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Abstract

:

Simple Summary


In the context of increasingly serious bacterial infections that occur in animals, for which antibiotics no longer respond to therapy, the search of new alternatives is often of vital/major importance for saving patients. A polyvalent suspension of bacteriophages was chosen in this study as an alternative method to combat a skin infection in a dog that was shown to be refractory to antibiotics. Bacteriophage therapy showed significant results, proving their effectiveness in local treatment, as well as in preventing the systemic spread of infection with Pseudomonas aeruginosa in dogs.




Abstract


Pseudomonas aeruginosa is a highly pathogenic bacterium with high pathogenicity, that can cause serious infections in all species and especially in dogs. Treatment of the infection induced by this bacterium can be a challenge considering that some strains have developed resistance to most classes of antimicrobials. The use of bacteriophages to alleviate infections caused by Pseudomonas aeruginosa has demonstrated their potential for both internal and external applications. This study aimed to illustrate the treatment with bacteriophages in bacterially complicated skin lesions that do not respond to antimicrobial therapy.







Keywords:


bacteriophages; antimicrobials; antibiotic resistance; skin infection; Pseudomonas aeruginosa












1. Introduction


Infections with Pseudomonas aeruginosa are common for humans and animals and occur after patient’s contact with pyocyanic bacillus. P. aeruginosa is a gram-negative bacterium, an opportunistic pathogen that usually lives in environments such as water and soil, animals easily coming into contact with this bacterium. In recent years, P. aeruginosa has been identified as one of the most resistant bacteria to antimicrobials in both humans and animals, especially pets [1]. Due to the significant increase in multidrug-resistant bacteria, bacteriophages represent one of the therapeutic alternatives for the prevention and especially for the treatment of bacterial infections in humans and animals [2,3,4,5].



Bacteriophage therapy for P. aeruginosa infections has been used for a very long time, but with the advent of various classes of antimicrobials, recognition of the benefits of bacteriophages has gradually decreased, and today, despite their effectiveness and safety, there is no known legislative form to approve their use in medical practice [6].



Bacterial resistance to most antibiotics has renewed interest in the use of bacteriophages. Bacteriophages represent one of the most abundant entities in the environment, and are widespread in nature, with the highest presence in aquatic environments [7]. They represent a group of small viruses that have the ability to invade different bacterial species, inducing either a lysogenic effect or a lysis effect on the bacteria. The lysis effect is the most important in therapy, by the fact that the bacteriophage multiplies inside the bacteria and releases new phage particles by lysing the host cell, thus leading to its death [8].



Bacteriophage therapy has been used in recent years because of the lack of therapeutic options for patients with infections that do not respond to antimicrobial therapy [9,10].



The concern regarding the health of pets has increased considerably in the last period, so an important emphasis has been placed on research, especially on finding new alternatives for the treatment of infections that do not respond to antibiotics. Recent studies offer a perspective to veterinarians on the possible acceptance of bacteriophage therapy in infections of pets and farm animals [11].



In this case report, we highlight the usefulness of bacteriophages in combating P. aeruginosa resistant to multiple antibiotics in a dog with interdigital pyoderma complicated with cellulitis.




2. Case Report


A male Labrador dog, aged 7 years and weighing 47 kg, was presented with an interdigital pyoderma on the right hind limb. The dog was intensely licking the affected area, and the limb was slightly oedematous and with traces of blood (Figure 1).



The dog was presented at the Surgery clinic of our faculty after previous visits to two private veterinary offices, and empirical antibiotic treatment. In the first clinic the lesion was disinfected with betadine and ceftriaxone was administered intravenously at a dose of 20 mg/kg every 12 h, and meloxicam was administered subcutaneously at a single dose of 0.2 mg/kg. The treatment was administered for 3 days, but the patient’s condition deteriorated rapidly under antibiotic therapy. The limb continued to swell, lameness, pain and avoidance of movement appeared, which led the owner to request the opinion of another veterinarian, in another office.



At the second private veterinary office, the dog was administered enrofloxacin 2.5 mg/kg, once every 24 h. After 2 other days of therapy, the dog’s general condition deteriorated completely. The dog had a rectal temperature of 39.1 °C, lack of appetite, dyspnoeic breathing, and the limb was swollen and hot, cyanotic, without the possibility of movement. Amputation of the affected limb was recommended because antibiotic therapy had no results and there was a risk of septic shock.



After the 5 days of empirical antibiotic treatment, the owner of the dog requested an appointment at the Surgery Clinic of the Faculty of Veterinary Medicine for the amputation of the affected limb. The surgeon recommended bacteriophage therapy instead.



A rapid onset of the infection was observed, manifested by inflammation, hardened tissue, swelling, the skin had a violet colour and small pustules that broke and highlighted the area of underlying necrosis. These phenomena were dominated by changes in the patient’s general condition including chills, tachycardia, dyspnoea, fever and agitation. The local erythema and oedema quickly spread up to approximately 20 cm from the location where the lesion initially appeared and affected the skin and connective tissue.



For diagnosis and treatment, the following stages of work were followed:




	
After the clinical examination, venous blood was collected and laboratory tests were performed, which included: blood count, C-reactive protein, fibrinogen, acute phase reactants (ESR), creatine phosphokinase (CPK), urea, creatinine, urine analysis, blood gas, electrolytes and glucose analysis. Cytological exam of the purulent exudate was made to rule out neoplasia, fungal and parasitical infection.



	
Imaging investigations were carried out with computed tomography (CT), to highlight the presence of subcutaneous air that frequently occurs in the case of infections, but also to observe areas of muscle necrosis and to reveal a possible foreign body.



	
Drain incisions were made in order to eliminate the liquid from the edema level (Figure 2) and samples were taken from the liquid for bacteriological cultures, as well as samples of tissue fragments from the necrotic area. The work steps were performed according to conventional methods of clinical microbial analysis. The samples were plated on regular culture media (Mueller Hinton blood agar, Oxoid) and incubated at 37 °C. After 24 h, the cultural, morphological and biochemical aspects of the bacterial strains that grew on the surface of the culture medium were examined.








	4.

	
An antibiogram was performed in order to determine the use of systemic antibiotics. Strains isolated from the pure culture were tested against different panels of antibiotics. Antimicrobial susceptibility testing of the isolated strains was performed using the Kirby-Bauer disk diffusion method according to international standards (EUCAST, 2023). The evaluation of the results was based on the diameter of the inhibition zones determined by the antibiotics: Norfloxacin (10 µg), Doxycycline (30 µg), Enrofloxacin (30 µg), Ampicillin (10 µg), Amoxicillin-Clavulanic Acid (10 µg), Neomycin (30 µg), Ceftiofur (30 µg), Ceftriaxone (30 µg, Oxoid). Based on the results obtained, the strains were classified as “S” susceptible and “R” resistant [12].




	5.

	
The dog was subjected to supportive therapy with infusion solutions of sodium chloride, Ringer and glucose 5%.




	6.

	
The necrotic area was periodically cleaned and disinfected with hypochlorous acid (HOCl), a potent antibacterial and antiviral agent [13], for two days, until the results of bacteriological examination and antibiogram were obtained. After delimiting the necrotic areas, the bacteriophage treatment was initiated according to the manufacturer’s instructions. The commercial suspension used in therapy contains a mixture of sterile purified phagolyzed filtrates from 6 types of microorganisms (Piobacteriophage Polyvalent Polyphage—Sixtaphages, MIKROGEN, Russia) and contains bacteriophages for Staphylococcus spp., Streptococcus spp., Proteus vulgaris, Proteus mirabilis, Pseudomonas aeruginosa and enteropathogenic Escherichia coli.




	7.

	
For each application, 40 mL of bacteriophage suspension was used in the form of swabs on the injured surface, and the therapy was applied intermittently for a period of 3 months. The bacteriophage suspension was administered 2 times/day, at 12-h intervals for a period of 20 days. After this period, the suspension was administered once a day for 10 days. Bacteriophages were then applied every three days, for 60 days (as a preventive measure against microbial reinfection), until complete healing of the lesion of the affected limb was obtained. After using bacteriophages and leaving the treated area for a few minutes, a bandage impregnated with neutral ointment and paraffin (Grassolind®, Hartmann) was applied, in order to stimulate the formation of granulation tissue, epithelization, and prevent adhesion of the wound’s bandage.







The study was carried out with the consent of the Ethics Commission of the Faculty of Veterinary Medicine Iași, within the “Ion Ionescu de la Brad” University of Life Sciences in Iași, in accordance with the Research Law no. 206/27.05.2004 on good practices in scientific research, technological development and innovation, as well as European Legislation. The owner of the dog provided written informed consent for the publication of this case report and accompanying images of the progression of bacteriophage therapy.



Microbiological examination of the exudate obtained from the incision and of the tissue fragments taken from the necrotic area revealed a pure culture of Pseudomonas aeruginosa (Figure 3a,b).



Laboratory examinations of blood samples did not show any changes in the evaluated parameters and did not demonstrate the existence of a systemic infection. Creatinine phosphokinase was between the normal values (1.2 mg/dL), indicating that the infection did not lead to muscular tissue necrosis. At the previous clinical examination and throughout the treatment period, the dog was normotensive and normoglycemic.



CT did not show any foreign body and did not highlight muscle necrosis or air in the subcutaneous space, but a moderate thickening of the subcutaneous tissue and fascial areas in the lesion area was observed.



The antibiogram performed on the exudate obtained from the incisions showed the resistance of P. aeruginosa to antibiotics usually used in veterinary medicine (Figure 4).



Figure 5 shows the cultural appearance of lawn-grown P. aeruginosa strain on Mueller Hinton Agar (Oxoid) onto which various amounts of bacteriophages (10 µL, 50 µL, 100 µL, 200 µL, 300 µL, 400 µL) were spotted with an automated pipette. 1 mL of the suspension contains <1 × 105 bacteriophages.



Supportive treatment was completed by surgical treatment to remove the necrotic tissue in order to stop the spread of the infection.



Gradually, the necrotic areas began to be delimited within approximately 2 weeks, and the necrotic area was debrided daily, by excision of the devitalized tissues (Figure 6).



When the wound was dry and the necrotic areas were well-defined, the bacteriophage solution was applied by swabbing directly on the lesion, intermittently, for a period of 90 days (Figure 7).



With each use of bacteriophages, improvements were observed in the lesion with the presence of vivid red granulation tissue, indicating the evolution towards healing, without the occurrence of necrosis (Figure 8a). In order to avoid re-infection of the lesion, approximately 30 days later surgical intervention was performed to excise the necrotic fingers. The wound was active and bleeding, which suggests the healing process (Figure 8b).



The healing occurred with epithelization from the periphery, and the ulceration was covered to a large extent with granulation tissue formed by neoformation of vascular buds (Figure 9).



The treatment ended when the necrotic area was completely epithelialized, and the entire recovery process took place over a period of 3 months (91 days). During the entire period of bacteriophage therapy, gradual remodeling and maturation of the scar was observed, with gradual reduction of the continuity solution until disappearance. Exuberant granulation tissue, which often occurs in the case of large lesions, did not appear, but a clean scarring occurred, with a physiological epithelization, and the patient resumed his normal daily activity (Figure 10).



The study highlighted that bacteriophages induced a high rate of healing of the skin lesion and accelerated the skin remodelling process. Thus, phage therapy proved effective for the treatment of bacterial infection with P. aeruginosa, which was resistant to antibiotics commonly used in veterinary medicine.




3. Discussion


Etiologic factors of interdigital pyoderma include foreign bodies (e.g., foxtails, awns, thorns, wood slivers, seeds) and local trauma. When a single foot is affected, foreign body, local injury, or neoplasia should be suspected, especially if there is only one interdigital fistula. Fungal infections associated with pododermatitis include dermatophytosis, Malassezia dermatitis, candidiasis, mycetoma, phaeohyphomycosis, sporotrichosis, blastomycosis, and cryptococcosis. Even though these are uncommon, they should be suspected in cases that are refractory to usual antibiotic therapy. Bacterial infections are always secondary and can include a wide variety of organisms. Cases of chronic interdigital pyoderma must be evaluated carefully for demodectic mites and other parasites that may be involved: Pelodera strongyloides, Ancylostoma spp., and Uncinaria stenocephala. Despite multiple etiologies, a substantial number of cases are idiopathic recurrent bacterial infections [14].



Antimicrobial resistance is one of the most pressing public health problems for the future, and the veterinary profession needs to be proactive in monitoring and controlling antibiotic resistance and the use of antimicrobials in small animals at the local, national and international levels. The prudent, strategic use of antimicrobials, reserving systemic application for deeper and more complicated infections, may limit the spread of multi-drug resistant bacteria in patients with skin disease [15]. A rapid global spread of methicillin-resistant Staphylococcus pseudintermedius (MRSP) clones displaying multi-drug resistance in dogs was observed [16]. Antimicrobial resistance patterns of S. intermedius and S. pseudintermedius isolated from dogs and cats appear to vary with their geographical origin because of different approaches to antimicrobial use in companion animals [15,17].



P. aeruginosa is one of the most important strains of its species in veterinary medicine and infections caused by this agent are increasingly common in animals. Bacteria get in the subcutaneous tissue through a small lesion, the tissue providing a favourable environment for bacterial development. As bacteria multiply, they produce toxins and proteases that cause local tissue damage. Toxic shock syndrome can occur as a result of tissue destruction and hematogenous spread of endotoxins and inflammatory mediators. In this study, tissue destruction had an extremely rapid progression and was extended over a large surface of the limb by the exponential multiplication of P. aeruginosa, a bacterium that was evident in the pure culture.



P. aeruginosa has the extraordinary ability to build resistance through multiple mechanisms, often simultaneously, resulting in resistance to nearly all available antibiotics. The main resistance mechanisms in P. aeruginosa are often divided into intrinsic and acquired, which counteract most antibiotics [18,19].



The results of this report showed that the strain of P. aeruginosa showed multiple resistance to aminopenicillins + beta-lactamase inhibitors (amoxicillin-clavulanic acid), penicillins (ampicillin), aminoglycosides (neomycin), fluoroquinolones (enrofloxacin, norfloxacin), tetracyclines and third-generation cephalosporins (ceftriaxone). Given that infections produced by P. aeruginosa have a rapid progression and a high mortality rate, especially in dogs, rapid intervention is necessary through early and complete surgical debridement, systemic support and antibiotic therapy. However, the increasing number of reports describing the resistance of bacterial infections to antibiotics encourages the use of new therapeutic approaches [19,20]. One of the therapeutic options for patients with infections refractory to antibiotic therapy is based on bacteriophages. These are a diverse collection of viruses that are easy to use, in various antibacterial treatments [2,3,4,5,6,21].



In veterinary medicine, studies of bacteriophage therapy to combat skin infections in pets are limited, however bacteriophages have been proved to have potential in the treatment of antibiotic-resistant infection with Pseudomonas aeruginosa [22,23].



Considering the rapid evolution of the patient’s infection in this study, with no chance of recovery due to the extensive antimicrobial resistance of the Pseudomonas aeruginosa species, an attempt was made to optimize the treatment with a bacteriophage suspension. The treatment with bacteriophages was well tolerated by the patient throughout the administration, without any side effects. The clinical condition improved continuously, along with the gradual healing of the skin lesion.



Some clinical studies have provided encouraging results for the use of bacteriophages in infectious otitis in human patients [24] and in dogs [22]. Other studies have reported the benefits of bacteriophages in the treatment of experimentally induced systemic infections in animals, especially against experimental biofilms [25,26]. The remarkable ability of phages to adapt to bacterial defense systems has grown enormously. This adaptability has manifested in several active forms, such as the evasion of bacterial CRISPR–Cas (clustered regularly interspaced short palindromic repeats–CRISPR-associated proteins) immunity using anti-CRISPR proteins [4]. Five distinct ‘anti-CRISPR’ genes were found in the genomes of bacteriophages infecting P. aeruginosa. The existence of anti-CRISPR genes presents new paths for the elucidation of CRISPR/Cas functional mechanisms and provides new insight into the co-evolution of phages and bacteria [27].



Several studies in both human and veterinary medicine have demonstrated the potential of bacteriophage therapy for systemic, localized or cutaneous bacterial infections. However, the applicability of this therapy has not been fully demonstrated in clinical trials. Phage therapy has many advantages for veterinary medicine however, further well-conducted studies are needed to define the role and safety of phage therapy in daily clinical practice for treating animals with various infections.




4. Conclusions


The emergence of multidrug-resistant species of P. aeruginosa represents a zoonotic risk and contributes to increased morbidity and mortality in both human and veterinary medicine. This case study highlights the beneficial effect of the interaction between bacteria and bacteriophages in topical therapy, i.e., the particular ability to lyse, in vivo, the bacterial biofilm produces by P. aeruginosa in deep skin infection. Using mixed bacteriophages with distinct but overlapping specificity profiles has the benefit of lowering the possibility of developing bacteriophage-resistant bacterial strains that can emerge during veterinary or medical use and potentially pass from treated animals to humans. The study opens up new possibilities for extending research into the use of bacteriophages to optimize the use of antimicrobials in infections with antibiotic-resistant microorganisms.







Author Contributions


Conceptualization, M.G. and C.S.; methodology, M.G., M.-E.H., C.M.R., C.S. and E.-V.Ș.; investigation, M.G., M.-E.H., C.S., C.M.R. and E.-V.Ș.; resources, M.G. and M.-E.H.; writing—original draft preparation, M.G.; writing—review and editing, M.G., M.-E.H. and G.S.; visualization, M.G. and G.S.; supervision, G.S.; project administration, E.-V.Ș. and G.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Written informed consent was obtained from the dog’s owner regarding data publication.




Data Availability Statement


The data present in this study are available within the article.




Acknowledgments


The authors thank Robert Capotă, DVM, Iași University of Life Sciences “Ion Ionescu de la Brad”, and Anca Maria Carter Timofte, University of Liverpool, for reviewing and correcting the English version of the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Nielsen, S.S.; Bicout, D.J.; Calistri, P.; Canali, E.; Drewe, J.A.; Garin-Bastuji, B.; Gonzales Rojas, J.L.; Gortázar, C.; Herskin, M.; Michel, V.; et al. Assessment of listing and categorisation of animal diseases within the framework of the Animal Health Law (Regulation (EU) No 2016/429): Antimicrobial-resistant Pseudomonas aeruginosa in dogs and cats. EFSA J. 2022, 20, 7310. [Google Scholar] [CrossRef]

	



Dec, M.; Wernicki, A.; Urban-Chmiel, R. Efficacy of experimental phage therapies in livestock. Anim. Health Res. Rev. 2020, 21, 69–83. [Google Scholar] [CrossRef] [PubMed]

	



Kropinski, A.M. Phage Therapy—Everything Old is New Again. Can. J. Infect. Dis. Med. Microbiol. 2006, 17, 297–306. [Google Scholar] [CrossRef] [PubMed]

	



Samson, J.E.; Magadán, A.H.; Sabri, M.; Moineau, S. Revenge of the phages: Defeating bacterial defences. Nat. Rev. Microbiol. 2013, 11, 675–687. [Google Scholar] [CrossRef] [PubMed]

	



Beschastnov, V.V.; Egorikhina, M.N.; Tulupov, A.A.; Pogodin, I.E.; Orlinskaya, N.Y.; Antoshina, V.V.; Shirokova, I.Y.; Ryabkov, M.G. Immobilization of Bacteriophages in Ex Tempore Hydrogel for the Treatment of Burn Wound Infection. Gels 2023, 9, 625. [Google Scholar] [CrossRef] [PubMed]

	



Loponte, R.; Pagnini, U.; Iovane, G.; Pisanelli, G. Phage Therapy in Veterinary Medicine. Antibiotics 2021, 10, 421. [Google Scholar] [CrossRef] [PubMed]

	



Batinovic, S.; Wassef, F.; Knowler, S.A.; Rice, D.T.F.; Stanton, C.R.; Rose, J.; Tucci, J.; Nittami, T.; Vinh, A.; Drummond, G.R.; et al. Bacteriophages in Natural and Artificial Environments. Pathogens 2019, 8, 100. [Google Scholar] [CrossRef]

	



Gamachu, S.B.; Debalo, M. Review of bacteriophage and its applications. Int. J. Vet. Sci. Res. 2022, 8, 133–147. [Google Scholar] [CrossRef]

	



Burrowes, B.; Harper, D.R.; Anderson, J.; McConville, M.; Enright, M.C. Bacteriophage Therapy: Potential uses in the control of antibiotic-resistant pathogens. Expert. Rev. Anti-Infect. Ther. 2011, 9, 775–785. [Google Scholar] [CrossRef]

	



Moodley, A.; Kot, W.; Nälgård, S.; Jakociune, D.; Neve, H.; Hansen, L.H.; Guardabassi, L.; Vogensen, F.K. Isolation and characterization of bacteriophages active against methicillin-resistant Staphylococcus pseudintermedius. Res. Vet. Sci. 2019, 122, 81–85. [Google Scholar] [CrossRef]

	



Squires, R. Bacteriophage Therapy for Management of Bacterial Infections in Veterinary Practice: What Was Once Old Is New Again. N. Z. Vet. J. 2018, 66, 229–235. [Google Scholar] [CrossRef]

	



EUCAST. Antimicrobial Susceptibility Testing EUCAST Disk Diffusion Method, Version 11 (January 2023). Available online: https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Disk_test_documents/2023_manuals/Manual_v_11.0_EUCAST_Disk_Test_2023.pdf (accessed on 1 February 2023).

	



Hatanaka, N.; Yasugi, M.; Sato, T.; Mukamoto, M.; Yamasaki, S. Hypochlorous acid solution is a potent antiviral agent against SARS-CoV-2. J. Appl. Microbiol. 2022, 132, 1496–1502. [Google Scholar] [CrossRef]

	



Miller, W.H.; Griffin, C.E.; Campbell, K.L. Muller & Kirk’s Small Animal Dermatology; Elsevier Mosby: St. Louis, MI, USA, 2013; pp. 184–222. ISBN 978-1-4160-0028-0. [Google Scholar]

	



Loeffler, A.; Linek, M.; Moodley, A.; Guardabassi, L.; Sung, J.M.L.; Winkler, M.; Weiss, R.; Lloyd, D.H. First report of multiresistant, mecA-positive Staphylococcus intermedius in Europe: 12 cases from a veterinary dermatology referral clinic in Germany. Vet. Dermatol. 2007, 18, 412–421. [Google Scholar] [CrossRef]

	



Ventrella, G.; Moodley, A.; Grandolfo, E.; Parisi, A.; Corrente, M.; Buonavoglia, D.; Guardabassi, L. Frequency, antimicrobial susceptibility and clonal distribution of methicillin-resistant Staphylococcus pseudintermedius in canine clinical samples submitted to a veterinary diagnostic laboratory in Italy: A 3-year retrospective investigation. Vet. Microbiol 2017, 211, 103–106. [Google Scholar] [CrossRef] [PubMed]

	



Hritcu, O.M.; Schmidt, V.M.; Salem, S.E.; Maciuca, I.E.; Moraru, R.F.; Lipovan, I.; Mareș, M.; Solcan, G.; Timofte, D. Geographical Variations in Virulence Factors and Antimicrobial Resistance Amongst Staphylococci Isolated from Dogs From the United Kingdom and Romania. Front. Vet. Sci. 2020, 7, 414. [Google Scholar] [CrossRef]

	



Drenkard, E. Antimicrobial resistance of Pseudomonas aeruginosa biofilms. Microbes Infect. 2003, 5, 1213–1219. [Google Scholar] [CrossRef]

	



Harada, K.; Arima, S.; Niina, A.; Kataoka, Y.; Takahashi, T. Characterization of Pseudomonas aeruginosa isolates from dogs and cats in Japan: Current status of antimicrobial resistance and prevailing resistance mechanisms. Microbiol. Immunol. 2012, 56, 123–127. [Google Scholar] [CrossRef]

	



Poole, K. Pseudomonas aeruginosa: Resistance to the max. Front. Microbiol. 2011, 2, 65. [Google Scholar] [CrossRef] [PubMed]

	



Ferriol-González, C.; Domingo-Calap, P. Phage Therapy in Livestock and Companion Animals. Antibiotics 2021, 10, 559. [Google Scholar] [CrossRef] [PubMed]

	



Hawkins, C.; Harper, D.; Burch, D.; Anggård, E.; Soothill, J. Topical treatment of Pseudomonas aeruginosa otitis of dogs with a bacteriophage mixture: A before/after clinical trial. Vet. Microbiol. 2010, 146, 309–313. [Google Scholar] [CrossRef]

	



Furusawa, T.; Iwano, H.; Higuchi, H.; Yokota, H.; Usui, M.; Iwasaki, T.; Tamura, Y. Bacteriophage can lyse antibiotic-resistant Pseudomonas aeruginosa isolated from canine diseases. J. Vet. Med. Sci. 2016, 78, 1035–1038. [Google Scholar] [CrossRef] [PubMed]

	



Wright, A.; Hawkins, C.H.; Anggard, E.E.; Harper, D.R. A controlled clinical trial of a therapeutic bacteriophage preparation in chronic otitis due to antibiotic-resistant Pseudomonas aeruginosa; a preliminary report of efficacy. Clin. Otolaryngol. 2009, 34, 349–357. [Google Scholar] [CrossRef] [PubMed]

	



Ferriol-González, C.; Domingo-Calap, P. Phages for Biofilm Removal. Antibiotics 2020, 9, 268. [Google Scholar] [CrossRef] [PubMed]

	



Pires, D.P.; Melo, L.; Vilas Boas, D.; Sillankorva, S.; Azeredo, J. Phage therapy as an alternative or complementary strategy to prevent and control biofilm-related infections. Curr. Opin. Microbiol. 2017, 39, 48–56. [Google Scholar] [CrossRef] [PubMed]

	



Bondy-Denomy, J.; Pawluk, A.; Maxwell, K.; Davidson, A.R. Bacteriophage genes that inactivate the CRISPR/Cas bacterial immune system. Nature 2013, 493, 429–432. [Google Scholar] [CrossRef]








[image: Vetsci 10 00642 g001] 





Figure 1. The clinical aspect at the first visit to the veterinarian; interdigital pyoderma complicated with cellulitis; the limb is oedematous expressing purulent exudate with traces of blood. 
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Figure 2. Application of drain incisions to eliminate the liquid collection; several drainage incisions were made to remove the purulent collection. The skin is necrotic and the limb strongly oedematous. 
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Figure 3. Pure culture of Pseudomonas aeruginosa from the collected samples; (a) Seeding of pathological products on Mueller Hinton Agar with 5% Sheep Blood (Oxoid). (b) Inoculation of pathological products on Mueller Hinton Agar (Oxoid). 
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Figure 4. Antibiogram of P. aeruginosa on Mueller-Hinton agar, proving antibiotic resistance. 
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Figure 5. Bacterial lysis induced by bacteriophages: areas without bacterial culture (lysis zones) indicate that the phages have killed the P. aeruginosa cells (yellow arrows). The lytic effect was directly proportional to the number of bacteriophages present in the suspension. 
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Figure 6. Debridement of necrotic tissues; wide incisions were made with debridement and excision of all necrotic areas—cellular tissue, fascia, skin—over the entire extent of the skin detachment. The skin was excised only on the necrotic areas, protecting the muscles. 
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Figure 7. Application of bacteriophages on the lesion, under protection with a bandage. (a) before the application of bacteriophages solution. Soft tissue destruction to bone is observed. (b) after the application of bacteriophages solution. 
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Figure 8. Wound aspect after bacteriophage therapy; (a) The aspect of the lesion 30 days after the application of the bacteriophage solution. The lesion is reduced, granulation occurs and the ulcer progresses continuously and evolves towards healing. (b) A new surgical intervention for the excision of necrotic fingers. 
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Figure 9. Evolution of the lesion. After 60 days of treatment, the initial outline of the ulcer is over 70% epithelialized, the evolution being favorable. 
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Figure 10. Complete epithelization of the skin lesion at the level of the limb. 
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