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Abstract

:

The irrational use of antibiotics has led to a high emergence of multi-drug resistant (MDR) bacteria. The traditional overuse of antibiotics in the animal feed industry plays a crucial role in the emergence of these pathogens that pose both economic and health problems. In addition, antibiotics have also recently experienced an increase to treat companion animal infections, promoting the emergence of MDR bacteria in pets, which can reach humans. Phages have been proposed as an alternative for antibiotics for the treatment of livestock and companion animal infections due to their multiple advantages as adaptative drugs, such as their ability to evolve, to multiply at the site of infections, and their high specificity. Moreover, phage-derived enzymes may also be an interesting approach. However, the lack of regulation for this type of pharmaceutical hinders its potential commercialization. In this review, we summarize the main recent studies on phage therapy in livestock and companion animals, providing an insight into current advances in this area and the future of treatments for bacterial infections.
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1. Introduction


The discovery of antibiotics was a revolution in medicine, as they have saved countless lives. However, their indiscriminate use has led to the emergence of multi-drug resistant (MDR) bacteria. This problem is now a major global threat and poses a serious challenge in the search for alternative therapies against MDR bacteria [1]. A key factor determining the high rate of MDR spread is the irrational use of antibiotics [2]. The World Health Organization describes the rational application of a drug as when patients receive an appropriate drug for the appropriate indications in the doses personally and individually required for an indicated period of time, implying the lowest cost and with suitable information available, among other measures [3]. The problem of antibiotic resistance causes serious health and economic losses to society worldwide [4]. For example, in the European Union, 25,000 patients die each year due to infections caused by MDR bacteria, with an associated economic cost to society of about 1.5 billion annually [5]. In addition, the COVID-19 pandemic has led to an increase in antibiotic prescription, exacerbating the prospects for antimicrobial resistance [6,7,8].



The agro-food industry plays a crucial role in the emergence of MDR bacteria. In developed countries, livestock farming accounts for about 50–80% of total antibiotic use [9,10]. Moreover, the highest rates of antibiotic resistance are detected in tetracycline, sulfonamide, and penicillin, antibiotics commonly used in the animal feed industry [11,12]. Different factors seem to play a role in the prevalence of MDR microorganisms. Farm size has been associated with higher rates of antimicrobial resistance, which may be related to differences in farm management (hygiene and feeding practices). Antibiotic usage in farms contaminates water with MDR microorganisms that even reach wild species, where the existence of these microorganisms has also been evidenced [12]. Antimicrobials in animal production play an important role in MDR bacteria in humans. Most of the antimicrobials used in food-producing animals are closely related or identical to human antimicrobials. Extensive usage of antibiotics in the food industry can increase the spread of MDR bacteria that can reach humans through food or other routes [13]. Antibiotics in livestock are not exclusively treatments for bacterial infections but have also been widely used as growth-promoting factors since 1951 [9,14]. Indiscriminate use of antibiotics has been linked to higher levels of antibiotic-resistance genes that are also transferred to bacteria infecting humans. Denmark banned Avopracine in 1995, one of the antibiotics used as a growth promoter in livestock, followed by the EU five years later, banning 11 antibiotics for growth promotion. Therefore, nowadays antibiotics usage in the EU varies greatly among EU members, with Italy and Spain leading the way [9].



Despite the fact that companion animals are not linked to the human food chain, they can also act as reservoirs of MDR bacteria [15], and their proximity to humans makes them a potential focus for cross-transmission of zoonotic bacteria, including MDR strains that pose a potential threat to human health [11,16]. Nowadays, the range of species that can be considered as companion animals has increased significantly, including a wide diversity of species (rodents, guinea pigs, reptiles, etc.). This increases the likelihood of human contact with microorganisms and thus the possibility of transfer of dangerous pathogens [16]. Social concern for health care has grown in recent decades, especially in urban areas. Due to their easy availability, the most commonly used antimicrobials in companion animals are human antibiotics, which increases the emergence of MDR strains [6,17], and they become potential reservoirs. Due to the increase in MDR strains that can affect humans, which is caused by misuse of human antimicrobials in animals [11], it has become necessary to investigate new alternatives to animal-only antibiotics. Here, we propose bacteriophages (phages), viruses that infect bacteria, as a promising tool against MDR bacteria and as an alternative treatment in the fight against pathogenic bacteria.




2. Phages as a Promising Alternative Therapy against MDR Bacteria


Phage diversity is enormous, being the most abundant entity in the biosphere [18]. They can be found in a wide range of environments, including extreme ones [19]. Despite the variation found in phages, they present two main biological cycles, with some modifications: lysogenic cycles (temperate phages), in which phage DNA integrates into the host genome as a prophage; and lytic cycles (lytic or virulent phages), in which phage multiplies inside the host bacteria and releases new phage particles by lysing the host cell [20,21]. Lytic phages are especially interesting for phage therapy due to two main reasons: firstly, because their cycle leads to bacterial death [22] and secondly, because they lack integrases and other related enzymes, thus avoiding horizontal gene transfer [23].



2.1. Phage Therapy Overview


Phages were discovered independently by the English military physician Fredrick W. Twort in 1915, and the Canadian microbiologist Félix H. d’Hérelle in 1917 [22,24]. Phages were successfully tested by d’Hérelle early on to treat dysentery and cholera. However, World War II and the discovery of antibiotics led to the abandonment of phages as a therapeutic tool in Western countries [25]. Nowadays, due to the emergence of MDR bacteria, phage therapy has re-emerged and is considered a potential therapeutic alternative to antibiotics [21,26].



Phage therapy presents some potential advantages for treating bacterial infections. They are able to kill bacteria regardless of whether the bacteria are resistant or not [27]. In fact, MDR Acinetobacter baumannii strains have been shown to be more susceptible to phage therapy than other non-MDR strains [26,28]. Furthermore, phages multiply at the site of infection (Figure 1), increasing in number during the infection process and making it likely that a single (or few) doses will be sufficient to have the desired effect compared to antibiotic treatment. This makes hard-to-reach infections more accessible to phages than to antibiotics if sufficient numbers of phages are applied initially [29]. Phages are also highly specific (Figure 1), implying that they may not affect the commensal bacteria of the host [30]. If a broader spectrum is required to treat an infection, it is possible to use combinations of phages, known as phage cocktails [31]. Phage cocktails are a growing strategy in phage therapy to improve the results of monophage therapy. In addition to extending the utility of phage formulations, phage cocktails may also be useful in preventing the development of phage-resistant strains during individual treatments [32]. Another advantage of phage therapy is that phages can be considered as "adaptive drugs" (Figure 1). Bacteria and phages have co-evolved in nature for millions of years. This may also occur in phage-treated infections, where this coevolution makes the treatment adaptive [26,33]. Furthermore, phage cocktails tend to decrease the emergence of bacterial resistance compared with the application of individual phages [21], as has been shown in other combination therapies [34,35].



An important remark in phage therapy is that the pharmacokinetics of phages is more complex than that of traditional antibiotics, and there may be differences between phages in terms of their persistence and ability to replicate. They may also interact differently with the immune system, and their efficacy would also depend on the characteristics of the infection, such as its location, abundance, and bacterial composition. Their interaction with many plasma proteins is also largely unknown. Thus, pharmacodynamics and pharmacokinetics considerations become more complex with phages or phage-derived combinations [36] and should be especially important in defining the administration process and dosing.



Regarding phage delivery strategies, oral administration has limitations due to the poor stability of phages in acidic environments such as the stomach. Many authors have described this problem, proposing as a solution the administration of phages with buffering compounds. This would significantly increase phage survival [16]. Other strategies such as nano- and microencapsulation allow controlled or sustained release of phages at the site of infection or increase the time of phage circulation [37]. Another alternative suggested by some authors is rectal application. It has been successfully tested in rabbits using a nonionic surfactant to increase the presence of phages in the blood [38]. In another study, the authors tested a form of phage suppository. This method ensured the presence of phage particles in the foci of infection directly in contact with the preparation [39]. For the treatment of pulmonary infections, phage inhalation has been proposed as an alternative and seems particularly promising, but more research on this method of application is still needed [40]. To treat skin and wound infections, the application of phage therapy directly on the skin has been successfully tested. One example is the treatment of Klebsiella pneumoniae, a pathogen predominantly associated with burn-wound infections. In one study, both a phage therapy and a phage cocktail have been tested in a murine model. Both groups showed a significant reduction in bacterial load compared to the untreated group of mice. The growth that received the phage cocktail showed the maximum reduction (p < 0.01) [41].




2.2. Phage-Derived Enzymes


Another phage-related strategy already tested in animal models that has been proposed as an alternative to antibiotics is the use of phage-derived enzymes. Phages produce various types of enzymes capable of targeting specific bacteria [42]. Among other functions, some enzymes help them to penetrate the bacterial host and participate in bacterial lysis [21,43].



One of the most interesting types of phage-derived enzymes for therapy is lysins. Lysins are very specific enzymes that cleave peptidoglycan bonds and have a bactericidal effect on susceptible bacteria. Lysins are classified into two main groups: endolysins, which are involved in bacterial lysis, and virion-associated lysins (VALs), which are involved in entry into the host cell, allowing injection of the phage into it [42]. Endolysins are synthesized in the cytoplasm of infected bacteria to cause lysis. They are classified into canonical and exported endolysins. The canonical endolysins are considered the most interesting as enzybiotics and require other phage enzymes, the holins [43]. Lysins are especially useful in biofilm degradation [44]. They have been successfully tested in animal models against bacterial infections [45]. One example is the lysine LysSS, tested in a mouse model of systemic infection by A. baumannii, showing its potential to treat systemic infection [21,46].



Holins are enzymes that also act in the lytic process involved in cell-wall degradation. When the concentration of holins exceeds a threshold, they form pores in the bacterial membrane and allow the action of endolysins. Holins are generalists and combine with other enzymes that broaden the spectrum of the host strain [21,47,48,49].



Depolymerases are phage-derived enzymes capable of degrading the extracellular substances that form the capsule of many bacteria [50]. There are several groups according to the type of bond they break [47]. Depolymerases have a broad host spectrum that contrasts with lysins, and they are also particularly useful in the elimination of biofilms [42,51]. For example, the effect of Dp42 depolymerase in the K. pneumoniae-infected mouse model has also been discussed recently. Dp42 increased the survival rate and significantly reduced the bacterial load in the liver, spleen, and lungs of the treated mouse [52].



The creation and modification of phage proteins is also an interesting approach for the treatment of bacterial infections. Thanks to synthetic biology, bacterial spectrum proteins, bacterial resistance to them, and immunogenicity can be improved [21]. In addition, to reduce the emergence of resistance, an alternative solution would be to develop phage-derived enzyme cocktails.





3. Phage Therapy in the Veterinary Field


The use of antibiotics in veterinary medicine has been especially irrational during the last few years. Due to the emergence of MDR bacteria, it has become a major problem in this field. Phage therapy has been proposed as one of the most promising alternatives for the treatment of infections in animals to address this problem. Some examples of veterinary use of phage therapy are summarized in Table 1.



3.1. Phage Therapy in Livestock and Other Food-Producing Animals


Livestock may be the field where antibiotic use has become most abused, which has resulted in a major threat. Phage therapy has been successfully tested for the treatment of infections affecting especially cattle and swine [69]. In this section, we will mention some recent studies and examples of phage therapy in livestock.



Staphylococcus aureus has significant virulence properties, being able to cause several infections in both humans and animals [70]. In addition, S. aureus can acquire genes that confer resistance to different antimicrobials, the most frequent strains being methicillin-resistant [71]. This pathogenic bacterium is the cause of mastitis in cattle, a disease that can result in significant economic costs [72]. A recent study proposes the application of three phages against S. aureus, using mouse and Galleria mellonella models. The results are promising, showing 50% survival of larvae in G. mellonella within four days of in vivo treatment with the three phages. In the mouse model, incomplete recovery was obtained after 48 hours post-infection of a single phage [53]. The diminished effect may be explained by the possible interaction of the phages with proteins and lipids present in milk and by the use of a single phage [54]. However, this study demonstrates the potential usefulness of phage therapy as a treatment for mastitis caused by S. aureus [53]. Recently, more studies on phage therapy for mastitis in cattle have been developed with positive, significant results using phage cocktails in mouse models. They have shown a decrease in the number of colony-forming units and a significant improvement in mastitis pathology, even greater than in mice treated with a single phage [55,73].



Mastitis is not the only bovine disease that has been proposed to be treated with phage therapy. Metritis is an acute systemic disease that affects cows during the 21 days after calving and has detrimental effects on reproduction [74,75,76]. A cocktail of four Escherichia coli phages has been designed and shown to be effective in inhibiting E. coli isolates in vitro. Ten phage particles per bacterial cell were sufficient to inhibit the growth of at least 50% of all isolates. These results indicated the potential of the phage cocktail to reduce the presence of E. coli in the uteri of dairy cows after calving in order to prevent metritis [56]. However, in vivo results did not show satisfactory results [76,77,78].



Hemorrhagic septicemia is one of the most important epizootic diseases in India, a fatal disease caused by Pasteurella mutocida serogroup B:2. The phage PMP-GAD-IND has shown lytic behavior against several strains of P. mutocida, including B:2, making this phage potentially useful for phage therapy [57].



Phage therapy has also been proposed to treat swine infections. Salmonella sp. can colonize pigs during transport. In a preliminary study, a group of 3- to 4-week-old pigs was administered an anti-Salmonella phage cocktail at the time of inoculation with Salmonella enterica serovar Typhimurium. Colonization was reduced by more than 99%. In a second experiment, sixteen naïve pigs were introduced into a contaminated pen with four pigs infected with S. enterica. One group of them was treated earlier with the phage cocktail. The phage-based treatment showed a significant preventive effect by reducing both cecal and ileal Salmonella concentrations [58].



Diarrhea caused by E. coli in pigs results in high mortality and morbidity rates as well as decreased growth rate, leading to significant economic losses. Due to the emergence of MDR strains, the search for antibiotic alternatives for this disease is a priority. Phage therapy has been suggested as an alternative due to its important results in human and animal infections [79].



Pigs have been also considered animal models for the design of human treatments. The successful results of these treatments mean that they may be useful for pigs as well. A recent study addresses the use of phages to eliminate bacterial biofilms in chronic wounds in porcine skin explants. Both phage and phage cocktails caused significant reductions in viable cells in porcine skin [59].



It is worth mentioning that cattle are not the only food-producing animal for which phage therapy has been proposed as an alternative to antibiotics. There are several studies developed in poultry. Infections in these animals can cause economic and health problems in our society. Salmonella sp., E. coli, Campylobacter sp., Listeria sp., and Clostridium perfringens are the main pathogens in the poultry industry. A progressive increase in the number of multidrug-resistant bacteria has been experienced which has encouraged the use of bacteriophages as an alternative treatment for infections caused by these pathogens [80].



Phages have also been proposed as a therapy in aquaculture. One example is Lactococcus garvieae, a pathogen affecting several marine fish species. A recent study has characterized three lytic phages against an L. garviae strain infecting marine fish species. This opens the possibility of a phage-based treatment against this aquaculture pathogen [81].



Some phage-based products to reduce bacterial contamination of food have already been accepted and commercialized in the USA, Canada, Australia, Israel, and some European countries. Some of these examples are ListShield™, EcoShield™, and SalmoFresh™, developed by Intralyx [82] and PhageGuard S™ products [69,83]. Previous acceptance of these products suggests the potential commercialization of phage-based products for the veterinary field.




3.2. Phage Therapy in Companion Animals


Currently, societal concern for companion animal health has increased considerably. This has led to a misuse of antimicrobials to treat infections in companion animals and to an increase in MDR strains [6,17]. However, this societal concern also boosts research into new alternatives for the treatment of infections in companion animals.



A recent study conducted in the United Kingdom provides insight into the views of veterinarians and pet owners on the use of phage therapy in companion animals. Despite the limited sample size (n = 20), the study gives an indication of the possible acceptance of phage therapy in these groups. In this study, veterinarians acknowledge their difficulties in finding antibiotics to treat infections and the need for an alternative. The results of the study showed that 75% of the participants would agree with the use of phage therapy for the treatment of infections in companion animals after a brief explanation of what phages are and how phage therapy works. Although veterinarians were more familiar with the concept, pet owners would trust the veterinarians’ advice. This would explain why there were no significant differences between the two groups [84].



Animals traditionally used as models, such as mice, rats, or hamsters, are also considered pets. Therefore, there are many studies on phage therapy using these animals obtained during research on phage-based treatments for humans. For example, a murine model of chronic Pseudomonas aeruginosa lung infection was performed to test the efficacy of phage PELP20, demonstrating its potential for phage therapy [60]. Phage therapy has also been tested against MDR A. baumannii infections in murine models, showing an increased survival rate of animals when treated with the phage φkm18p [61]. There are also examples of phage therapy for septicemia caused by S. aureus in mice, where phage S13’ significantly reduced the severity of infection [62]. Rabbits have also been considered as animal models for testing phage therapy. A cocktail of three virulent phages against Vibrio cholerae has been tested in both mice and rabbits to prevent the severe dehydrating disease caused by this pathogen. Oral administration of the phage cocktail against V. cholerae reduced pathogen colonization of the intestinal tract, preventing choleric diarrhea [63]. However, these examples all focused on human medicine.



In 2010, the first report of a veterinary clinical trial of a phage-based treatment of infection was published. Ten dogs with chronic P. aeruginosa otitis were treated with a cocktail of six phages active against P. aeruginosa. The phage preparation was applied directly to the ear canal and massaged for deeper penetration. After 48 h, P. aeruginosa counts decreased by 67% (p < 0.001), and clinical signs of infection were reduced by 31.1% (p < 0.0001) with no adverse events detected. These results suggest the potential of phage therapy in the veterinary setting [64]. A further study focused on phage therapy against P. aeruginosa, a major cause of urinary tract and wound infection, isolated and characterized P. aeruginosa phages with different lytic activity against 22 P. aeruginosa isolates. A phage cocktail composed of Pbuna-virus PB1-like phages showed an inhibitory effect on the emergence of phage-resistant variants [65].



Phage therapy has been tested to treat other bacterial infections in humans. Extraintestinal pathogenic E. coli are bacteria that colonize the human and canine gastrointestinal tract asymptomatically but can cause significant pathology when they infect distal tissues, especially in immunosuppressed patients. MDR in a clonal group of these bacteria, ST131, is increasing worldwide. The HP3 phage was tested in immunosuppressed mice infected with two strains of ST131. Mice treated with the phage showed a significant reduction (p = 0.03) of colony-forming units in the liver and kidney. In this case, the phages were administered parenterally [33].



There are more dog infections for which phage therapy has been proposed as a treatment. Staphylococcus pseudointermedius causes several diseases in canines, such as urinary tract infections, otitis externa, pyodermal infections, respiratory infections, and reproductive tract infections. Given the high prevalence of methicillin-resistant S. pseudointermedius strains, phage therapy is presented as a potentially successful alternative to treat these infections in canines [85] also due to the promising data shown in humans [86]. Several phages have been isolated against S. pseudointermedius. In addition, the potential use of staphylococcal endolysins against S. pseudointermedius to treat infections caused by this pathogen has also been proposed [85].



Uropathogenic E. coli causes urinary tract infections in dogs and cats. An in vitro assay identified five promising phages, four T4-type phages and one with morphological similarity to temperate P2-type phages. This work showed environmental isolation of phages that may be useful in treating canine and feline urinary tract infections [66].



Phage therapy has also been tested for equine diseases. Equine keratitis can be caused by many bacterial species. P. aeruginosa is one of them and can cause corneal corruption that can lead to blindness in some cases. Antimicrobial therapy makes its treatment challenging. In one study, a phage cocktail with Myoviridae and Podoviridae phages demonstrated complete prevention of equine keratitis as well as suppression of this infection, making phage therapy an important candidate for equine keratitis [67].



Reptiles are also part of the wide variety of animals considered as pets. Salmonellosis associated with reptiles as exotic pets has been a growing problem in recent years, caused by poor hygiene after handling reptiles. Because of this potential harm to human health, antibiotic treatment has been tried in reptiles without consistent success and leading to an increase in drug-resistant strains. Phage therapy represents an alternative for the treatment of reptiles. In particular, the phage Felix O1 has been successfully tested in bearded dragons [68].





4. Regulation of Phage-Based Products


The recent return of interest in phage therapy increases the importance of legal regulation of phage-based products. Current legislation for pharmaceuticals is defined for industrially manufactured drugs, which can be difficult to relate to phage therapy, considered as a type of evolutionary or personalized medicine due to its unusual pharmacokinetics and evolutionary considerations, posing a major challenge for regulators. The EU is not open to a change in legislation, which is an obstacle to the expansion of new, less conventional therapies [87].



In some Eastern countries, phage therapy practices have never been abandoned, such as in Russia [88] or Georgia [89], and their regulations are being reviewed by some Western countries, making new forms of regulation possible [87]. In Belgium, the first steps are being taken for the regulation of phage therapy by establishing two bases: the elaboration of extended documentation on the phage to be used in the phage product to ensure its quality and the availability of authorized laboratories with phage stock that can ensure that phages raise the quality standards according to technical and scientific knowledge [90]. On the other hand, in France, a specialized committee issued some recommendations for the use of phage-based products according to the Temporary Authorization for Use (ATUn). This is an exceptional procedure allowing the use of a medical product without marketing authorization in the absence of an alternative treatment [91]. In the U.S., owing to the special interest acquired by phages during pandemics for fighting MDR bacteria in hospitals [92], the Food and Drug Administration (FDA) has recently approved phage therapy for COVID-19 patients as a compassionate treatment due to the lack of clinical trials [93]. Regarding their use in animals, phages do not easily fit into existing EU regulations regarding the use of food additives or food processing aids, which is a major obstacle [94]. The EU legislation on veterinary medicinal products and food and feed safety considers different authorizations for substances such as pesticides, biocides, feed additives, or veterinary medicinal products but does not relate to the type of substance. Because of this, phage applications may get different authorizations depending on their application [95].



The lack of specific regulation limits the development of phage therapy, which, at the same time, does not incentivize the interest of the authorities to elaborate these regulations. This increases the importance of research and more clinical trials [87].




5. Conclusions


The problem of MDR bacteria has increased disproportionately in recent years due to the misuse of antibiotics. Their use in food-producing animals is particularly abusive despite recent regulations to reduce their impact. The increase of MDR bacteria in this sector causes serious animal health problems and also significant economic losses. In addition, concern for pet care has also meant an increase in the use of antibiotics in companion animals, which implies the emergence of new MDR strains that can cause infections in pets and easily reach humans.



Phage therapy has been proposed as one of the most interesting alternatives due to its properties such as its high specificity, its ability to multiply at the site of infection and to evolve, the potential use of phage-derived enzymes, and also because of its economic cost. Therefore, phage therapy may be an important alternative for the treatment of infections in both livestock and companion animals. Although several studies have been carried out in this area focusing on the treatment of pathogenic bacteria affecting different animals, further efforts are mandatory to enhance the value of phage therapy in animals and will open new avenues for bacterial treatment in the near future. Thus, phage therapy has been explored and proposed as a potential alternative to antibiotics but has not yet been recognized as a therapeutic tool. Interestingly, phage-based products could be easily commercialized, facilitating their use in the market as antimicrobial drugs. However, the potential of phages to control animal infections requires improving the specific regulation of these products, making the need for further research in the field a major concern.
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Figure 1. Main differences between phages’ and antibiotics’ action against pathogenic bacteria; Phages are able to multiply in the site of infection, unlike antibiotics. Phages are able to evolve with bacteria while antibiotics are static structures. Phages are highly specific in their targets while antibiotics are generalists. 
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Table 1. Some studies about phage therapy in livestock and companion animals.
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	Animals
	Infection
	Pathogen
	Phages
	Paper





	Bovines
	Mastitis
	S. aureus
	ISP phage
	[53]



	
	
	
	Phage cocktail
	[54,55]



	
	Metritis
	E. coli
	Phage cocktail
	[56]



	
	Haemorragic septicemia
	P. mutocida
	PMP-GAD-IND phage
	[57]



	Swine
	Diarrhea
	Salmonella sp.
	Phage cocktail
	[58]



	
	Chronic wounds
	Multibacterial biofilms
	Phage cocktail
	[59]



	Mice
	Lung infection
	P. aeruginosa
	Phage PELP20
	[60]



	
	
	A. baumannii
	φkm18p phage
	[61]



	
	Septicemia
	S. aureus
	Phage s13’
	[62]



	
	Systemic infection
	A. baumannii
	LysSS
	[46]



	
	
	K. pneumoniae
	Dp42
	[52]



	Rabbits
	Cholera-like diarrhea
	V. cholerae
	Phage cocktail
	[63]



	Dogs
	Otitis externa
	P. aeruginosa
	Phage cocktail
	[64]



	
	Urinary tract infections
	P. aeruginosa
	Pbunavirus PB1-like phages cocktail
	[65]



	
	
	E. coli
	5 promising single phages
	[66]



	
	Wound infection
	P. aeruginosa
	Pbunavirus PB1-like phages cocktail
	[65]



	
	Opportunistic bacteria in immunocompromised patients
	E. coli
	Phage HP3
	[32]



	Cats
	Urinary tract infection
	E. coli
	5 promising single phages
	[66]



	Horses
	Keratitis
	P. aeruginosa
	Phage cocktail
	[67]



	Bearded dragons
	Pet-associated salmonellosis
	Salmonella sp.
	Felix O1 phage
	[68]
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