edges, with a score of 3.0. 
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Table 1. Major AMPs/factors produced in the lung and respiratory tract.
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	AMPs/Factors
	Distribution in Lung
	References





	Defensins (α and β defensins 1–4)
	Lung epithelium, airways, neutrophils
	[17,18,19]



	Cathelicidins (LL37)
	Lung epithelium, airways, respiratory sub-mucosal glands, neutrophils
	[20,21]



	Surfactant protein-A and surfactant protein-D (SP-A, SP-D)
	Lung epithelium
	[22,23]



	Lysozyme
	Tracheobronchial sub-mucosal glands, tracheal and bronchial surface epithelium, neutrophils, alveolar macrophages, monocytes
	[24,25]



	Secretory leukocyte proteinase inhibitor (SLPI)
	Respiratory sub-mucosal glands, monocytes, alveolar macrophages, neutrophils
	[26,27]



	Lactoferrin
	Tracheobronchial sub-mucosal glands, tracheal surface epithelium, neutrophils
	[24]



	Phospholipase A2
	Lung epithelium, neutrophils
	[28,29]



	Lactoperoxidase
	Airways mucosal membrane
	[30]



	CCL20
	Airways epithelium
	[31]










 





Table 2. AMP genes, which are used in gene expression profiling.
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	Gene
	Protein
	Molecular Function (UniProt)
	Ensemble ID





	SLPI
	Antileukoproteinase
	Antibiotic, Antimicrobial, Protease inhibitor, Serine protease inhibitor
	ENSG00000124107



	CCL20
	C-C Motif Chemokine 20
	Antibiotic, Antimicrobial, Cytokine
	ENSG00000115009



	STAT 1
	Signal transducer and activator of transcription 1-alpha/beta
	Activator, DNA-binding
	ENSG00000115415



	ZBP1
	Z-DNA-binding protein 1
	DNA-binding
	ENSG00000124256



	TNFRSF1B
	Tumor necrosis factor receptor superfamily member 1B
	Receptor
	ENSG00000028137



	TANK
	TRAF family member-associated NF-kappa-β activation
	Ubiquitin protein ligase binding, metal ion binding.
	ENSG00000136560



	IL6
	Interleukin-6
	Cytokine, a Growth factor
	ENSG00000136244



	CEBPA
	CCAAT/enhancer-binding protein alpha
	Activator, Developmental protein, DNA-binding
	ENSG00000245848



	TLR5
	Toll-like receptor 5
	Receptor
	ENSG00000187554



	LTF
	Lactotransferrin
	Antibiotic, Antimicrobial, DNA-binding, Heparin-binding, Hydrolase, Protease, Serine protease
	ENSG00000012223



	LYZ
	Lysozyme
	Antimicrobial, Bacteriolytic enzyme, Glycosidase, Hydrolase, Milk protein
	ENSG00000090382



	LPO
	Lactoperoxidase
	Antimicrobial, Oxidoreductase, Peroxidase
	ENSG00000167419



	CAMP/LL37
	Cathelicidin antimicrobial peptide
	Antibiotic, Antimicrobial
	ENSG00000164047



	HBD-1
	Beta-defensin 1
	Antibiotic, Antimicrobial, Defensin
	ENSG00000164825



	CC10/CCSP/SCGB1A1A
	Uteroglobin
	Phospholipase A2 inhibitor
	ENSG00000149021



	STATH
	Statgerin
	Biomineralization
	ENSG00000126549



	MSMB
	Beta-microseminoprotein
	Secretion of mucus, antimicrobial andanti-inflammatory peptides
	ENSG00000263639



	BPIFA1
	BPI fold containing family A member 1
	Antibiotic, Antimicrobial
	ENSG00000198183



	PI3
	Elafin
	Kinase, Serine/threonine-protein kinase, Transferase
	ENSG00000124102
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