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The recent approval of experimental phage therapies by the FDA and other regulatory bodies with expanded access in cases in the United States and other nations caught the attention of the media and the general public, generating enthusiasm for phage therapy. It started to alter the situation so that more medical professionals are willing to use phage therapies with conventional antibiotics. However, more study is required to fully comprehend phage therapy’s potential advantages and restrictions, which is still a relatively new field in medicine. It shows promise, nevertheless, as a secure and prosperous substitute for antibiotics when treating bacterial illnesses in animals and humans. Because of their uniqueness, phage disinfection is excellent for ready-to-eat (RTE) foods like milk, vegetables, and meat products. The traditional farm-to-fork method can be used throughout the food chain to employ bacteriophages to prevent food infections at all production stages. Phage therapy improves clinical outcomes in animal models and lowers bacterial burdens in numerous preclinical investigations. The potential of phage resistance and the need to make sure that enough phages are delivered to the infection site are obstacles to employing phages in vivo. However, according to preclinical studies, phages appear to be a promising alternative to antibiotics for treating bacterial infections in vivo. Phage therapy used with compassion (a profound understanding of and empathy for another’s suffering) has recently grown with many case reports of supposedly treated patients and clinical trials. This review summarizes the knowledge on the uses of phages in various fields, such as the food industry, preclinical research, and clinical settings. It also includes a list of FDA-approved bacteriophage-based products, commercial phage products, and a global list of companies that use phages for therapeutic purposes.
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Introduction

If the crisis of antimicrobial resistance is not addressed, it is anticipated that by 2050, the societal and financial costs will total US$100 trillion, resulting in 70,000 annual deaths (1). This number, although controversial, still emphasizes the severe problem we face regarding therapeutic alternatives for multidrug-resistant (MDR) bacterial infections (2, 3). Significant health risks are posed by pathogens, including methicillin-resistant Staphylococcus aureus (MRSA) and multi-resistant Pseudomonas aeruginosa (MDR-PA). The World Health Organization (WHO) recently published a list of MDR-priority pathogens and called for more research into antimicrobial resistance (4). Equally concerning is the requirement for rapid development of new antibiotics to replace older ones that are losing their efficacy. As a result, many researchers and clinicians are looking at bacteriophage as the most potential substitute for or adjunct to antibiotics to treat bacterial infections in the face of rising antibacterial resistance. Bacteriophages are viruses that uniquely and specifically target and eliminate bacteria. They work cooperatively in microbiological ecosystems in the human body and the environment and do not harm mammalian cells. As natural biological regulators, bacteriophages integrate into the One Health Strategy for animals, humans, and the environment (5). The first phages to be identified were phages against Escherichia coli, Shigella dysenteriae, and Vibrio cholerae (6, 7). Although there are several reports on phage treatment, they are uncontrolled or anecdotal and must adhere to the standards of contemporary evidence-based medicine (8). After the discovery of antibiotics, phages ceased being used as antibacterial agents in Western countries. Given our present in-depth understanding of the biology of bacteriophages, which is crucial in supporting developments in molecular biology, the odds of success the second time around are significantly greater. However, evidence from clinical and animal model studies strongly suggests that phage treatment is secure and may be advantageous (9–11).

This review offers recommendations for clinicians considering experimental phage treatment based on a thorough literature evaluation due to knowledge gaps. The study also intends to give an evidence-based assessment of the situations in which this experimental therapy may be considered and to acquaint clinicians with phage therapy’s preclinical and clinical usage.



Bacteriophages vs antibiotics


Enzybiotics

According to Veiga-Crespo et al. (12), the term “enzybiotics” refers to phages, viruses that target and lyse bacteria and may potentially aid in the treatment of bacterial infections. These can be phage-encoded lytic enzymes, such as lysins, and extracellular polymeric substance (EPS) depolymerase. Even though many EPS depolymerases and certain lysins are connected to virion particles (13), most lysins are endolysins, which are “from-within cell-wall degrading enzymes.” Enzybiotics, however, are added from outside after purification. Gram-positive bacteria’s peptidoglycan is not shielded by an outer membrane, making it susceptible to phage lysins. In order to cross the outer membrane barrier in Gram-negative bacteria, phage lysins often must be altered. Fusion proteins that combine natural lysin with an antibacterial peptide might accomplish this. According to the study by Yang et al. (14), one of these constructs, PlyA, showed good efficacy against A. baumannii and P. aeruginosa and growing cultures but not against cells in the stationary phase unless combined with agents that permeabilize the outer membrane. Due to a lack of awareness and comprehension, engineered bacteriophages could pose a problem in terms of public acceptance and regulatory approvals of engineered bacteriophages could delay their usage (15). In contrast to antibiotics, phages have genomes and can proliferate while parasitizing their host; hence, engineering them could cause additional problems and necessitate the addition of legal clauses addressing the social issues associated with genetic modifications. Additionally, when lysins are used via intravenous administration, neutralizing antibodies are produced, reducing their antibacterial efficacy after multiple administrations (16). However, few endolysin immunogenicity studies have shown that immune serum does slow but is not sufficient to block the antibacterial ability of endolysin (17–19). Since they have a short plasma half-life, are immunogenic and potentially toxic, cause an inflammatory reaction to bacterial debris, and are ineffective in lysing intracellular bacteria, their use as an antibacterial agent in human treatment raises concerns (20).




Delivery system for phage and Endolysin

Despite therapeutic potential of phages and endolysins, these alternative agents must overcome various practical challenges posed by the host system, such as limited bioavailability, loss of action, non-targeted delivery, rapid clearance by the reticuloendothelial system, and antibody-mediated inactivation (21).

Numerous methods for encapsulating phage and endolysin have been discovered recently (21). These delivery methods treat acute and chronic infections in animal models by altering host immunological response to therapeutic entities and increasing pharmacokinetic parameters (22). Many phage encapsulation studies have investigated the possibilities of different drug delivery systems, primarily natural polymers, synthetic polymers, liposomes, and electrospun fibers. GIT infections have been thoroughly researched as a potential polymeric phage encapsulation therapy target. These polymers shield phages from harsh acidic environments that may otherwise result in phage inactivation or loss of phage titer. In addition to safeguarding phages from harsh environments, these polymeric encapsulation materials also give permeability to the mucosal membrane, where bacterium pathogens may live, and get protected from digestive enzymes and bile fluids (23). According to Gondil et al., phage delivery systems are very effective when an infection is still in its early stages and can be effectively eliminated with just one dose of a phage formulation (24). However, late administration of phage formulation necessitates concomitant antibiotic administration or multiple doses of phage formulation to prevent the spread of infection. Different delivery systems of bacteriophage and endolysin are mentioned in Table 1.



TABLE 1 Showing phage delivery systems.
[image: Table1]



Bacteriophage and its applications

Bacteriophages have been used and reported worldwide in various valuable applications. Figure 1: graphically represents the use of phage in clinical, preclinical, agriculture, fishery, and food industries. In addition, the therapeutic efficacy of the phage has been proven using preclinical and clinical settings. Based on these results, many pharmaceutical companies are still running clinical trials using bacteriophage products. However, the FDA has approved various phage products competing with the existing antimicrobials.

[image: Figure 1]

FIGURE 1
 Applications of bacteriophages and its FDA-approved products (created by the help of bio-render tool).




Bacteriophages in preclinical studies

Recent years have seen a resurgence in interest in phage treatment, which uses bacteriophages to treat bacterial illnesses. This is because antibiotic-resistant bacteria are becoming more common. However, before going on to clinical trials in people, preclinical phage application involves evaluating the tolerance and efficacy of phage therapy in animal models.

Preclinical trials of phage therapy in animals typically involve infecting the animals with a specific bacterial pathogen and then administering phages to see if they can reduce bacterial loads and improve clinical outcomes. In addition, the animals are monitored for signs of toxicity or adverse reactions to the phages. Phage therapy improves clinical outcomes in animal models and lowers bacterial burdens in numerous preclinical studies. Nevertheless, there are challenges to using phages in vivo, such as the risk of phage resistance and the requirement to ensure that enough phages are delivered to the infection site.


Pharmacokinetics and pharmacodynamics of bacteriophages

Lytic phages, unlike conventional antibiotics, are unique biological agents capable of replicating within susceptible bacteria. They present complex pharmacokinetic (PK) profiles that encompass various facets, including absorption, distribution, metabolism, and elimination. The bedrock of phage dosage determination lies in the quantity of administered phage particles. Often, the choice of assays for quantifying phages in dosing solutions and biological samples, like blood and urine, is overlooked (35).

The primary method for quantifying phages involves counting visible plaques on agar plates containing susceptible bacteria. However, this approach may not encompass the entire phage population, as it only considers those capable of causing extensive lysis and resulting in visible plaques. Additionally, the concept of “efficiency of plating,” expressed as the ratio of plaque-forming units (pfu) of phages on the target bacterial strain relative to a reference strain, is integral to phage quantification. Using a bacterial host strain with lower plating efficiency can lead to underestimations, necessitating adjustments for an accurate count of infective phages against the target strain.

In the clinical arena, quantitative PCR traditionally monitors the kinetics of viral load for human viruses like HIV, CMV, Hepatitis B & C, and SARS-Cov-2, aiding in disease assessment and evaluating the efficacy of antiviral therapies. Recently, quantitative PCR-based assays have been applied to monitor phage PK in patients with severe bacterial infections undergoing intravenous adjunctive phage therapy. However, these assays face limitations in distinguishing infective phages from non-infective ones or phage DNA/RNA fragments. Therefore, further research is imperative to establish correlations between PCR-based assays and therapeutic outcomes. In conclusion, the pressing need for sensitive and validated methods of quantifying phages remains a paramount concern in the field of phage PK/PD research.

Phage therapy, unlike antibiotics relying on the widely accepted minimum inhibitory concentration (MIC) for evaluating pharmacodynamics (PD), grapples with standardizing antibacterial activity assessment. Traditional approaches encompass agar-based spot tests and efficiency of plating assays, while fluid environments like broth employ planktonic killing assays to assess phage effectiveness. These different testing methods yield divergent results in terms of the host range for the same phage; direct spot tests exhibit the broadest coverage, followed by efficiency of plating and broth killing assays. This variability arises from distinct killing kinetics and the emergence of phage resistance under different testing conditions. Evaluating the strengths and limitations of each method comprehensively is crucial for enhancing phage efficacy assessment (35, 36).

Recognizing that the dynamics of phage resistance observed in controlled laboratory settings may not necessarily mirror what transpires in animals or humans is essential. Initiatives like Clinical Phage Microbiology aim to provide guidance for clinical decision-making, underscoring the significance of incorporating knowledge related to phage pharmacokinetics and pharmacodynamics (PK/PD) to optimize therapy. Developing a robust phage PK/PD framework requires the standardization of PD parameters and the establishment of dependable measurement methods to inform treatment protocols. This endeavor holds immense promise for advancing the field of phage therapy and its application in clinical practice.

However, there are only a few studies that cover the pharmacology of bacteriophage therapy, and even fewer that focus on the pharmacokinetics of phage therapy. Pharmacology focuses on how drugs interact with the body; it is further divided into pharmacokinetics, which evaluates how the body impacts drugs, and pharmacodynamics, which examines how drugs impact the body. In addition, the dosage quantity of a given phage cocktail was crucial for achieving enhanced pharmacokinetics; the high dosage. As it is crucial to produce the pharmacodynamic effects of the treatment, pharmacokinetics explains how well a drug can accumulate in the locality of the targeted tissues and is summarized in absorption, distribution, metabolism, and excretion (36).

According to Abedon et al. (35), drug dilution causes drug densities to decrease during both absorption and distribution, which may result in an increase in drug density in the targeted bodily organ. Different medication delivery methods are used depending on the pharmacokinetics. A variety of criteria are taken into consideration when choosing a drug’s delivery method, including the target tissue, the drug’s sensitivity to body enzymes, the patient’s convenience, and immunity. The formulation of the phage is yet another crucial factor in establishing efficient pharmacokinetics. The stability of phages is improved by using various formulation techniques. When treating various infections in both animal models and humans, it is important to take into account the different pharmacokinetics concepts that are necessary for the phage to penetrate the target bacteria, the achievement of an adequate phage concentration in the target’s locality, and an ample antibacterial response against the target.

Since 2010, all relevant research results regarding phages in vivo in preclinical studies have been compiled (Table 2). The published reports are systematically presented under the headings viz. infection syndrome, the animal used in the study, route of phage administration, microbial organism, clinical outcome, and findings, and reported adverse events, if any. Overall, preclinical studies on phages as an alternative to antibiotics for treating bacterial infections show promise in vivo. However, more investigation is required to completely comprehend the safety and effectiveness of phage therapy and identify the best dosage and delivery techniques for various bacterial infections and animal species (Table 3).



TABLE 2 Potential advantages of bacteriophage treatment over antibiotic treatment.
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TABLE 3 A list of recent studies that are pertinent to the use of phages in vivo in preclinical trials.
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Bacteriophage therapy in clinical infections

While phage therapy used with compassion (a profound awareness and empathy for another’s suffering) has recently increased with numerous case reports claimed to have cured patients, clinical trials intended to demonstrate its efficacy per current regulatory requirements have officially failed. Given the issue of rising antibiotic resistance, there needs to be an important decision on the role of phage therapy in contemporary medicine. The dramatic surge in case reports of treated patients reflects the growing interest in phage therapy. Additionally, various journals (Front Microbiol., Front Pharmacol., Viruses, Antibiotics, Pathogens, Microorganisms, etc.) have recently published special issues and study subjects on phage therapy (121).

Since their discovery, phages have been widely used in Eastern Europe and the former Soviet Union; as a result, their medical systems now incorporate the therapeutic use of phages. However, a thorough scientific analysis of this potential therapy has recently been conducted (41, 122). Abedon offered a list of essential requirements that should be carefully considered and reported in phage therapy (123). The effectiveness of clinical research depends on the proper characterization and selection of the phages, the participants (humans), and the target microorganisms. Though necessary, additional information like formulations, dosages, and potencies are only helpful when used with clearly defined and well-planned goals. The quality of future studies would increase with more thorough reporting, enabling the replication and expansion of earlier investigations. Choosing suitable disease targets for phage therapy is another factor to consider. Phage mixtures provide a wide range of activity when contemplating monotherapy or combination therapy techniques and lessen the possibility of resistance development. Additionally, it significantly increases the difficulty of determining how each phage in a cocktail would affect inflammation, the possibility of gene transfer, and the emergence of phage resistance (124).

In several world regions, bacteriophage therapy has been utilized for many years to treat bacterial infections. As reviewed by Uyttebroek et al. (125), Kutter et al. (41) Abedo et al. (35) and described in Marza et al. (126), encouraging results have been documented. Although bacteriophage therapy has been used for many years, there are few clinical studies in this field, raising many doubts about its effectiveness against infectious diseases. However, the growing demand for novel antimicrobial therapies drives the development of bacteriophage therapeutics for diverse diseases. These require the completion of extensive clinical trials per United States FDA or European EMA requirements (127). The phage’s bactericidal activity, and concerns about potential toxic shock must also be addressed.


Musculoskeletal infections

Fish et al. (128) presented a continuous case series examining the effectiveness of treating infected and poorly vascularized toe ulcers with the exposed bone when the recommended antibiotic therapy with topically applied S. aureus-specific phages failed. After providing standard wound care, the phage solution was topically given to the ulcerations weekly. All infections responded to the phage therapies, and infected bone debridement resulted in an average healing time of 7 weeks for the ulcers. In order to retain hallux function and treat an ulcer with extremely poor vascularity, 18 weeks of therapy were required.

The case report by Fish et al. (129) successfully treated distal phalangeal osteomyelitis in a 63-year-old diabetic woman with long-term bacteriophage follow-up. In a different study, Fish et al. (130) reported using the commercial formulation of the extensively researched anti-Staphylococcal bacteriophage Sb-1 from Eliava Bio Preparations to cure diabetic toe ulcers successfully. In difficult-to-close toe ulcers containing contaminated/infected bone, topical administration of a single S. aureus-targeting bacteriophage proved successful.

According to a study by Ferry et al. (131) local injections of a bacteriophage mixture during debridement, antibiotics, and implant retention (DAIR) procedures to treat recurrent S. aureus chronic joint prosthesis infection (PJI) were effective, safe, and associated with clinical success.

Cano et al. (132) reported intravenous injections of a single phage (KpJH462) to a 62-year-old diabetic patient with prosthetic infection due to K. pneumoniae complex, resolving local symptoms and signs of infection and restoring function. In addition, a trend toward reduction in biofilm biomass was observed 22 h after exposure to KpJH462.

A case study of a 72-year-old man with a chronic methicillin-resistant S. aureus prosthesis infection was published in 1971 by Doub et al. (133) Bacteriophage therapy was stopped following the third intravenous dose due to a rare, reversible transaminitis. Despite this, the patient’s severe chronic infection was successfully treated and eradicated.

A persistent methicillin-sensitive S. aureus (MSSA) prosthetic knee joint infection in a 61-year-old woman was successfully treated after a second cycle of bacteriophage therapy given during a two-stage replacement procedure, according to Ramirez-Sanchez et al. (134) The study also highlighted the success of bacteriophage therapy with a single lytic phage, the safety and effectiveness of intravenous and intra-articular infusions, and the development of serum neutralization with continued treatment.

The study by Onsea et al. (135) reported the successful use of bacteriophage therapy for patients with severe musculoskeletal infections. There was no recurrence of infection with the causal strains following a single phage therapy with concurrent antibiotics, with follow-up periods ranging from 8 to 16 months. In addition, the phage application protocol has not been associated with harmful side effects.

In a case report, Chan et al. (136) described the therapeutic application of phage OMKO1 to a chronic P. aeruginosa infection of an aortic Dacron graft with a related aortocutaneous fistula. Phage OMKO1 and ceftazidime were administered only once, and the infection seemed to clear up with no signs of recurrence.



Urinary tract infections

Ujmajuridze et al. (137) conducted a prospective cohort study to examine the efficacy of prophylactic bladder instillation in patients undergoing transurethral prostate resection. Nine patients got postoperative phage therapy by bladder instillation after a preoperative examination of asymptomatic individuals for the presence of uropathogens in midstream urine. No adverse events were reported. In six cases, the bacterial burden was also decreased. The outcomes of this two-phase, prospective trial indicated that tailored bacteriophage therapy for treating UTI might be efficient and secure.

A Dutch case study by Kuipers et al. (138) showed how bacteriophage was utilized successfully to treat chronic recurring urinary tract infections in a kidney transplant recipient caused by extended-spectrum lactamase (ESBL)-positive K. pneumoniae.

The study by Corbellino et al. (139) on long-term, multisite colonization by an MDR K. pneumoniae strain in a patient with a single kidney, cutaneous ureterostomy, and permanent ureteral stent resolved after 3 weeks of treatment with personalized BT given both orally and intrarectally.

In refractory P. aeruginosa urinary tract infection accompanied by bilateral ureteric stents and bladder ulcers, Khawaldeh et al. (140) demonstrated the benefit of adjuvant bacteriophage therapy after recurrent failure of antibiotics alone. The dynamics of bacteria and bacteriophages in urine point to a self-perpetuating and self-limiting infection, and no bacteriophage-resistant bacteria formed.

In a clinical trial by Quin et al. (141), phage therapy was utilized to treat a man with multiple urinary tract infections caused by MDR K. pneumoniae. However, three phage therapies were unsuccessful due to polyclonal co-infectious cells in his renal pelvis and bladder. Therefore, a percutaneous nephrostomy was done on the patient (PCN) following analysis. In addition to receiving antibiotic therapy, a mixture of bacteriophages chosen for their ability to attack all 21 diverse isolates were simultaneously irrigated via the kidney and bladder. The patient eventually made a full recovery with an improved bladder.

Other studies investigating the use of bacteriophage therapy in individuals with persistent urinary tract infections have shown its efficacy in overall clinical improvement (symptom alleviation and prevention of UTI recurrence) and bacterial eradication (142–144).



Skin and soft tissue infections

Equal healing rates were observed in the control and test groups of Rhodes D. et al.’s phase I clinical trial on bacteriophage therapy for treating human venous leg ulcers. In the study, 39 patients had their chronic blood vessel leg ulcers treated for 12 weeks with either a bacteriophage product or a placebo. No adverse events or safety issues were recorded (145).

The PhagoBurn Section 1/2 study by Jault P. et al. (5) was another clinical trial that compared standard care (Sulfa-drug silver emulsion cream) with a cocktail of twelve anti-P. aeruginosa lytic phages applied via an alginate dressing for a seven-day treatment of burn wound infection in 25 patients. Unfortunately, bacteriophage therapy has shown to be ineffective due to several factors, including variations in the maximum bacterial load between treatment groups and a significantly lower-than-expected bacteriophage dosage due to a concentration decrease during manufacturing and the fall in titres (during storage) were not checked before using them in the clinical trial.

A study by Patel et al. (146) using a customized bacteriophage preparation in managing chronic nonhealing wounds reported 100% microbiological eradication after 3 months with a healing rate of 81.2%. Additionally, the study suggested that specific phage therapy is equally effective whether a patient has diabetes or not, despite healing being slower in the former cluster. Another study by Gupta P et al. (147) examined the impact of topical bacteriophage therapy on chronic nonhealing wounds infected with E. coli, S. aureus, and P. aeruginosa. They found that after 3 to 5 doses, there was a significant improvement in wound healing with no signs of infection, both clinically and microbiologically.

Both studies offered nearly unambiguous proof that topical phage therapy helped patients who had not responded to conventional therapy completely heal their wounds. Furthermore, the isolates from the research population’s chronic wounds showed significant resistance to the most widely used antibiotics. Neither study’s participants experienced adverse effects, tissue breakdown, or recurrent infections during or after therapy.

In order to determine the impact of bacteriophage on the healing process, Bhartiya et al. (148) conducted a non-randomized, prospective, open-label, blinded, case–control study on infected acute traumatic wounds. The results of this investigation are promising. In patients receiving phage therapy, the average time needed to achieve sterility, complete wound granulation, and primarily intended healing was half that of the control group. The financial analysis also favored bacteriophage therapy (BT), as only 1/3 of the costs were incurred in the BT group compared to the control group.

Marza et al. (126) reported clinical improvement and bacterial elimination after phage therapy in a patient with an infected burn wound. In contrast, Rose T. et al. (149) discovered that phage therapy had no therapeutic effects on burn wounds. Bacteriophage use, however, had no adverse effects.



Ophthalmic infections

Infectious keratitis induced by Vancomycin-resistant S. aureus was described in the study by Fadlallah et al. (150) Phage treatment was given intravenously and topically in the form of eye drops and nasal spray. There were no concurrent antibiotics given. The infection was effectively treated, as evidenced by stabilizing ocular symptoms and observing negative cultures. The six-month follow-up period had showed no adverse effects and no reinfection.



Intensive care for patients with sepsis

Many studies have not been done on patients who received phage therapy for severe sepsis. S. aureus, P. aeruginosa, E. coli, K. pneumoniae, Proteus mirabilis, Morganella morganii, and Enterobacter spp. were the pathogens that were frequently isolated. Phage treatment was given intravenously, intramuscularly, or both intramuscularly and locally. Of the 109 patients, 85 (78%) received antibiotics simultaneously. Adverse incidents were not reported. Follow-up lasted anywhere between 20 days and 4 months. As a result, 90 (83%) of the 109 patients had improved vital signs, and two wholly eradicated their bacteria. Unfortunately, phage therapy proved ineffective in 20 patients; three died despite the initial improvement, and five died shortly after the treatment began (151–153).



Gastrointestinal infections

A 68-year-old diabetic patient with necrotizing pancreatitis was described in a case report by Schooley et al. (154) with an MDR A. baumannii infection. The patient’s clinical course was reversed, the bacteria were cleared up, and they recovered after receiving these bacteriophages intravenously and through percutaneously into the abscess cavities.



Cardiovascular infections

Three studies detail individuals with aortic graft and left ventricular assist system infections that were difficult to cure and were infected by P. aeruginosa or S. aureus (136, 155, 156). Two patients received local phage therapy, while one received intravenous phage therapy. Antibiotics were given concurrently to all patients. After receiving a local phage application, one patient reported nausea. There was a clinical improvement in all cases; one patient showed evidence of bacterial eradication. The follow-up period lasted 7-9 months.



Respiratory infections

Several case studies have been published regarding phage therapy and patients with respiratory infections (157–166). Phage therapy was administered intravenously, orally, and intravenously using a nebulizer. Phage treatment was well tolerated in each case and had no adverse side effects. Furthermore, clinical improvement was observed in most cases, including general improvement and reduced sputum and coughing.



Other infections

Nine patients with chronic rhinosinusitis caused by S. aureus were treated with intranasally given phage therapy in a prospective study by Ooi et al. (167). The treatment was examined for safety and preliminary efficacy. Phage therapy was well tolerated, and the side effects (such as diarrhea, epistaxis, signs of an upper respiratory infection, oropharyngeal discomfort, rhinitis, and a drop in serum bicarbonate) were modest. All nine patients saw improvements in their clinical conditions, and the bacterial load was reduced; however, only two (22%) of the nine patients had their bacteria wholly eradicated. There was a seven-day follow-up period (167).

Despite many positive case studies, there still needs to be robust scientific evidence from well-planned, monitored and regulated clinical trials supporting bacteriophage therapy. However, more recently, a rise in the number of bacteriophage therapy-related articles, books, and reviews and commercial bacteriophage companies focusing on a specific market suggests that the scientific communities and pharmaceutical companies are becoming more eager to integrate bacteriophage therapy into conventional medical practice (127).

Phage therapy may be helpful for bacterial illnesses that are challenging to cure. Additionally, this treatment is generally considered safe because it has a low incidence of side effects and is given via various administration routes. Even though phage therapy appears to be a promising strategy in the fight against untreatable infections and antimicrobial resistance, high-quality studies are desperately needed to advance our understanding of the long-term effects of this treatment. When taken orally and intravenously, getting more knowledge about the pharmacokinetics and pharmacodynamics of the bacteriophage (cocktails) is necessary. Additionally, endotoxin, bacterial, and viral contamination testing for bacteriophage solutions should be done (Table 4).



TABLE 4 Ongoing clinical trials of phage.
[image: Table4]



Worldwide phage development organizations

Phage therapy has been used for many years in certain countries, primarily in Eastern Europe, although it has yet to gain widespread acceptance in Western nations. This is partly due to the need for more commercial phage production, making it difficult to standardize and regulate phage therapy products.

However, several companies have recently been established to develop and commercialize phage-based products. These companies use various methods to produce phages, including isolating phages from environmental samples, genetically engineering phages, and producing phages using fermentation or other bioprocessing techniques. One of the main challenges in commercial phage production is ensuring consistent quality and purity. This is important to ensure that the phages are safe and effective for medical applications. In addition, companies use various methods to standardize and test their phage products, including use of bioassays to measure phage activity and testing for endotoxins and other contaminants. Several companies worldwide are developing and commercializing phage-based therapies for various bacterial infections. Here are some examples, summarized in Table 5, including the name of the company, its location, and the company website.



TABLE 5 Global distribution of companies exploiting phages for therapeutic purposes (7, 172–174).
[image: Table5]




FDA-approved bacteriophage-based products and regulatory challenges

Phage therapy treatments have only been carried out in Western medicine under the laws of the Helsinki Declaration, which was adopted by the 18th World Medical Association General Assembly (Helsinki, Finland, June 1964) as unproven interventions in clinical practice or out of compassion and with the patient’s informed consent (175). A new legal framework has just been installed in Belgium that permits phages to be used as an active pharmaceutical ingredient in a magistral preparation as long as specific logical requirements are met. A medicinal preparation is described as “any medicinal product prepared in a pharmacy following a medical prescription for an individual patient,” in line with Article 3 of Directive 2001/83 of the European Parliament and Article 6 quarter 3 of the Belgian medicinal law of 25 March 1964 (176, 177). The preparation must be explicitly made by a pharmacist from the various components per current pharmaceutical standards and under a Medical Doctor’s (MD) prescription for a selected patient (177). In 2006, the United States Food and Drug Administration (FDA) approved using a phage as an antibacterial (preventive) agent in “the ready-to-eat food,” The process of developing and marketing phage therapy medical products (PTMPs) can theoretically be completed while adhering to all regulations, but it is exceedingly expensive and time-consuming. Furthermore, given the ongoing evolutionary dynamics between bacteria and phages, it is possible that the phage products that are eventually launched on the market are already obsolete or will do so shortly due to the lengthy development times concerning the divergent evolution of the targeted bacterial populations (178).

The current approach for producing and marketing pharmaceutical products was primarily designed for static chemical drugs like antibiotics and typically includes the following elements: Producing using good manufacturing practices (GMP), Preclinical research, including in vitro and animal pharmacokinetic, pharmacodynamic and toxicological investigations\Phase I to IV clinical trials and centralized marketing authorization (177).

The PhagoBurn study showed that producing PTMPs under the established pathway is very expensive, time-consuming, and only sometimes leads to high-quality and effective products. The licensed GMP research product’s titer was reduced drastically (1000-fold) 15 days after manufacturing, and manufacturing and licensing consumed the majority of the time and money allotted to the study (5). Phage therapy is a form of “experimental treatment” legal in Poland. The modified Act of 5 December 1996 on the Medical Profession, issued in the Polish Law Gazette, 2011, No. 277 item 1,634, and Article 37 of the Declaration of Helsinki, serve as the foundation for this framework. Phage treatment is practically feasible in Poland under specific circumstances, such as informed consent, a doctor’s application, and a bioethics panel’s approval, but only without any other potentially viable and established treatment alternative (177). Under the ‘compassionate use’ regulation, phage therapy may occasionally be used in various nations. Australia and France are examples (140, 179). Despite the European Medicines Agency (EMA)’s advice, each nation appears to employ a unique approach to this treatment.

The U.S. Food and Drug Administration (FDA) has been attempting to create a legal framework for employing bacteriophages as a therapeutic modality. In the United States, phage therapy has been considered an investigational new drug (IND) and regulated under the FDA’s IND program. This program allows for the clinical testing of new drugs and biologics in humans before they are approved for use in the general population. Recently, the FDA has taken steps to establish a more formal regulatory framework for phage therapy. In 2019, the agency released a draft guidance document on developing bacteriophage products for treating bacterial infections. The guidance document provides recommendations for developing and submitting data to support the safety and efficacy of phage products (180).

The FDA’s draft guidance recommends that phage products be evaluated in well-controlled clinical trials designed to demonstrate safety and efficacy. The guidance also recommends manufacturing phage products using appropriate quality control measures to ensure consistency and purity. It can be an essential step in regulating phage therapy. It provides a roadmap for companies developing phage products and clinicians interested in using phage therapy to treat bacterial infections. The guidance also provides a basis for discussion between the FDA and industry stakeholders on developing safe and effective phage products (181). Phage products have also been successfully produced globally in various applications, supporting their safety and efficacy after the approval of the FDA and other regulating bodies. Companies’ names, product details, agency approval, and related applications of phages are compiled in Tables 6, 7.



TABLE 6 List of regulatory body-approved phage-based products for food-borne pathogens in food.
[image: Table6]



TABLE 7 List of commercial phage products for humans.
[image: Table7]

The information and references provided by the companies mentioned above further explain and support the scientific evidence regarding the potential of phage therapy as an antibiotic substitute and the FDA’s recommendations for creating bacteriophage therapy products.



Limitations and future prospect of implementing phage therapy

While laying out a roadmap of modern phage therapy’s difficulties, it becomes clear that our structured and organized environment brings many obstacles. The first is the uncertain nature of bacteriophages, which are not pure biological macromolecular complexes (like therapeutic proteins) but non-living creatures. As a result, it becomes difficult for regulatory agencies to approve medical therapies or therapeutic substances because legislative approval procedures are intricate, expensive, and time-consuming. Patients may also reject such therapies due to erroneous worries and a lack of knowledge because this approach uses “live viruses” for treatment (207).

Some additional problems attributed to early phage therapy failure and their probable solution and required approach are summarized below:

1. Narrow host range of phages: Due to the high specificity of phages, many negative results may have been acquired due to the inability to select lytic phages for the targeted bacterial species. Before utilizing phages for therapeutic purposes, ascertaining the etiologic agent’s susceptibility to phages (208) and using polyvalent phage cocktails that lyse most etiologic agent strains will be a better approach for favorable results.

2. Insufficient purity of phage preparation: Early therapeutic phages were in crude lysates of the host bacteria and contained a variety of contaminants (including endotoxins) that may have neutralized the phage’s effects. To create phage preparations with a high purity level, ion-exchange chromatography, high-speed centrifugation, and other advanced purification methods should be utilized (208).

3. Poor stability and viability of phage preparations: Commercial phage preparations were supplemented with mercurial, oxidizing agents or heat-treated to ensure bacterial sterility (50). Many of these treatments also may have inactivated the phages, resulting in ineffective phage preparations. Advanced purification techniques can purify phages and ensure they are bacterium-free. The viability and titer of phages should be determined before using them therapeutically.

4. Lack of understanding of the heterogeneity and mode of action of phages (i.e., lytic vs. lysogenic): Some researchers may have used lysogenic phages instead of lytic phages due to their inability to distinguish between them. The temperate phages are not recommended for therapy because they do not “kill” the target bacteria and can cause the transfer of undesired genes. A careful choice should be made when looking for lytic phages. This is essential for preventing potential horizontal gene transfer by lysogenic phages of genes encoding bacterial toxins, antibiotic resistance, etc. (209).

5. Exaggerated claims of the effectiveness of commercial phage preparation: One illustration of this would be the Enterophagos, marketed as applicable against herpes infections, urticaria, and eczema (210), diseases that phages could not possibly be successful against. Phage preparations should be provided with detailed, scientifically backed information regarding their effectiveness against specific bacterial pathogens, potential adverse effects, etc.

6. Failure to establish scientific proof of the efficacy of phage treatment: Most clinical investigations using therapeutic phages lacked placebo controls (211, 212). Highly pure, lytic phages should be used in well-controlled, double-blinded placebo experiments, and outcomes need to be assessed using patient data and meticulous laboratory testing.

7. Development of Phage-neutralizing antibodies: Another issue that could impair the ability of phages to lyse certain bacteria in vivo is the emergence of phage-neutralizing antibodies. Indeed, parenteral phage delivery has been associated with the formation of neutralizing antibodies (213). Nevertheless, it is still being determined how substantial of a concern this might be during phage therapy, particularly when administered orally and/or topically. Since the kinetics of phage activity is significantly faster than the host’s synthesis of neutralizing antibodies, the production of neutralizing antibodies should not, in theory, pose a substantial challenge during the initial treatment of acute infections (208). A study by Archana et al. (214) reported the appearance of neutralizing antibodies after the third week following immunization. Complete neutralization of bacteriophages was detectable between 3 and 5 weeks after immunization.

8. Clearance of phages by reticuloendothelial systems: According to the study by Merril et al. (215), the reticuloendothelial system’s removal of phages from the patient could represent a problem because it could lower the number of phages to a level that is insufficient to combat the infecting bacteria. The authors chose phages with greater capacity to remain in mice’s bloodstreams using a natural selection process they elegantly referred to as the “serial passage” method. Understanding the mechanisms underlying this characteristic of phages will illuminate critical aspects of how they interact with their bacterial hosts.

9. The emergence of resistance: Like antibiotics, bacteria can resist phages over time, leading to the need to develop new phages. Phage therapy’s efficiency may also be constrained by the co-evolution of bacteria and phages, which can result in the emergence of bacterial strains that are resistant to phages (9, 55, 173, 216).

10. Quality control: Ensuring the quality and purity of phage preparations can be challenging, as it requires careful monitoring of phage production and purification processes (217, 218).

11. Delivery methods: The mode of administration can impact the effectiveness of phage therapy since enough phages must be delivered to the infection site for treatment to be effective. This can be challenging in some cases, such as treating deep tissue infections or infections in areas that are difficult to access (22, 24).

Many phages produce virulence factors or toxins, making them ineffective as antimicrobial agents. The precise elimination of potentially dangerous genetic information from viral genomes can tackle this crucial safety concern. The release of bacterial toxins, lipopolysaccharides, and other pathogen-associated molecular patterns (PAMPs) as a result of phage-induced lysis might trigger an innate immune response, increase virulence, or result in additional harm. To lessen these possibly detrimental effects, phage variants that are engineered to destroy target cells without releasing PAMP can be utilized. Phages can be designed to cleave defined nucleotide sequences and genotypes, for example, host cells that carry antibiotic-resistance genes or particular virulence factors, by delivering sequence-specific CRISPR-Cas nucleases via modified genomes or phagemids. Phagemids or modified genomes can be used to deliver sequence-specific CRISPR-Cas nucleases, which can then be programmed to cleave specific genotypes and nucleotide sequences (217).

Phage therapy has not yet been widely adopted in clinical practice, despite increased interest in phages and the collaborative efforts of scientists and clinicians that have led to increased case reports. The fundamental reason for this lack of implementation is the ongoing dearth of reliable clinical evidence on phage therapy, which prevents ethical, actuarial, and governmental authorities from addressing their concerns. To make phage therapy an integral part of clinical practice in the future, a focused and practical regulatory framework for personalized phage therapy techniques and interdisciplinary collaboration between researchers, microbiologists, clinicians, and pharmacists are essential.



Conclusion

Phage therapy holds the promise of unveiling novel approaches to combat bacterial infections. Particularly noteworthy is the potential of phage cocktails, which could revolutionize the treatment landscape by offering solutions for a wide spectrum of bacterial diseases that have proven resistant even to the latest generations of antibiotics. Nevertheless, several pivotal challenges must be surmounted to harness the full potential of phages as antibacterial agents. These challenges encompass ensuring safety, evaluating effectiveness, and assessing the likelihood of immune responses triggered by administered phages. Additionally, refining phage purification techniques and optimizing their growth are essential hurdles that demand attention.

Within clinical settings, phage therapy has emerged as a beacon of promise, despite the obstacles. Ongoing technological advancements and strides in genetic engineering hold the potential to unlock the creation of more precise and potent phages. The synergistic use of phage therapy in conjunction with other therapeutic modalities, such as immunity modifiers or antibiotics, may further enhance its efficacy. Beyond the realm of human healthcare, phage therapy extends its reach into veterinary medicine, agriculture, and food safety, presenting multifaceted applications with vast potential.

In summation, phage therapy stands as a formidable contender in the battle against antibiotic-resistant bacteria, offering a compelling alternative or adjunct to traditional antibiotic treatments. Nevertheless, these prospects are not without their challenges. Continued research and development efforts are imperative to fully exploit the myriad advantages this promising technology offers and to surmount the remaining obstacles that lie in its path. The journey to harness the full potential of phage therapy is still underway, but the destination promises a brighter future in the fight against bacterial infections.
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Mice (Swiss-webster) | Intranasal K. prewmoniae | Mice were protected from lthal pncumonia by an intranasal injection of 2x 10" PFU/mause two hours afte K. prewnoniae | Mortali None Cao, Fangetal. (59) China
inoculation. The phage-trated mice had alower lung bacteial burden than the untreated control group. In addition,
reduced weight loss and inflammatory cytokines in their lungs were observed.
(BALBLO) Intraperitoneal K. prewmoniae | Even when therapy was initiated three days afterthe development of pneumonia,liposome-encapsulated phage (LP) was | Mortality None Singla etal. (90) India
effctive in curing infection. On the other hand, non-liposomal phage offered protection when given 24h afer infection.
Mice (BALB/c) Intravenous . aureus Similar surviva rates were seen in mice treated after 72h of infection with a single dosage of lindamycin (Smg/kg/body | Mortaityand  None Oduor etal. (91) Kenya
weight), 10° PEU/ml. phage, or combination therapy (cindamycin plus phage). However,the mice in the phage control bacterialload
group were more active than those in the dlindamycin, phage, and combination therapy groups.
Mice (BALB/c) Intranasal Paeruginosa | Phage adminisered at an MOI of 10 could eliminate the lungs ofinfection 24-48h after infection. Phage exposed to UV | Mortalityand  None Waters etal. (92)
Tight had no protectiv effect, howerer. bacterial load United Kingdom
Sheep Intranasl (Extension . aureus NOVOI2 (a two-phage cockiai) was applicd topicallyto thefrontal sinus for 20 days, and this treatment was considered safe | Mortali None Drilling et al. (93) Australia
canula) because it did not cause any tissue damage or inflammatory reactions.
(wissmouse) | Endotrachealroute  Pacruginosa The bacterial load in the lungs was decreased by 5.3 logs compared to the untreated group when phage dry powder Bacterialload | None Chang etal. (94) Australia
formulation (2mg/mice) at a dosage of 2 10" PFU/mg was applied two hours after a bacteial challenge,
(©s7BLI6) Intraperitoneal Paeruginosa | When administered 4h afer infection, single phage treatments (10° PFU/mL) significantly reduced lung infection in mice | Mortality None Jeon etal. 95) Republic of
(>4 logs) and shiclded them (>65%) from a lethal discase. At the same time, animals in the untreated geoups all died by day Korea
three postinfection.
(BALBLO) Intravenous E ol Antibiotics and bacteriophages had comparable outcomes, but bacteriophages were more effective at reducing bacterial Mortaltyand  None Dufour et al. (96) France
burden. Additionally, bacteriophage therapy did not promote excessive inflammation but tended to reduce it and corrected  Bacterialload
blood cell count iregularities more quickly than antibioics
Mice (BALB/c) Intraperitoneal K. prewnoniae | Afiera 10-min bacterial challenge, the mice were administered phage (1.75x 10° PFU/animals), which ensured 100% Mortatyand  None Horvith etal. (97), Hungary
survival and no signs of infection. This prevented all of the mice from death. This therapeui effct was not observed when | bacterialload
the phage suspension was administered an hour afer the bacterial challenge. In this instance,the survival rate was sl 100%
after 24h, but the mices general health significantly declined, and 48h afterinfection,their survivl rate decreased to 125%
(178 mice). No rescue effect was abserved when a phage was given three hours afer a bacterial challenge.
Mice (BALB/c) Intraperitonealand K. prewnoniae | The phage Kp_Pokalde_002 was administered intraperitoncally (1P) and orally to the infected mice at an MO of 1.0 None Dhungana et al. (95) Nepal
oral (~1x10° PFU/mouse). Phage treatment was used to trat sick mice by oral and intravenous methods. As a resul, the bacteralload
bacterial burden in the blood and lungs decreased significantly (3-7 log10 CFU/mL) in the treatment group.
Rats (Wistar) Respiratory and . aureus “The animals received acrophages,intravenous (IV) phages, IV linezold, IV and aerophages, and a combination of IV Mortatyand  None Prazek etal. (99), Switzerland
intravenous tinezolid and aerophages. Aerophage therapy considerably increased survival by 50%). In addition, Acrophages and IV bacteralload
‘Phage therapy significantly improved survival compared to either treatment alone, even though IV phage therapy alone only
led 102 50% survival rate. Finaly,acrophages were added, but no synergistc impact was seen.
Mice (Wild-type Intraperitoneal K. preumoniae | Phages were inected intraperitoneally (IP) at various times (1, 8 and 24h aftr bacterial infection) and at various MOl (an | Mortaltyand  None Hesse etal. (100),
Cs7BLIGN) MOI of 10r 10). The treatment duration, not the phage dose, sgnificantly impacted survival. A control group of mice that | bacterialload United States
received saline treatment developed a severe llness quickly in allof them. However, mice treated with viable phages survived
those effectively receiving sali
Skinandsoft | Mice (BALB/c) Intraperitoneal K. prewnoniae | When administered immediately after  bacterial challenge, the KpnS phage eficiently treated mice with a burn wound Mortlity None Kumari etal. (101) India
tissue infections infection and could save about 26.66% of the mice even aftr 18h of bacterial challenge. In adition, pro-inflammatory
cytokines (IL-Ibeta and TNF-alpha) and anti-inflammatory cytokines (1L-10) were also found in much-reduced
concentrations i the serum and lungs of mice trated with phage.
(BALBL) “Topical K. prewmoniae | Phage Kpns mixed with hydrogel applied topically at an MOI of 200 on the burn wound site could prevent infection in mice | Mortality None Kumari etal. (102) India
compared to multiple slvr nitrate and gentamicin treatments
Pig (Yorkshire) Topical S aureus, P The pig wound infection model used a phage cocktail of six different phages Results varied depending on the species, but  Mortality None Mendes et al.(103) Portugal
aeruginosaand | mechanical debridement generally had a positive efect. Compared to the pig model,the rodent model demonstrated more
A bawmannii significant improvement
“Topical . aureus “The effcacy of the phage MR-10, which was locally applied at a dose of 10" PFU/mL (MOI-100), was equivalent tothat of the | Bacterial load  None Chhibber etal. (10) India
antibiotic linezolid. However, combination therapy using bacteriophage and linezolid was more successful in preventing the
infection process than antibiotics or phage used alone.
Sub cutancous Mycobacteriun 33 days fter the bactrial challenge, asingle subcutancous ijection of mycobacteriophage D29 reduced pathology and Bacterialload | None Trigo etal.(105) Portugal
uleerans prevented the development of ulcers This protection signifcantly reduced the number of M. ulcerans,increased levels of
cytokines (including IFN-), and generated a lymphocytic/macrophage-profled celular inilration.
Mice (BALB/C) Intraperitoneal E.coli Bacteriophage (T4) was administered intraperitoneally afer being modifed by phage display to contain anticancer Tyr-lle-  Bacterialload | None Dabrowska etal. (106)
Gly-Ser-Arg (YIGSR) pepides. In mice receiving YIGSR-displaying phage treatment, tumor growth was slowed. In addition, Poland
mice receiving phage treatment had considerably lower wound severites, bacterial loads, and inflammatory markers.
Rats (Wistar) “Topical A bawmannii | Comparing the phage-exposed group to the antibiotictreated uncontralled diabetic rats and the control group,a substantial | Bacterialload | None Shivaswamy et al. (107) India
decrease i infection, pitheliaization time, and wound contraction was seen. Furthermore, the ras,including the phage
controls, showed no signs of generalized sepsis and seemed remarkably healthy.
Mice (Swiss albino) Injection Paeruginosa | The number of bacterial cell was signifcantly reduced. The number of phages was significantly increased when an 11-phage | Bacterialload  None Basu etal. (105) India
cocktail was added to subeutancous bags containing two catheter sections loaded with bioflm.
Mice (BALB/O) Subcutancousand | A. bawmannii Treatment with the phage Abp1 (5.0 10 PFU/mL) had significant therapeutic effects in mice models with local and Mortality None Yin etal. (67) China
topical systemic A. baumanni infection. Compared o mice who received either systemically administered phage or no treatment,
mice that received locally applied phage had much-reduced wound sizes
Rat (Wistar) Intramuscular . aureus Rats treated with the transfersome-entrapped phage misture recovered from the experimental thigh infctions in 7 days. Mortlity None Chhibber etal. (31) India
‘compared to the 20 days required for unireated animals. Even when given 12h aftr infection, the transfersome-entrapped
‘phage cocktil protected alltest animals (without ataliies).
Mice (BALB/O) “Topical K. preumoniae | A phage cocktal comprising five and one individual phage was compared fo their effcts. Despite the successful esultsof | Bacterialload  None Chadha etal. (109) India
single-phage therapy, the phage cocktail demonstrated superior outcomes and significantly delayed the emergence of and wound
esistant mutants sie
Mice (BALB/) Intraperitoneal K. prewnoniae | The effcacy of a liposome-encapsulated phage cocktal against a free phage cockiail i treating a mouse burn wound Mortaityand  None Chadha etal. (110) India
infection was compared. The animals treated with a liposomal entrapped phage cockiail had a signficantly lower bacterial  Bacterialload
Toad in the blood and major organs.
Mice (BALB/C) “Topical . aureus Asingle injection of a 10 MOI bacteriophage proved very successfulin treating diabetic mice. Surprisingly linezolid was ~ Bacterialload | None Albacetal. (11) France
inefectiv in diabetic mouse models. Concomitant therapy (phages + linezolid) did not show any antibacterial synergy. A
single injection of the phage had the same impact on non-diabetic control animals s inezolid had on non-diabeic infected
animals.
Mice (Swiss) “Topical or superfcial S, aureus Phage therapy enhanced clinical recovery and decreased local bacterialload 7 and 14 days afterinfection. Unlike anibiotics, | Mortalityand | None Huon etal, (112), France
‘phage therapy did not cause the gut microbiota of the treated animals o become less diverse. The mouse microbiotasalpha | bacteialload
and beta diversity was reduced by amoxicilin, Additionally while phage treatment did not affect the microbiota it disrupted
architecture v sexen days afer treatment ended.
Mice (BALB/) Subeutancous S. aureus Linezolid and subcutancous phage injections were administered afer the mouse ar pouch model was established. The phage | Mortalityand | None Kauretal. (13 India
MR:5 dramatically decreased bacterial load (extracellular and intracellular), both alone and in combination with inezolid | bacterial load
(showing synergy), accelrating the clearance of pouch infection.
(BALBLO) “Topical . aureus Asingle phage (a combination of three phages, J-5236, Sa83, and $a87) reduced the bacterial burden with an eficacy Bacterialload | None Kifelew et al. (114), Aust
‘comparable o or greater than vancomycin treatment. On the other hand, wounds from mice given saline treatment did not
heal and grew larger, more infected, lcerated, and suppurative.
Eyeandear | Dog “Topical Paeruginosa | A single phage cocktal (10" PFU/ear) ijected directly into the auditory canalafter 48h significantly decreased clinical Bacterialload | None Hawkins etal. (115,
infections scores without exhibiting any evidence of inflanmation or additional adverse effects. United Kingdom
“Topical Paeruginosa | Phage KPP12 eye drops administered asa single dose significantly accelerated the healing process while ma Bacterialload | None Fukuda etal (116) Japan
structuralstability and transparency of theinfected cornea. The tratment with KPP12 also reduced neutrophil
and signifcantly enhanced bacterialclearance in the infected cornea.
Mice (C57BLI6) Topical Paeruginosa | In the animal model for kerattis,a cocktail of two phages reduced bacteria. The keratits caused by . acruginosa could Bacterialload | None Furusawa etal. (117) Japan
be entirely prevented by the phages. Additionall, phages may prevent equine keratiis better than the current preventative
use of antibiotics.
Other Rat (Wistar) Intramuscular E fuccalis When used at 37°C, phage survival was not impeded by formulation in poloxamer 407 media. This continued to be evident | Bacterialload | None Sehlezinger tal. (119) srael

infections foramonth. Afier formulation with poloxamer P407,the phage cocktail showed antibacterial activity and eradicated
planktonic . faccals affer 1,2, 8, 14, 21, and 28 ays.

Intraperitoneal A bawmannii | Phage (50 x 10° PFU) in PBS was administered intraperitoneally right afer infection. Phages were renjected after 12h.In | Mortali None Jiang etal.(119) China
the control group, on the fist day after infection, the infected mouse began todie, and within a week, all 12 died. I the
‘phage treatment group, the sick mouse died three days later, and eight mice were stil alve one weck lter

Galleria mellonella Haemolymph A baumanii study showed that combining the phage (MOI= 1) and meropenem, which increased larval survival from 3510 7%, Mortality None Grygorcewiczetal. 120),

resulted in the greatest prolongation of G, mellonella larval survival. Poland
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Regulatory approbation

US EDA (2006) for direct application

onto foods

EDA (2011) cleared as “Food Contact
Notification”
(Safe and suitable

antimicrobial)

FDA
listed suitable in the production of

organic foods

FDA-Approved

Environmental Protection Agency (EPA
2005) for use in agriculture

FDA Approved
FDA Approved

FDA Approved

FDA Approved
FDA Approved

Applications

Salami, sausage, shellfish (Ready-to-cat food), and

food contact surfaces and environments:

Red meat parts and trim intended to be ground

Poultry, fish, and shellish, freshly

processed fruits and vegetables

Ready to eat meat, fish, and cheese

In agriculture, fruits, and vegetables

Food additive for raw red meat
Shigella removal from meat and vegetables

Removal of Salnorella, Shigella, E. coli, and

Staphylococeus in meat products

Asan antibacterial proces food

gai
Used in beef products, turkey, and other foods.
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AP-PA02; AP-PAO3, Armata (United States)
PGX0100, Phagelox (China)

Staphylococcal bacteriophage, Microgen
(Russia)

AP-SAOL AP-SA02, Armata (United States)

StaphylococcalBacteriophage, Hiava Bio
Preparation (Georgia)

BX003, BiomX (United States)

shighctive™, Intral

Streptococcal bacteriophage, Microgen
(Russia)

Phagyo’spray, Biochimpharm (Georgia)
Septaphage'table, Septaphage, Phagy
Phagestaph, Biochimpharm (Georgia)

Travelphag?™, Biochimpharm (Georgia)
Salmnellagroups A, B,C, D, bacteriophage,
Microgen (Russia)

E.coli-Prteus bacteriophage, Microgen
(Russia)

Kiebsiclla purifed polyvalent bacteriophage,
Microgen (Russia)

Dysentery polyvalent, bacteriophage,
Microgen (Russia)

Complex Pyobacteriophage, Microgen
(Russia)

Bacteriophage dysenteric polyvalent
“MediPhag? Ariya Immunoprepara
(Urbekistan)

LYZODOL, MB Pharma (Crech Republic)

Phagogyn, MicroMi (Russis)
Phagodent, MicroMir (Russia
Phagoderm, Microir (Russia)

Otophagus, MicroMir (Russia)

Iskraphage, MicroMir (Russia)
Pyofug’, Phagex (Ukraine)

Intestifag” polyvalent bacteriophage, Phagex
(Ukaine)

PhageBank, Adaptive Phage Therapeutics
(United States)

crPhage™, Locus Biosciences (Korea)

Acnekree, SciPhage (Republic of Colombia)

Balancing Phage Serum, Ells Day Ski
Science (United States)
Hydrating Phage Serum, Ellis Day Skin

Science (United States)?
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FDA-approved IND, Phase 1/2a
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Russian Federation national standard
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Georgian Approval
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Marketed

Marketed

Marketed

EDA-approved IND, preclinical
FDA-approved IND, Phase 1/2

Phase 1b

Undefined

Marketed

Route of
administration

Undefined
onl

Inhalation

Transdermal

Inhalation

Intravenous

Oral orintrarectal

onal

onal

Oral, topical, and
intrarectal

Topical

onl

onal

Oral, intrarectal

Oral, topical, and

intrarectal
Oral, topical, and
intrarectal

Oral and intrarectal
Oral, topical, and
intrarectal

onal

onl

Topical

Topical

Topical

Topical

Topical

Oral and topical

Oral and topical

Transdermal

Intravenous

Injection

Transdermal

Transdermal

Application

Treating £ col Urinary tractinfections (UTI)
Targeting adherent invasive E. cal

Treatmentof 2 aeruginosa-related respratory tract nfections,
particularly in Cystic Fibrosis patients.

Spray and g for burn care

“Treatment of Staphylococcal Intestinal Disorders and Suppurative
Inflammation

Diabetic foot ulcer treatment and management of resistant and

refiactory 5. aureus bacteremia
Preventing and treating Staphylococcal infections and
postoperative wound ifections

The treatment aims at gut-residing K. pucunoniae bacterial
strains i patients with primary sclerosing cholangitis (PSC) and
Inflammatory bowel disease (BD).

Prevention of human diseases caused by Shigellainfection

Treatment diseases caused by Streptococcus spp.

Treatment and prophylaxis of bacterial puralent-inflammatory

infections (multiple microorganisms)

For bacteial nfections, indigestion
Treatment and preventative measures fo Salmonell-related
diseases

Treatment and prevention ofenteric and inflammatory disorders
thatare purulent, dysbacteiosis caused b the bacteria Pofeus,
and enterotoxigenic E. cali

specificlyss of K. pueumoniac, K. odorifera, and K. hinosclerosis

specificlyss of the bacterium that causes bacillary dysentery

Specific lysis of E. coli, K. pneumoniae, Streptococcus,
Enterococcus, Proteus,and K. pneumonia.
A white gelatin capsule with capsules of Shigella-ighting

bacteriophages that have been dried and frozen.

Against respiratory infections caused by Propionibacteium acnes,
Lelotia amigena, S aureus, and K. prewnoniae

A gel containing 74 phages protects against reproductive system
bacterial infectons.

Contains 72 phage complexes to balance oral micrabiota

A 64-phage skin gel that prevents bacterial skin infections.

A gel comprising 69 phages protects the ear, nose, and throat

against bacerial and suppuratve inflammation.

Gel for hygiene and normalization of the skin microbiota

Treatment of pathogenic agent

n purulent inflammation and
intestinal discases caused by . acruginosa, Poteus vulgaris,

Proteus mirabilis, Sirptococcus pyogenes, 5. aureus, and E. coli
Fights Shigela, Salmonell, E. col, . aeruginosa, Enterococcus

Jaccalis, and $. aureus-related intestinal diseases.

Patches and sprays for pressure ulcers

Treat diabetes-related foot osteomyelits, prosthetic

infection, chronic recurrent urinary tract infections, eye
fibross.

infections, and lung infections related to cys
Combined with CRISPR-Cas3 to ncrease the effctivencss of
bactericidal treatment for various bacteial
IBDand UTL.

ights acne-targeting bacteria

ate the

Restore the skin's microbiome to balance, and el

bacteria that cause blemishes and acne.
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Delivery system  Types
Sta

red dry phage 1. Lyophilized Phages

preparation (powders) | 2. Spray drying

Encapsulation 1. Liposomes
2. Transferosome
3. Hydrogels

4. Electrospinning

Immobilization with Bandages and dressings
fibers

Protective Properties

The

therapeutic material i sill active after lyophilization, enabling long-term storage. The particle

range from nanometers to micrometers.

Particle sizes between 1 and 5mm are typically produced via spray drying. Such nano- or micropa

le

manufacturing enables the creation of phage powders that are simple to administer for treating respiratory infections
8).

because distribution via inhalers enables effective nebulization (25
Liposomes shield the cargo from enzymatic attack, hydrolysis (low pH), and inactivation by immune system
components. They can penetrate bacterial biofilms. It also helps the retention of phages at the site of infection. Oral
liposome formulations are the most effective method for treating gastrointestinal illnesses (21, 29, 30).

‘With better skin penetration and higher soft tissue protection than a free-phage cocktai, transferosomes—liposomes
incorporating detergent are effective delivery systems (31).

Phage hydrogel encapsulation demonstrated high antibacterial activity in an alginate encapsulation and was.
successfully shielded from the acidic stomach pH. A phage cocktail in CaCO, demonstrated higher antibacterial
activity ().

Itis possible to produce a wide variety of materials. A fiber-encapsulated phage can be quickly deposited into other
substances (33),

“The topical delivery of phages in the form of bandages and dressings for wounds and packing materials with acidic

pH and antibacterial enzymes is made possible by surface immobilization of the phages (31)





