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The emergence and re-emergence of multi-drug-resistant (MDR) infectious diseases have once again posed a significant global health challenge, largely attributed to the development of bacterial resistance to conventional anti-microbial treatments. To mitigate the risk of drug resistance globally, both antibiotics and immunotherapy are essential. Antimicrobial peptides (AMPs), also referred to as host defense peptides (HDPs), present a promising therapeutic alternative for treating drug-resistant infections due to their various mechanisms of action, which encompass antimicrobial and immunomodulatory effects. Many eukaryotic organisms produce HDPs as a defense mechanism, for example Purothionin from Triticum aestivum plant, Defensins, Cathelicidins, and Histatins from humans and many such peptides are currently the focus of research because of their antibacterial, antiviral and anti-fungicidal properties. This article offers a comprehensive review of the immunomodulatory activities of HDPs derived from eukaryotic organisms including humans, plants, birds, amphibians, reptiles, and marine species along with their mechanisms of action and therapeutic benefits.
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1 Introduction

Microbial evolution has given us many economically important microorganisms as well as pathogens. Evolution of antimicrobial resistance genes among the microbial strains has been taking place alarmingly over the past few years, leading to the emergence of multi-drug resistant (MDR) or extensively virulent and drug-resistant species such as the Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp., commonly termed the ESKAPE pathogens. This resulted in the discovery of next-generation alternative therapeutics known as host defense or antimicrobial peptides (AMPs) (Guryanova and Ovchinnikova, 2022). These peptides can be found in a wide variety of prokaryotic and eukaryotic organisms in nature. They are of short-length (~ 10 to 50 amino acids) peptides, mostly cationic with basic and hydrophobic amino acids (Huan et al., 2020). Many previous studies revealed that most of these cationic peptides were found to have microbicidal, cytotoxic and immunomodulatory activities against both harmful emerging and remerging pathogens like bacteria, protozoans, yeast, fungi and viruses (Luong et al., 2020; Pasupuleti et al., 2012).

In 1939, Gramicidin was the first AMP isolated from Bacillus species having bactericidal activity against S. pneumonia in mice. This led to the discovery of many AMPs in both prokaryotes and eukaryotes including bactericidal tyrocidine from Bacillus brevis, Purothionin with fungicidal and bactericidal properties from Triticum aestivum plant (Fernandez de Caleya et al., 1972). In 1956, first animal AMP defensin was isolated from leukocyte cells of rabbits, followed by lactoferrin from cow’s milk (Kühnle et al., 2019), cecropins from hemolymph of butterfly pupae Hyalophora cecropia (Wu et al., 2003) and in 1986 Magainins from mucous membrane of frog Xenopus laevis (Zasloff, 1987). AMPs were also found in lysosomes of human leukocytes and the human female reproductive tract (Sharma et al., 2011). To accommodate the increasing number of AMPs, an antimicrobial peptides database was built in 2011. To date, more than 3,200 peptides from various sources, including amphibians (28%), birds (22%), arthropods (11%), plants (10%), insects (7.9%), bacteria (7.4%), mammals (humans) (3.0%), Pisces (2.5%), viruses (1.2%), and fungus (0.4%), have been deposited in the database (Jhong et al., 2022; Guryanova and Ovchinnikova, 2022). CAMPR3, is another database used in the identification of natural AMPs based on structural and sequence analysis, which can be used in designing new and efficient AMPs (Waghu et al., 2016). Figure 1 depicts the chronological order of discovery starting from 1929 till date as antimicrobial drugs.
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FIGURE 1
 Chronological order of discovery of antimicrobial peptides (AMPs) from 1922 to 2022.


The immunomodulatory action of small peptides to protect the hosts from infections has been extensively investigated in recent years. These can stimulate or inhibit the host immune system by targeting immune cells such as leukocytes, macrophages, neutrophils and mast cells, thus leading to wound healing and angiogenesis (Lesiuk et al., 2022). Defensins and cathelicidins with immunomodulatory functions have been identified in a variety of sources, including both porcine and human samples (Dlozi et al., 2022). Most of these immunomodulatory peptides were found to be cost-effective, safe and their therapeutic applications are still under process of discovery. The present article provides an overview of natural and synthetic-derived peptides with immunomodulatory activity from various sources to understand their structural and therapeutic properties.



2 Immunomodulatory mechanism of action

The mechanism of immunomodulatory peptides mainly involves intracellular uptake of these peptides via membrane-bound G-protein receptors or localized translocation. They modulate signaling pathways by interacting intracellularly with signaling molecules or receptors (p62 and GAPDH) specifically targeting protein kinases to promote dendritic cell differentiation, recruitment of macrophages and mast cells inducing phagocytosis, stimulating secretion of anti-inflammatory cytokines, causing wound healing, apoptosis and lipopolysaccharide induced suppression of pro-inflammatory cytokines illustrated in Figure 2 (van der Does et al., 2019; Mookherjee et al., 2020; Barlow et al., 2010).
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FIGURE 2
 Immunomodulatory mechanisms of the host defense peptides.



2.1 Recruitment of leukocytes

One of the primary immunomodulatory functions of HDPs was the stimulation of chemokine secretion. Also, they function as chemokines at high concentrations, thereby enhancing chemotactic activity and leukocyte recruitment (Nijnik et al., 2010; Rivas-Santiago et al., 2013). The underlying mechanisms involve multiple cellular chemokine receptors, including G-coupled protein, CCR6, CCR2, and Toll-like receptors, as well as contact with intracellular signaling proteins like GAPDH and p62, which allows eradication of the infections thereby promoting faster wound healing (Hancock et al., 2016; Choi and Mookherjee, 2012).



2.2 Modulation of inflammatory response

HDPs can modulate the pro-inflammatory response by suppressing cytokines production, including interleukins such as IL-6, IL-8 and TNF-α, IL-6, and IL-8 in response to lipopolysaccharides (LPS). The LL-37 peptide was found to modulate cytokine TNF-α production produced in response to lipoteichoic acid and lipo-polysaccharides. They have effectively inhibited pro-inflammatory genes (Overhage et al., 2008; von Köckritz-Blickwede et al., 2008). Similarly, these peptides function as anti-inflammatory agents by preventing the binding of inflammatory stimulators to their target receptors or molecules. This is achieved either by neutralizing lipopolysaccharides (LPS) or by means of competitive inhibition of LPS and CD14 binding. Apart from these, they can suppress the release of interleukins or the expression of transcription factors (Luo and Song, 2021; Rajasekaran et al., 2019).



2.3 Neutrophil function modulation

HDPs can modulate neutrophil function either directly through chemotactic activity or indirectly by triggering the release of chemokines such as Gro-α and IL-8 to control infections (Hemshekhar et al., 2018; Zheng et al., 2007). In addition, neutrophil-derived extracellular traps (NET) containing DNA and HDPs stored in primary and secondary granules of neutrophils destroy biofilms and bacterial growth (de la Fuente-Núñez et al., 2014).



2.4 Enhancement of adaptive immunity

HDPs are capable of recruiting the antigen-presenting cells (APCs) to the infection site, thereby establishing a link between innate and adaptive immunity (Yu et al., 2007; Davidson et al., 2004). In addition to activating APCs, cationic HDPs (CHDPs) possess the ability to regulate the lymphocyte responses, which in turn impacts the adaptive immune response (Allaker, 2008). By boosting immunological activity, these peptides have the potential to cause phagocytic removal of microorganisms (Conlon, 2015).




3 Naturally occurring host defence peptides

The following section summarizes the HDPs from various eukaryotic sources, such as humans, avians, reptiles, amphibians and marine organisms. A detailed list of the peptides from various sources along with their mechanism of action was given in Table 1.



TABLE 1 List of host defence peptides from various sources along with their structural details and mechanism of action.
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3.1 Host defence peptides from mammals: humans

Defensins, Cathelicidins, and Histatins are three categories of peptides endowed with antimicrobial as well as immunomodulatory functions (Guryanova and Ovchinnikova, 2022). Defensins are coded by genes present on chromosome 8 and are made of 30 amino acid residues held together with 3 cysteine disulfide bonds (Bowdish et al., 2006). Based on the type of disulfide bond, defensins are further classified into alpha-defensins and beta-defensins. Both α and β defensins are constitutively synthesized by lymphocytes, neutrophils, and epithelial cells of the mucous membrane and skin (Jarczak et al., 2013).

α-defensins (xCxCRxCxExGxCxGxCCx) are 2 to 6 kDa micropeptides abundant in azurophilic granules present in neutrophils. To date, six distinct α-defensins have been identified, including HNP-1, HNP-2, HNP-3, and HNP-4 (Xu and Lu, 2020) and enteric α-defensins-HD5 and HD6 secreted by Paneth cells of the gastrointestinal tract (Bevins and Salzman, 2011). α-defensins released from necrotic neutrophils can inhibit cytokines (TNFα, IL-6, IL-8, and IL-1β) that are secreted from macrophages, demonstrating anti-inflammatory activities (Miles et al., 2009). Human α-defensins also stimulate pro-inflammatory cytokines (IFN-γ, TNF-α) secretions, thereby stimulating the macrophages to enhance the phagocytotic activity (Soehnlein et al., 2008; Chaly et al., 2000). HNP1 and HNP3 defensins were found to inhibit monocyte differentiation (Droin et al., 2010). Enteric defensins (HD5, HD6) play a critical role in enhancing innate and adaptive immunity. They bind to toll-like receptors via MAP kinase pathway to transmit signals for the transcription of immune response genes, thereby initiating inflammation, wound healing and angiogenesis (Foureau et al., 2010; Eckmann, 2004). Human α-defensins increase the expression of the pro-inflammatory cytokines TNF-α and IL-1 in human monocytes (Chaly et al., 2000).

β-Defensins cluster present on chromosome 8, are released from epithelial cells and shield mucosal membrane from microbial invasions (Schutte et al., 2002). They are promiscuous in nature and can bind or interact with many receptors. β-Defensins (hBD1, hBD2) are chemotactic for immature dendritic and memory T cells (CD4+) (Yang et al., 1999) whereas hBD3 and 4 are chemotactic to monocytes (Wu et al., 2003). When combined with lipoteichoic acid cancer therapy, these peptides via the TLR2/NF-B signaling cascade increase the production of the chemokines (CCL20, CCL22, and CXL8) and cytokines (IL-1, IL-6, and IL-12) in human prostate cancer cells (Kim et al., 2015). Recent studies on the mechanism of hBD3-induced proinflammatory cytokine secretion revealed that hbD3 through TLR1/2 pathway elevates IL-1, IL-6, and IL-8 in human monocytes (Funderburg et al., 2011). There is a dearth of literature concerning the in vivo activity of β-Defensins. To date, only hBD-3 showed immunosuppressive activity under an in vivo setup (Semple et al., 2010).

Cathelicidin LL-37 is an α-helical peptide with 37 amino acid residues and the only cathelicidin synthesized in the human body. This peptide can trigger the synthesis of cytokines IL-6, IL-8, IL-10 and CCL2 either individually or in concert with IL-1 (Yu et al., 2007). Additionally, cathelicidin LL-37 promotes α-defensin production, thereby intensifying the inflammatory process (Zheng et al., 2007).



3.2 Host defence peptides from plants

Although plants have a very complex immune system. The bioactive peptides isolated from wheat, rice, maize, and soybean, have long been valued for their ability to control infections. These peptides have also been intensively explored for their immunomodulatory activities (Pavlicevic et al., 2022). Cationic defensins rich in cysteine amino acids bind to receptors activating neutrophils and macrophages to enhance innate and adaptive immunity. PEP1 and LR13 from Oryza sativa L (Rice) exhibited anti-inflammatory activity in both in vitro and in vivo conditions. The peptides were able to increase CD4+ and CD8+, thereby enhancing anti-inflammatory cytokines (IL-4, IL-10) and suppressing secretion of proinflammatory cytokines (IL-17, IFN-γ) (Shapira et al., 2010). Cyclolinopeptides D and G from Linum usitatissimum have been identified as modulators of proinflammatory responses, associated with increased secretion of IL-1β and TNF-α, while reducing IL-10 secretion in macrophages (Morita et al., 1999; Matsumoto et al., 2001). The second type of HDPs are less homogenous cryptic peptides produced in plants in response to antigens. Through the stimulation of natural killer cells, they can impact innate immunity (Lyapina et al., 2019). The GmSubPep peptide isolated from soybean leaves and synthesized by the extracellular subtilisin-like protease, can bind to membrane receptors and initiate the MAPK signaling cascade (Pearce et al., 2010). Also, the tomato compound CAP-derived peptide 1 (CAPE1) modifies protein–protein interactions and increases the transcription of antioxidative defence genes (Chen et al., 2014).



3.3 Host defence peptides from amphibians: frogs

Frogs are the largest reservoir of AMPs, which play a significant role in their defense mechanism. The skin secretions of the Pipidae frog family, including the genera Silurana, Xenopus, Hymenochirus, and Pseudhymenochirus are a rich source of AMPs with potent antimicrobial, immunomodulatory and anticancer activity (Conlon and Mechkarska, 2014; Patocka et al., 2019). Frog HDPs are produced in high concentrations and stored in the skin’s granular glands which are released immediately in retaliation to stress or tissue damage. These naturally occurring peptides are typically 8 to 48 amino acids in length and lack any conserved regions that are necessary for their therapeutic or biological activity. Most of them are cationic with hydrophobic amino acids and have shown therapeutic activity on mammalian cell lines (Conlon and Mechkarska, 2014). Frenatin 2D and Plasticin-L1 isolated from Alytidae and Leptodactylidae family of frogs did not show any anti-microbial activity but were found to stimulate the release of proinflammatory cytokines TNF-α, IL-1β, IL-12 from macrophages of mouse (Conlon et al., 2013; Scorciapino et al., 2013). Also, Plasticin-L1 enhanced IL-6 production but had no impact on anti-inflammatory IL-10 secretion (Scorciapino et al., 2013). The Tigerinins family of short, cyclic, cationic peptides with α -amidated C-terminus (present only in a few peptides) were isolated from the Dicroglossidae, Ranidae, and Pipidae families, demonstrated anti-inflammatory activity without hemolytic or antibacterial activity (Pantic et al., 2017). In both LPS-stimulated and unstimulated cells, they discovered that they could promote the production of the anti-inflammatory cytokine IL-10 by macrophages, splenocytes, and blood mononuclear cells (Pantic et al., 2014). Furthermore, tigerinin-1 V increased IL-6 production in LPS-triggered macrophages in mice. Tigerinin-1 M and -1 V significantly decreased IFN production in mononuclear cells isolated from mouse spleen, but had no impact on IL-17 release (Pantic et al., 2014). Studies have demonstrated that a number of HDPs, including the African clawed frog Xenopus laevis’s Magainin 1 and 2, Caerulein precursor fragment (CPF-AM1), and peptide glycine leucine amide (PGLa-AM1) stimulate the release of the immunomodulatory molecule glucagon-like peptide 1 (GLP-1), which reduces the immune system’s response to infection (Ojo et al., 2013; Insuela and Carvalho, 2017). Additionally, structurally distinct frog skin peptides, such as Esculentin-2CHa, Alyteserin-2a, and Pseudohymenochirins-1Pb and -2 Pa exhibited antibacterial and immunostimulatory properties (Pantic et al., 2017). However, no frog peptides have yet been used in clinical use as anti-infective or anti-inflammatory medicines. Further studies are underway, to understand HDPs interactions with immune cells and their impact on signaling pathways.



3.4 Host defence peptides from marine organisms

Peptides from marine organisms including fish, oyster, red algae, and mollusk demonstrate enhanced innate and adaptive immunity in host organisms. For example, Phosvitin-derived peptide Pt5 from Danio rerio increased the longevity rate of zebrafish infected with Aeromonas hydrophila by decreasing the expression of IL-1, IL-6, TNF-α, and IFN-γ secretions, while increasing the expression of IL-10 and IL-14 in spleen and kidney (Ding et al., 2012). In mice, Clavanin A and Clavanin-MO from Styela clava (Tunicate) altered cytokine synthesis by suppressing IL-12 and TNF-α and enhancing IL-1 (Lee et al., 1997; Silva et al., 2016). Shellfish Mytilus protein hydrolysate inhibited lipopolysaccharide stimulated nitrous oxide production in RAW 264.7 macrophages (Kim et al., 2013). Shark-derived protein hydrolysate (PeptiBal™) on oral administration enhanced intestinal cytokines (IL-6 and TNF-α) and immunoglobulin IgA production thereby leading to increase in TGF-β and IL-10. Thus indirectly decreasing the E.coli infection induced inflammation in the gut (Mallet et al., 2014). Although many HDPs from marine organisms were studied and formulated with biological enzymes and most of the peptides were tested only on animals. Clinical studies on humans still need to be conducted.



3.5 Host defence peptides from reptiles: snakes, crocodiles, lizards, turtles

In-silico analysis of reptile genomes (turtles, tortoise, snakes, lizards, crocodiles) was carried out to predict defensins and cathelicidins like peptides. In a lizard genome (Anole carolinensis or green anole) 32 β-defensin-like genes have been identified (Dalla Valle et al., 2012). First, in vivo role of β-defensins in wound healing and regeneration of lost tail was identified in the Anole lizard (Alibardi, 2013; Alibardi, 2014). Most of the β-defensin-like peptides found in lizards and snakes were expressed in heterophilic, azurophilic, and basophilic granulocytes whereas β-defensin (TBD-1) from turtles was found in leukocytes (Stegemann et al., 2009). However, no α-defensins have been identified. The second class of HDPs found in reptiles are cathelicidin-like peptides. Blast analysis with human cathelicidin revealed high similarity with cathelicidin-like peptides found in pit snakes, eastern brown snakes and elapid snakes (van Hoek, 2014; Zhao et al., 2008; Schmidt et al., 1992). Cathelicidin-like peptide genes have been also identified in Cobra king snake, Anole lizard, turtles, and crocodiles (van Hoek, 2014). However, no in vitro or in vivo studies were conducted to understand their immunomodulatory activity.



3.6 Host defence peptides from avians-birds

Like reptiles, only β-defensins were identified in birds. 14 chicken β-defensins cluster was identified on chromosome 3 (Hellgren and Ekblom, 2010) and three chicken Cathelicidin gene clusters were identified at a proximal end of chromosome 2 (Xiao et al., 2006a). The first avian defensin was isolated from leukocytes followed by the respiratory tract (AvBD 1, 2, 6, 10), reproductive system (testis- AvBD 1, 2, 4, 6, 10; ovary and oviduct AvBD 6, 10, 12) and spleen (AvBD 13). In vivo studies showed that duck AvBD2 has chemotactic activity toward CD4+, CD8+ T-cells and B-lymphocytes. This peptide was found to induce IFN-γ and IL-12 in mouse monocytes and enhanced CD3+, CD4+ and CD8+ T-cell proliferation (Cuperus et al., 2013). Cathelicidin especially Cath 1, 2, 3 are expressed in many tissues including lungs, tonsils, bone marrow, gastrointestinal tract, respiratory tract and lymphoid organs (Achanta et al., 2012). Cath 1 and 2 (fowlicidins) were found to inhibit the production of IL-1α, nitrous oxide, TNF-α and MCM-1 in mouse macrophages. They also inhibited lipopolysaccharide- induced macrophage activation (Bommineni et al., 2007; Xiao et al., 2006a; Xiao et al., 2006b).




4 The interaction between immunomodulatory HDPs and disease outcomes

Many of the diseases or disorders are associated with the immune system. As discussed in previous sections, HDPs directly or indirectly modulate immune cell secretions and release. These peptides play a critical role in disease progression and recovery. For example, Cathelicidin LL-37 was found to enhance increased uptake of CpG-oligonucleotide ligand by immune cells (CD4+ and CD8+ cells, B cells, neutrophils and macrophages), thereby enhancing the immunostimulatory and anti-tumor activity in ovarian cancer (Chuang et al., 2009). Human keratinocytes treated with Esculentin 1a (1–21), isolated from frog Rana esculenta, had enhanced STAT3 phosphorylation, thereby stimulating the transcription of downstream genes involved in wound healing (Di Grazia et al., 2015). By significantly altering the bovine neutrophil host defense peptide bactenecin, a small synthetic peptide known as innate defense regulator (IDR-)1018 was developed. This peptide acts as an immunoregulator, capable of suppressing the pro-inflammatory response by enhancing the production of selective chemokines and promoting cellular differentiation. It was found to enhance wound healing, anti-biofilm activity, cystic fibrosis and treatment of inflammatory diseases (neuronal damage and cerebral malaria) (Mansour et al., 2015). In both Type I and Type II diabetic Miletus, dysregulation in the HDP synthesis enhanced IFN-α synthesis leading to the progression of the disease (Sun et al., 2015). Also, low concentrations of HDPs were observed to enhance the pro-inflammatory responses thereby leading to multiple autoimmune disorders including rheumatoid arthritis, psoriasis, and systemic lupus erythematosus (SLE) (Kahlenberg and Kaplan, 2013).



5 The role of host defense peptides on immunomodulation in infectious disease management

Antimicrobial peptides are produced as key modulators of the innate immune system from various prokaryotic and eukaryotic organisms. Nowadays, with the alarming rise in infectious diseases, and bacterial resistance to traditional antibiotics, researchers are more inclined toward antimicrobial peptide-based treatment (Xuan et al., 2023). As we have previously discussed in the above sections, most of the AMPs from reptiles, amphibians and plants are studied on animal models and very less on human disease models. Among the very few peptides that have been studied, LL-37, a human cathelicidin, exhibits immunomodulatory activity as well as antimicrobial activity against E. coli and Staphylococcus aureus (Bhattacharjya et al., 2024). LL-37 promotes dendritic cell function contributing to efficient antigen presentation and activation of T cells in response to bacterial infections. Histatins, peptides obtained from human saliva, possess anti-bacterial and anti-fungal activity, by interfering with biofilm formation as well as activating host immune response (Kavanagh and Dowd, 2004). Protegrin-1, from porcine neutrophils, have immunosuppressive effect in chronic inflammatory diseases like sepsis (Javed et al., 2024). To tackle the SARS-CoV-2 pandemic, researchers developed models to incorporate defensins with T-cell and B-cell epitopes for developing vaccines against SARS-CoV-2. They also found that the binding of spike, nucleocapsid and membrane proteins with hBD-2 and hBD-3 escalates the immunogenic properties of the vaccine (Rahmani et al., 2022; Kumar et al., 2021; Guryanova and Ovchinnikova, 2022).



6 Prospects of peptides as therapeutics

Immunomodulatory host defense peptides affect a wide range of immune cells, including T-cells, B-cells, non-killer cells, macrophages, monocytes, CD4+ and CD8+ T cells. These peptides mainly act as ligands binding to Toll-like receptors transmitting signals via MAPK or TLR1/2 pathways enhancing activation of macrophages, stimulation of phagocytosis, an increase in leukocytes, increased production of immunoglobulins, and regulation of cytokines secretions, thereby modulating the innate and adaptive immunity in the host organisms. Due to these immunomodulatory activities, HDPs could be considered potent alternatives to antibiotics in the control of infections.

Clinical trials for many of these HDPs and their synthetic analogs are currently in various stages. Brilacidin, a synthetic peptide, has been effectively evaluated in phase II clinical trials for the treatment of acute bacterial skin infections. It has also been demonstrated to have antiviral activity against the SARS-CoV-2 virus (Hu et al., 2022). The Phase III clinical trials for pexiganan (MSI-78), an analog of magainin obtained from the African clawed frog Xenopus laevis, as a topical cream for diabetic foot ulcer treatment have been completed (Gomes et al., 2020). IDR-1 (Bactenecin), a synthetic peptide, is currently in phase I clinical trials to control inflammation, bacterial infection, and sepsis (Price et al., 2019). Some of the examples of synthetic peptides with immunomodulatory activity in phase II and III clinical trials were given in Table 2.



TABLE 2 List of immunomodulatory peptides under clinical trials.
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However, the development of these naturally occurring or synthetic analogs as therapeutics is quite challenging and limited. The cost of producing synthetic peptides is approximately 50 to 400 USD per gram (Afacan et al., 2012). Some of the peptides in clinical trials were found to stimulate histamine production from mast cells, which can be toxic to host cells (Izumiya et al., 1981). The third major concern is their instability. Studies show simple HDPs without disulfide bonds are highly susceptible to proteolytic cleavage by host cell proteases (Kim et al., 2014).



7 Conclusion

The present review summarizes antimicrobial peptides as immunomodulatory agents. Most of the studies have shown that these peptides are effective in alleviating innate and adaptive immunity. These peptides are considered alternative therapeutics for the treatment of microbial infections, wound healing, inflammation control, diabetic care, cancer and auto-immune diseases. However, most of the studies are animal-based studies and not involving human patients. Only a few of them are in clinical trials for further commercial therapeutic applications. To comprehend their structural complexity, ligand-receptor interactions, and mechanism of action, more research is required. Furthermore, the safety and biocompatibility of host defense peptides must be explored to be developed as potent therapeutic agents.
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