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Sessile bacteria growing on surfaces are more resistant to standard antibiotics than their planktonic counterpart. Due to their antimicrobial properties, bacteriophages have re-emerged as a promising approach to treat bacterial biofilm-associated infections. Here, we evaluated the ability of two commercially available phage formulations, Staphylococcal bacteriophage (containing the monophage Sb-1) and PYO bacteriophage (a polyphage), in preventing and eradicating an in vitro biofilm of methicillin-resistant Staphylococcus aureus (MRSA) by isothermal microcalorimetry and high-resolution confocal laser scanning microscopy (CLSM). Moreover, to assess the potential in vivo efficacy of both phage preparations, a Galleria mellonella model of MRSA systemic infection was used. Microcalorimetry measurement showed that 107 PFU/ml (the highest tested titer) of both phage formulations were able to inhibit planktonic growth in a concentration-dependent manner. However, MRSA biofilm was eradicated only by co-incubation of 5–7 days with the highest phage titers, respectively. In the experiments of biofilm prevention, isothermal microcalorimetry revealed that the heat production was completely abolished in the presence of sub-inhibitory titers (104 PFU/ml) of phages. These data were also confirmed by confocal laser scanning microscopy. Both phage formulations increased the survival of G. mellonella larvae preventing or treating MRSA infection compared to untreated control. In conclusion, tested phage formulations are promising for preventing device colonization and killing biofilm bacteria attached on a surface. Novel strategies for direct coating and release of phages from material should be investigated.
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INTRODUCTION

Staphylococcus aureus is causing a variety of community-acquired and healthcare-associated infections (Magill et al., 2014; Tong et al., 2015). In addition, S. aureus exhibits the ability to form biofilm on either native tissues or implanted medical devices resulting in tolerance to high concentrations of antimicrobials (Zimmerli et al., 2004; Arciola et al., 2012). Infections caused by biofilm-embedded bacteria are difficult to eradicate due to an extracellular polymeric matrix, which protects them from antimicrobials and host immune cells (de la Fuente-Nunez et al., 2013; Paharik and Horswill, 2016). Indeed, the heterogeneity of the biofilm cell populations, including antibiotic-tolerant persister cells, characterized by a slow- or non-growing state, makes biofilm-embedded bacteria significantly less susceptible to antimicrobials than their free-floating counterparts (Van Acker et al., 2014; Flemming et al., 2016). Moreover, the emergence of spreading of staphylococcal strains resistant to different antimicrobial agents, including methicillin, vancomycin, daptomycin and/or rifampicin (O’Neill et al., 2006; Kos et al., 2012; Hassoun et al., 2017; Ma et al., 2018) represents a serious threat to global health (Sugden et al., 2016; Monaco et al., 2017).

This scenario is further complicated by the fact that production pipelines for the development of novel antibiotics has been running dry over the past few decades, resulting in an crucial requirement to identify novel therapeutic strategies to control bacterial infections mainly due to multi-drug resistant bacteria embedded in a biofilm (Ribeiro et al., 2016).

Bacteriophage (phage) therapy, based on the employment of viruses specifically killing bacterial cells, is considered an encouraging option for treating staphylococcal infections which result refractory to conventional antibiotics (Gordillo Altamirano and Barr, 2019). After the discovery of bacteriophages by d’Herelle in 1917, phages as therapeutic agents have been used for almost century mainly in the Eastern European countries in humans (Kutateladze and Adamia, 2010). However, with the launching of conventional antibiotics, the application of phage therapy in Western countries promptly decreased (Kortright et al., 2019). The rapid increase of multi-drug-resistant bacterial strains recently has been renewed interest in phage therapy and even though regulatory authorities in Europe and U.S. have not approved it yet, several examples of successfully applications of personalized phage therapy have been reported (Jennes et al., 2017; Chan et al., 2018; Exarchos et al., 2019; Nir-Paz et al., 2019; Tkhilaishvili et al., 2019) as compassionate use under the umbrella of Article 37 of the Helsinki Declaration.

Phage therapy offers some advantages over conventional antimicrobial strategies. Due to their high specificity, bacteriophages attack only host bacterial cells without affecting the normal microflora (Ly-Chatain, 2014). Unlike antibiotics, bacteriophages are self-propagating and self-limiting viruses, regulating themselves at the site of infection. This behavior results in a localized increase in viral particle numbers with a low initial dose as long as the targeted bacteria are present and in a decrease when bacteria have been killed (Dabrowska, 2019). Moreover, since the resistance mechanisms arose for all class of antibiotics do not alter phage infection, phages have been demonstrated to kill multidrug-resistant bacterial cells.

In addition, for different phages, the ability to reduce in vitro viable sessile bacterial cells was also proved (Khalifa et al., 2015; Liu et al., 2016; Kumaran et al., 2018), suggesting a potential use for the treatment of biofilm-associated infections.

Among commercially available phage formulations for therapeutic use in human, Staphylococcal bacteriophage (Sb) and PYO bacteriophage (PYO) were developed and employed as anti-infective treatments at Eliava Institute in Georgia (Fish et al., 2018; Ujmajuridze et al., 2018). Sb is a mono phage preparation that contains a well characterized and fully sequenced virus Sb-1 (Kvachadze et al., 2011), whereas PYO is a complex preparation targeting different bacterial species including S. aureus, Streptococcus spp., E. coli, Pseudomonas aeruginosa, and Proteus spp. with batch to batch variations (Kvachadze et al., 2011; Villarroel et al., 2017).

Sb has been successfully employed to treat S. aureus infections in different patients suffering from digital osteomyelitis and foot ulcers (Fish et al., 2016). Analogously, PYO have been used to cure staphylococcal wound infections by either washing the wound or applying a dressing impregnated with the phage cocktail (Pokrovskaya et al., 1942; Markoishvili et al., 2002).

Recently, we have showed that Sb is able to degrade the components of extracellular matrix and be effective against persister cells of S. aureus (Tkhilaishvili et al., 2018b). In addition, this phage formulation exhibited a rapid synergistic activity in eradicating S. aureus biofilm after 24 h-treatment in combination with different classes of antibiotics (Tkhilaishvili et al., 2018b).

Although both phage formulations were widely used in Former Soviet Union (Sulakvelidze et al., 2001; Myelnikov, 2018), their lytic effect against sessile bacteria has not been investigated in a preclinical setting yet.

Here, we evaluated the ability of Sb and PYO to prevent and eradicate an in vitro biofilm of methicillin-resistant S. aureus (MRSA) by isothermal microcalorimetry (IMC) and high-resolution microscopy. In addition, the in vivo efficacy of both phage formulations was also evaluated in a Galleria mellonella model of S. aureus systemic infection.



MATERIALS AND METHODS


Bacterial Strains and Bacteriophages

MRSA ATCC 43300 was used for all experiments. Bacteria were stored in a cryovial bead preservation system (Roth, Karlsruhe, Germany) at −80°C. Bacterial strains were grown on blood agar plate (VWR Chemicals, Leuven, Belgium) at 37°C for 24 h. Inoculum was prepared according to a McFarland (BioMerieux Marcy l’Etoile, France) turbidity of 0.5 (≈1–5 × 108 CFU/ml of the tested strain). Commercially available formulations of staphylococcal bacteriophage and PYO bacteriophage were obtained as 10 ml liquid ampoules from the Eliava Biopreparations, a company associated with the G. Eliava Institute of Bacteriophages, Microbiology and Virology, Tbilisi, Georgia. PYO formulation Phage stocks were maintained at 4°C. Vancomycin was supplied by Teva Pharma AG (Aesch, Switzerland) as 10 mg of powder in ampoules. The stock solution of 50 mg/ml was prepared in sterile saline.



Titration of Bacteriophage Suspensions

Phages titers were determined by a quantitative plaque assay as previously described (Tkhilaishvili et al., 2018a). Phage formulations were diluted using 10-fold serial dilutions in phosphate buffer to an estimated concentration yielding plaque numbers that could easily be counted. From appropriate dilutions, 0.5 ml bacteriophage lysate and 0.3 ml host bacteria from overnight culture were added to 3 ml top agar (ca. 50°C) and immediately poured onto Brain-Heart Infusion agar plates. Two plates for each dilution were used. After overnight incubation of plates at 37°C, plaques were counted and the titer was calculated in PFU/ml.



Microcalorimetry Assay

An isothermal calorimetry instrument (Thermal Activity Monitor, Model 3,102 TAM III, TA Instruments, New Castle, DE, USA) equipped with 48 channels was used to determine the antimicrobial activity of bacteriophages, as previously reported (Tkhilaishvili et al., 2018a,b). Airtight sealed ampoules were sequentially introduced into the microcalorimetry channels and lowered to an equilibrium position for 15 min to reach a temperature of 37°C. The heat generated in real-time by planktonic and biofilm-embedded cells treated with phages and by recovering bacteria after treatment were continuously measured. Heat flow (μW) was measured at 120 s-intervals and recorded for either 24 or 48 h.



Phage Lytic Activity Against Planktonic Methicillin-Resistant Staphylococcus aureus by Isothermal Microcalorimetry and CFU Counting

Free-floating bacteria were added to microcalorimetric ampoules containing 3 ml of BHIB (final inoculum 1–5  ×  106 CFU/ml) and 10-fold serial dilutions of phages (ranging from 102 to 107 PFU/ml). A growth control containing bacteria without phages, as well as a negative control with phages only was also included. Bacterial heat production was monitored for 24 h at 37°C and data were plotted as heat flow (in μW) and total heat (J) versus time. The minimum heat inhibiting concentration of phages (MHICP) was defined as the lowest titer inoculated with bacteria at the experiment starting point that inhibited growth-related heat production during 24 h-incubation in the microcalorimeter by more than 90% in comparison to the untreated control (growth control). After calorimetric analysis, 50 μl of the culture and related 10-fold serial dilutions were plated onto BHI agar for colony counting. MBC was defined as the minimum bactericidal titer of phages which determined a reduction of more than 3 log10 CFU/ml comparing to the CFU/ml of inoculum size. Experiments were performed in triplicate.



Phage Lytic Activity Against Biofilm Methicillin-Resistant Staphylococcus aureus by Isothermal Microcalorimetry Testing and Sonication/Colony Counting


Real-Time Isothermal Microcalorimetry

MRSA biofilms were formed on porous glass beads having a diameter 4 mm, pore size 60 μm, and surface area approximately 60 cm2 (VitraPor; ROBU, Hattert, Germany). Briefly, 10 beads were statically incubated with 2–3 colonies of MRSA into 10 ml BHI broth at 37°C. After 24 h incubation, beads were carefully washed three times using sterile PBS and incubated with 10-fold serial dilution phage titers (ranging from 102 to 107 PFU/ml) into the microcalorimetry glass ampoules filled with a final volume of 3 ml fresh BHI broth. Sterile beads and beads with untreated biofilm were also included as a negative (sterility) and positive (growth) control. IMC analyses were recorded for 48 h at 37°C. The minimal heat inhibitory concentration of phages for biofilm (MHICPbiofilm) bacteria was defined as “the lowest phage titer inhibiting growth-related heat production related to the viability of biofilm cells during 48 h-incubation in the microcalorimeter more than 90% (corresponding more than 2 log10-reduction of CFU) compared to the growth control. Experiments were performed in triplicate.”



Evaluation of the Eradication of Biofilm Methicillin-Resistant Staphylococcus aureus by Isothermal Microcalorimetry

Twenty-four-hour-old biofilms on the beads prepared as described above were co-incubated to the 10-fold serial dilution bacteriophage titers (ranging from 102 to 107 PFU/ml) in plastic FAC tubes (Corning Science, Reynosa, Mexico) for 24–48–72–120–168 h. Then, beads were carefully rinsed (3×) using sterile PBS to remove planktonic bacteria and phages, incubated in ampoules with fresh medium and inserted into the calorimeter for the eradication analysis. Growth medium with untreated beads was used as the positive (growth) control, and growth medium with sterile beads served as the negative (sterility) control. The minimum biofilm bactericidal concentration of phages (MBBCP) was defined as the lowest antimicrobial concentration that strongly reduced the number of viable bacterial cells within the biofilm, and therefore leading to undetectable heat values for 24–48 h. Experiments were performed in triplicates.



Biofilm Prevention Assay by Isothermal Microcalorimetry

An inoculum, prepared according to a McFarland standard turbidity of 0.5 was diluted to a final concentration of 1–5 × 106 CFUs/ml, as reported above. Ten beads were incubated with 1–5  ×  106 CFU/ml of MRSA together with 10-fold serial dilution phage titers (ranging from 102 to 107 PFU/ml) into 10 ml BHI broth for 24 h at 37°C in static condition. After 24 h-incubation, beads were carefully rinsed (3×) with sterile PBS and incubated in sterile glass ampoules with 3 ml BHI broth. Sterile beads and beads with untreated biofilm were also here included as a negative (sterility) and positive (growth) control. The IMC analysis was performed at 37°C for 48 h, defining the minimum biofilm preventing concentration (MBPCP) of phages as the lowest phage titer that prevented the formation of biofilm on the glass beads, thus leading to an undetectable heat flow signal during 48 h-incubation in the calorimetry.



Sonication/Colony Counting

After IMC biofilm experiments, to evaluate the reduction/eradication of biofilm cells, the beads showing no heat production together with untreated biofilms (growth controls) were washed (3×) using sterile PBS to remove the rest of phages and planktonic bacteria and transferred to individual Eppendorf tubes with 1 ml saline. Beads were vortexed for 30 s with maximum power, sonicated at 40 kHz for 60 s in a sonication bath (BactoSonic; Bandelin Electronic, Germany), and vortexed for 30 s again to dislodge biofilm bacteria. For conventional culture, sonication fluids were serially diluted in Eppendorf tubes and aliquots of 50 μl were quantified by viable count of CFU/ml. In unpublished control experiments, in which S. aureus cultures were sonicated up to 30 min (with the same above mentioned conditions), no statistically significant difference in CFU values was observed in comparison to non-sonicated cultures, indicating that under these conditions sonication does not kill bacteria. The minimum biofilm eradicating concentration (MBECP) of phage titers was defined as MBBCP titers, but resulting in 0 CFU/ml on plates after CFU counting of the sonicated beads, as previously described (Tkhilaishvili et al., 2018b).




Confocal Laser Scanning Microscopy

The lytic effect of phage on the prevention of biofilm formation and its eradication was evaluated by CLSM. Brieflyan overnight bacterial culture (diluted 1:100) was distributed into an 8-well μ-Slide (Ibidi) to form biofilm. For prevention experiments, bacteria were simultaneously incubated (at 37°C for 24 h) in the presence of different titres of phages. For eradication experiments, bacteria were first let form biofilm into an 8-well μ-Slide (Ibidi) for 24 h at 37°C, and then treated with different phage titers. Bacteria viability and biofilm thickness after phage co-incubation/treatment was determined by CLSM after staining cells with Syto9 (488 nm/500–540 nm) and propidium iodide (PI) (561 nm/600–650 nm) as recommended by the manufacturer (Live/dead BacLight Bacterial Viability Kit Molecular Probes, Life technologies). Samples were analyzed by the microscope TCS SP5 (Leica, Heidelberg, Germany) using a 63× objective and a pinhole aperture of 1.0 Airy. For each image, the mean of fluorescent intensity was calculated as previously described.



Phage Treatment in a Galleria mellonella Model of Methicillin-Resistant Staphylococcus aureus Infection

Larvae of G. mellonella were obtained from BioSystems Technology Ltd. (Exeter, Devon, UK). Larvae were stored at room temperature and were used within 3 days. Phages were tested for their ability to rescue MRSA-infected larvae from death. Bacteria were prepared for injection as previously described (Gibreel and Upton, 2013). Larvae were inoculated with 10 μl of bacterial suspension (containing ≈ 2.5–5 × 106–2.5–5 × 107 CFU) in the last left proleg. For the treatment, phages (1 × 105 PFU) or vancomycin (10 mg/kg) were delivered behind the last proleg on the opposite side to the bacterial injection site either 1 h post-infection (for treatment experiments) or 1 h pre-infection (for prevention experiments). Ten larvae per treatments were issued in all experiments. Larvae infected and treated with PBS solution served as positive control group. Three negative control groups were also included in the experimental design: one group that underwent no manipulation, one group injected with PBS only, which controlled for the impact of any negative effect from the injection process, and one group injected with phage suspension only, assessing phage toxicity. Larvae were stored in Petri dishes in the dark at 37°C for 168 h. Larvae were inspected every 24 h and were considered dead if they did not move when stimulated.



Data Analysis

Microcalorimetry data analysis was accomplished using the manufacturer’s software (TAM Assistant; TA Instruments, New Castle, DE). Figures were plotted using GraphPad Prism 6.01 (GraphPad Software, La Jolla, CA, USA), and resulted data were expressed as heat flow (μW) and total heat (J) versus time (h). In the G. mellonella model of infection, survival data were plotted using the Kaplan-Meier method.




RESULTS


Antibacterial Activity of Sb and PYO versus Planktonic Methicillin-Resistant Staphylococcus aureus

The viability of planktonic MRSA was investigated in real-time over 24 h by IMC measuring the heat produced by MRSA in the presence of phages and by CFUs counting after phage treatment (Figure 1). An untreated growth control was also added. As shown in Figures 1A,C, either Sb or PYO rapidly inhibited the planktonic growth of MRSA in a titer-dependent manner compared to the untreated growth control. Indeed, no heat production was observed in the presence of 107 PFU/ml of both phage formulations within 24 h-incubation, indicating that 107 PFU/ml titer corresponds to MHICP.
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FIGURE 1. Evaluation of MRSA ATCC43300 susceptibility to Sb (A,B) and PYO (C,D) exposure, by isothermal microcalorimetry (A,C) and colony counting (B,D). Each curve shows the effect of different titers of phages on the heat produced by viable bacteria during 24 h of treatment with Sb (A) and PYO (C). Histogram represents the mean of CFU number ± SEM of planktonic MRSA treated/untreated with Sb (B) and PYO (D). Numbers above curves represent Sb titers (PFU/ml). GC, growth control (dashed line); NC, negative control; T0, initial inoculum.


A similar dose-dependent trend was observed by colony counting of bacteria after 24 h incubation with different phage titers. As shown in Figures 1B,D, an increase of ≈2 log10 CFU/ml was observed in the GC samples, as compared to the inoculum size (T0). A reduction of more than 2 log10 was already obtained with 104 PFU/ml of Sb and PYO phages, respectively, compared to the CFU/ml number of MRSA initial inoculum (1–5 × 106 CFU/ml). In the presence of 107 PFU/ml titers of both phage formulations, no CFUs were observed (plating detection limit = 20 CFU/ml), suggesting that such titer is MBCP.



Antibacterial Activity of Sb and PYO Against Biofilm-Embedded Methicillin-Resistant Staphylococcus aureus

The interaction between phages and 24 h-old S. aureus biofilm was also analyzed in real-time by microcalorimetric measurements. The thermogenic curves of biofilm-embedded cells treated and untreated with phages are shown in Figure 2. Either Sb and PYO inhibited the replication of sessile bacteria in a titer-dependent manner compared to the growth control, resulting in a suppression of the heat production over 48 h-incubation (Figures 2A,C). However, a reduction of more than 90% of the total heat produced by MRSA biofilm-embedded cells was observed at 107 PFU/ml titers for both phage formulations and therefore was defined as MHICPbiofilm.

[image: Figure 2]

FIGURE 2. Evaluation of MRSA ATCC43300 biofilm susceptibility to either Sb (A,B) or PYO (C,D) exposure, by isothermal microcalorimetry (A,C) and colony counting (B,D). Each curve shows the heat produced by viable bacteria attached on beads during 48 h treatment with different titers (ranging from 102 to 107 PFU/ml) of Sb (A) and PYO (C), respectively. Histogram represents the mean of CFU number ± SEM of biofilm dislodged MRSA treated/untreated with Sb (B) and PYO (D). Numbers above curves represent Sb titers (in PFU/ml). GC, growth control (dashed line); NC, negative control.


Then, the evaluation of viable bacteria attached to the beads was performed by colony counting after bead sonication and plating of the sonication fluids. A similar dose-dependent trend of reduction of MRSA CFUs/ml was observed for all samples treated with both phages, as compared to the untreated growth control (Figures 2B,D). Here, the colony counting showed a reduction of more than 2 log10 when bacteria were treated with 107 PFU/ml of Sb and more than 3 log10 with 107 PFU/ml of PYO phage compared to the growth control (plating detection limit = 20 CFUs/ml). The lack of an eradication at higher titers after 24 h of phage treatment was also confirmed by CLSM (Figure 3).

[image: Figure 3]

FIGURE 3. CLSM images of MRSA ATCC 43300 biofilm treated with/without phages. MRSA biofilm (24 h-old) was exposed for further 24 h to different phage titers (104–107 PFU/ml). The viability of the cells was evaluated staining biofilm with SYTO9 (488/500–540 nm – green) for alive bacteria and with propidium iodide (PI) (561/600–650 nm – red) for dead bacteria. Images are merged from the two channels. Upper and lower panels represent xy- and z-plans, respectively. Scale bar: 25 μm.


In our previous work, we have shown that Sb is able to degrade the extracellular polysaccharide matrix of S. aureus biofilm (Tkhilaishvili et al., 2018b). By using CLSM, we also assessed the effect of PYO on extracellular matrix (Figure 4). Twenty-four-hour-old biofilm of MRSA was stained with both a dye specific for the poly-N-acetylglucosamine residues (blue) of the extracellular polysaccharides and with syto 85 specific for the cellular DNA (green). In contrast to what observed for Sb (Tkhilaishvili et al., 2018b), none of PYO titers determined a progressive reduction of the blue staining in comparison to the untreated control, suggesting that no visible degradation of the polysaccharide component seems to occur in the presence of PYO phages.

[image: Figure 4]

FIGURE 4. CLSM images of MRSA ATCC 43300 biofilm treated with/without PYO. MRSA biofilm (24 h old) was exposed for 24 h to different PYO titers (ranging from 0 to 106 PFU/ml) and then stained with WGA488 (488/500–600 nm – blue) for exopolysaccharides and SYTO™85 (561/600–700 nm – green) for bacterial cells. Scale bar: 25 μm.


Moreover, isothermal microcalorimetry was used to investigate the presence of residual biofilm cells attached on glass beads in terms of metabolic heat production. Beads were re-inoculated in fresh medium, after incubation with different phage titers and at different time points (ranging from 24 h up to 168 h). Indeed, co-incubation with increasing titers of either Sb and PYO formulations over the time led to a minor heat production compared to the heat released by untreated controls, suggesting a strong decrease in the number of alive bacteria attached on the beads when treated with phages (Figures 5, 6, respectively).

[image: Figure 5]

FIGURE 5. Evaluation of MRSA ATCC43300 biofilm susceptibility to Sb phage at different time exposures by IMC. Each curve shows the heat produced by viable bacteria present in the biofilm after 24 h (A), 48 h (B), 72 h (C), 120 h (D), 168 h (E), treatment with different phage titers (ranging from 102 to 107 PFU/ml). Graphs on the right represent the magnification of the graphs on the left. Numbers above curves represent Sb titers (in PFU/ml). Circled values represent the MBEC. GC, growth control (dashed line); NC, negative control.


[image: Figure 6]

FIGURE 6. Evaluation of MRSA ATCC43300 biofilm susceptibility to PYO at different time exposures by IMC. Each curve shows the heat produced by viable bacteria present in the biofilm after 24 h (A), 48 h (B), 72 h (C), 120 h (D), 168 h (E) treatment with different phage titers (ranging from 102 to 107 PFU/ml). Graphs on the right represent the magnification of the graphs on the left. Numbers above curves represent PYO titers (in PFU/ml). Circled values represent the MBECP. GC, growth control (dashed line); NC, negative control.


The analysis of sonication fluids of bead biofilms pre-treated with phages and incubated in the calorimeter at 37°C for 24 h in fresh medium revealed that MRSA biofilm was eradicated only following a co-incubation with the highest titer of Sb and PYO, for either 7 or 5 days, respectively (Figures 5E, 6D). These results were confirmed by CLSM imaging of MRSA biofilm treated for 7 and 5 days with Sb and PYO, respectively. The analysis of MRSA viability by dead/live staining clearly indicating that no biofilms were detectable after the treatment of MRSA biofilm with phages (Figure 7). By definition, 107 PFU/ml and 106 PFU/ml were the MBEC of Sb and PYO after 7 and 5 days, respectively.

[image: Figure 7]

FIGURE 7. CLSM images of MRSA ATCC 43300 biofilm untreated and treated with Sb and PYO. MRSA biofilm (24 h-old) was exposed for 7 and 5 days to 107 PFU/ml Sb and 106 PFU/ml PYO, respectively. The viability of the cells was evaluated staining with green fluorescent labeled SYTO9 (488/500–540 nm) for alive bacteria and with red fluorescent propidium iodide (PI) (561/600–650 nm) for dead bacteria. Images are merged from the two channels. Upper and lower panels represent xy- and z-plans, respectively. Scale bar: 25 μm.




Ability of Sb and PYO to Prevent Methicillin-Resistant Staphylococcus aureus Biofilm Formation

Microcalorimetric measurements were also performed to evaluate the ability of bacteriophages in preventing biofilm formation on glass beads. In this experiment, by using microcalorimetry, we aimed at evaluating if any biofilm or attached bacteria were present on the beads which were previously co-incubated with phages and bacteria (simultaneously), for 24 h. After co-incubation, beads were washed to remove free floating phages and bacteria and then inoculated in fresh medium in the calorimeter. If phages prevented bacterial attachment and biofilm formation, beads had no bacteria on top, so no heat was produced within 48 h of measuring. Figure 8 shows the heat flow detected during 48 h monitoring of heat produced by MRSA, generated by viable bacteria attached on the beads, previously co-incubated with either Sb (Figure 8A) or PYO phage (Figure 8B).

[image: Figure 8]

FIGURE 8. Evaluation of the ability of Sb (A) and PYO (B) phages to prevent biofilm formation on porous glass beads by IMC. Each curve shows the heat produced by viable bacteria potentially attached on the glass beads after 24 h co-incubation with increasing titers of phages (ranging from 102 to 107 PFU/ml) in the presence of the abiotic surface. Numbers above curves represent Sb titers (in PFU/ml). GC, growth control (dashed line); NC, negative control.


A strong reduction of MRSA heat production was already achieved at a lower titer (102 PFU/ml) of both bacteriophages, and a reduction of more than 90% of heat production was already observed at 104 PFU/ml of both phage formulations. The lack of heat production for 48 h correlated with no biofilm-embedded cells attached on porous surface of glass beads.

These results were confirmed by CLSM analysis of the presence of biofilm MRSA, whose planktonic cells were previously incubated with phages and then labeled by dead/live staining. As shown in Figure 9, a strong reduction or the absence of the alive bacterial cells attached on the wilco surface after co-incubation with 103 PFU/ml and 104 PFU/ml, of both phages compared to the untreated control was observed.

[image: Figure 9]

FIGURE 9. CLSM analysis of biofilm of MRSA ATCC 43300 preventively incubated with either Sb or PYO. The viability of the cells attached on the surface was evaluated after 24 h incubation staining with green fluorescent labeled SYTO9 (488/500–540 nm) for alive bacteria and with red fluorescent propidium iodide (PI) (561/600–650 nm) for dead bacteria. Images are merged from the two channels. Upper and lower panels represent xy- and z-plans, respectively. Scale bar: 25 μm.


In order to better understand the absence of heat production detected by microcalorimetric experiments, the evaluation of viable bacteria attached on the beads or free-swimming bacteria in the supernatant was performed by colony counting of either sonication fluids or supernatants. As shown in Figure 10, sub-inhibitory titers (104 PFU/ml) of both phages formulations within 6 h of co-incubation showed a reduction of more than 3 log10 of free-floating bacteria in the liquid medium, besides ≈102 CFU/ml of bacteria was attached on the beads. However, after 24 h of co-incubation within phages, no colonies were detected, neither in the liquid medium nor in the sonication fluid. A dose-dependent correlation was observed during colony counting of bacteria with increasing the titer of phages.

[image: Figure 10]

FIGURE 10. The evaluation of viable bacteria attached on the beads (B,D) or free-swimming bacteria (A,C) in the supernatant. Histogram represents the mean of CFU number ± SEM of biofilm MRSA treated/untreated with different titer of Sb (A,B) and PYO (C,D) phages (ranging from 104–107 PFU/ml). GC, growth control.




Prophylaxis and Treatment of Methicillin-Resistant Staphylococcus aureus Systemic Infection in Galleria mellonella Larvae by Either Sb or PYO Phages

To evaluate the application of the phages as prophylactic or remedial treatment for MRSA infection, we determined their efficacy in the G. mellonella larvae using the same bacterial strain and phages combination used for the in vitro assays (Figures 11, 12). Two models of phage therapy were examined. The first was a treatment whereby an acute 1 h infection was allowed to establish prior to administration of phage or vancomycin (Figure 11); in the second model, a phage formulation or vancomycin was administered to larvae 1 h prior to bacterial challenge to prevent infection (Figure 12). No mortality was recorded in the negative controls. Moreover, phages (105 PFU/ml) and vancomycin 10 mg/kg alone had no effect on larval survival, as compared to the PBS-treated controls and were therefore considered to be non-toxic at these doses. Larval survival was affected by the inoculum dose, with higher doses of bacteria (2.5 × 107 CFU/ml) reducing the time of larval survival (Figures 11B, 12B). Single treatment with different doses of phages or antibiotic administered before or after inoculation with MRSA improved larval survival. However, the groups with a lower inoculum (2.5 × 106 CFU/ml) had a greater survival percentage (Figures 11A, 12A). In addition, the results showed that increased survival rate was observed with the usage of a phage cocktail, as compared to single phage administration.
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FIGURE 11. Impact of single phage and vancomycin doses on treatment of MRSA infection and survival rates of G. mellonella larvae. A single phage dose (105 PFU/ml) was injected 1 h before the larvae was infected with (A) 2.5–5 × 106 CFU/ml (B) 2.5–5 × 107 CFU/ml of bacteria. PC, untreated control; NC, non-manipulated; PBS, phosphate-buffered saline.
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FIGURE 12. Impact of single phage and vancomycin doses on prevention of MRSA infection and survival rates of G. mellonella larvae. A single phage dose (105 PFU/ml) was injected 1 h before the larvae was infected with (A) 2.5–5 × 106 CFU/ml (B) 2.5–5 × 107 CFU/ml of bacteria. PC, untreated control; NC, non-manipulated; PBS, phosphate-buffered saline.





DISCUSSION

The emergence of antibiotic resistance has reduced the available treatment options for bacterial infections (O’Connell et al., 2013; Li and Webster, 2018). Moreover, the ability of S. aureus to form biofilm in the presence of a medical indwelling device represents an additional challenge, since only few antibiotics, such as vancomycin, daptomycin, fosfomycin, and rifampicin, result effective for the treatment of staphylococcal biofilm-associated infections (Singh et al., 2010; Mihailescu et al., 2014). In most cases, biofilm bacteria are tolerant to high concentrations of antibiotics due to the presence of persisters, a subpopulation of bacterial cells phenotypically tolerant to antibiotics, determined the need of prolonged therapies (Lebeaux et al., 2014; Butini et al., 2019). As a result, bacteriophages have been re-emerged as potential alternative strategy for the treatment of biofilm-associated infections (Wu et al., 2015; Pires et al., 2017).

Among different commercially available phage formulation, Sb is constituted of Sb-1 a fully sequenced single phage preparation, while PYO is a cocktail of different phages and the one used in this study contained the completely sequenced Staphylococcal phage ISP (Vandersteegen et al., 2011).

In our previous work, by using IMC, we observed that T3 phage exerted killing activity against planktonic and biofilm-embedded E. coli in a titer dependent manner and the highest titer tested (107 PFU/ml) was able to kill all planktonic cells, but it was not able to eradicate sessile bacteria after 24 h incubation (Tkhilaishvili et al., 2018a). A similar trend was observed here. Microcalorimetric analysis in real-time showed that the incubation with 107 PFU/ml titer of either Sb or PYO exhibited a killing activity versus sessile cells of S. aureus ATCC43300, but it did not result in an eradication of the biofilm within 24 h, as attested even by colony counting and CLSM imaging. When we compared the biofilm untreated control (growth control) to the biofilm samples treated with the highest titers of phages tested for 24 h, we observed that 90% of heat reduction of the curves in calorimetric graphs corresponds to a moderate reduction of S. aureus viability (≈2 log10 and ≈3.5 log10 CFU/ml) for Sb and PYO treatments, respectively. This is consistent with the fact that the detection limit of the calorimeter is ≈105 CFU/ml (Butini et al., 2019), therefore in order to better quantify the remaining bacterial cells on glass beads the colony counting is needed.

Bacteriophages, as all viruses, infect their host cells to replicate themselves and release the viral progeny, meaning an exponential increase of the number of virus particles over time (Yin and Redovich, 2018). In addition, in our previous work, we showed that phages can also kill persister cells after their resumption to a normal growing phenotype (Tkhilaishvili et al., 2018b). Therefore, we evaluated if a longer exposure could eradicate all sessile bacteria. We observed that the in vitro killing of all S. aureus biofilm-embedded cells was possible when bacteria were incubated over 5 and 7 days with either PYO (106 PFU/ml) or Sb (107 PFU/ml), respectively. A prolonged exposure characterized by a rise of phage number during bacterial lysis might facilitate the interaction by phages with bacterial cells, including those localized into the deepest biofilm layers, which determine consequently the death of all the adherent cells.

In a previous work, we also showed that Sb can degrade the exopolysaccharide component of the matrix. Here, the CLSM analysis showed that the treatment of biofilm based on PYO had no effect on the extracellular components of the matrix suggesting a different enzymatic activity between the phage formulation tested. However, the slower lytic activity of phages against biofilms can be apparently more due to the physiological state of sessile community and not to diffusion barriers (Abedon, 2017).

As an established biofilm is difficult to be eradicated, the prevention of the infection is still considered the best strategy to reduce the cases of infections (Chen et al., 2013). Either Sb or PYO showed an in vitro ability to prevent S. aureus biofilm formation within 24 h at titer (104 PFU/ml) lower than that needed for the killing of all planktonic cells of the initial inoculum as shown in Figure 1. In such experiment, we observed only a 2 log10 CFU reduction of bacteria treated with 104 PFU/ml comparing to the untreated control. This discrepancy might be due to the fact that in the presence of the beads part of the planktonic bacteria attaches on the material, resulting less metabolically active. This effect reduces the number of the replicating free-floating bacteria and be more easily lysate by phages. This effect was observed for both phages formulation tested independently. As reported by in vitro observations, the adhesion of S. aureus seems to occur within 3 h from bacterial inoculum (Moormeier et al., 2014). CFUs counting after 3 h-incubation of S. aureus treated with 104 PFU/ml of either Sb or PYO showed that there is no difference in the CFU number of attached cells from treated and untreated samples, suggesting that Sb and PYO did not interfere with bacterial adhesion process. Although we cannot clearly discriminate between biofilm prevention and biofilm disruption, here mature biofilm disruption could be excluded by the fact that the phage titer 104 PFU/ml (determining bacteria eradication on the beads) had only a poor effect in disrupting the biofilms in the “antibiofilm activity test” (Figure 2).

In vivo experiments, performed in a G. mellonella model of S. aureus systemic infection, showed that both phage formulations at higher titer tested improved the survival of larvae comparing to the untreated sample and analogously to the effect exhibited by vancomycin used as antibiotic control.

Previous in vivo studies of the therapeutic potential of phages against different bacterial pathogens have used in a G. mellonella infection model (Desbois and Coote, 2011; Johnston et al., 2016; Silva et al., 2017). However, to the best of our knowledge, this is the first study to test phages for their ability to rescue MRSA-infected G. mellonella larvae from death. In our study, the phage was applied at 1 h before or after MRSA infection in order to determine if these phage formulations had a prophylactic and/or treatment effect. Results suggest that the time of administration of phage plays an important role in therapy of MRSA infection in larvae. When phages were applied 1 h before infection, the survival rates were higher than in the groups administered phage after 1 h infection. In addition, our study showed that the effectiveness of phage therapy increased with usage of phage cocktail compared to single phage and a single phage dose was enough to reduce the mortality of larvae infected with MRSA in vivo. The low MOI (0.1 and 0.01) used in this study allowed for determination of the efficacy of the phages while avoiding the phenomenon of “lysis from without.” Interestingly, a MOI 0.1 determined the survival of more larvae comparing to the larval survival with a MOI 0.01, suggesting that the ratio between phages and bacteria is relevant for the success of the therapy. However, the relevance of the G. mellonella model to predict the phage efficacy with higher MOIs and different timings of phage administration remains to be determined.



CONCLUSION

In this study, our research strongly suggests that phage PYO bacteriophage and Sb phages are promising for preventing device colonization and killing biofilm bacteria attached on a surface. Novel strategies for addressing coating and release of phages from material should be further investigated. In addition, both phage formulations increased the survival of G. mellonella larvae preventing or treating MRSA infection compared to untreated control. Future work should be considered using the phages against clinical strains and efficiency of treatment for systemic infections must be evaluated in more complex animal models.



DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to the corresponding author.



AUTHOR CONTRIBUTIONS

TT, MD, and ATr conceived and designed the experiments. TT and MD performed the experiments, analyzed the data, and drafted the manuscript, with the contribution of ATr, LW, and ATa.



FUNDING

This work was supported by the PRO-IMPLANT Foundation, Berlin, Germany (https://www.pro-implant-foundation.org). We also acknowledge the support from the German Research Foundation (DFG) and the Open Access Publication Fund of Charité – Universitätsmedizin Berlin, Berlin, Germany. The funding bodies had no influence on the design of the study, collection, analysis, and interpretation of data and in writing the manuscript.


ACKNOWLEDGMENTS

Authors thank Dr. Mzia Kutateladze, from Eliava Institut in Georgia, for helpful discussion. Part of the data has been presented at European Conference of Clinical Microbiology and Infectious Diseases 2019 (ECCMID, Amsterdam, Netherlands, 13–16 April 2019) and at European Bone and Joint Infection Society Conference 2016 (Oxford, United Kingdom, 1–3 September 2016).



REFERENCES

 Abedon, S. T. (2017). Phage “delay” towards enhancing bacterial escape from biofilms: a more comprehensive way of viewing resistance to bacteriophages. AIMS Microbiol. 3, 186–226. doi: 10.3934/microbiol.2017.2.186 

 Arciola, C. R., Campoccia, D., Speziale, P., Montanaro, L., and Costerton, J. W. (2012). Biofilm formation in staphylococcus implant infections. A review of molecular mechanisms and implications for biofilm-resistant materials. Biomaterials 33, 5967–5982. doi: 10.1016/j.biomaterials.2012.05.031 

 Butini, M. E., Abbandonato, G., Di Rienzo, C., Trampuz, A., and Di Luca, M. (2019). Isothermal microcalorimetry detects the presence of persister cells in a Staphylococcus aureus biofilm after vancomycin treatment. Front. Microbiol. 10:332. doi: 10.3389/fmicb.2019.00332 

 Chan, B. K., Turner, P. E., Narayan, D., Kim, S., Mojibian, H. R., and Elefteriades, J. A. (2018). Phage treatment of an aortic graft infected with Pseudomonas aeruginosa. Evol., Med., Public Health 2018, 60–66. doi: 10.1093/emph/eoy005 

 Chen, M., Yu, Q., and Sun, H. (2013). Novel strategies for the prevention and treatment of biofilm related infections. Int. J. Mol. Sci. 14, 18488–18501. doi: 10.3390/ijms140918488 

 Dabrowska, K. (2019). Phage therapy: what factors shape phage pharmacokinetics and bioavailability? Systematic and critical review. Med. Res. Rev. 39, 2000–2025. doi: 10.1002/med.21572 

 de la Fuente-Nunez, C., Reffuveille, F., Fernandez, L., and Hancock, R. E. (2013). Bacterial biofilm development as a multicellular adaptation: antibiotic resistance and new therapeutic strategies. Curr. Opin. Microbiol. 16, 580–589. doi: 10.1016/j.mib.2013.06.013 

 Desbois, A. P., and Coote, P. J. (2011). Wax moth larva (Galleria mellonella): an in vivo model for assessing the efficacy of antistaphylococcal agents. J. Antimicrob. Chemother. 66, 1785–1790. doi: 10.1093/jac/dkr198 

 Exarchos, V., Tkhilaishvili, T., Potapov, E., Starck, C., Trampuz, A., and Schoenrath, F. (2019). Successful bacteriophage treatment of infection involving cardiac implantable electronic device and aortic graft: a Trojan horse concept. Europace pii: euz319. doi: 10.1093/europace/euz319 

 Fish, R., Kutter, E., Wheat, G., Blasdel, B., Kutateladze, M., and Kuhl, S. (2016). Bacteriophage treatment of intransigent diabetic toe ulcers: a case series. J. Wound Care 25(Supp. 7), S27–S33. doi: 10.12968/jowc.2016.25.Sup7.S27

 Fish, R., Kutter, E., Wheat, G., Blasdel, B., Kutateladze, M., and Kuhl, S. (2018). Compassionate use of bacteriophage therapy for foot ulcer treatment as an effective step for moving toward clinical trials. Methods Mol. Biol. 1693, 159–170. doi: 10.1007/978-1-4939-7395-8_14

 Flemming, H. C., Wingender, J., Szewzyk, U., Steinberg, P., Rice, S. A., and Kjelleberg, S. (2016). Biofilms: an emergent form of bacterial life. Nat. Rev. Microbiol. 14, 563–575. doi: 10.1038/nrmicro.2016.94 

 Gibreel, T. M., and Upton, M. (2013). Synthetic epidermicin NI01 can protect galleria mellonella larvae from infection with Staphylococcus aureus. J. Antimicrob. Chemother. 68, 2269–2273. doi: 10.1093/jac/dkt195 

 Gordillo Altamirano, F. L., and Barr, J. J. (2019). Phage therapy in the postantibiotic era. Clin. Microbiol. Rev. 32, e00066–e00018. doi: 10.1128/CMR.00066-18

 Hassoun, A., Linden, P. K., and Friedman, B. (2017). Incidence, prevalence, and management of MRSA bacteremia across patient populations-a review of recent developments in MRSA management and treatment. Crit. Care 21:211. doi: 10.1186/s13054-017-1801-3 

 Jennes, S., Merabishvili, M., Soentjens, P., Pang, K. W., Rose, T., Keersebilck, E., et al. (2017). Use of bacteriophages in the treatment of colistin-only-sensitive Pseudomonas aeruginosa septicaemia in a patient with acute kidney injury-a case report. Crit. Care 21:129. doi: 10.1186/s13054-017-1709-y.

 Johnston, T., Hendricks, G. L., Shen, S., Chen, R. F., Kwon, B., Kelso, M. J., et al. (2016). Raf-kinase inhibitor GW5074 shows antibacterial activity against methicillin-resistant Staphylococcus aureus and potentiates the activity of gentamicin. Future Med. Chem. 8, 1941–1952. doi: 10.4155/fmc-2016-0104 

 Khalifa, L., Brosh, Y., Gelman, D., Coppenhagen-Glazer, S., Beyth, S., Poradosu-Cohen, R., et al. (2015). Targeting Enterococcus faecalis biofilms with phage therapy. Appl. Environ. Microbiol. 81, 2696–2705. doi: 10.1128/AEM.00096-15 

 Kortright, K. E., Chan, B. K., Koff, J. L., and Turner, P. E. (2019). Phage therapy: a renewed approach to combat antibiotic-resistant bacteria. Cell Host Microbe 25, 219–232. doi: 10.1016/j.chom.2019.01.014 

 Kos, V. N., Desjardins, C. A., Griggs, A., Cerqueira, G., Van Tonder, A., Holden, M. T. G., et al. (2012). Comparative genomics of vancomycin-resistant Staphylococcus aureus strains and their positions within the clade most commonly associated with methicillin-resistant S. aureus hospital-acquired infection in the United States. MBio 3:e00112. doi: 10.1128/mBio.00112-12

 Kumaran, D., Taha, M., Yi, Q., Ramirez-Arcos, S., Diallo, J.-S., Carli, A., et al. (2018). Does treatment order matter? Investigating the ability of bacteriophage to augment antibiotic activity against Staphylococcus aureus biofilms. Front. Microbiol. 9:127. doi: 10.3389/fmicb.2018.00127 

 Kutateladze, M., and Adamia, R. (2010). Bacteriophages as potential new therapeutics to replace or supplement antibiotics. Trends Biotechnol. 28, 591–595. doi: 10.1016/j.tibtech.2010.08.001 

 Kvachadze, L., Balarjishvili, N., Meskhi, T., Tevdoradze, E., Skhirtladze, N., Pataridze, T., et al. (2011). Evaluation of lytic activity of staphylococcal bacteriophage Sb against freshly isolated clinical pathogens. Microb. Biotechnol. 4, 643–650. doi: 10.1111/j.1751-7915.2011.00259.x 

 Lebeaux, D., Ghigo, J.-M., and Beloin, C. (2014). Biofilm-related infections: bridging the gap between clinical management and fundamental aspects of recalcitrance toward antibiotics. Microbiol. Mol. Biol. Rev. 78, 510–543. doi: 10.1128/MMBR.00013-14

 Li, B., and Webster, T. J. (2018). Bacteria antibiotic resistance: new challenges and opportunities for implant-associated orthopedic infections. J. Orthop. Res. 36, 22–32. doi: 10.1002/jor.23656 

 Liu, Y., Mi, Z., Niu, W., An, X., Yuan, X., Liu, H., et al. (2016). Potential of a lytic bacteriophage to disrupt Acinetobacter baumannii biofilms in vitro. Future Microbiol. 11, 1383–1393. doi: 10.2217/fmb-2016-0104 

 Ly-Chatain, M. H. (2014). The factors affecting effectiveness of treatment in phages therapy. Front. Microbiol. 5:51. doi: 10.3389/fmicb.2014.00051 

 Ma, Z., Lasek-Nesselquist, E., Lu, J., Schneider, R., Shah, R., Oliva, G., et al. (2018). Characterization of genetic changes associated with daptomycin nonsusceptibility in Staphylococcus aureus. PLoS One 13:e0198366. doi: 10.1371/journal.pone.0209706 

 Magill, S. S., Edwards, J. R., Bamberg, W., Beldavs, Z. G., Dumyati, G., Kainer, M. A., et al. (2014). Multistate point-prevalence survey of health care-associated infections. N. Engl. J. Med. 370, 1198–1208. doi: 10.1056/NEJMoa1306801 

 Markoishvili, K., Tsitlanadze, G., Katsarava, R.,  Morris, J. G. Jr., and Sulakvelidze, A. (2002). A novel sustained-release matrix based on biodegradable poly(ester amide)s and impregnated with bacteriophages and an antibiotic shows promise in management of infected venous stasis ulcers and other poorly healing wounds. Int. J. Dermatol. 41, 453–458. doi: 10.1046/j.1365-4362.2002.01451.x 

 Mihailescu, R., Furustrand Tafin, U., Corvec, S., Oliva, A., Betrisey, B., Borens, O., et al. (2014). High activity of fosfomycin and rifampin against methicillin-resistant Staphylococcus aureus biofilm in vitro and in an experimental foreign-body infection model. Antimicrob. Agents Chemother. 58, 2547–2553. doi: 10.1128/AAC.02420-12 

 Monaco, M., Pimentel de Araujo, F., Cruciani, M., Coccia, E. M., and Pantosti, A. (2017). Worldwide epidemiology and antibiotic resistance of Staphylococcus aureus. Curr. Top. Microbiol. Immunol. 409, 21–56. doi: 10.1007/82_2016_3 

 Moormeier, D. E., Bose, J. L., Horswill, A. R., and Bayles, K. W. (2014). Temporal and stochastic control of Staphylococcus aureus biofilm development. MBio 5:e01341. doi: 10.1128/mBio.01341-14

 Myelnikov, D. (2018). An alternative cure: the adoption and survival of bacteriophage therapy in the USSR, 1922–1955. J. Hist. Med. Allied Sci. 73, 385–411. doi: 10.1093/jhmas/jry024 

 Nir-Paz, R., Gelman, D., Khouri, A., Sisson, B. M., Fackler, J., Alkalay-Oren, S., et al. (2019). Successful treatment of antibiotic resistant poly-microbial bone infection with bacteriophages and antibiotics combination. Clin. Infect. Dis. 69, 2015–2018. doi: 10.1093/cid/ciz222

 O’Connell, K. M., Hodgkinson, J. T., Sore, H. F., Welch, M., Salmond, G. P., and Spring, D. R. (2013). Combating multidrug-resistant bacteria: current strategies for the discovery of novel antibacterials. Angew. Chem. Int. Ed. Engl. 52, 10706–10733. doi: 10.1002/anie.201209979 

 O’Neill, A. J., Huovinen, T., Fishwick, C. W., and Chopra, I. (2006). Molecular genetic and structural modeling studies of Staphylococcus aureus RNA polymerase and the fitness of rifampin resistance genotypes in relation to clinical prevalence. Antimicrob. Agents Chemother. 50, 298–309. doi: 10.1128/aac.50.1.298-309.2006

 Paharik, A. E., and Horswill, A. R. (2016). The staphylococcal biofilm: adhesins, regulation, and host response. Microbiol. Spectrum 4. doi: 10.1128/microbiolspec.VMBF-0022-2015 

 Pires, D. P., Melo, L., Vilas Boas, D., Sillankorva, S., and Azeredo, J. (2017). Phage therapy as an alternative or complementary strategy to prevent and control biofilm-related infections. Curr. Opin. Microbiol. 39, 48–56. doi: 10.1016/j.mib.2017.09.004

 Pokrovskaya, M., Kaganova, L., Morosenko, M., Bulgakova, A., and Skatsenko, E. (1942). Treatment of wounds with bacteriophages, 2nd Edn. Moscow: State Publishing House “Medgiz,” USSR.

 Ribeiro, S. M., Felicio, M. R., Boas, E. V., Goncalves, S., Costa, F. F., Samy, R. P., et al. (2016). New frontiers for anti-biofilm drug development. Pharmacol. Ther. 160, 133–144. doi: 10.1016/j.pharmthera.2016.02.006

 Silva, L. N., Da Hora, G. C. A., Soares, T. A., Bojer, M. S., Ingmer, H., Macedo, A. J., et al. (2017). Myricetin protects galleria mellonella against Staphylococcus aureus infection and inhibits multiple virulence factors. Sci. Rep. 7:2823. doi: 10.1038/s41598-017-02712-1 

 Singh, R., Ray, P., Das, A., and Sharma, M. (2010). Penetration of antibiotics through Staphylococcus aureus and Staphylococcus epidermidis biofilms. J. Antimicrob. Chemother. 65, 1955–1958. doi: 10.1093/jac/dkq257 

 Sugden, R., Kelly, R., and Davies, S. (2016). Combatting antimicrobial resistance globally. Nat. Microbiol. 1:16187. doi: 10.1038/nmicrobiol.2016.187 

 Sulakvelidze, A., Alavidze, Z., and  Morris, J. G. Jr. (2001). Bacteriophage therapy. Antimicrob. Agents Chemother. 45, 649–659. doi: 10.1128/AAC.45.3.649-659.2001 

 Tkhilaishvili, T., Di Luca, M., Abbandonato, G., Maiolo, E. M., Klatt, A. B., Reuter, M., et al. (2018a). Real-time assessment of bacteriophage T3-derived antimicrobial activity against planktonic and biofilm-embedded Escherichia coli by isothermal microcalorimetry. Res. Microbiol. 169, 515–521. doi: 10.1016/j.resmic.2018.05.010

 Tkhilaishvili, T., Lombardi, L., Klatt, A. B., Trampuz, A., and Di Luca, M. (2018b). Bacteriophage Sb enhances antibiotic activity against biofilm, degrades exopolysaccharide matrix and targets persisters of Staphylococcus aureus. Int. J. Antimicrob. Agents 52, 842–853. doi: 10.1016/j.ijantimicag.2018.09.006

 Tkhilaishvili, T., Winkler, T., Muller, M., Perka, C., and Trampuz, A. (2019). Bacteriophages as adjuvant to antibiotics for the treatment of periprosthetic joint infection caused by multidrug-resistant Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 64, pii: e00924-19. doi: 10.1128/AAC.00924-19 

 Tong, S. Y. C., Davis, J. S., Eichenberger, E., Holland, T. L., and  Fowler, V. G. Jr. (2015). Staphylococcus aureus infections: epidemiology, pathophysiology, clinical manifestations, and management. Clin. Microbiol. Rev. 28, 603–661. doi: 10.1128/CMR.00134-14

 Ujmajuridze, A., Chanishvili, N., Goderdzishvili, M., Leitner, L., Mehnert, U., Chkhotua, A., et al. (2018). Adapted bacteriophages for treating urinary tract infections. Front. Microbiol. 9:1832. doi: 10.3389/fmicb.2018.01832

 Van Acker, H., Van Dijck, P., and Coenye, T. (2014). Molecular mechanisms of antimicrobial tolerance and resistance in bacterial and fungal biofilms. Trends Microbiol. 22, 326–333. doi: 10.1016/j.tim.2014.02.001 

 Vandersteegen, K., Mattheus, W., Ceyssens, P. J., Bilocq, F., De Vos, D., Pirnay, J. P., et al. (2011). Microbiological and molecular assessment of bacteriophage ISP for the control of Staphylococcus aureus. PLoS One 6:e24418. doi: 10.1371/journal.pone.0024418 

 Villarroel, J., Larsen, M. V., Kilstrup, M., and Nielsen, M. (2017). Metagenomic analysis of therapeutic PYO phage cocktails from 1997 to 2014. Viruses 9, pii: E328. doi: 10.3390/v9110328 

 Wu, H., Moser, C., Wang, H.-Z., Høiby, N., and Song, Z.-J. (2015). Strategies for combating bacterial biofilm infections. Int. J. Oral Sci. 7, 1–7. doi: 10.1038/ijos.2014.65

 Yin, J., and Redovich, J. (2018). Kinetic modeling of virus growth in cells. Microbiol. Mol. Biol. Rev. 82:e00066-17. doi: 10.1128/MMBR.00066-17

 Zimmerli, W., Trampuz, A., and Ochsner, P. E. (2004). Prosthetic-joint infections. N. Engl. J. Med. 351, 1645–1654. doi: 10.1056/NEJMra040181 


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Tkhilaishvili, Wang, Tavanti, Trampuz and Di Luca. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-11-00110-g005.jpg
>

Heat Flow (1W)
H

gg¢g

H

g

°
&

Time (h)

-]

Heat Flow (1W)

T er e

Heat Flow (W)

Heat Flow (W)

Time (h)

Time (h)

o

22

Heat Flow (uW)

Heat Flow (W)

Time (h)

o
g

Heat Flow (1W)

- 8|88

Heat Flow (W)

Time (h)

m

ieat Flow (W)

553

Time (h)

Heat Flow (W)

Time (h)

Time (h)





OPS/images/fmicb-11-00110-g006.jpg
>

0 210
50
180
g g 150
2300 3
3 9
200 &
§ 60
E H
| 100 2
04
o
Time (h)
210
B 50 e
g £ 150
= 3 120
a0 3
E L 9
200 :
3 o
E z
| 100 o
ol
3
* * Time (h)
Time (h)
210
C s00.
180
< 400. A
2 - 3150
Z 300, s
2 T 9
0 E o] .
T e Y
— e
o
¢ [ 8 16 2
16 2
° Time ()
Time (h) (h)
210
- 180
< 400. A
32 » 3515n
Z 300, )
g & 90
(200 =
E w0
g =
T 100- 30
e o
o 8 16 2
Time (h)
E 500
g 5
H z
P H
T
Ll 200 [
E i
| 100
o
Time (h)
Time (h) (h)






OPS/images/fmicb-11-00110-g003.jpg
Sb

Untreated
control " 7
10° PFU/mI 10° PFU/mI 107 PFU/mI 104 PFU/mI 10° PFU/mI 108 PFU/mI
jmi






OPS/images/fmicb-11-00110-g004.jpg
PYO
(PFU/mI) Syto 85






OPS/images/fmicb-11-00110-g009.jpg
Untreated PYO

contel 10% PEU/mI 104 PEU/mI 108 PEU/mI 104 PFU/mI






OPS/images/fmicb-11-00110-g007.jpg
Untreated PYO

control 107 PFU/ml 108 PFU/ml






OPS/images/fmicb-11-00110-g008.jpg
100
NG 102107

Time (h) Time (h)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Antibacterial Efficacy of Two Commercially Available Bacteriophage Formulations, Staphylococcal Bacteriophage and PYO Bacteriophage, Against Methicillin-Resistant Staphylococcus aureus: Prevention and Eradication of Biofilm Formation and Control of a Systemic Infection of Galleria mellonella Larvae



		Introduction



		Materials and Methods



		Bacterial Strains and Bacteriophages



		Titration of Bacteriophage Suspensions



		Microcalorimetry Assay



		Phage Lytic Activity Against Planktonic Methicillin-Resistant Staphylococcus aureus by Isothermal Microcalorimetry and CFU Counting



		Phage Lytic Activity Against Biofilm Methicillin-Resistant Staphylococcus aureus by Isothermal Microcalorimetry Testing and Sonication/Colony Counting



		Real-Time Isothermal Microcalorimetry



		Evaluation of the Eradication of Biofilm Methicillin-Resistant Staphylococcus aureus by Isothermal Microcalorimetry



		Biofilm Prevention Assay by Isothermal Microcalorimetry



		Sonication/Colony Counting









		Confocal Laser Scanning Microscopy



		Phage Treatment in a Galleria mellonella Model of Methicillin-Resistant Staphylococcus aureus Infection



		Data Analysis









		Results



		Antibacterial Activity of Sb and PYO versus Planktonic Methicillin-Resistant Staphylococcus aureus



		Antibacterial Activity of Sb and PYO Against Biofilm-Embedded Methicillin-Resistant Staphylococcus aureus



		Ability of Sb and PYO to Prevent Methicillin-Resistant Staphylococcus aureus Biofilm Formation



		Prophylaxis and Treatment of Methicillin-Resistant Staphylococcus aureus Systemic Infection in Galleria mellonella Larvae by Either Sb or PYO Phages









		Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		References



















OPS/images/fmicb-11-00110-g012.jpg
Percent survival

Percent survival

pC
van

sb

PYo

Ne

PHAGE, PBS





OPS/images/fmicb-11-00110-g001.jpg
A B
500 108
108
107
_ 108
E 10
2 10+

© 100
102

- 10t
Nei07 100 R

Time (h) * R I

PFU/mI

— 400

Heat Flow (uW
=R
2 B 8
8 8§ 8

500- 10°.
10%;
107:

_ 105

Eos

EIG‘

olﬂ‘
102
101

NC;107 10°. 7 r . r o o

2% SH s $ 8888

% o

Time (h)

PFU/mI





OPS/images/fmicb-11-00110-g002.jpg
>
@
g
H

Heat Flow (uW)
N ow &
5 8 3
s 8 8§

3
8

24
Time (h)

a0

108
107.
10¢.

— 105

S 10¢

& 100
102
101
100

108
107
108

— 105

S 104,

S 10%,
102
101
100

Q

3 ry 3
S S8 s 888
Q\

PFU/mI

N
O R

PFU/ml





OPS/images/fmicb-11-00110-g011.jpg
>

Percent survival

Percent survival

re
VAN

b

o

Ne

PHAGE: PBS





OPS/images/fmicb-11-00110-g010.jpg
10°-
10¢.
107

— 108

10%-
10
10°-
102
107
10°-

10°.
108,
107,

— 108

105
& 10+
10°
102
100
100

To
h

&h
24h





OPS/images/cover.jpg
, frontiers
in Microbiology

Antibacterial Efficacy of Two Commercially
Available Bacteriophage Formulations,
Staphylococcal Bacteriophage and PYO

Bacteriophage, Against Methicillin-Resistant
Staphylococcus aureus: Prevention and

Eradication of Biofilm Formation and
Control of a Systemic Infection of
Galleria mellonella Larvae









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Microbiology





