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Abstract

:

The growing emergence of antimicrobial resistance represents a global problem that not only influences healthcare systems but also has grave implications for political and economic processes. As the discovery of novel antimicrobial agents is lagging, one of the solutions is innovative therapeutic options that would expand our armamentarium against this hazard. Compounds of interest in many such studies are antimicrobial peptides (AMPs), which actually represent the host’s first line of defense against pathogens and are involved in innate immunity. They have a broad range of antimicrobial activity against Gram-negative and Gram-positive bacteria, fungi, and viruses, with specific mechanisms of action utilized by different AMPs. Coupled with a lower propensity for resistance development, it is becoming clear that AMPs can be seen as emerging and very promising candidates for more pervasive usage in the treatment of infectious diseases. However, their use in quotidian clinical practice is not without challenges. In this review, we aimed to summarize state-of-the-art evidence on the structure and mechanisms of action of AMPs, as well as to provide detailed information on their antimicrobial activity. We also aimed to present contemporary evidence of clinical trials and application of AMPs and highlight their use beyond infectious diseases and potential challenges that may arise with their increasing availability.
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1. Introduction


Antimicrobial peptides (AMPs) have played a key role in numerous scientific studies intending to find new antimicrobial agents and active substances [1]. The need for new antimicrobial drugs is increasingly recognized, driven by the growing global burden of antimicrobial resistance and a significant increase in infections that cannot be treated with existing antibiotics [2,3,4]. A particular problem is the ESCAPE group of pathogens, which includes Escherichia coli, Staphylococcus aureus, Klebsiella pneumoniae, Streptococcus pneumoniae, Acinetobacter baumannii, and Pseudomonas aeruginosa, which, according to data from 2019, are responsible for more than 250,000 antimicrobial-related deaths resistance [5]. Antimicrobial resistance is associated with high mortality rates. In addition, it significantly impacts the effectiveness of antimicrobial agents as it reduces the efficacy of treatment and prolongs the time of infection in patients [5]. Additionally, another group of pathogens associated with antimicrobial resistance is responsible for another 100,000 to 250,000 deaths, consisting of M. tuberculosis, Enterococcus faecium, Enterobacters spp., Streptococcus agalactiae, S. typhi, and Enterococcus faecalis. All this influenced the increase in treatment costs due to the use of more expensive therapies [5]. It is important to note that a significantly higher degree of resistance is present in Gram-negative bacteria. Accordingly, treating infections caused by this group of pathogens is more complicated. Namely, many first-line antibiotics, such as vancomycin, rifampicin, and others that are successful in treating infections caused by Gram-positive pathogens due to their ineffectiveness against Gram-negative pathogens, are not used in the treatment of infections caused by this group of pathogens. The problem is the permeability of the lipopolysaccharide (LPS) of the outer membrane and porins because they largely limit the entry of antibiotics into the cell [6]. Gram-negative opportunistic pathogens could be resistant to commercial antibiotics due to the LPS of the outer membrane [7]. Cationic AMPs provide new possibilities in treating infections caused by Gram-negative pathogens because they can often permeabilize the anionic LPS of the outer membrane, which leads to cell lysis and opens the way to action on Gram-negative bacteria. Likewise, AMPs can act as enhancers of the antimicrobial activity of conventional antibiotics on Gram-negative pathogens [8]. However, some Gram-negative bacteria have an innate resistance to cationic AMPs [9] associated with changes in the LPS of the outer membrane [7,9]. AMPs are known to be widespread [10]; they are involved in innate immunity and represent the first line of defense against pathogens in the host [11]. They show a wide range of antimicrobial activity against Gram-negative and Gram-positive bacteria, fungi (particularly yeasts), and viruses [12,13]. Significantly, they have a low tendency to induce drug resistance, thus providing us with the opportunity to use them as a specific class of antibiotics [14,15]. However, we have to be cognizant that the organism’s protection from pathogens depends on how they distribute in tissues and whether external administration is free from toxicity issues [16].




2. Antimicrobial Peptides


Antimicrobial peptides are composed of a different number of amino acids. This number is usually from 10 to 60 amino acids [13]. Amphipathic properties have a vital role in the activity of AMPs [17]. Thanks to this property, AMPs are easily integrated into the cell membrane or pass through into the cytosol [18]. The mechanisms of action on microorganisms depend on different physicochemical properties: charge, structure, sequence length, peptide concentration, hydrophobicity, and membrane composition [19]. Ribosomally synthesized AMPs that contain only natural amino acids are divided into linear, α-helical peptides (such as cecropins, magainins, and melittins), peptides labeled with enrichment of one or two amino acids (PR 39 rich in proline-arginine, indolidin), and peptides containing disulfide bonds (e.g., defensins, protegrin) [20]. Additionally, peptides with strong antimicrobial activity synthesized extraribosomally have significant posttranslational modifications, such as lipopeptides (polymyxin, dermaseptin) and lantibiotics containing non-native amino acids [21].



Mechanism of Action of Antimicrobial Peptides


Research suggests that AMPs have a completely different mechanism of action on microorganisms than antibiotics currently used to treat infections [1,22,23] (Figure 1).



Understanding the interaction of peptides with microorganism membranes is a significant factor in improving the design and development of AMPs [24]. The interaction of these peptides with biological membranes and their structure also depends on the lipids contained in the cell membrane itself [25]. Individual AMPs interact with the bacterial cell membrane and thus interfere with the construction of the inner or outer bacterial membrane, resulting in cell death [26]. Impaired membrane integrity occurs due to the interaction of AMP with a negatively charged cell membrane, inhibition of protein, DNA, and RNA synthesis, or interaction with specific intracellular targets [22,24,27]. The critical interaction points between the peptide and the bacterial membrane are electrostatic forces between the cationic AMPs and the negatively charged bacterial surface [28,29,30]. The cytoplasmic membranes of Gram-positive and Gram-negative bacteria are rich in phospholipids, phosphatidylglycerol, and cardiolipin, which have negatively charged major groups which strongly attract positively charged AMPs [1,31]. The cationic amphipathic α-helix is one of the most common types of AMP [25]. For amphipathic α-helix peptides, several models explain how they work. The barrel pore model (Figure 2) in which the amphipathic α-helix creates vertical pores across the membrane and peptides accumulate in barrel-shaped aggregates showing water-permeable and transmembrane-oriented pores [32,33].



The formation of a transmembrane water-permeable pore results from the association of several AMP molecules with lipid heads in a toroidal pore model (Figure 3) [33].



The carpet model (Figure 4) provides an alternative view where AMPs come into contact with the phospholipid head and spread across the membrane surface, covering the carpet-like membrane. When the peptide concentration reaches a critical value in this model, the membrane collapses, creating defects, and dissolves into micelles [33].





3. Antimicrobial Effects of AMPs


3.1. Antibacterial Activity of AMPs


As the primary goal in researching AMPs was the fight against (increasingly resistant) bacteria, some scientists emphasize this need and call them antibacterial peptides (ABP) [34,35]. They can destroy bacteria by breaking the cell wall and membrane of the bacteria, intracellular action, through a combination of dual destruction mechanisms, and by acting on the bacterial biofilm [36,37]. By binding to lipid II, which is part of the peptidoglycan molecule and an essential factor in cell wall synthesis, ABPs prevent cell wall formation. In addition to controlling its assembly, it can destroy the already-formed cell wall [37,38,39,40]. Acting on the membrane is possible in several ways. The barrel-shaped and toroidal pore models can be defined as transmembrane pore models. Vertical insertion of the peptide into the membrane while promoting peptide–peptide lateral interaction is typical of the barrel-shaped pore model [37,41,42]. In the toroidal pore model, peptides are also vertically embedded in the membrane. However, here the pores are created by both peptide and lipid groups. The most crucial difference between these two models is that the barrel model’s hydrophobic and hydrophilic bilayers remained intact [37,42,43]. The model that does not create pores through the membrane and in which specific peptide–peptide interactions are not necessary belongs to the so-called carpet model. It is characterized by adherence of ABP along the bacterial membrane and its adsorption until a particular concentration is reached. After crossing the tolerance threshold, a detergent-like model appears, and a loss of integrity and opening of the bacterial membrane happens [13,37,43,44,45]. Many peptides work by destroying intracellular functions, and in that way, they kill bacteria. Some important ones inhibit DNA, RNA, and protein synthesis [42,46,47,48]. The development of research and the discovery of peptides with antimicrobial effects show that specific peptides do not have only one impact model (Figure 5). On the contrary, most of them share a combination of mechanisms [37,42,43,49,50].



AMPs can act on biofilm at all stages of its development. They can inhibit biofilm formation by disrupting the signaling pathway of bacteria cells. By encouraging bacteria to produce guanosine tetraphosphate (ppGpp) and pentaphosphate (pppGpp) with limiting nutrients in the biofilm, the synthesis of nucleic acids is inhibited. Another effect is a reduction in the expression of binding protein transport genes necessary for forming a bacterial biofilm. Additionally, ABP can destroy the already-formed biofilm by acting on the membrane potential of bacteria [37,43,51,52].




3.2. Antiviral Activity of AMPs


Due to the increasing resistance of viruses and the limited effect of common drugs, antiviral peptides play an essential role as therapeutic agents [43]. AMPs with antiviral activity are referred to as antiviral peptides (AVPs) [53,54]. There are several different mechanisms by which antiviral peptides block viruses at various stages of their cycle [34]. Some AVPs can destabilize the viral membrane or prevent infection by neutralizing the virus by integrating it into the viral envelope and cell membrane [2,55]. Similarly, they can bind to viral glycoproteins, after which the viruses can no longer bind to the host cell surface [2,56], while some bind to host cell receptors, preventing the virus from binding to its target receptor and thus inactivating it (e.g., heparan for herpes simplex virus). Some block viral attachment and prevent membrane fusion in the virus cell (e.g., influenza virus) [55,57]. An essential mechanism of action of AVP on the influenza virus is the regulation of the human immune system with the increased expression of cytokines and chemokines on the antigen complex, activation of cells of the immune system, and inactivation of viral pathogens (e.g., H1N1 virus) [58,59,60]. In addition, AVP blocks its activity by acting on the replication cycle [61]. AVP shows similar effects to those described for influenza virus in inhibiting human immunodeficiency virus 1 (HIV-1), herpes simplex virus 1 (HSV-1), herpes simplex virus 2 (HSV-2), hepatitis B virus (HBV), and hepatitis C virus (HCV) infections [61]. The target site of AVPs can be DNA and RNA [62,63], and the goal of their action is to destroy the viral envelope, leading to its instability, as in the Junin virus (JV), HIV-1, and HSV-2 [64]. Another way to inhibit viruses is to modify or interfere with cell signaling pathways [65], such as GF-17 (17-mer-derived peptide from human cathelicidin LL-37) and BMAP-18 (bovine myeloid antimicrobial peptide-18), which can inactivate the Zika virus (ZIKV) by interfering with interferon type 1 signaling [54]. Recently, there has been an increasing number of studies on the antiviral effect of AVPs on coronaviruses (such as SARS-CoV). In short, the current dogma of this type of research endeavors is based on AVP’s inhibitory effect on the viral cell membrane and its inability to enter the host cell [66,67,68,69].




3.3. Antifungal Activity of AMPs


The excessive and improper use of systemic antibiotics, immunosuppressive therapy, chemotherapy, and radiotherapy have increased fungal infections in the general population [70,71,72]. The limited choice of antifungal therapy, which includes only four chemical types of systemic antifungals—polyenes, azoles, echinocandins, and flucytosines [71,73]—as well as the increase in the resistance of specific strains to the mentioned antifungal drugs, leads to increased morbidity and mortality, but also a dire need for alternative solutions in antifungal treatment [70,71,74].



Antifungal peptides (AFPs) could be a promising therapy for fungal infections [71,75]. Most AFPs achieve their activity through membrane-associated mechanisms and specific targets. Differences in fungal membranes are sphingolipid composition, PI content, and ergosterol as the main membrane sterol. Specific targets such as glucosylceramides, mannosyldiinositol phosphorylceramide, or a fungal protein target enable high selectivity and avoid resistance to therapy [76].



AFPs can be classified in accordance with a number of criteria, such as structure, mode of action, or origin [77]. However, the most accepted classification is according to the origin, which divides peptides into natural, semisynthetic, and synthetic ones [78].



Natural AFPs are produced by different species like Archaea, Bacteria, and Eukaryotes [77]. Natural AFPs have an α-helix structure, β-hairpin or sheet, or combination of α-helix and β-sheet, and depending on the amino acid in the most significant composition. They are classified as glycine-rich, arginine-rich, proline-rich, histidine-rich, and tryptophan-rich peptides [79].



Semisynthetic and synthetic peptides are designed to improve pharmacological properties and reduce immunogenicity and side effects caused by natural peptides [77]. Biophysical characteristics such as net charge, stereospecificity, hydrophobicity, secondary structure, peptide length, and amphipathicity determine the antifungal activity of peptides [80]. For example, an increase in the positive net charge can cause a stronger action on the membrane. Likewise, increased hydrophobicity and amphipathicity lead to increased antifungal activity [77].



The most abundant peptides harmful to the fungal biofilm are peptides of mammalian origin, defensins, cathelicidins, and histatins [71]. Defensins are isolated from not only mammals but also plants [81]. They are structurally organized as α-helix and triple-stranded antiparallel β-sheet, which are connected by disulfide bonds that ensure the stability of the structure, even in extreme conditions [82]. Defensins from vertebrate animals are cationic and amphipathic peptides and can be divided into two subfamilies, α-defensins and β-defensins [83]. Human α-defensin 6 (HD6) prevents the adhesion of Candida albicans (C. albicans) to human intestinal epithelial cells and, thus, biofilm formation [84]. β-defensin-1 displays inhibitory activity against germinating conidia of Aspergillus fumigatus [85]. Synthetic defensin-like peptides like α-defensin-3, β-defensin-1, β-defensin-3, and PG-1 express antifungal activity against Cryptococcus neoformans biofilms, including both planktonic cells and mature biofilm [86]. Cathelicidins are cationic peptides isolated from different species of mammals, consisting of 12–80 amino acids [71,87]. The human antimicrobial peptide LL-37 was proven to inhibit C. albicans cell adhesion on polystyrene and silicon surfaces, and BMAP-28, a bovine antimicrobial peptide, was able to reduce the number of C. albicans adherent cells on silicone surfaces and inhibit its mature biofilm [88,89,90]. Histatins are human salivary peptides, first isolated from human parotid saliva, with polar and hydrophilic properties and α-helix structural conformation in organic solutions [91]. Histatin-5 (Hst-5) was proven to inhibit biofilm formation of C. albicans on acrylic dentures in vitro [92] and, in another study, inhibit biofilm formation and planktonic cells of C. albicans and Candida glabrata on methyl methacrylate disks [93].




3.4. Immunomodulatory Activity of AMPs


AMPs play a significant role in immunomodulation and inflammation control [94,95] (Figure 6). The mechanisms of action of AMPs in immune modulation involve various immune responses [96]. The three main families of AMPs in humans are defensins, histatins, and cathelicidins. Based on the arrangement of disulfide bonds, defensins are divided into α-defensins and β-defensins, and they are produced by lymphocytes, neutrophils, and epithelial cells of mucous membranes and skin [24].



3.4.1. Defenses


Since human α-defensins 1-4, most commonly expressed by neutrophils, are called neutrophil peptides 1-4 (HNP) [97], together with lysozyme, proteases, and other proteins, they participate in the destruction of bacterial pathogens. This gives them exceptional importance in the immune system [98]. Human α-defensins 5 and 6 are produced and secreted mainly by Paneth cells located at the base of Lieberkühn’s crypts in the small intestine and by epithelial cells of the male and female genital organs [99]. In addition, some human AMPs (β-defensins, LL-37) can attract immune cells such as white blood cells, dendritic cells, and mast cells [100]. Beta defensins originate from the epithelial cells of the skin and mucosa of mammals [101]. Thus far, six types of human β-defensins have been isolated and designated as hBD 1-6 [102].



Regarding antimicrobial activity and expression level, hBD-1, hBD-2, and hBD-3 defensins were characterized [101]. Epithelial cells constitutively express hBD-1, hBD-2, and hBD-3, but after stimulation by microorganisms and pro-inflammatory cytokines [103]. The role of β-defensin in connecting adaptive and innate immunity is significant [104]. More specifically, hBD-3 has the ability to rapidly enter TLR4-stimulated macrophages and dampen the expression of pro-inflammatory genes [105]. The role of β-defensin peptides is multifunctional, so in addition to the defensive, antimicrobial function, they also have a clearly expressed immunomodulatory function [106]. Since they are ubiquitous across mucosal surfaces, they are considered essential factors in homeostasis and health [107].



The administration of human peptides has been shown to have multiple protective effects in an in vivo model of infection [19]. Furthermore, some AMPs can act as regulatory molecules, as evidenced by in vitro research showing that defensins can attract phagocytes and lymphocytes to the site of infection, induce fibroblast proliferation, and modify ion flow in epithelial cells [108]. In addition, AMPs can induce bacterial lysis, promote macrophage phagocytosis, prevent the spread of infection, induce mitosis of fibroblasts and epithelial cells, and promote fibroblast growth to improve wound healing [1]. Finally, based on the ability of AMPs to stimulate complement activation and the production of cytokines and antibodies, the influence of AMPs on humoral immunity is currently being further evaluated [98].




3.4.2. Histatins


AMPs, histatins, contain large amounts of histidine amino acids [17]. They were isolated from human parotid salivary glands [109] and are characterized by antifungal and antimicrobial properties [110]. Human saliva contains Histatin-1, and Histatin-3, which are derived from the available genes HTN1 and HTN3. They differ in the number of amino acids and molecular weight [111]. Histatin-5 is derived from histatin-3 and contains an N-terminal for which it is highly reactive and has an affinity for binding with metals [112]. They are characterized by antifungal and antimicrobial properties, while the effects of histatin on immune system cells are unknown [113].




3.4.3. Cathelicidins


Cathelicidins are constitutively expressed at low levels in epithelial cells, skin, and mucosal surfaces and are released to a considerable extent in response to infections, especially by granulocytes and mononuclear phagocytes [114]. Cathelicidins in in vitro conditions have an apparent antimicrobial effect on parasites, fungi, bacteria, and enveloped viruses [115]. Cationic cathelicidins have different mechanisms of action on the cell, damaging the integrity of the negatively charged membrane, which results in cell death [116]. They can act on intracellular processes by promoting protein breakdown, weakening enzymes’ role, and affecting RNA and DNA synthesis [117]. Numerous studies have observed that in the presence of glycosaminoglycans, salt, bacterial DNA, and mucin, i.e., under physiological conditions, the action of LL-37 is inhibited even at high peptide concentrations [88,118]. Based on this, we can conclude that, in vivo conditions, most cathelicidins probably do not have a direct bactericidal effect. However, they still have great importance for preventing microbial infections due to their immunomodulatory effect [98,100]. The ability of cathelicidins to attract many adaptive and innate immune cells to inflammatory sites by modulating the expression of chemokines and chemokine receptors should undoubtedly be highlighted [119]. Thus, cathelicidins can act on various immune cells as direct chemoattractants. This effect is enhanced by their indirect impact on inducing the upregulation of chemokines and chemokine receptors on leukocytes [114,119,120].






4. Clinical Application of AMPs


4.1. The Use of AMPs against Infectious Agents: A Current State of Evidence


Considering their mechanism of action, AMPs can successfully surpass many drawbacks linked to the use of conventional antimicrobials, such as increased rate of multidrug resistance (which is becoming a public health hazard in recent years), as well as certain issues with potential systemic toxicity and their overall activity [121]. The broad spectrum of action and swift antimicrobial effects, with a lower propensity for resistance development, is what makes AMPs emerging and very promising candidates for more pervasive use in the treatment of infectious diseases [22]. Having more than one specific mechanism of antimicrobial activity of certain AMPs (such as thanatin and a synthetic lipopeptide F365) is an advantage in comparison to several cationic AMPs, which opens the door for achieving a true clinical potential against infections caused by multidrug-resistant pathogens [122,123,124]. This is supported by recent studies that concentrated on in vivo characterization and structure–activity relationships of such compounds [122].



However, thus far, only a handful of AMPs (from more than three thousand discovered) have been approved for frank clinical usage by the Food and Drug Administration (FDA), and the best-studied ones are gramicidins, polymyxins, and nisins [125,126] (Figure 7). Gramicidins were in restricted use for applications such as infections of surface wounds and the upper respiratory system [127]; conversely, polymyxins can be used not only for treating ocular infections but also for gastrointestinal infections and systemic infections caused by antibiotic-resistant Gram-negative bacterial agents [128]. Another effective cyclic AMP that has its role in treating complicated skin and skin-structure infections as a result of Staphylococcus aureus infection is daptomycin, which is often used in combination therapy to improve treatment success rates [129,130]. Dental care, stomach ulcer therapy, and the treatment of colonic infections are known applications of nisins in humans [130,131,132].



Clinical trials appraising the use of linear AMPs (such as pexiganan, omiganan, and DPK060) against different bacterial and fungal infections are currently underway. As an analog of peptide magainin (extracted from the skin of Xenopus laevis) with 22 amino-acid residues, pexiganan demonstrates robust antimicrobial activity against bacterial and fungal pathogens, including multiple-resistant ones [125]. Its use as a topical agent in the treatment of foot ulcers that develop in patients with diabetes has been assessed in two phase III clinical trials (CT identifier: NCT01590758, NCT01594762) and also in comparison with the oral formulation (NCT00563433, NCT00563394)—but its spectrum of usage also entails decubital ulcers, as well as infected burns and surgical wounds [133]. Omiganan is a topical cationic 12 amino acid peptide assessed for the treatment of catheter infections, genital warts, rosacea, acne vulgaris, and atopic dermatitis (NCT00321153, NCT03091426, NCT01784133) [125,133]. Kininogen-derived compound DPK060 shows strong and diverse antibacterial activity. Its efficacy as a local emollient in treating acute external otitis and atopic dermatitis has been investigated in phase II clinical trials (NCT01447017, NCT01522391) [134].



A cationic fraction of human lactoferricin, known as hLF1-11, is proposed for intravenous usage in immunocompromised recipients of stem cell transplants for treating both bacterial and fungal infections (NCT00509938) [126,135]. Many other AMPs are in development specifically for fungal diseases; one notable example is a cationic peptide novexatin (generated from defensins) for treating fungal toe infections, while a dimeric peptide CZEN-002 derived from melanocyte-stimulating hormone is another addition to the treatment armamentarium against vaginal candidiasis, an important clinical entity within the vaginitis syndrome [126]. Under clinical trials, there is also POL7080 (Protegrin I) in intravenous infusion for lower respiratory tract infections (NCT02096328) and SPAC-113 (human histatin-3) as a mouth rinse for oral candidiasis in patients with human immunodeficiency virus (HIV) [126,136,137].




4.2. Moving beyond Antimicrobial Usage


Several AMPs that are already in advanced stages of clinical development are characterized by mechanisms of action that are not strictly related to their antimicrobial effect (e.g., re-epithelialization and angiogenesis). A salient and well-known example is PXL01, a lactoferrin derivative used to prevent post-surgical adhesions in patients undergoing surgery for flexor tendon repairment, confirmed in phase II trials (NCT01022242) [138]. Such treatment with PXL01, reinforced by important in vitro studies, demonstrated that not only there is no proof of cytotoxicity, but its retained antimicrobial action is also superior to that of lactoferrin [125,138].



Another example is the aforementioned LL-37, with previous preclinical evidence of its involvement in wound healing, although the results were not entirely consistent [125]. An earlier randomized, placebo-controlled trial demonstrated that the topical application of LL-37 can enhance the healing rate of chronic venous leg ulcers [139]. However, that was not corroborated in a newer trial, and it was still concluded that this human synthetic peptide could offer a certain treatment benefit in individuals with large ulcers [140]. Although the exact mechanism of wound repair is still elusive, there is a supposed effect of LL-37 in modulating the inflammatory response and driving angiogenesis together with re-epithelialization [125,141]. Such a wide array of modulatory cell activities also led to the repurposing of LL-37 for cancer treatment [142]. Moreover, its role in oral homeostasis is also known, and it is not related merely to microbiota stabilization [143].



Other clinical studies have evaluated the use of hybrid peptide C16G2 in dental caries in the form of mouth rinse or gel (NCT031962, NCT02044081) [144], porcine protegrin-1 known as iseganan in oral solution for complications in the mouth linked to radiation treatment of head/neck malignancies (NCT000223) [145], and indolicidin in intravenous infusion for oral mucositis that is seen after chemotherapy for squamous cell carcinoma (NCT020130) [146]. In addition, recent studies have shown that regulating the expression of AMPs in gynecological cancers may influence the sensitivity of malignant cells to chemotherapy [147].



In addition to those AMPs administered directly, there are many efforts to boost endogenous AMP synthesis. For example, vitamin D3 has been associated with the upregulation of many AMPs, such as beta-defensins, cathelicidins, and neutrophil gelatinase-associated lipocalin from epithelial cells in the respiratory tract, as well as from macrophages and neutrophils [125,148,149,150]. Furthermore, the increase in plasma levels of free 25-hydroxyvitamin D resulted in increased expression of circulating human cationic antimicrobial protein (hCAP18) mRNA in both healthy and gravely ill ventilator-dependent adult individuals [151,152], with implications for the overall immune response.




4.3. Challenges Linked with Clinical Applications—From Screening to Delivery


When designing or striving to optimize AMPs for therapeutic applications against an array of infectious agents, the initial step is to appropriately screen recognized clusters or anticipated peptide sequences for their expected antimicrobial properties. After in silico process (often with the use of cost-effective machine learning) [153], screening is most commonly pursued with the use of standardized and validated assays that aim to measure minimal inhibitory or minimal microbicidal concentration [36]. Nonetheless, differences in environmental conditions represent an important obstacle for corroborating such in vitro findings with in vivo results [22]. Consequently, this can be identified as a crucial hurdle in the more pervasive usage of AMPs for treatment purposes.



As low oral bioavailability and low metabolic stability are inherent traits of oral AMP formulations, this route of administration is not favored, which leaves topical formulations as a preferred option [154]. Likewise, the use of intravenous formulation is hampered by the proteolytic cleavage that takes place in the blood and liver, resulting in a short half-life of such compounds [22]. This means enhancing the stability of AMPs for their broad usage is currently one of the priorities in the pharmaceutical industry, which is already pursued with the use of nanoparticles [155].



Furthermore, as a minimum inhibitory concentration of AMPs (which is arguably the best proxy to evaluate its effectiveness) is habitually lower when compared with conventional antibiotics [156,157], some authors suggest that the optimal AMP molecule should have effects that surpass just antimicrobial activity [158]. One of the solutions would be a multifunctional compound that combines direct activity against pathogenic agents with certain indirect effects, such as immunomodulation. That way, the antimicrobial effect can be enhanced via effective suppression of pro-inflammatory cytokines and vigorous activation of neutrophils/macrophages [159,160,161].



The high cost of production represents another major impediment in scaling up the production of AMPs and subsequently putting them into the market. There is also a lack of toxicology studies that influence the development of AMPs, as well as a sparsity of clinical data that often translates to myriad regulatory issues [154]. Therefore, we recognize an evident need for a robust body of evidence before we can truly reorient clinical practice toward AMPs and adequately inform their development and production.





5. Conclusions


In the era of surging antimicrobial resistance (which is already a truly global health hazard), AMPs may be a quite parsimonious solution for eliminating resistant and multi-resistant pathogenic microorganisms. Nevertheless, their incorporation into quotidian clinical practice is laden with challenges; thus, only a small number of them are currently used. Some of the reasons behind this are an arduous screening process for effective compounds, bioavailability, potential cytotoxicity issues, costs of production, and regulatory hurdles—but the end goal seems very promising. Such optimism is not unfounded if we take into account the vast pool of potential AMPs, their multitarget and rapid mode of action (frequently showing synergistic interactions with conventional antimicrobial agents), immunomodulatory traits, as well as the lower propensity for antimicrobial resistance development. From the structure of AMPs to the examples of clinical trials and practical uses, we showed how this research field could be exploited to address antimicrobial resistance and solve other pertinent challenges related to human health and well-being.
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Figure 1. Mechanisms of AMPs action. 
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Figure 2. Barrel–stave pore model. 
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Figure 3. Toroidal pore model. 
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Figure 4. Carpet model. 
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Figure 5. Antibacterial activity mechanisms of AMPs. 
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Figure 6. Numerous functions of AMPs. 
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Figure 7. Approved AMPs for use in clinical settings. STD—sexually transmitted diseases. 
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