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Abstract

:

It is widely recognized that many chronic infections of the human body have a polymicrobial etiology. These include diabetic foot ulcer infections, lung infections in cystic fibrosis patients, periodontitis, otitis, urinary tract infections and even a proportion of systemic infections. The treatment of mixed infections poses serious challenges in the clinic. First, polymicrobial communities of microorganisms often organize themselves as biofilms that are notoriously recalcitrant to antimicrobial therapy and clearance by the host immune system. Secondly, a plethora of interactions among community members may affect the expression of virulence factors and the susceptibility to antimicrobials of individual species in the community. Therefore, new strategies able to target multiple pathogens in mixed populations need to be urgently developed and evaluated. In this regard, antimicrobial or host defense peptides (AMPs) deserve particular attention as they are endowed with many favorable features that may serve to this end. The aim of the present review is to offer a comprehensive and updated overview of studies addressing the therapeutic potential of AMPs in mixed infections, highlighting the opportunities offered by this class of antimicrobials in the fight against polymicrobial infections, but also the limits that may arise in their use for this type of application.
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1. Introduction


Over the last few decades, the importance of studying microbes as part of mixed-species communities rather than in isolation has become increasingly recognized [1]. Many human infections are in fact polymicrobial including oral infections, infected surgical wounds or diabetic foot ulcers, otitis media, urinary tract infections and lung infections in cystic fibrosis (CF) patients [1] (Table 1).



Several types of biological interactions can be established among members of a community, ranging from parasitism (one organism benefits at the cost of another) to commensalism (one organism benefits with no cost for another) or to mutualism (a type of relationship whereby both organisms benefit) [20]. Numerous studies have highlighted that microbial interaction within mixed infections may accelerate and worsen disease progression [21,22,23,24], but examples of antagonistic interactions that protect the host from disease also exist [25].



The treatment of polymicrobial infections adds additional therapeutic challenges as compared to their monomicrobial counterparts, as the efficacy of antibiotics or other antimicrobial agents may greatly differ when they are directed against single microbial species or towards communities composed of different combinations of microbes [26,27,28]. In this regard, one of the most studied examples is the interaction between Staphylococcus aureus and Pseudomonas aeruginosa, two bacterial species that often cohabit in chronically infected wounds or in the lungs of CF patients [24] (Figure 1).



For instance, it has been reported that P. aeruginosa exoproducts markedly decrease the sensitivity of S. aureus biofilms and planktonic populations to vancomycin, a frontline antibiotic used to treat methicillin-resistant S. aureus in CF patients [28]. Other reports have demonstrated that the P. aeruginosa exoproduct 4-hydroxy-2-heptylquinoline-N-oxide (HQNO) protects S. aureus from killing by commonly used aminoglycoside antibiotics such as tobramycin [29]. The identified mechanism was the ability of HQNO to induce the formation of small-colony variants (SCVs), slow-growing phenotypes of S. aureus exhibiting atypical colony morphology and exceptionally high and stable resistance to aminoglycosides and antifolate agents [30]. On the other hand, P. aeruginosa senses the presence of N-acetyl glucosamine (GlcNAc), a component of the cell wall peptidoglycan released by S. aureus during growth, commonly found in the CF lung [24]. GlcNAc enhances the Pseudomonas quinolone signal (PQS), which controls the production of a number of extracellular virulence factors involved in inflammation and tissue damage (e.g., pyocyanin, elastase, rhamnolipids and HQNO). PQS is one of the three quorum sensing (QS) systems present in P. aeruginosa; it uses HQNO as the main effector molecule, and is regulated by the other two P. aeruginosa QS systems, namely LasR (positive regulation) and RhIR (negative regulation). A similar virulence factor-inducing effect has been described for Autoinducer-2 (AI-2), a small diffusible QS molecule produced by several Gram-positive bacteria, including S. aureus [31] (Figure 1). As part of a competitive relationship with S. aureus, P. aeruginosa produces the endopeptidase LasA, a staphylolysin responsible for S. aureus lysis [24]. As the presence of S. aureus causes a down-regulation of the P. aeruginosa iron-regulated gene, it has been proposed that lysed S. aureus cells may represent for P. aeruginosa a source of iron in in vivo low-iron environments [32].



A major player in antibiotic tolerance and virulence during polymicrobial infections is biofilm formation [33]. Within a biofilm, an abundant extracellular polymeric substance (EPS) protects all microbial cells (including the non-producers) from a variety of harmful stimuli, including antibiotics and host defense factors (Figure 1). Adam et al. reported a striking example of how EPS alters antibiotic susceptibility in mixed infections [34]. They demonstrated that while an EPS-nonproducing mutant strain of S. epidermidis is normally highly sensitive to vancomycin, it is protected from the same antibiotic when grown in co-cultures with C. albicans [34]. On the other hand, the abundant EPS produced by the wild-type strain of S. epidermidis (RP62A) can inhibit fluconazole penetration in mixed fungi-bacteria biofilms, protecting C. albicans from the action of the antifungal drug [34]. Recently, an interesting mechanism by which C. albicans may promote multidrug tolerance in S. aureus was proposed [35]. S. aureus grown in dual cultures with C. albicans was found to display decreased intracellular ATP levels and lower membrane potential as compared to cultures lacking C. albicans. C. albicans-mediated nutrient deprivation was shown to cause decreased metabolic activity in S. aureus, inducing the formation of persisters, dormant cells highly tolerant to antibiotic treatment. Members of a polymicrobial biofilm may also produce antibiotic-modifying enzymes (e.g., β-lactamases) of which not only the producing species, but also the co-infecting species may benefit. Interspecies horizontal gene transfer is another mechanism that might facilitate the acquisition of antibiotic-resistant genes within a polymicrobial biofilm [33].



Despite the numerous examples correlating interspecies interactions in mixed infections with variations in pathogenicity and the antibiotic susceptibility of individual organisms, antibiotic therapies are often directed towards the most relevant pathogen, disregarding the consequences that the presence of other bacterial species may have in the pathogenicity and the response to antimicrobial therapy [36]. Therefore, new strategies targeting multiple pathogens in mixed populations and considering the multifaceted interactions that are established in the community need to be evaluated.



The interest in the use of antimicrobial or host defense peptides (AMPs) as antibiofilm agents has rapidly grown over the last few decades [37]. Many AMPs have shown activity in killing cells in biofilms, interfering with EPS production and stability, inhibiting QS-dependent biofilm formation, or preventing microbial adhesion when used to coat medical implants [37,38]. A manually curated database of AMPs specifically assayed against microbial biofilms (http://www.baamps.it/) was issued for the first time in 2015 [39] and has stimulated the development of several computational approaches to accurately predict anti-biofilm peptides [40,41,42]. Such approaches have revealed a prevalence of positively charged and aromatic residues, and the selective presence of some dipeptides and sequence motifs in biofilm inhibiting peptides (BIP) as compared to non-BIP, aiding the choice of potential AMP-candidates to direct toward preclinical development.



Despite the keen interest in AMPs as antibiofilm agents, their possible use against biofilm-associated polymicrobial infections is a relatively poorly investigated research area, but it has the potential to offer innovative and effective solutions for the treatment of co-infections (Table 2, Figure 2).



Firstly, AMPs often exert a wide spectrum of activity directed not only against Gram-positive and Gram-negative bacteria, but also towards fungi, viruses, and protozoa. This factor may represent an advantage over conventional antibiotics, especially in multidrug-resistant (MDR) infections, where the last-resort antibiotics, often narrow-spectrum, must be used (e.g., colistin against MDR P. aeruginosa or vancomycin against methicillin-resistant S. aureus). Secondly, unlike most antibiotics that target active cell processes, AMPs may act also against persisters that populate biofilms in high frequencies, and are regarded as major contributors to the relapsing nature of many biofilm-associated infections [43,44]. In this regard, we have recently demonstrated that AMPs of different origins and structures kill persister cells of both P. aeruginosa and S. aureus [43]. Each peptide exerted a broad-spectrum killing effect after short incubation times (3 h) and at concentrations similar to or even much lower than those of licensed membrane-targeting antibiotics, such as colistin and daptomycin. Thirdly, AMPs are often multifunctional molecules endowed with wound-healing and/or anti-inflammatory activities [45,46]. Last but not least, AMPs are versatile and prone to modifications that may optimize their antimicrobial and/or anti-inflammatory properties, or that allow for targeting them towards individual species within a mixed community [47,48]. Despite these favorable properties, obstacles to AMP-use in mixed infections may arise (Table 2), including the insurgence of community-based AMP-resistance mechanism, warranting further investigations to fully explore their potential in such kinds of infections.



The aim of the present review is to offer a comprehensive and updated overview of the studies addressing the therapeutic potential of AMPs in mixed infections (Table 3), highlighting the opportunities offered by this class of antimicrobials in the fight against polymicrobial infections, but also the limits that may arise in their use for this type of application. Selected examples of the AMPs tested against polymicrobial infections are discussed in the following paragraphs.




2. Bacteria–Bacteria Mixed Infections


2.1. Wound Infections


Due to the general aging of the world population, there is an increasing number of patients suffering from chronic diseases such as diabetes, cardiovascular diseases, cancer, and immunosuppression. Many of these conditions are causes of chronic wounds that include diabetic foot ulcers (DFU), venous leg ulcers, or pressure ulcers, and are estimated to be experienced by 1–2% of the population of developed countries during their lifetime [68]. The bacterial colonization of chronic wounds may lead to biofilm formation, which elicits local and systemic inflammation and negatively affects the healing process [69]. Chronic wounds are typically colonized by more than one bacterial species [5], with S. aureus and P. aeruginosa among the most common ones [6].



2.1.1. Conventional Therapy


Despite the high prevalence and the massive financial burden placed by chronic wounds on the healthcare system, innovations in clinical management and wound care have been scarce in the past century [70]. To prevent the bacterial infection of skin wounds, widely used antimicrobials such as iodine, silver, zinc oxide, and polyhexamethylene have a broad spectrum of antibacterial activity, but they are endowed with certain levels of cytotoxicity [71]. Routine therapeutic strategies (e.g., systemic use of antibiotics, operative debridement) require a long course of treatment, are expensive, and fail to produce satisfactory results [72]. Therefore, the development of new and more effective antimicrobials for clinical application is highly desired.




2.1.2. AMP-Based Therapy


AMPs are part of the innate skin defense mechanisms providing a first-line barrier to microbial insult [73]. Skin AMPs include β-defensins (BD), cathelicidins (human hCAP18/LL37), RNase 7, chemerin, and secretory leukocyte protease inhibitor (SLPI) [73]. For example, hCAP18/LL37, one of the best-characterized peptides in skin defense, is upregulated in the epidermis as a result of skin injury and infection, while mice deficient in the murine homolog of hCAP18/LL37 (CRAMP) are more susceptible to serious cutaneous streptococcal infections [74], highlighting the importance of AMPs in skin protection against bacteria.



AMPs hold promise as new therapeutic agents for infected wounds due to their broad activity spectrum, antibiofilm potential, immunomodulatory action, angiogenetic and wound-healing properties, and their ability to stimulate cell proliferation and migration [45,75,76,77]. However, only a relatively small number of AMPs have been tested as a new therapeutic strategy to prevent or treat polymicrobially infected wounds (Table 1). For instance, Chung and coworkers designed and synthetized a new short AMP (named DRGN-1), a derivative of the VK25 peptide found in the plasma of the Komodo dragon (Varanus komodoensis), a large species of lizard found on the Indonesian island of Komodo [49]. They demonstrated that the peptide significantly inhibits single species and mixed-species biofilms of P. aeruginosa and S. aureus in vitro at 24 h, as evaluated by the crystal violet staining of biofilms and confocal microscopy. The peptide was also tested in a mouse wound infection model. To this aim, full-thickness, 6 mm diameter round wounds were overlaid with a mixed biofilm of P. aeruginosa and S. aureus grown on agar for two days, and the kinetics of wound closure and the bacterial load were evaluated after peptide treatment. The results obtained demonstrated the ability of DRGN-1 to accelerate wound closure and reduce the bacterial count of both species. The efficacy of DRGN-1 to stimulate keratinocyte migration in a scratch-wound closure assay was also demonstrated, further stressing the potentiality of the peptide in the therapy of infected wounds.



The antimicrobial efficacy of individual AMPs can be greatly enhanced by combining them with other AMPs or with other antimicrobial agents [78]. Combination therapies have the undisputed advantage of being able to reduce the insurgence of resistance as well as the active concentrations of the combined drugs, with consequent attenuation of cytotoxicity and possible side effects. Gomes et al. recently assessed the combination of two AMPs, pexiganan and nisin, for their ability to control polymicrobial diabetic foot infections [50]. When tested against planktonic and biofilm cells of S. aureus, the dual AMP displayed an increased activity compared to pexiganan used alone, but this was not the case for P. aeruginosa monocultures or dual species cultures. It was suggested that the scarce effect elicited by adding nisine to pexiganan to target P. aeruginosa was due to nisin’s mode of action, which relies on its ability to bind lipid II with the consequent inhibition of cell wall biosynthesis [79]. As lipid II is located in the cytoplasmic membrane, the presence of an outer membrane in Gram-negative bacteria may hamper the peptide’s ability to reach its target, with reduced antimicrobial efficacy. A DFU collagen three-dimensional (3D) model was used to evaluate further the efficacy of the locally delivered dual AMP, incorporated in a guar gum biogel. When S. aureus and P. aeruginosa were inoculated as a dual species inoculum into the model, the strong antibacterial activity of the dual AMP biogel was observed against S. aureus, resulting in bacterial eradication from three different areas of the collagen scaffold. In contrast, the activity of the dual AMP biogel was null or scarce against P. aeruginosa, which was detected, instead, in all the areas of the model. These results highlight that P. aeruginosa might be a bacterial species particularly difficult to target with both conventional antibiotics and AMPs. In addition, the data obtained suggest that the mechanisms of action of the peptide(s) employed should be taken into consideration to target all the species of a mixed community with equal efficiency. Jorge and coworkers explored another AMP-based combination strategy, testing colistin sulfate salt (CST) combined with the AMPs temporin A (TEMP-A), citropin 1.1 (CIT-1.1) or tachyplesin I linear analogue (TP-I-L) against single and dual species biofilms of the two major wound pathogens P. aeruginosa and S. aureus [51]. They demonstrated synergistic/additive or indifferent activity against 24-h-old dual species biofilms, depending on the antimicrobial combination and strain tested (reference strains, or MDR clinical isolates). Although in mixed biofilms the initial bacterial number was the same for the two species, at 24 h the biofilms were predominantly composed of P. aeruginosa, suggesting the establishment of competitive interactions between the two species during the incubation period. The AMP concentration required to target the dual species biofilms was overall higher than that required to treat mono-species biofilms, with some of the combinations demonstrating a high level of cytotoxicity against mammalian cells [51].



Despite their potential, the delivery of AMPs for topical applications represents a challenge as they are susceptible to degradation by bacterial and host proteases and/or sequestration by molecules present in the wound environment (e.g., serum proteins). Therefore, the development of appropriate delivery systems to increase peptide stability, and reduce peptide-mediated toxic effects, while ensuring a sustained and long-term peptide release, is considered critical to maximize the antimicrobial and wound healing effects [80,81]. A de novo designed cationic, amphiphilic peptide (ASP-1), formulated within a hydrophilic polyurethane (PU)-based dressing, was evaluated in vitro against MDR wound pathogens [52]. A polymicrobial poloxamer biofilm model was used for this aim. In the model, a 30% poloxamer 407 cold solution is mixed with a bacterial suspension and layered on a glass slide where the poloxamer forms a gel when it reaches room temperature, simulating the biofilm conditions. The polymicrobial biofilm, consisting of four species (S. aureus MRSA 6313, A. baumannii 6043, K. pneumonia 6066, and P. aeruginosa 6162 obtained from the clinical isolate collection at Trideum Biosciences, Frederick, MD, USA), was covered with the ASP-1-loaded PU dressing and incubated at 37 °C for 24 h. Total bacterial count was then assessed and compared to that of a solution of ASP-1, the gauze control, the placebo dressing and a commercial silver-based dressing. Interestingly, a more than 8-log reduction in total bacteria count was observed with the ASP-1 PU dressing as compared to the gauze controls. Of note, the delivery of the peptide from the dressing proved to be much more efficient than a peptide solution containing the same total amount of ASP-1, and moderately more efficient than the silver-based dressing. Unfortunately, in that study only total bacterial count was determined, impeding the evaluation of whether the antibacterial action of the ASP-1 PU dressing was homogenously directed towards the different species within the mixed population. Nevertheless, the results obtained suggest that the used dressing contributed to the stability and localized delivery of the peptide, resulting in higher efficacy in a polymicrobial infection model.



A different dressing, consisting of alginate (ALG), hyaluronic acid (HA), and collagen (COL), was recently used for chemically cross-linking the AMP Tet213 (Figure 3) [53]. In vitro drug release studies revealed that there was a burst release of Tet213 from the ALG/HA/COL-AMP dressings within the first day of incubation, followed by a sustained release of the peptide for 14 days. When tested in a rat model of Escherichia coli–S. aureus mixed wound infection, the ALG/HA/COL-Tet213 dressing accelerated the skin wound closure and healing as compared to the ALG/HA/COL and gauze controls. Furthermore, while at day 4 the number of bacteria per wound in the gauze group was approximately 4.2 × 104 for E. coli and 1.8 × 107 for S. aureus, in the ALG/HA/COL-Tet213 group this number was significantly reduced, reaching ~0 CFU/wound for E. coli and 45 CFU/wound for S. aureus, indicating a broad-spectrum activity of the dressing. Interestingly, at day 7 post-infection, an increased collagen deposition and neo-vascularization was observed in the wounds treated with the ALG/HA/COL-Tet213 dressing as compared to the gauze controls, highlighting the multi-functionality of the AMP dressing. The multi-functionality (i.e., the ability to evoke different kinds of favorable effects) is a clear advantage of many AMPs versus the majority of conventional antibiotics, and makes it possible for an AMP to show efficacy in vivo, despite its modest or absent direct antimicrobial activity against the invading pathogens in standard in vitro microbiological tests. The proline-rich antibacterial peptide A3-APO is a striking example of this. The peptide was tested in a mixed K. pneumoniae–A. baumannii–Proteus mirabilis mice wound infection model [54]. Untreated animals died following 22 h infection with no apparent sign of bacteremia, but became paralyzed, suggesting the involvement of the endotoxin released by the Gram-negative pathogens. In contrast, the A3-APO-treated animals displayed a decreased inflammation of the wound sites and a prolonged survival, despite the fact that the peptide was virtually inactive in vitro against the three strains used. A3-APO was found to stimulate the secretion of the anti-inflammatory cytokines IL-10 and IL-4 by peripheral blood mononuclear cells, suggesting that its protective role might be due, at least partially, to the prevention of inflammation at the site of infection [54].





2.2. Respiratory Infections


Lung infections are often polymicrobial, as seen in patients suffering from ventilator-associated pneumonia, CF, non-CF bronchiectasis or chronic obstructive pulmonary disease [2,3].



2.2.1. Conventional Therapy


Conventional approaches to treating polymicrobial lung infections consist of the administration of broad-spectrum antimicrobials largely aimed at targeting “traditional” pathogens, such as P. aeruginosa, S. aureus, H. influenzae, and B. cepacia complex [4]. In addition to these species, other bacterial, fungal or even viral pathogens, typically isolated concurrently in CF sputum specimens, may greatly influence the progress of the infection and the response to antimicrobial therapy (see Section 3 and Section 4). The consideration of the complexity of the lung community may help to explain why conventional therapies are often less effective than one could expect based on in vitro susceptibility testing. In addition, considering that many microbial species are difficult to culture [82], broad-spectrum antimicrobial agents (e.g., AMPs with antibacterial, antiviral and antifungal activity) could represent a valuable option.




2.2.2. AMP-Based Therapy


Host AMPs represent key elements in the innate defense of the lung, with defensins and cathelicidins being the peptide families most represented in the airway secretions [83]. They can contribute to host defense in the lung by killing the pathogens as well as by modulating the host inflammatory response. These favorable properties have stimulated investigations on their exogenous administration to prevent/treat infections [84,85,86]. Only a few AMPs have been tested in lung polymicrobial infections. One of these peptides is the Tachyplesin III, a β-sheet peptide from the hemocytes of the horseshoe crab (Tachypleus tridentatus), which has been tested in bacterial co-infection pneumonia [55]. As compared to mono-bacterial infection, the intranasal co-infection of mice with MDR P. aeruginosa and A. baumannii caused a more serious disease, with increased pro-inflammatory cytokines (IL-1β, IL-6, TNF-α) and chemokines (MCP-1/MIP-2) and reduced survival. The pretreatment of mice with a single dose of Tachyplesin III (10 mg/kg, i.v.) could prolong mice survival and significantly reduce the total bacterial count in the bronchoalveolar lavage fluid, as compared to the untreated or meropenem-treated control mice groups. Interestingly, the peptide was also found to reduce the serum level of the pro-inflammatory cytokines IL-1β, IL-6, and TNF-α, and to decrease inflammatory cell infiltration, vascular leakage, and alveolar disruption in the Tachyplesin III-pretreated group as compared to the co-infected group or the meropenem-treated group. Finally, when tested in vitro, the peptide displayed the ability to enhance the phagocytic function of mouse alveolar macrophages, suggesting that its prophylactic efficacy might be due to multimodal mechanisms of action.





2.3. Oral Infections


Another striking example of mixed biofilm-associated bacterial infection is periodontal disease. This comprises a wide range of clinical manifestations that span from a mild and reversible gingivitis to severe, chronic periodontitis, which may lead to the progressive destruction of bone and connective tissue in the periodontal area, with consequent tooth loss [12]. It is largely accepted that specific groups of oral bacteria, such as those belonging to the “red complex” (e.g., P. gingivalis, T. forsythia, T. denticola), play a causative role in the development of periodontitis by invading periodontal tissues and secreting numerous virulence factors [13]. Nevertheless, equally important in the pathogenesis of the disease is the uncontrolled host pro-inflammatory response to bacterial invasion, which includes the upregulation of proinflammatory cytokines, matrix metalloproteinases, and reactive oxygen species, all of which contribute to the tissue damage and loss of teeth commonly associated with periodontitis [87].



2.3.1. Conventional Therapies


Despite the partially specific microbial etiology of periodontitis, the standard treatment of the disease remains highly unspecific, mainly consisting of the mechanical debridement of the root surface [88]. Although successful in many patients, the difficulty of reaching deep and tortuous pockets renders such a therapeutic procedure ineffective in a proportion of diseased sites/patients. Because of these limitations, the systemic or local administration of antibiotics (e.g., amoxicillin, tetracycline, and metronidazole) might be used as an adjunctive therapy to mechanical debridement, although the emerging antibiotic resistance in oral bacteria may limit the treatment’s effectiveness [89].




2.3.2. AMP-Based Therapy


Several AMPs are naturally produced in the oral cavity as part of the innate immune system, and they are believed to greatly contribute to maintaining microbial homeostasis and health status in the oral district [90,91]. As many AMPs have shown good activity against oral bacteria, their use to prevent/treat oral infections seems promising, although their antimicrobial potency in the oral cavity might be challenged by the presence of saliva or crevicular fluid, due to high salt concentration, the presence of proteases of host/bacterial origin, or sequestration by the macromolecules present in such fluids [92,93,94]. Wang and coworkers reported the ability of a synthetic cationic AMP, Nal-P-113, to exert a significant bactericidal activity against oral pathogens, i.e., Streptococcus gordonii, Fusobacterium nucleatum and P. gingivalis, in both planktonic and polymicrobial biofilm states [56]. The peptide is the optimized derivative of another peptide, P-113 (AKRHHGYKRKFH-NH2), in which histidine residues were replaced with the bulky amino acid β-naphthylalanine, resulting in increased salt resistance [95]. Nal-P-113 retained more than 85% integrity after 8 h incubation in phosphate buffered saline (PBS), saliva from healthy donors, brain heart infusion medium, and bovine calf serum. Importantly, at a concentration that only causes slight damage to normal oral cells (1.28 mg/mL), Nal-P-113 was able to eradicate triple strain biofilms of S. gordoni, F. nucleatum and P. gingivalis, while the minimum biofilm eradication concentrations of penicillin and metronidazole were 2 mg/mL and 80 mg/mL, respectively. It is noteworthy that many AMPs (e.g., beta-defensins, human neutrophil defensins, the human cathelicidin LL-37) have shown lipopolysaccharide (LPS)-neutralizing activities against periodontopathogens, causing the inhibition of the IL-1β, IL-8, and intercellular adhesion molecule 1 (ICAM-1) expression induced by LPS from P. intermedia and T. forsythia in THP-1 cells and human gingival fibroblasts [96]. Altogether, these results suggest that AMPs may be considered as preventive and therapeutic agents against mixed bacterial infections, such as periodontitis, by killing the pathogens as well as by reducing the activity of LPS and disease-associated inflammation.





2.4. Sepsis


Sepsis is a serious life-threatening condition characterized by an excessive systemic inflammation following a blood stream infection (BSI). It is a major public health problem and one of the most common cause of death worldwide during hospital stay [97]. Almost 60% of all types of hospital-acquired BSI originate from vascular access devices (catheter-related blood stream infections, CRBSI) [98]. Such devices are widely used, especially in critically ill patients for the administration of fluids, chemotherapy, antibiotics, or nutritional solutions. Although an integral part of modern medical practice, intravascular catheters are prone to colonization by skin microorganisms that eventually develop a biofilm on the foreign body surfaces (external and internal) [99]. As the biofilm matures, single microorganisms or biofilm particles may detach and gain access to the blood stream, leading to a CRBSI. Polymicrobial BSI is gaining epidemiological significance, as it accounts for 5–38% of all BSI and is reported to evolve into deadly sepsis at a higher rate than monomicrobial bacteremia [17,18,100].



2.4.1. Conventional Therapies


Among others, inadequate antimicrobial therapy that fails to target all microorganisms involved (often multi-antibiotic resistant) is a factor associated with increased mortality in polymicrobial sepsis [18]. Furthermore, antibiotic treatment in sepsis may cause the lysis of bacterial cells with the consequent release of cell wall-associated proinflammatory components (e.g., LPS) that, in turn, amplify the inflammatory cascade. Thus, an efficacious therapeutic intervention in polymicrobial sepsis must be broad-spectrum, able to target resistant bacteria, and possibly capable of reducing the sepsis-associated pro-inflammatory response.




2.4.2. AMP-Based Therapy


Su et al. evaluated the potential of Epinecidin-1, an AMP from orange-spotted grouper (Epinephelus coioides), in treating polymicrobial sepsis and endotoxemia [57]. Polymicrobial sepsis was induced in mice via cecal ligation and puncture (CLP) [101]. At a period of 30 min from surgery, mice were treated with Epinecidin-1 (50 mg/kg) by intraperitoneal injection, and pathology, immune response and survival rate were evaluated as compared to the control groups (CLP + saline injected mice). Mice treated with Epinecidin-1 displayed an increased survival rate as compared to the CLP + saline group. In addition, Epinecidin-1 injection markedly improved CLP-induced lung injury and immune cell accumulation, and decreased the level of systemic inflammatory markers (i.e., IL-6, IL-12, IL-18, and TNF-α) and peritoneal bacterial load. Similar protective effects were also observed in mice following LPS-induced endotoxemia. As in the case of periodontitis, the potential of AMPs to target both bacterial proliferation and the inflammatory response may be a benefit over classical antibiotics.



A murine polymicrobial sepsis model was also employed to assess the therapeutic potential of three newly developed synthetic AMPs, specifically designed to bind the lipid A part of endotoxins [58]. Among them, peptide 19–2.5 (Pep2.5) was found to significantly increase the physical activity of mice, evaluated by means of a predefined scoring system ranging from 1 (healthy) to 5 (agony), as compared to control mice, following 24 h of CLP-induced sepsis. Furthermore, continuous Pep2.5 infusion reduced the markedly elevated IL-6, IL-10 and monocyte chemoattractant protein serum levels in septic animals and CD14 mRNA expression in the heart, lung and spleen, suggesting a potential of the peptide in the treatment of sepsis. Interestingly, the same peptide was found to attenuate the cardiac dysfunction, often associated with sepsis, in a murine polymicrobial sepsis model by preventing the downregulation of cardiac sarcoplasmic reticulum Ca2+-ATP-ase (SERCA2), highlighting the multimodal action of many AMPs [59].





2.5. Infections of the Lower Female Reproductive Tract


Bacterial vaginosis (BV) is a common mucosal infection that affects a large percentage of women of reproductive age. It is characterized by a shift from a Lactobacillus-dominated commensal flora towards a mixed flora of facultative and obligate anaerobic bacteria [102].



2.5.1. Conventional Therapy


The standard treatment is the administration of metronidazole, clindamycin or tinidazole orally or intravaginally. However, the treatment with these antibiotics is associated with high levels of failure and recurrence rates due to antibiotic resistance, inability to eradicate the polymicrobial biofilms, or failure to reestablish acidic pH and the Lactobacillus-dominated commensal flora [7]. Therefore, alternative strategies to replace or to be combined with standard therapies to prevent and treat BV more efficiently are under evaluation.




2.5.2. AMP-Based Therapy


Zhu and coworkers tested the therapeutic potential of the AMP HPRP-A2 in combination with chlorhexidine acetate (CHA) in a rat vaginitis infection model [60]. They infected the animals intravaginally with a 1:1 suspension of E. coli and S. aureus. After 8 days of treatment with HPRP-A2, CHA or their combination, the vaginal bacterial count was evaluated. In both low-dose and high-dose treatment groups a statistically significant reduction in the CFU counts of both bacterial species was observed as compared to the control animals. The highest rate of inhibition was observed in the animals treated with the HPRP-A2-CHA combination. For instance, as compared with the untreated controls, the reduction in the CFU count of E. coli and S. aureus treated with a high dose of HPRP-A2 or CHA alone ranged from 56.9 to 67.3%, while their combination reached an inhibition of 99.9%, stressing the possibility of successfully combining AMPs with conventional drugs to obtain a synergistic therapeutic effect.






3. Bacteria–Fungi Mixed Infections


Bacteria and fungi often co-exist in the same environmental and body niches, forming polymicrobial biofilms and establishing interkingdom interactions whose importance in the pathogenesis of many infections is progressively emerging [1,103]. Bacteria–fungi mixed infections may occur in several body districts, including the skin, the oral cavity, the lung, the gastrointestinal tract, the lower female reproductive tract, as well as the blood stream often as a consequence of the mixed colonization of intravenous access devices [19,103,104]. Bacteria and fungi can interact through several means in mixed biofilms. These include coaggregation, the mutual induction of resistance to antibacterial/antifungal drugs, the reciprocal modulation of invasive properties or the expression of virulence factors [103]. One of the most studied bacteria–fungi interactions is that which establishes between Candida and Staphylococcus. It has been reported that S. aureus binds in high numbers to C. albicans hyphae, and that the bacterium shows an increased resistance to vancomycin in the presence of the yeast [27]. C. albicans can also interact with P. aeruginosa, and such an interaction favors the development of candidiasis in a mouse burn model [105]. This effect was ascribed to the production of the virulence factor elastase by P. aeruginosa, which may have promoted tissue damage and facilitated C. albicans dissemination from the skin. Bacteria–fungi interactions are also very relevant in the oral cavity, where C. albicans interact at different levels with streptococci (e.g., S. mutans, S. gordonii) or periodontal pathogens (e.g., P. gingivalis, Aggregatibacter actinomycetemcomitans) with a synergistic effect on colonization and the pathogenesis of oral diseases [103].



3.1. Conventional Therapy


The chemotherapeutic treatment of bacteria–fungi polymicrobial biofilms requires a combination of antibiotics and anti-fungal agents, but it has been reported that such a combination strategy shows poor efficacy, usually failing in c.a. 70% of infections [27]. In addition, as the contribution of fungi in a clinical infection is often missed during microbiological diagnosis by standard culture methods, the patient is treated for mono-species bacterial infection and the cure is not obtained [103]. Thus, antimicrobial agents with broad inter-kingdom activity would help in targeting this type of infection.




3.2. AMP-Based Therapy


As several AMPs exert both antibacterial and antifungal activity [106,107,108], they could serve in this area. For instance, de Alteriis and coworkers recently tested the activity of the membranotropic peptide gH625 and its derivative gH625-GCGKKK in impairing polymicrobial biofilms formed by C. tropicalis and the Gram-positive S. aureus or the Gram-negative Serratia marcescens [61]. By using scanning electron microscopy (SEM) and differential fluorescence staining, they demonstrated in mature mixed biofilms the presence of a dense network of fungal (both yeast-like and elongated forms) and bacterial cells, surrounded by an abundant extracellular polymeric substance. When tested in a biofilm prevention assay, gH625-GCGKKK showed a higher inhibitory capacity than gH625, inhibiting the biofilm formation of both fungal–bacterial combinations by 80% at a concentration lower that its MIC (50 µM). Unfortunately, inhibition was only evaluated as the reduction in biofilm biomass via crystal violet staining, and not by differential CFU count on selective media, impeding evaluation in the mixed biofilm if the peptide-inhibitory activity was preferentially directed against the fungus or the bacteria. The two peptides were also active in eradicating biofilms of C. tropicalis and S. marcescens, or C. tropicalis and S. aureus, pre-formed on both polystyrene 96-well plates and medical-grade silicone plates. As gH625 is also able to act as a cell-penetrating peptide [109], the authors suggest a therapeutical potential of these peptides in destroying pre-existing biofilms, and as carriers for other anti-infective agents for a synergistic anti-biofilm effect.



Gupta and coworkers [62] performed another interesting and exhaustive study. They screened 20 cholic acid-peptide conjugates (CAPs) for their antimicrobial activity against different Gram-positive bacterial and fungal strains. Among them, the valine–glycine-derived CAP-3 exhibited a broad antimicrobial spectrum, inhibiting the growth of both S. aureus and C. albicans at the concentrations of 8 and 4 µM, respectively. Importantly, the same CAP showed a higher selectivity towards microbial cells than mammalian epithelial cells, did not induce resistance in either S. aureus or C. albicans following multiple passages in vitro, and was active towards persisters and stationary phase cells, which are usually highly tolerant to conventional antibiotics. CAP-3 showed a striking ability to reduce interkingdom polymicrobial biofilms formed by S. aureus and C. albicans, causing a 4- to 5-log reduction in the CFU of both species at 32 µM. Of note, the CAP-3 treatment alone was as effective as the combination of ciprofloxacin and fluconazole used as the positive control. At the same concentration of 32 µM, CAP-3 significantly reduced the polymicrobial biofilms pre-formed on silicon catheters, while CAP-3-coated catheters prevented the formation of the same biofilms. Finally, the therapeutic efficacy of CAP-3 was confirmed in mice, in two different infection models. In the first one, the peptide was administered three times per day for three days to skin-injured neutropenic mice, wound-infected with both S. aureus and C. albicans. The quantification of the microbial burden on day four by differential CFU count revealed a 2-log decrease in both S. aureus and C. albicans colonies in mice treated with CAP-3, as compared to the untreated control mice. In the second model, a combination of bioluminescent S. aureus and C. albicans was used to infect CAP-3-coated catheters subcutaneously inserted in BALB/C mice. The quantification of the bioluminescence using in vivo imaging showed a significant reduction in both bacterial and fungal load in mice with CAP-3-coated catheters as compared to control mice, highlighting the efficacy of CAP-3 in preventing catheter-related dual species infections.





4. Bacteria–Virus Mixed Infections


Interkingdom interactions are not limited to those between bacteria and fungi. Emerging evidence suggests that complex interplay may also be established between bacteria and viruses, significantly impacting the outcome of the mixed infection and the response to antimicrobial/antiviral therapy [110]. Although bacteria are not permissive to eukaryotic virus infection, they can promote viral fitness by enhancing virion stability, promoting the infection of eukaryotic cells, or increasing coinfection rates. On the other hand, viruses binding to bacteria may promote bacterial adherence to eukaryotic cells [110].



4.1. Conventional Therapy


Our knowledge of bacteria–virus interactions in human infections is still limited. Clinical studies suggest that such interactions may occur in patients with CF where P. aeruginosa and respiratory syncytial virus (RSV) are the two main pathogens [111]. RSV infection has been reported to promote the biofilm mode of growth in P. aeruginosa [112], and to increase bacterial resistance to frontline traditional antibiotics [63].




4.2. AMP-Based Therapy


The cationic AMP WLBU2, a 24-residue peptide composed of only arginine, valine and tryptophan, was recently tested against mature biofilms of P. aeruginosa formed on polarized bronchial epithelial cells pre-infected with RSV [63]. After as little as 1 h of treatment, the peptide at 50 µM reduced the biofilm-associated P. aeruginosa burden by approximately 10-fold, while in the same conditions the human cathelicidin LL37 was completely inactive. Fluorescence microscopy experiments demonstrated that the reduction in biofilm biomass was around 70% after 1 h of treatment with 10 µM WLBU2. Furthermore, the peptide treatment did not alter either the endogenous expression of AMPs or the cytokine and chemokine gene expression by bronchial epithelial cells, suggesting that the antibiofilm effect was due to a direct interaction of the peptide with bacteria, and not to its ability to stimulate mechanisms of clearance by airway epithelium. Importantly, WLBU2 was also able to inhibit viral infectivity, demonstrating the potential of engineered AMPs to act as cross-kingdom single-molecule combination therapies. Rollins-Smith and coworkers recently proposed another example of such a type of application [64]. They reported that a number of caerin 1 AMPs, derived from Australian amphibians, inhibit in vitro the infectivity of HIV and its transfer from dendritic cells to T cells. Two of these AMPs (caerin 1.9 and 1.10) were also found to inhibit the growth of Neisseria lactamica, a surrogate for the pathogenic N. gonorrhoeae, disclosing their potential in the simultaneous prevention/treatment of two major sexually transmitted infections.





5. Single- or Multiple-Targeted AMPs to Discriminate Pathogens within Mixed Communities of Beneficial Bacteria


The importance of polymicrobial infections is increasingly being recognized not only for the multiple interactions that are established among potential pathogens, but also for the interplay among pathogens and members of the commensal flora. The latter greatly contributes to the maintenance of host health status by establishing competitive interactions with pathogens or by inhibiting their virulence, including biofilm formation. Thus, the possibility of preserving the protective normal flora while targeting pathogenic bacteria in the mixed community would be a highly desirable property of innovative antimicrobial agents when the etiology of the infection is known. Unlike most antibiotics that may lose activity if their basic structure is modified, AMPs are particularly prone to molecular alteration. They can be optimized by altering their primary sequence through the incorporation or deletion of hydrophobic or charged amino acids, which has been shown to affect their selectivity for Gram-positive, Gram-negative or fungal membranes [113,114,115,116]. The killing of specific pathogens within a mixed bacterial population has been achieved in vitro by AMPs, referred to as specifically targeted antimicrobial peptides (STAMPs). These are polyfunctional molecules where a domain endowed with antimicrobial activity is combined through a flexible linker with other domains specifically designed to target one or more pathogenic species. For instance, the STAMP C16G2 (TFFRLFNRSFTQALGKGGGKNLRIIRKGIHIIKKY) consists of a region (C16, amino acids 1 through 16) specifically targeting S. mutans, a bacterial species playing a primary role in the onset of dental caries, attached by means of three glycine residues to a novispirin-derived AMP that represents the “killing” region (G2, amino acids 20 through 35) [117]. C16G2 has been demonstrated to specifically eliminate S. mutans, and not other oral streptococci, in both planktonic- and saliva-derived biofilms. Furthermore, multispecies biofilms from which S. mutans has been eliminated through C16G2 treatment have been shown to resist colonization from exogenous S. mutans. The rapid mechanism of action of C16G2, which kills S. mutans within one minute of exposure, and its solubility in aqueous solution have suggested its employment as a mouth rinse. A pilot clinical study on 12 subjects demonstrated that a single rinse with C16G2 was able to cause a statistically significant reduction in S. mutans burden in plaque and saliva, as compared to a placebo, with minimal impact on total plaque bacteria. Such a reduction was associated with higher plaque pH, lower acid production and the prevention of enamel demineralization [118]. Other STAMPs have been designed to specifically target Pseudomonas spp. [119], P. aeruginosa [48] or P. aeruginosa + S. mutans (“dual-targeted” antimicrobial peptide) [120], demonstrating high specificity when tested against mixed cultures. Interestingly, the aforementioned peptide caerin 1.9 with anti-HIV and anti-N. lactamica activity was also found to be inactive against two lactobacilli species (Lactobacillus rhamnosus and L. crispatus), which are normal inhabitants of vaginal flora with a recognized protective effect in the vaginal environment [64]. Thus, AMPs appear not only as highly versatile molecules with the potential to be used as a broad-spectrum mono-therapy in infections with probable mixed etiologies, but also as highly specific narrow-spectrum tools able to target individual pathogens while leaving beneficial bystander flora unaffected.




6. AMP Mimetics against Polymicrobial Infections


A few AMP mimetics have been evaluated as antimicrobials against polymicrobial infections (Table 3) [65,66,67]. Of note, AMP mimetics may help to overcome some of the drawbacks that still limit the therapeutic use of many AMPs. This is the case of peptoids, oligo N-substituted glycines in which the side chains are appended to the nitrogen atom of the peptide backbone, rather than to the α-carbons (as they are in amino acids) [121]. Peptoids exert many features of AMPs, but show an increased resistance to proteolytic degradation [122]. Among a library of 18 linear peptoids, three (peptoids 5, 7 and 17) were recently tested against mixed-species biofilms of C. albicans and either S. aureus or E. coli [67]. Peptoid 17 (NahNspeNspe)3 was identified as the most promising candidate. It exhibited low toxicity towards HepG2 epithelial and HaCaT keratinocyte cell lines. Furthermore, at 10 µM, it displayed significant activity against S. aureus in a mixed-species biofilm with C. albicans, and showed good activity against both species in the C. albicans and E. coli biofilm at higher concentrations. It is noteworthy that C. albicans appeared to be less susceptible to peptoid 17 when in a biofilm with S. aureus than in a mono-species biofilm, but this did not appear to be the case with E. coli. Such an observation suggests that it might be worth planning future studies to evaluate the impact of polymicrobial cultures on the susceptibility of individual species to AMPs or peptoids.




7. Potential Difficulties Arising in the Use of AMPs against Mixed Infections


Despite the numerous advantages underlined above, difficulties may arise when using AMPs against mixed infections. Such difficulties add to the known obstacles that still limit the therapeutic use of AMPs, which include susceptibility to protease degradation, sequestration by biological fluids, inactivation by physiological concentrations of salts, and potential toxicity towards eucaryotic cells, adding complexity to the development of AMP-based therapeutics. For example, when evaluating the use of AMPs against mixed infections, the possible emergence of community-based mechanisms of resistance to AMP candidates or the need to increase doses to control the infection should be considered (Table 2).



In a polymicrobial biofilm, the EPS produced by an individual species may rescue other members of the community from attack by AMPs. A major role of EPS in biofilm resistance to AMPs has been extensively highlighted in a previous review by us [37]. Cationic AMPs may be sequestered by negatively charged EPS (e.g., P. aeruginosa alginate), or rather repulsed by positively charged EPS (e.g., the S. aureus polysaccharide intercellular adhesin-PIA- at neutral pH), with a consequent decrease in antibiofilm activity [37]. The contribution of this mechanism to AMPs resistance in polymicrobial communities is still largely unknown. Interestingly, the expression of alginate was found to increase when P. aeruginosa and Stenotrophomonas maltophilia were grown in a mixed biofilm, suggesting that this mechanism might be important in polymicrobial environments [123]. Another study reported that a mixed population of mucoid (alginate over-producers) and non-mucoid P. aeruginosa variants exhibits enhanced resistance to the host AMP LL-37 [124]. The exogenous addition of alginate to non-mucoid variants rescued the bacteria from LL-37 killing, suggesting that alginate production by mucoid isolates may represent a shared benefit in mixed communities of mucoid and non-mucoid P. aeruginosa, often co-existing in CF lungs. Psl, a further major polysaccharide of the P. aeruginosa biofilm matrix, was reported to provide a generic first line of defense toward different antibiotics/AMPs during the initial stages of biofilm development [125]. When antibiotic-sensitive “non-producing” cells lacking Psl were mixed with Psl-producing strains, the former could gain tolerance to antibiotic treatment. Psl-mediated protection was extendible also to E. coli and S. aureus, which became tolerant to the cyclic AMP colistin and to tobramycin, respectively, in mixed biofilms [125].



Another potential mechanism of AMP-resistance occurring in polymicrobial biofilms could be the induction of a phenotypic switch in specific members of the community by exoproducts released into the environment by cohabitant microbial species. As reported in the introduction, it has been well documented that P. aeruginosa exoproducts may induce, in S. aureus, the formation of SCVs [30]. Besides being intrinsically resistant to conventional antibiotics, such phenotypic variants have been reported to show decreased susceptibility towards a number of naturally occurring AMPs, including the human beta-defensin (hBD)-2 and -3, RNase 7, and LL-37 [126]. Thus, the phenotypic switch induced by a community member could represent an obstacle to the therapeutic use of synthetic AMPs against polymicrobial infections, as well as a mechanism of evasion by naturally occurring AMPs as part of the innate immune system.



Ryan et al. [26] have described a different mechanism of exoproduct-mediated tolerance to AMPs in mixed infections. They demonstrated that S. maltophilia produce a diffusible signal factor (DSF) that influences biofilm formation and polymyxin tolerance in P. aeruginosa. Such a response in P. aeruginosa is mediated by a sensor kinase (PA1396) that leads to increased levels of several proteins with roles in bacterial stress tolerance, including those implicated in resistance to cationic AMPs. P. aeruginosa and S. maltophilia co-inhabit a number of environmental niches, including the lungs of CF patients. Thus, in the presence of DSF-producing S. maltophilia, P. aeruginosa could gain tolerance to host AMPs or to AMPs used as therapeutic agents, including polymyxin E, which represents a last-resort drug for MDR P. aeruginosa treatment.



AMP-resistance could also be conferred by one species to other species sharing the same microenvironment through protease production. Important pathogens, such as P. aeruginosa or P. gingivalis, produce high levels of proteases as virulence factors [127,128]. In a polymicrobial biofilm infection, protease high-producing members could protect themselves, and also low- or no-producing neighbors, from AMP killing (e.g., P. aeruginosa in polymicrobial lung infections or P. gingivalis in mixed oral infections, such as periodontitis).



Finally, the vicinity of bacterial cells within a mixed community may favor the inter-species exchange of genetic elements, some of which might be involved in AMP-resistance (e.g., genes encoding for efflux pumps or for proteases) [129].



The dose of AMPs required to target mixed infections is another important issue. In principle, if individual members of a community show different degrees of susceptibility to an AMP candidate, a concentration at least able to affect the least susceptible member needs to be selected. Such a concentration is likely to increase further as the number of community members increases. For instance, the Nal-P-113 peptide (Table 3) was reported to have minimum biofilm eradication concentration (MBEC) values of 0.32 mg/mL against single strain biofilms of F. nucleatum and P. gingivalis, 0.64 mg/mL against dual-strain biofilms (F. nucleatum + P. gingivalis), and 1.28 mg/mL against triple-strain biofilms (F. nucleatum + P. gingivalis + S. gordonii) [56]. In addition to strain number, different structural features between mono-microbial and polymicrobial biofilms are also likely to play a role. As the bactericidal mechanism of many AMPs relies on their ability to permeabilize and/or form pores within cytoplasmic membranes (mostly prokaryotic but also eukaryotic), safety concerns may arise at high doses.




8. Conclusions and Future Research Challenges


The rising appearance and rapid spread of microbial pathogens highly or even pan-resistant to available drugs calls for the discovery of suitable alternatives to current antibiotics. This is particularly true for polymicrobial infections whose treatment poses additional hurdles as compared to mono-microbial infections. AMPs have received great attention as new antimicrobials due to their broad activity spectrum, rapid killing kinetics, unique mechanisms of action, and low tendency to induce resistant variants [130,131]. Nevertheless, they have shown limitations in pharmaceutical development due to potential toxicity, low stability and high manufacturing costs. Because of these limitations, only a few AMPs have been tested in Phase III clinical trials, and even less have been approved for clinical use [132]. Nonetheless, several strategies seem promising in overcoming the limitations of AMPs, including the introduction of non-natural amino acids, cyclization, the optimization of physicochemical characteristics, biosynthesis in suitable recombinant expression systems, and the use of liposomal formulations or adequate delivery systems [131].



Synthetic AMPs may represent a promising option for the treatment of polymicrobial infections, but their therapeutic potential in such types of infections has been relatively poorly investigated. Future work in this field should be directed towards investigating whether individual microbial species alter the sensitivity of other microbial species to AMPs when grown in mixed cultures, similarly to what has been described for many antibiotics. It would also be important to test whether AMP activity in mixed populations is preferentially directed towards individual species and/or vary at different ratios of the co-infecting species. We expect that when directed towards a mixed population of bacteria–bacteria or bacteria–fungal species, AMPs may preferentially interact with specific members due to the higher degree of affinity towards their surface as compared to neighboring members, with the possibility of altering the population composition. Different killing kinetics towards single polymicrobial members might also be possible, with consequences for the population dynamics and, possibly, for the pathogenesis of an infection, which needs to be carefully evaluated. It is also likely that affinity towards microbial surfaces and killing kinetics are influenced by local conditions characterizing different body sites (e.g., temperature, pH, ionic strength, presence of blood, plasma, serum, lung fluids, urine, wound exudate, etc.). Thus, systematic studies addressing the dynamics of individual species within a mixed population challenged with AMPs in different experimental in vivo conditions/in vivo models are desired to better assess the AMP therapeutic potential in mixed infections.



In conclusion, the data available to date for AMPs as a potential treatment for hard-to-treat polymicrobial infections are encouraging, but much fine-tuning needs to be done, before we will be able to successfully exploit the potential of AMPs for these kinds of therapeutic applications.
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Figure 1. Effects of S. aureus–P. aeruginosa mixed infection on resistance and virulence as compared to single-species biofilms. Some of the best characterized interactions that occur between the two species in mixed biofilms are shown. See text for details. HQNO: 4-Hydroxy-2-Heptylquinoline N-Oxide; SCV: small colony variant; AI-2: autoinducer 2; GlcNAc: N-acetyl glucosamine, a component of bacterial peptidoglycan. 
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Figure 2. Formation stages of a polymicrobial biofilm in a skin wound taken as an example of mixed biofilm-associated infections. The red boxes show the multiple mechanisms of action proposed for the antibiofilm activity of AMPs. AMP: Antimicrobial peptide; QS: Quorum sensing; EPS: Extracellular polymeric substances. 
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Figure 3. Main steps of the preparation of the ALG/HA/COL-Tet213 wound dressings. (a) The AMP Tet213-conjugated ALG/HA/COL wound dressings were prepared using the chemical reaction between the carboxyl groups and the amino groups on ALG, COL, HA, and Tet213; EDC: 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide; NHS: N-hydroxysuccinimide. (b) Multiple biological activities of the Tet213-conjugated ALG/HA/COL. Reproduced from Ref. [53] with permission, with slight modifications. 
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Table 1. Examples of infections with possible polymicrobial etiology and species involved.
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	Types of Infections with Possible Polymicrobial Etiology
	Common Species Involved
	References





	Lung infections in cystic fibrosis
	Pseudomonas aeruginosa, Staphylococcus aureus, Haemophilus influenzae, Burkholderia cepacia complex, Candida albicans, respiratory syncytial virus
	[2,3,4]



	Chronic wounds (wound burn infections, diabetic wound infections)
	S. aureus, coagulase-negative staphylococci, P. aeruginosa, Escherichia coli, Klebsiella spp., Enterobacter spp., Enterococcus spp. beta-hemolytic streptococci, Candida spp.
	[5,6]



	Vaginosis
	Gardnerella vaginalis, Atopobium vaginae, Peptostreptococci, Prevotella spp., Mobiluncus spp., Mycoplasma spp., Ureaplasma urealyticum, Fusobacterium nucleatum, E. faecalis
	[7,8]



	Prostatitis
	Chlamydia trachomatis, U. urealyticum, Mycoplasma hominis, Trichomonas vaginalis, E. coli, Enterococci
	[9]



	Otitis media
	Streptococcus pneumoniae, H. influenzae, Moraxella catarrhalis
	[10]



	Urinary tract infections
	E. coli, Proteus mirabilis, E. faecalis, K. pneumoniae, P. aeruginosa
	[11]



	Periodontitis
	Porphyromonas gingivalis, Tannerella forsythia, Treponema denticola
	[12,13]



	Dental caries
	S. mutans, C. albicans
	[14]



	Medical device-related infections
	Coagulase-negative Staphylococci, S. aureus, E. faecalis, P. aeruginosa, C. albicans, K. pneumoniae
	[15,16]



	Sepsis following dissemination
	Enterobacteriaceae, non-group A streptococci, anaerobic bacteria, Staphylococci, Pseudomonas spp. Candida spp.
	[17,18,19]
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Table 2. Possible advantages and limits of AMPs against polymicrobial biofilm-associated infections as compared to conventional antibiotics.
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	Property
	AMPs
	Conventional Antibiotics





	Activity spectrum
	Generally broad (directed against Gram-positive, Gram-negative, fungi and virus), and possibly able to accomplish a one-molecule combination strategy
	Generally narrow, especially last resort antibiotics



	Anti-persister activity
	Demonstrated for many AMPs
	None or poor



	Immuno-modulatory capacity
	Demonstrated for many AMPs
	None or poor



	Wound-healing activity
	Demonstrated for many AMPs
	None or poor



	Prone to manipulations
	Easy to manipulate to improve antimicrobial activity/reduce toxicity
	Difficult to manipulate



	Activity against beneficial flora
	Possibly able to target AMPs against specific pathogens, leaving undisturbed the normal flora
	Active against beneficial flora



	Induction of resistance
	Generally low; in some cases induction of resistance after several passages in vitro. In the case of polymicrobial infections, possibility of insurgence of community-based AMP-resistance mechanisms
	Resistance easily induced. In the case of polymicrobial infections, interspecies interactions may affect the antibiotic susceptibility of individual organisms.



	Stability in biological fluids
	Generally low unless modifications are made
	Generally high



	Active concentrations
	The need to use increased concentrations as compared to mono-species biofilms has been reported with a consequent risk of cytotoxicity
	Therapeutic concentrations against susceptible strains highly optimized



	Approval by drug agencies
	Difficult; only very few AMPs approved for clinical use
	Approval of new antibiotics is slower than needed. Only few large pharmaceutical companies have ongoing antibiotic discovery programs
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Table 3. Examples of AMPs tested against mixed infections.
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	AMPs
	Sequence a or Molecular Formula
	Co-Infecting

Species
	Type of Application/Infection Model
	Ref.





	DRGN-1
	PSKKTKPVKPKKVA
	P. aeruginosa and

S. aureus
	In vitro co-infection model and mouse model of wound infection
	[49]



	Pexiganan-nisin (dual-AMP)
	GIGKFLKKAKKFGKAFVKILKK-NH2 C143H230N42O37S7
	S. aureus and

P. aeruginosa
	Dual AMP biogel/collagen three-dimensional (3D) model
	[50]



	CST sulfate salt TP-I-L

CIT-1.1

TEMP-A
	C53H102N16O17S

KWCFRVCYRGICYRRCR-NH2 GLFDVIKKVASVIGGL-NH2 FLPLIGRVLSGIL-NH2
	S. aureus and

P. aeruginosa
	In vitro co-infection model
	[51]



	ASP-1
	RRWVRRVRRWVRRVVRVVRRWVRR
	S. aureus,

A. baumannii,

K. pneumoniae, and

P. aeruginosa
	hydrophilic polyurethane (PU)-based dressing/in vitro

co-infection model
	[52]



	Tet213
	KRWWKWWRRC
	E. coli and S. aureus
	Peptide-immobilized ALG/HA/COL wound dressings and rat model of wound infection
	[53]



	A3-APO
	[(1-amino-cyclohexane carboxylic acid-RPDKPRPYLPRPRPPRPVR)2-2,4-diamino-butyric acid]-NH2
	K. pneumoniae,

A. baumannii, and

P. mirabilis
	mouse model of wound infection
	[54]



	Tachyplesin III
	KWCFRVCYRGICYRKCR-NH2
	P. aeruginosa and

A. baumannii
	Mouse model of bacterial

co-infection pneumonia
	[55]



	Nal-P-113
	AKR-Nal-Nal-GYKRKF-Nal-NH2
	F. nucleatum,

S. gordonii, and

P. gingivalis
	In vitro artificial saliva-coated hydroxyapatite co-infection model
	[56]



	Epinecidin-1
	GFIFHIIKGLFHAGKMIHGLV
	Gut microflora
	Mouse model of polymicrobial sepsis and LPS-induced

endotoxemia
	[57]



	Pep19-2.5
	GCKKYRRFRWKFKGKFWFWG-NH2
	Gut microflora
	Mouse model of polymicrobial sepsis
	[58,59]



	HPRP-A2
	Nα-acetyl-FKKLKKLFSKLWNWK-NH2
	E. coli and S. aureus
	Rat bacterial vaginitis
	[60]



	gH625

gH625-GCGKKKK
	HGLASTLTRWAHYNALIRAF HGLASTLTRWAHYNALIRAF-GCGKKKK
	C. tropicalis and S. marcescens or C. tropicalis and S. aureus
	In vitro co-infection model
	[61]



	CAP-3
	CA-V3
	S. aureus and

C. albicans
	In vitro co-infection model.

Murine wound and catheter

infection models
	[62]



	WLBU2
	RRWVRRVRRWVRRVVRVVRRWVRR
	P. aeruginosa and

Respiratory

syncytial virus
	In vitro co-infection model
	[63]



	Caerin 1.9
	GLFGVLGSIAKHVLPHVVPVIAEKL-NH2
	HIV and

Neisseria lactamica
	In vitro assay
	[64]



	Hs02
	KWAVRIIRKFIKGFIS-NH2 (intragenic

antimicrobial peptide-IAP)
	P. aeruginosa and

S. aureus
	In vitro co-infection model
	[65]



	guanylated polymethacrylates
	synthetic structural mimics of AMPs
	C. albicans and

S. aureus
	In vitro co-infection model
	[66]



	Peptoid 5, 7 and 17
	poly-N-substituted glycines
	C. albicans and

S. aureus or C. albicans and E. coli
	In vitro co-infection model
	[67]







a Peptide sequences using the one-letter code for the amino acid residues are shown. CST: colistin; ALG: alginate; HA: hyaluronic acid; COL: collagen; Nal: β-naphthylalanine; CAP: cholic acid-peptide-conjugate.
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