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Abstract


The antimicrobial peptide P6.2 was previously de novo designed as an alpha helix cationic amphipathic molecule. In previous work, we have shown that this peptide displayed significant antimicrobial activity against both Gram-positive (Staphylococcus aureus) and Gram-negative (Pseudomonas aeruginosa) bacteria. However, while P6.2 lacked biofilm-inhibiting properties against the P. aeruginosa strain PA01, it displayed anti-inflammatory effects in a murine acute lung infection model challenged with this pathogen. In this work, the peptide P6.2 antimicrobial activity and its possible synergy with meropenem were evaluated both in vitro and in vivo using a Galleria mellonella infection model against a carbapenem-resistant KPC-producing clinical isolate of P. aeruginosa. Firstly, the cytotoxic effect of the peptide on A549 and RAW264.7 cell lines was assayed, showing no cytotoxicity at 64 µg/mL and below. Then, the MIC (minimal inhibitory concentration) and bactericidal effect against the carbapenemase-producing strain P. aeruginosa M13513 strain were determined. P6.2 showed a MIC between 32 and 64 µg/mL, and a rapid bactericidal activity against this strain (less than 45 min). The peptide stability at different temperatures and in bovine serum at 37 °C was also analyzed, showing good stability and almost no degradation after 15 min of incubation at 100 °C or 24 h at 37 °C in serum, respectively. The antibiofilm activity was also evaluated, and although the peptide did not show biofilm inhibitory activity, it did demonstrate biofilm disruptive activity, together with bactericidal activity inside the pre-formed biofilm. The possible synergistic effect with the carbapenem meropenem was then analyzed in vitro by killing kinetics, revealing a synergistic interaction between P6.2 and the antibiotic against this strain. Finally, P6.2 was evaluated in vivo in the Galleria mellonella larvae infection model. Interestingly, in G. mellonella, P6.2 alone did not completely clear the infection caused by P. aeruginosa M13513. However, when combined with meropenem, P6.2 demonstrated a synergistic effect, leading to increased survival rates in infected larvae. The results presented here highlight the potential that this peptide displays when used in combination with carbapenems against a clinically relevant KPC-producing P. aeruginosa.
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1. Introduction


In the last few years, the decreasing effectiveness of conventional antimicrobial-drugs has caused serious problems due to the rapid emergence of multidrug-resistant pathogens [1,2]. This situation has brought attention to other antimicrobial agents, like antimicrobial peptides (AMPs), as they are considered an alternative to conventional drugs [3,4]. These compounds target bacterial membranes for their activity, which gives them a broad spectrum of action and less probable resistance development [5,6,7]. Also, this mechanism of action elicits faster bactericidal activity compared to conventional antibiotics [8]. Furthermore, in the context of the latest pandemic threats, it is imperative to develop new strategies to offer effective antimicrobial therapies for patients with long-term hospitalization [9,10].



Carbapenem-resistant Pseudomonas aeruginosa is classified as a high-priority group on the WHO Bacterial Priority Pathogens List, due to its global threat [11,12]. This list established a guide of pathogens to invest in the research and development of treatments, but also strategies to prevent and control antimicrobial resistance in these pathogens. KPC is a worldwide-spread plasmid-borne carbapenemase which confers resistance to all beta-lactams, including carbapenems [13].



Peptide 6.2 (P6.2) is a de novo designed antimicrobial peptide, with an amphipathic alfa helical structure. In previous work, we have demonstrated the antimicrobial and antibiofilm activity of P6.2 against Gram-positive and Gram-negative bacteria [14]. Also, we showed that this AMP has low hemolytic activity, reaching less than 10% of human and mice erythrocytes lysis, within the minimal inhibitory concentration (MIC) ranges [15]. We also tested the affinity towards eukaryotic and prokaryotic membranes showing selectivity for bacterial membranes in agreement with the experimental results [14].



In this work, we have tested the antimicrobial and anti-biofilm activity of P6.2 against KPC-producing P. aeruginosa M13513, a carbapenem-resistant strain, alone or in combination with meropenem, in vitro and in vivo in the Galleria mellonella model.




2. Material and Methods


2.1. Peptide Synthesis


The peptide was synthesized with C-terminal amidation and purified to a grade of >95% using HPLC (GenScript Co., Piscataway, NJ, USA).



The sequence of the peptide, together with a helical wheel projection, 3D structure, and physicochemical parameters, are disclosed in the Supplementary Materials.




2.2. Bacterial Strain and Growth Conditions


Pseudomonas aeruginosa M13513 is a clinical isolate carrying the carbapenemase KPC-2 (blaKPC-2 gene). This strain was generously supplied by the Servicio Antimicrobianos, Instituto Nacional de Enfermedades Infecciosas (INEI)-ANLIS “Dr. Carlos G. Malbrán” in Buenos Aires, Argentina [16].



For antimicrobial testing, bacterial cultures were maintained in Cation-Adjusted Mueller–Hinton Broth (CAMHB), following Clinical and Laboratory Standards Institute (CLSI) guidelines.




2.3. Antimicrobial Activity


The minimal inhibitory concentration was assessed using a standard microdilution assay, following CLSI guidelines [15]. Mueller–Hinton Broth (Laboratorios Britania S.A., Buenos Aires, Argentina) supplemented with Ca2+ (20–25 mg/L) and Mg2+ (10–12.5 mg/L) was used for the assay. The bacterial strains tested included Pseudomonas aeruginosa PAO1, Pseudomonas aeruginosa M13513, and Staphylococcus aureus ATCC® 25923.




2.4. Bactericidal Effect


The bactericidal activity was determined according to the CLSI recommendations [17]. In short, the bactericidal activity of the antimicrobial agents on the microorganisms was evaluated using a time–kill curve. The Minimal Bactericidal Concentration (MBC) is the lowest drug concentration required to eliminate 99.9% of viable organisms (a 3-log reduction in CFU/mL compared to the control) after a set incubation period under defined conditions. This is the most common method for estimating bactericidal activity.




2.5. Peptide Stability


To analyze the stability of the molecule, the peptide was exposed to different temperatures for varying durations. The conditions tested involved incubation at 37 °C for 24 h, at 60 °C for 2 h, and at 100 °C for 15 min. Each condition was set up in a microtube with the peptide dissolved in sterile deionized water. As a control, the peptide was dissolved immediately before testing without temperature incubation. Afterward, the broth microdilution assay was conducted to assess its antimicrobial effectiveness. Additionally, the stability of the peptide in serum was examined. Three microtubes were prepared, each containing sterile deionized water with FCBS (fetal calf bovine serum) 25% (v/v) and the antimicrobial peptide. Two of these samples were incubated at 37 °C for 24 h or 2 h, while the third sample was prepared just before testing without any temperature incubation. As controls, serum alone and peptide without serum were used.



The antimicrobial activity was subsequently evaluated through the broth microdilution assay.




2.6. Cytotoxicity


The toxic effect was evaluated indirectly using the colorimetric MTT assay (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide, Thermo Fisher Scientific Inc, Massachusetts, USA) on A549 (human lung adenocarcinoma, ATCC CCL-185) and RAW 264.7 (murine macrophage-like ATCC TIB-71) cell lines. Cell lines were kindly provided by Instituto de Virología e Innovaciones Tecnológicas (IVIT), (INTA-CONICET, Buenos Aires, Argentina).



For the assay, A549 cells were seeded in 96-well plates at a density of 1 × 104 cells per well, while RAW 264.7 cells were seeded at a density of 5 × 104 cells per well. The plates were incubated for 24 h at 37 °C with 5% CO2 to allow cell adhesion. The peptide P6.2 was dissolved in distilled water at a stock concentration of 10.24 mg/mL, and serial dilutions were made in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS, Internegocios S.A., Mercedes, Argentina). The concentrations used to assess P6.2 toxicity were the same as those previously employed in bacterial studies to determine the minimum inhibitory concentration (MIC) in antimicrobial activity assays. For the A549 cell line, P6.2 concentrations ranged from 4 µg/mL to 1024 µg/mL using serial dilutions in culture medium. For the RAW 264.7 cells, P6.2 concentrations ranged from 256 µg/mL to 8 µg/mL, with the concentration range adjusted based on preliminary results obtained from the A549 cell line.



Peptides were added and plates were incubated for 24 h at 37 °C in a 5% CO2 atmosphere. After incubation, the culture medium was removed, and the cells were washed with PBS (Phosphate Buffered Saline pH 7.2) to remove any remnants of the treatments. Next, 100 µL of MTT solution (0.5 mg/mL in PBS) was added to each well, and the plates were incubated for 0.5 to 3 h at 37 °C. During this period, viable cells reduced MTT, forming visible formazan crystals under a light field microscope (Zeiss Primovent, Oberkochen, Germany), indicating the cell metabolism of the compound.



At the end of the incubation, the supernatant was removed, and 200 µL of DMSO was added to each well to dissolve the formazan crystals. The plates were shaken to homogenize the contents, and absorbance was measured at 570 nm using a microplate reader (RT2100, Rayto Life and Analytical Sciences Co., Ltd, Shenzhen, China). Triplicates were run for each treatment. Cell viability was calculated by setting the absorbance value obtained for untreated control cells as 100% viability.




2.7. Killing Kinetics


Time–kill assays were performed to evaluate the effect of different concentrations of P6.2 on P. aeruginosa M13513. The peptide was tested at concentrations ranging from 8 to 1024 µg/mL, incubated in CAMHB with an initial bacterial load of 5 × 106 CFU/mL in 96-well polystyrene plates, with a final volume of 100 µL per well. Cultures without peptides acted as positive controls, while CAMHB alone was used as the negative control.



The plates were incubated at 37 °C for 20 h in the Cell Imaging Multi-Mode Reader Cytation™5, with absorbance readings at 600 nm taken every 2.5 h under continuous shaking. Optical density was plotted against time, displaying the mean ± SD of two independent measurements for each time point. IC50 (Half-maximal inhibitory concentration) values were determined by calculating the peptide concentration required to decrease CFU/mL by 50% relative to the untreated control cultures. These values were obtained by identifying the concentration at which the best-fit trend lines crossed the 50% survival threshold. A non-linear regression analysis was conducted using GraphPad Prism 5 software.




2.8. Inhibition of Biofilm Formation


The assessment of biofilm inhibition was carried out using 96-well flat-bottom polystyrene plates. Antimicrobial agents were diluted in Mueller–Hinton broth through a two-fold serial dilution and subsequently inoculated with a fresh bacterial culture to obtain a final concentration of 5 × 105 CFU/mL, with a total well volume of 100 µL. The plates were then incubated at 37 °C for 24 h. Bacteria cultured without the peptide served as the control.



To evaluate biofilm formation following peptide exposure, the supernatant was carefully removed, and the wells were washed twice with 100 µL of saline solution to eliminate any non-adherent cells. The remaining biofilm was fixed by adding 100 µL of methanol for 15 min, followed by staining with 100 µL of 1% (v/v) crystal violet ( Sigma-Aldrich, Massachusetts, USA) for 5 min. After staining, the excess dye was discarded, and the wells were rinsed twice with 200 µL of distilled water before allowing the plate to dry at 37 °C for 30 min. Finally, 100 µL of 33% acetic acid was added to each well, and the samples were homogenized by gentle agitation. The absorbance was then measured at 595 nm using a microplate reader (RT2100, Rayto Life and Analytical Sciences Co., Ltd., Shenzhen, China).




2.9. Eradication of Pre-Formed Biofilm and Cell Viability


Biofilms of P. aeruginosa M13513 were grown in 96-well flat-bottom polystyrene plates using CAMHB for 24 h. Once the biofilms were established, the supernatant was removed, and 100 µL of CAMHB containing two-fold serial dilutions of antimicrobials were added to each well. The plates were then incubated for an additional 24 h at 37 °C.



For each experiment, two sets of plates were prepared: one for biofilm quantification using the crystal violet (CV) staining method described earlier, and another to assess bacterial cell viability within the biofilm using the MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide). To perform the MTT assay, the medium was carefully removed, and biofilms were washed three times with 200 µL of saline solution. Subsequently, 100 µL of a 0.05% (w/v) MTT solution was added to each well, and the plates were incubated in the dark at 37 °C for 3 h.



Following incubation, the supernatant was discarded, and the resulting formazan crystals were dissolved in 100 µL of DMSO. The samples were then homogenized by orbital shaking for 10 min. Finally, absorbance was measured at 570 nm using a microplate reader.




2.10. Confocal Laser Scanning Microscopy


To analyze biofilms using Confocal Laser Scanning Microscopy (CLSM), biofilms were cultivated in Ibidi µ-dish 35 mm, High Glass Bottom, under the same conditions as the biofilm eradication assays, with a final volume of 300 µL. Following the incubation with P6.2, the biofilms were stained using the BacLight bacterial viability kit (L7007, Molecular Probes, ThermoFisher Scientific, Waltham, MA, USA), which differentiates between live and dead cells.



Images were captured using a Zeiss LSM 710 confocal microscope (Oberkochen, Germany) equipped with a Plan-Apochromat 63X/1.40 oil objective. Excitation was achieved using an argon laser (λexc = 458, 488, and 514 nm, maximum power 25 mW) and a DPSS 561-10 laser (λexc = 561 nm, maximum power 15 mW). For three-dimensional visualization, images of the same sample field were obtained at varying z-values (z-stack), maintaining a consistent distance from the central plane (±20 nm).



The proportion of live and dead bacteria was determined by analyzing three representative images from each biofilm sample using the ImageJ software 1.52v with the FIJI plugin.




2.11. Synergy Evaluation


2.11.1. Checkerboard


To determine the potential synergy between P6.2 and meropenem, the checkerboard method was performed according to [18], and the fractional inhibitory concentration index (FICI) of each combination was calculated by the standard formula: [(MICAC)/MICA] + [(MICPC)/MICP] = FICA + FICP = FIC index, where MICA and MICP are the MICs of the antibiotic and peptide determined separately, and MICAC and MICPC are the MICs of the antibiotic and peptide when determined in combination.



A preliminary assay was performed with combinations of the peptide and meropenem. Because of the variability of the method, we performed a modified method where combinations that showed growth inhibition were selected and evaluated by triplicate for each combination, as well as for the evaluation of the antimicrobials alone, at MIC and sub-MIC concentrations. Growth and sterility controls were also tested by triplicate. At the end point of the experiment, microbial growth was determined by optical density measurements at 600 nm and the data were represented in a bar chart. The OD measurements plotted correspond to the combinations that showed antimicrobial activity, as well as the growth control and the sterility control (as the maximum and minimum growth, respectively). In addition, the OD data of the antimicrobials at 0.5× MIC were represented. Combinations with lower antimicrobial concentrations or antimicrobials at a concentration < 0.5× MIC did not show growth inhibition.




2.11.2. Killing Kinetics


The possible synergistic interaction between P6.2 and meropenem was assessed through time–kill kinetic assays. These experiments were conducted in 50 mL tubes with a final volume of 10 mL. A log-phase culture of P. aeruginosa M13513 was obtained and subsequently diluted in CAMHB to achieve a final bacterial concentration of 5 × 106 CFU/mL. Both P6.2 and meropenem were tested individually and in combination at 0.5× MIC (minimum inhibitory concentration). Untreated bacterial cultures served as controls.



The samples were incubated at 37 °C with constant shaking for 24 h. Aliquots were collected at 0, 1, 2, 3, 4, 8, and 20 h, serially diluted in saline, and plated in triplicate on LB agar using three drops of 50 µL per dilution. The plates were incubated at 37 °C for 24 h to determine colony-forming unit (CFU) counts.



The results were plotted as Log CFU/mL versus time (h). A synergistic effect was defined as a reduction in at least two logarithmic units in bacterial count when comparing the combination treatment with the most effective single-agent treatment after 24 h. A bactericidal effect was determined when the initial inoculum was reduced by three or more logarithmic units.





2.12. In Vivo Studies in Galleria mellonella


2.12.1. GM Larvae Rearing


Lepidoptera were reared in the laboratory in a standardized manner. A breeding colony was established, and the different stages of the insect’s life cycle were documented. Adult insects were housed in a plastic container without access to food, allowing for the collection of eggs. Then, eggs and larvae were placed in containers with fresh food, prepared from autoclaved wheat bran (50%), dry yeast (5%), beeswax (6%), honey (26%), and glycerin (13%). In each growth cycle, a pool of larvae was reserved to progress to pupa and adult generation. The larvae and eggs were kept at room temperature during the warm seasons and in an oven with humidity control at 30 °C during the cold seasons. For each experiment, a group of late-stage caterpillars was set aside and kept in the dark at a temperature of 10–12 °C, ensuring their use within one week of collection.




2.12.2. Safety in GM Larvae


To evaluate possible adverse effects of AMP administration, doses of 10, 50, and 250 mg/kg of peptide were tested. Each group consisted of 10 larvae (n = 10). A graduated Hamilton-type syringe with a maximum capacity of 25 μL and 1 μL intervals was used to inject the larvae. The peptide was delivered in a single dose of 10 μL via the last left proleg. The larvae were then incubated at 37 °C, and their survival was monitored over a period of five days.




2.12.3. GM Larval Infection Model


For the in vivo tests, larvae of approximately 2 cm in length and an average weight of 250 mg were used. This average weight was used to calculate the antimicrobial doses. The bacterial inoculum used in the larval infection models was prepared from an ON culture, which was washed twice with physiological saline solution and adjusted by measuring OD600nm. The larvae were infected by injecting 10 μL of the bacterial suspension 105 CFU/mL (103 CFU/larva) into the last left proleg. One hour after infection, the antimicrobial was administered in a single dose by injecting 10 μL into the last right proleg (peptide, control antibiotic, or saline solution as infection control). Additionally, each assay included a group of untouched larvae to verify the viability of the insect batch, as well as a group injected with physiological saline solution in each proleg to assess potential damage. Each group consisted of 10 larvae (n = 10). The larvae were incubated at 37 °C for five days, with daily monitoring of mortality events.




2.12.4. In Vivo Synergy in GM


To evaluate in vivo synergy, the same procedure was followed as in the previously described infection models. A bacterial suspension of 105 CFU/mL (103 CFU/larva) was used as an inoculum of P. aeruginosa M13513. As part of the antimicrobial treatment, the larvae received meropenem at a concentration sufficient to ensure survival, a combination of meropenem and the peptide under suboptimal conditions to assess potential synergy, and meropenem alone in suboptimal conditions as a control. The larvae were incubated at 37 °C, and their survival was monitored for five days.





2.13. Statistical Analysis


The statistical analysis was conducted using GraphPad Prism 5 software (GraphPad Software Inc., San Diego, CA, USA). When appropriate, a one-way ANOVA was applied, followed by Dunnett’s post-hoc test, with significance set at p < 0.05. Results are expressed as the mean ± standard error.





3. Results


3.1. Cytotoxicity


In order to assess the cytotoxic effect on eukaryotic cells, we tested different concentrations (8–256 µg/mL) of P6.2 in vitro against Raw 264.7, a murine macrophage cell line, and A549, the adenocarcinomic human alveolar basal epithelial cell line. The toxic effect of the peptide was evaluated indirectly by the MTT assay on these different cell lines (Figure 1).



In these assays, the CC50 value obtained for this peptide in A549 was 125.8 µg/mL, while the CC50 in RAW264.7 obtained was 154.1 µg/mL.



The concentration of peptide used for further analysis was established at 64 µg/mL, which is the MIC for P. aeruginosa M13513, and also, the concentration between 8 µg/mL and 64 µg/mL, which showed no cytotoxic effects, is the same concentration range observed for the antimicrobial activity of this AMP against different pathogens [19]. These findings are also in accordance with the previous results obtained for toxicity by hemolytic activity (hemolysis below 5% until 128 µg/mL) [15].




3.2. Antimicrobial Activity


The assessment of antimicrobial efficacy against the P. aeruginosa M13513 strain involved the determination of both the minimal inhibitory concentration (MIC) and bactericidal activity. These experiments were performed according to the Clinical and Laboratory Standards Institute (CLSI). P6.2 exhibited a MIC of 64 µg/mL for this resistant strain, comparable to MIC values observed for susceptible strains [14]. Additionally, it demonstrated a remarkably swift bactericidal effect, achieving a 99.9% reduction in viable bacteria (bactericidal definition) within a timeframe of less than 45 min (Figure 2A,B). This is a common effect on the antimicrobial activity of AMPs, which highlights the potential of these molecules as promising new drugs. Gentamicin and tobramycin were used as controls, and the carbapenems were employed to confirm the intrinsic antimicrobial resistance of this KPC-producing strain.



In order to assess the stability of the AMP, P6.2 was incubated at different temperature conditions or with FBS (fetal bovine serum) for different time periods. The temperature exposures were overnight (ON) at 37 °C, 120 min at 60 °C, and 15 min at 100 °C. P6.2 was incubated with 25% FBS at 37 °C for 2 and 24 h before the experiment or directly at the moment of the experiment. Then, a microdilution assay was performed to test the antimicrobial activity. As shown in Figure 2C, only incubation for 24 h with serum seemed to reduce the antimicrobial activity against P. aeruginosa M13513, by a two-fold dilution.




3.3. Anti-Biofilm Activity


The biofilm inhibition activity and the pre-formed biofilm disruption activity were evaluated. Figure 3 shows the biofilm inhibitory activity of P6.2 on M13513 strain together with the evaluation of two habitual antibiotics used with P. aeruginosa: gentamicin and tobramycin. In these experiments, we could see that the incubation of the peptide with the inoculum at sub-MIC concentrations did not show anti-biofilm activity. We can assume that the decrease in biofilm could be attributed to lower bacterial growth at each peptide concentration.



On the other hand, when tested on a pre-formed biofilm, the peptide not only diminished the biofilm mass, analyzed by crystal violet, but also significantly decreased the bacterial viability inside the biofilm, quantified by MTT assay (Figure 4). These results were also confirmed by confocal fluorescence microscopy, with SYTO9 and PI for live and dead bacterial imaging (Figure 4C–E).



3.3.1. Synergy


The potential synergistic activity of P6.2 was additionally assessed in combination with meropenem, in order to ascertain whether this antimicrobial peptide could enhance the antimicrobial efficacy of a drug for which the bacteria exhibit a mechanism of resistance. For this purpose, we first evaluated the potential synergy through an assay based on the checkerboard method [20]. According to the interpretation of FICI, a value of FICI ≤ 0.5 indicates synergy, FICI > 4.0 antagonism, and 0.5 < FICI < 4.0 no interaction. Combination A, which inhibited growth with the absence of turbidity at the naked eye, presented a FICI of 1, which is interpreted as “no interaction”. However, combinations B, C, and D showed slight turbidity (Figure 5A). To be rigorous with the definition, the FICI values could not be calculated in these cases. However, the notable differences in bacterial growth of these combinations compared to the positive control prompted us to hypothesize a possible synergy, due to the evident antimicrobial activity in these cases.



To actually assess the synergy between these two compounds, the killing kinetic method was chosen, which is considered more accurate, reproducible, and better correlated with the in vivo outcomes of antimicrobial agent combinations [21].



In the killing kinetic experiments, the drugs were evaluated at sub-MIC concentrations, alone or in combination (Figure 5B). Synergy is defined as a ≥2-log10 decrease in CFU/mL between the combination and its most active constituent, after 24 h, with the less active component being tested at an ineffective concentration. In addition, the bactericidal effect is considered when the treatment reduces the inoculum in three or more logarithmic units [22]. Figure 5B shows that P6.2 displays synergism with meropenem, both at a 0.5× MIC concentration, and also exhibited a bactericidal effect from 3 h forwards.




3.3.2. In Vivo Evaluation in a Galleria mellonella Infection Model


The antimicrobial activity of P6.2 was evaluated in the larvae infection model Galleria mellonella. Larvae were infected with 103 bacteria and, subsequently, the antibiotic meropenem, peptide P6.2, or their combination was injected in the larvae haemolymph. The results showed that the peptide alone (in the range 2.5–80 mg/kg) was not effective in preventing larvae death by P. aeruginosa infection (Figure 6A). However, when P6.2 was administered at a concentration of 10 mg/kg together with meropenem at a concentration of 2.5 mg/kg (which is under the effective dose of 20 mg/kg), it indeed kept the survival of the infected larvae at 80% (Figure 6B), showing the suitability of this peptide/antibiotic combination in an in vivo model of infection.






4. Discussion


AMPs have garnered significant attention as promising alternatives to conventional antimicrobial agents, particularly in addressing infections linked to antibiotic-resistant bacteria and biofilm-associated pathogens. Consequently, the discovery and design of new AMPs with these capabilities is a critical objective, offering potential advances in overcoming the global challenge of antibiotic resistance [8].



Previous biophysical analyses have demonstrated the lipid selectivity and the bacterial membrane interaction that P6.2 exhibits, also showing a selective affinity for bacterial membranes over eukaryotic ones [14]. The hemolitic activity of the peptide on healthy human red blood cells was previously evaluated [15]. In this work, the cytotoxicity of the peptide was evaluated in two different cell lines, one a human alveolar cell line (A549) and the other a mouse macrophagic cell line (RAW274.6). The first cell line was chosen because P. aeruginosa is an opportunistic pathogen that mainly targets individuals with weakened lung defenses, such as patients with cystic fibrosis, bronchiectasis, or advanced chronic obstructive pulmonary disease (COPD). It often causes persistent lung infections, which can exacerbate their condition and become life-threatening due to its capacity to develop resistance to antibiotics. The macrophagic cell line was chosen because this immune cell type is crucial during P. aeruginosa chronical infection. Monocyte-derived macrophages are recruited from the bloodstream and differentiate into pro-inflammatory “M1” macrophages at the infection site. In addition, interstitial and alveolar macrophages play a significant role in the macrophage response during P. aeruginasa infection [23].



The MTT assay showed that this peptide displayed a moderate to low cytotoxic effect for A549 and for RAW267.4, in good agreement with previous hemolytic assays [15]. The CC50 for both cell lines were obtained, with values of 125.8 and 154.1 µg/mL, respectively.



The killing kinetics of an antimicrobial agent allow us to observe how the agent exerts its activity as a function of time, determining viable cells by counting colony-forming units at different time points. Normally, for commonly used antibiotics, this measurement is carried out over a 24-h period, since they reach their maximum activity during this period. However, for AMPs, these times are much shorter; in fact, these antimicrobials exert their maximum activity in just hours or minutes [24]. For this reason, killing kinetics at MIC was carried out by measuring viable bacteria at short intervals over a period of three hours. The killing kinetic curve showed that the peptide displays a rapid bactericidal activity in less than 45 min, in accordance with other active AMPs [25,26].



In the last few years, there has been huge progress in the design and optimization of AMPs; however, peptide stability has emerged as a significant obstacle to the application of these molecules [27]. Peptides that have proved antimicrobial activity in vitro sometimes cannot display proper in vivo activity or can only be applied topically. Systemic administration is challenged by potential peptide degradation due to the proteases present in serum [28]. In this work, we evaluated peptide stability against high temperature and enzymatic proteolysis. The results showed that P6.2 remains active in most of the conditions evaluated, with a slight degradation of its activity only when incubated in serum for 24 h.



Biofilms are complex bacterial communities characterized by extensive intercellular interactions. Biofilm-associated bacteria, including P. aeruginosa, are commonly implicated in chronic infections that can persist for years [29]. As such, managing biofilm-associated infections has become a critical focus in antimicrobial therapy, given their resistance to conventional antibiotic concentrations [30]. In this context, certain AMPs have demonstrated the capacity to prevent biofilm formation or eradicate established biofilms; in some instances, additional mechanisms underlying these antibiofilm effects have also been proposed [31]. Particularly, the carbapenem-resistant clinical strain M13513, which was isolated form an intubated patient, displays an extended and resistant biofilm. In previous work, we showed that this peptide did not display anti-biofilm activity at sub-MIC concentrations against the reference strain PAO1 [15]. In this work, we observed similar results for M13513 regarding biofilm inhibition. However, interestingly, the peptide displayed pre-formed biofilm disruption and antimicrobial activity against this strain inside the biofilm. This characteristic highlights the potential of this peptide as a therapeutic candidate against biofilm producing P. aeruginosa.



A widely accepted strategy for managing infections associated with drug-resistant bacteria involves the use of combination antimicrobial therapy, particularly with agents that employ distinct mechanisms of action, thus reducing the likelihood of resistance development [32]. Meropenem is a broad-spectrum beta-lactam antibiotic belonging to the carbapenem class. Its mechanism of action involves inhibiting bacterial cell wall synthesis, leading to bacterial cell death. Meropenem targets and binds to PBPs, which are enzymes involved in the final stages of bacterial cell wall synthesis. By inhibiting PBPs, meropenem prevents the cross-linking of peptidoglycan strands, leading to weakened cell walls, which makes the bacteria vulnerable to osmotic pressure, causing cell lysis and ultimately bacterial death. Meropenem is highly resistant to degradation by most beta-lactamases, including extended-spectrum beta-lactamases (ESBLs) and AmpC beta-lactamases, but is hydrolyzed by carbapenemases, like KPC, NDM, OXA, among others. KPC (Klebsiella pneumoniae carbapenemase) is a β-lactamase that confers resistance to carbapenems, including meropenem, by breaking down these antibiotics before they can exert their bactericidal effects.



Previous reports showed that polymyxin B, a polypeptide that disrupts the outer cell membrane of Gram-negative bacteria, displays synergy with meropenem [33]. It has been suggested that polymyxin B treatment may enhance intracellular meropenem concentrations (referred to as bioavailability synergy), potentially counteracting meropenem resistance. This resistance arises from enzymatic inactivation by carbapenemases, as mentioned before, decreased cellular entry due to reduced expression of the outer membrane porins, and increased expression of efflux pumps.



A possible explanation of the synergy between meropenem and P6.2, considering that this latter targets the bacterial cellular membrane and makes it more porous, perhaps relays on the presence of efflux pumps and/or mutated porins, a typical characteristic of KPC-producing bacteria. In this way, the porous bacterial membrane allows the entry of more meropenem, counteracting meropenem resistance, as seen for polymyxin B. In this work, synergy between P6.2 and meropenem against a KPC-producing P. aeruginosa isolate was evaluated, revealing not only a synergistic interaction but also a noticeable bactericidal activity.



Accordingly, an in vivo assay was conducted in the larvae G. mellonella; this infection model has long been established as an adequate study method for bacterial infections [34,35] and particularly for the initial studies of novel anti-pseudomonal treatments [36,37]. These experiments showed that the peptide alone did not display any difference in the survival rate of the infected larvae; however, when P6.2 was administered in combination with a sub optimal concentration of meropenem (1/5 of the effective dose), it showed a significant reduction in larvae death.




5. Conclusions


In this study, we investigated the potential in vitro and in vivo synergistic and antibiofilm properties of the designed antimicrobial peptide P6.2. The activity of this peptide was evaluated in carbapenem-resistant Pseudomonas aeruginosa, a very important pathogen which is classified as a high-priority group. Although in this work we have used a single isolate and probably additional assays, using a higher number of isolates or other Gram-negative species could be useful to evaluate the impact of the P6.2-meropenem combination. These results, taken together, highlight the potential of the cationic alpha helical AMP P6.2 as a suitable candidate for the development of new treatments in combination with meropenem to fight KPC-harboring P. aeruginosa clinical isolates.
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Figure 1. Cytotoxic Activity on A549 and Raw 264.7 cell lines. The graphs show the CC50 value (cytotoxic concentration 50%) analyzed by MTT as a percentage calculated considering the untreated cell as 100% of viable cells. Viability was calculated as % of normalized absorbance. 
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Figure 2. Antimicrobial activity of P6.2 against P. aeruginosa M13513. (A) MIC determination by broth microdilution assay. Several replicates were performed and two consecutive values are shown for some antimicrobials regarding the acceptable variability of the one-fold dilution method; (B) bactericidal effect evaluated by killing kinetics at 64 µg/mL of P6.2; and (C) peptide stability at different temperatures and at different incubation times in serum. ATE: P6.2 mixed with serum at the same time as the experiment; BE: P6.2 incubated with serum before the experiment. Control: growth control of P. aeruginosa with no antibiotic. 
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Figure 3. Inhibition of biofilm formation in P. aeruginosa M13513. (A) Biofilm formation was quantified by crystal violet at different P6.2 concentrations (range 1/8 to ½ of the MIC). (B) Bacterial growth was also analyzed under the same treatments as the control. One-way ANOVA with Dunnett’s post-test: comparison of all treatments against the control (C+)G: gentamycin; T: tobramycin. 
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Figure 4. Pre-formed bio film disruption and P. aeruginosa M13513 viability. Bacteria were allowed to develop biofilm for 48 h; afterwards, P6.2 or antibiotics were added in a concentration ranging from 1xMIC to 8xMIC. The amount of biofilm was quantified with CV (A) and bacteria viability inside the biofilm was analyzed with MTT (B). Biofilm analysis by confocal fluorescence microscopy stained with SYTO9 and PI for live (green) and dead (red) cells. The 3D architecture of the control biofilm (C) and after P6.2 treatment (D) are depicted. The live/dead cells ratio was calculated using ImageJ software (E). One-way ANOVA with Dunnett’s multiple comparisons test. Comparison of all treatments against the control (C+); *** p < 0.001; **** p < 0.0001. T: tobramycin, G: gentamycin. 
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Figure 5. (A) Synergistic Activity Using the Checkerboard Method. Bacterial growth was evaluated in each of the combinations of AMPs and meropenem. A: 0.5× MIC P6.2 + 0.5× MIC meropenem; B: 0.25· MIC P6.2 + 0.5× MIC meropenem; C: 0.5× MIC P6.2 + 0.25· MIC meropenem; D: 0.25· MIC P6.2 + 0.25· MIC meropenem; E: P6.2 at 0.5× MIC; F: meropenem at 0.5× MIC; GC: growth control without antimicrobial agents; and SC: sterility control, only CAMHB medium. One-way ANOVA, with Dunnet’s subsequent test, comparing all combinations against the control (C+); *** p < 0.001, ** p < 0.01. (B) Synergistic Activity by Killing Kinetics Method. Each compound and the combination of both was tested at 0.5× MIC. Data were depicted as mean ± SEM of living bacteria vs. time. The data values that were plotted over the “X” axis represent 101 or less CFU/mL (the detection limit of this method). 
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Figure 6. (A) In vivo evaluation of P6.2 alone against P. aeruginosa M13513. Larvae were infected with 10³ CFU/larva. One hour post infection, P6.2 was injected at 2.5, 10, 20, 40, and 80 mg/kg and meropenem at 12.5 mg/kg. (B) In vivo evaluation between P6.2 and meropenem against P. aeruginosa M13513. Larvae were infected as above. One hour after infection, peptide P6.2 or antibiotic was administered. B: bacteria; Mer: meropenem. The concentration of each compound is expressed en µg/mL. The data were graphed using the Kaplan–Meier method and comparisons between groups were made using the log rank test. Overall statistical significance was established at p < 0.05; and then the Log-rank (Mantel-Cox) test was performed between Mer 2.5 and Mer 2.5 + P6.2 10 ** p value = 0.0076, Mer 20 and Mer 2.5 *** p value = 0.0007, and Mer 2.5 and P6.2 5 + Mer 2.5, ns: not significative differences. 
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