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Abstract

Antibiotic resistance is perhaps the greatest threat to world health. Considering the escalating global crisis of antibiotic
resistance, the search for alternative therapeutic strategies has become a paramount issue. The application of
bacteriophages to target and eradicate bacterial infections, or phage therapy, is a promising strategy that has the potential
to completely transform the treatment of infectious diseases. This paper provides a thorough analysis of the state of phage
therapy as a competitive substitute for antibiotics, outlining its benefits, drawbacks, and therapeutic uses.

This study highlights the effectiveness and specificity of bacteriophages specifically targeting pathogenic bacteria while
conserving the host microbiota through a thorough analysis of the literature. In addition, it delves into the dynamic
interactions between bacteria and bacteriophages, including the mechanisms underlying phage resistance and possible
approaches to reduce their prevalence. Furthermore, phage therapy's safety and therapeutic efficacy are evaluated by
looking through current case studies and clinical trials, emphasising the promising results of the treatment of a variety of
bacterial infections, including those that are antibiotic-resistant. The difficulties in implementing phage therapy are also
covered in this review, such as the requirement for customised treatment plans, regulatory obstacles, and phage cocktail
standardisation. To improve treatment outcomes and get around resistance mechanisms, it also looks at the synergistic
potential of combining phage therapy with additional antimicrobial agents, including conventional antibiotics.

In the end, this review highlights how phage therapy has the potential to be a game-changer and a key component of
future infectious disease control plans. This paper heralds a new era in the fight against antibiotic-resistant illnesses by
offering insights into the mechanics, clinical efficacy, and obstacles of phage therapy. It also urges more research,
standardisation, and integration of phage therapy into mainstream medical practice.
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Introduction

The discovery of antibiotics back in 1928 was a revolutionary step in the field of medicine, and since then, antibiotics
have been used to treat a wide range of infectious diseases. Over the past few decades, there has been a widespread
increase and spread of antibiotic-resistant bacteria around the globe, which has become a major therapeutic threat [1].
The continuous acquisition of antibiotic-resistant traits resulted in the generation of multi-drug resistant (MDR),
extensively drug resistant (XDR) and pan-drug resistant (PDR) pathogens [2].

A special group of bacteria that has been on the radar of various researchers, public health officials and clinicians, as
they are responsible for causing multi-drug resistant (MDR) infections. This group includes bacteria such as Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter spp. and is referred to by an acronym ESKAPE because of their capacity to escape the anti-microbial activity
of antibiotics via multi-drug resistance [3]. The last 4 of the above-mentioned bacteria, especially the carbapenem- and
cephalosporin-resistant strains, were recently included in a list issued by the World Health Organisation (WHO) as being
the first concern for the research and development of new antibiotics. A few other species were also added to the high-
priority list, including the pathogens of the digestive tract such as Helicobacter pylori, Campylobacter spp., and
Salmonella spp., and the sexually transmissible agent Neisseria gonorrhoeae [4].

The patients that are highly susceptible to MDR infections are those with underlying medical conditions,
immunocompromised individuals, patients undergoing surgery and old age people [5,6]. In this post-antibiotic era,
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common infections can also be fatal. Viewing the current scenario of the world and the increasing antibiotic resistance in
pathogens, it is important to promote new therapeutic alternatives and to revive the overlooked mechanisms, such as
“phage therapy” [7].

1. Phage therapy: A brief history

Phages or bacteriophages are viruses that kill bacteria by replicating inside them using their cell machinery. They are
present abundantly in the environment and are ubiquitous in nature [5]. Bacteriophages were discovered by British worker
Frederick Twort in 1915. The term “bacteriophage” was first coined by Felix d’Herelle [6], meaning “bacterium eater,”

[7]1.

The concept of using phages to treat bacterial illnesses, often known as "phage therapy," is not new; Twort and D'Hérelle
discovered it in the early 1900s. D'Hérelle treated bacterial illnesses in people with phages. He discovered "invisible
microbes" with antibacterial properties in the filtrates of stool from dysentery patients during his research. [7,8]. His work
led to a widespread study about phage therapy carried out in humans [8]. He injected the phage suspension into himself,
his colleagues, and finally his patients who were suffering from “cholera™ and "bacillary dysentery” to verify the safety
of the method. Following this, the phages were examined for numerous different infectious agents and wound diseases.
[9,10].

Nevertheless, studies on phage therapy that were published questioned the biological properties of phage and included
several errors, as well as no models for illnesses that affect animals [9]. Then World War Il happened, and the antibiotics
were discovered, which impeded the bacteriophage investigations. The benefits of antibiotics included their ease of
synthesis, wide range of activity, and reliable manufacturing method. However, phage therapy was not completely
defeated since two European nations (Germany and the Soviet Union) used phages to treat wound healing [11].

Since the beginning of phage therapy, numerous studies have been conducted to determine the causative agents of
numerous human and animal diseases, including those caused by Shigella, Acinetobacter, Citrobacter, Enterobacter,
Enterococcus, Proteus, Pseudomonas, Staphylococcus, and Streptococcus [11,12]. We live in those times where antibiotic
resistance was declared a “global threat” by the WHO. The therapeutic use of phages would be the best possible alternative
to respond to the increasing global need, which shall be discussed in further sections [11].

2. Phage biology and how they kill bacteria

Bacteriophages, or phages, are viruses that infect bacteria. They are non-living biological entities consisting of either
DNA or RNA genomes encased in a protective protein shell known as a capsid [12]. Since phages cannot replicate
independently, they are entirely dependent on bacterial hosts to complete their life cycle.

Based on their replication strategy, phages are broadly classified into lytic phages and lysogenic (temperate) phages
(Figure 1) [13]. Lytic phages infect bacterial cells, hijack the host machinery to replicate their genomes and structural
proteins, assemble progeny virions, and ultimately cause bacterial lysis. The bursting of the host cell releases large
numbers of newly assembled phages, which can go on to infect surrounding bacteria. Lysogenic phages, in contrast, adopt
a different strategy. Their DNA integrates into the host chromosome as a prophage, where it can persist for extended
periods in a dormant state [15]. Prophages are widely distributed across bacterial genomes—many bacteria harbours at
least one, and some species carry multiple prophages. These integrated viral elements are not silent passengers: they can
actively shape bacterial physiology, influence metabolism, regulate stress responses, enhance pathogenicity, and even
confer resistance to subsequent phage infections. Such outcomes are possible because prophages can express accessory
genes, some of which encode virulence factors or fitness determinants that benefit the bacterial host.

The lysogenic cycle is maintained by turning off genes that drive lysis, thereby promoting the persistence of the prophage
[15]. While this relationship can be stable, lysogenic conversion may also have undesirable consequences. During this
process, bacteria may acquire new characteristics such as increased virulence [25] or the incorporation of antibiotic
resistance genes [26]. For this reason, the therapeutic application of temperate phages is generally discouraged. However,
exceptions exist: for example, in Clostridium difficile, temperate phages have been engineered or repurposed to provide
therapeutic benefit [27]. Thus, while strictly lytic phages remain the cornerstone of phage therapy, specific cases highlight
the potential of controlled temperate phage use.

The advancement of phage therapy has been propelled by mechanistic studies of lytic phages and their bactericidal
proteins. A hallmark of these phages is their ability to breach the bacterial cell envelope using specialised proteins. Central
to this process are holins and endolysins [17]. Holins are small, hydrophobic proteins that accumulate in the bacterial
inner membrane during the phage replication cycle. At a precisely regulated time, holins undergo oligomerisation to form
large pores, which destabilise the cytoplasmic membrane and allow endolysins to access their substrate [15,16].
Endolysins are peptidoglycan-degrading enzymes that enzymatically dismantle the bacterial cell wall [20]. Their catalytic
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domains enable them to hydrolyse specific bonds within peptidoglycan, employing activities such as endopeptidase,
amidase, glycosidase, or lytic transglycosylase cleavage [21,22]. By disrupting the structural integrity of the bacterial
wall, endolysins facilitate osmotic lysis, resulting in the release of phage progeny at the culmination of the replication
cycle.

The structural architecture of endolysins varies with bacterial type. Gram-positive bacteria, with their exposed thick
peptidoglycan layer, are targeted by modular endolysins that typically contain both an enzymatically active domain (EAD)
and a cell wall-binding domain (CBD). The CBD anchors the enzyme to the cell wall, ensuring specific and efficient
hydrolysis of peptidoglycan by the EAD [19,23]. In contrast, Gram-negative bacteria possess an additional outer
membrane that restricts access to peptidoglycan. Their endolysins are generally globular enzymes composed of a single
EAD, adapted to penetrate or exploit temporary breaches in the outer membrane [21]. These differences highlight the
evolutionary adaptation of endolysins to the structural features of their bacterial hosts.

While the holin—-endolysin system is the most well-characterised lytic strategy, some phages employ additional proteins.
Spanins, for example, span the inner and outer membranes of Gram-negative bacteria and mediate fusion of these layers
to complete cell lysis. Amurins represent another class, functioning as single proteins that inhibit peptidoglycan synthesis
rather than directly degrading it [17]. These diverse mechanisms underscore the versatility of phage-mediated lysis.
Among holins, the lambda phage protein S105 is one of the best-studied. It forms lesions in the lipid bilayer with diameters
averaging over 300 nm, dramatically compromising membrane integrity and facilitating rapid bacterial death [15].

Through the coordinated action of holins, endolysins, and accessory lysis proteins, phages achieve highly efficient killing
of bacterial hosts. Most lytic phages relevant to human infections belong to the order caudovirales or the family
Microviridae, and their replication cycles culminate in the orchestrated destruction of bacterial cells [24]. These processes
form the biological foundation upon which modern phage therapy is being developed and optimised.

3. Comparison to Antibiotics

Phages are potent, non-living entities that are the foundation of phage-based treatments because of their Iytic cycle.
Conversely, antibiotics are substances that can specifically interfere with the physiological functions of bacteria, like the
creation of proteins or cell walls. The antibiotics and phages' mechanisms of action have striking differences; some
elaborative comparative points are discussed as follows:

3.1. Specificity

Phages are highly specific for their hosts. However, it was discovered recently that phages can “jump” hosts (facilitated
by microbiota in the gut), which means that phage-host specificity may change and evolve [29], which is not the same as
antibiotics. In cases like wound infections, phage therapy could be less effective because wounds are usually infected
with more than one bacterium. This limitation can be overcome by creating phage cocktails, which are effective against
more than one type of bacteria [30].

3.2. Safety

Phage therapy directly aims at pathogenic bacteria, whereas antibiotics affect not just the pathogen but also the other
microbiota, which play a significant role in the body. Due to this, antibiotics might cause disturbances in the microbiome,
such as mucosal candidiasis, antibiotic-associated diarrhoea, pseudomembranous colitis caused by Clostridium difficile
and sometimes long-term metabolic (diabetes and obesity) and immunological disorders (asthma) [31]. In contrast to the
antibiotics, phage therapy has fewer side effects on the gut microbiome, and it is efficient in removing pathogens such as
Shigella sonnei and uropathogenic E. coli [32,33].

3.3. Biofilm penetration

Antibiotics have limited access to biofilm-based bacterial infections [34]. Phages, on the other hand, have enzymes (e.g.
EPS depolymerase) present on the outer side of the capsid that degrade the extracellular polymeric substances (EPS). The
degradation of the biofilms helps the phages to penetrate the biofilms and have access to the bacterial cells in the EPS
matrix [35]. Antibiotics cannot penetrate the dense biofilms and require very high doses to do so. Even at high
concentrations, complete eradication is not achieved, and regrowth may occur after treatment [36,37]. Usage of high
concentrations of antibiotics leads to tissue toxicity [35]. Biofilms formed by L. monocytogenes, Staphylococcus
epidermidis and P. aeruginosa on the medical devices have been eradicated using phage therapy [38] as shown in Figure
2.

3.4. Bacterial resistance
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Bacteria can develop resistance against phages, like they do with antibiotics; however, phages can replicate continuously
and change as a living entity that co-exists with the bacterial host. The mutation rate is faster in phages than in bacteria;
thus, bacteria have fewer chances to develop phage resistance [39].

In addition, nature contains vast phage resources, and a specific phage can be found in the environment for its
corresponding pathogen. Thus, phage therapy has been proven to be a faster and more economical alternative to antibiotic
therapy [40].

4. Efficacy of phage therapy
Clinical trials

During earlier years, phage therapy was used to treat medical conditions like typhoid fever, dysentery, urinary tract
infections, skin and surgical wound infections [42]. In the 1930s, phage therapy became less of a topic of discussion in
Western nations due to criticism stemming from inadequate methodological designs, controls, and uniform manufacture
and characterisation of the phage preparations, as well as the discovery of antibiotics [43].

Nonetheless, a few Eastern European nations, primarily Poland and Georgia (the former USSR), kept using phages. The
reports' limited geographic scope was likely due to the utilisation of the native language. After reviewing the Georgian
and Polish research, it was discovered that phage therapy was effective in treating the illnesses mentioned above [44]. At
the end of the 20th century, some encouraging work presented the use of phage therapy involving animal models.

The 1st phase | randomised placebo-controlled trial conducted in the US was published in 2009 by Rhoads et al. [45]. In
42 patients with persistent venous leg ulcers, the trial examined the safety of a phage cocktail that targets S. aureus, E.
coli, and Pseudomonas aeruginosa. There were no treatment-related adverse effects indicated by the results. The purpose
of the study was not to identify any favourable results [46].

Another randomised trial was conducted in the UK that studied the efficacy of a solution containing 6 bacteriophages in
patients suffering from chronic otitis caused by

Pseudomonas aeruginosa. The patients reported lower intensity symptoms such as itching, wetness and unpleasant odour.
The colony of Pseudomonas aeruginosa also decreased, and no adverse reactions were recorded [47].

In the second case, of randomised open study evaluated 9 patients at the Burn Wound Centre of Queen Astrid Military
Hospital, Brussels, Belgium. Patients were treated with BFC-1 phage cocktail containing 3 lytic phages: a Myovirus, a
Podovirus against P. aeruginosa and a Myovirus against Staphylococcus aureus. A single spray application was done on
a large, burned section, and a portion of the wound was kept as a control. Although the rate was lower than the control
arm, which received 1% sulfadiazine silver emulsion cream, it demonstrated a significant decrease in the pathogen load
on the wound infections. For the first time, phage therapy was tested using good clinical practices (GCP) and good
manufacturing practices (GMP) without any negative side effects [48].

4.1. Oral administration

Research on the oral administration of phages has been conducted. Switzerland developed a T-4-like phage preparation
in 2005 to treat diarrheal illness in healthy persons by targeting E. coli [49] and in Bangladesh in 2012 [50]. According
to self-report, physical examination, and laboratory testing of hepatic, renal, or haematological function, there were no
negative effects observed from the oral administration of phages. Healthy people's guts did not become more amplified
by phages, and the initial doses of the phages were found in their faeces. The blood did not contain any phages or phage-
specific antibodies, and the phage preparation did not change the gut microbiome's composition [50].

4.2. Intravenous administration

There have been studies regarding intravenous phage therapy in humans. The evidence reporting its use was reviewed by
Speck and Smithyman [51]. Their focus was primarily on the severe infections, such as bacteremia and typhoid fever
caused by S. aureus, with all the data present from the past 80 years. A study that collectively treated approximately.
1,000 patients with intravenous therapy were successfully treated without any side effects was referenced to them. Even
if there were any side effects (shock or serum sickness-like conditions), they were mainly due to the contamination of the
early phage preparations. They concluded that the intravenous administration of phage therapy had a strong possibility of
being safe and effective [51].

Individual case studies of the compassionate use of intravenous phage therapy were used to assess its continued usage.
The first effective instance of intravenous phage therapy for a systemic multidrug-resistant illness in the United States
was reported by Schooley et al. The patient, a 68-year-old male with diabetes, had necrotising pancreatitis due to an MDR
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A. baumannii infection. Phage therapy was started after the patient's condition deteriorated and the antibiotic treatment
didn't work. Because the phages from the phage libraries were already pre-established against the bacterial pathogen
(Acinetobacter baumannii), the treatment was readily available. To prevent phage resistance, the phage cocktail had to
be administered sequentially. The 68-year-old patient managed the phage therapy effectively [52].

And another case was reported by Chan et al. [53] where an MDR P. aeruginosa graft infection was discovered in a 76-
year-old patient who had undergone Darcon graft aortic arch replacement surgery. Subsurface chest wall debridement
and intravenous ceftazidime were used in the patient's treatment; however, the outcomes were insufficient. Then,
ceftazidime and phage OMKO1 were applied simultaneously, once intracavitary, as part of phage treatment. Without any
re-infection, the P. aeruginosa infection was reduced, and the patient accepted the treatment. But as the bacterial infection
subsided, more issues appeared in those who had aortic grafts.

Phase | phage therapy trials and their progression to phases Il and 111 will surely increase in the near future [28].

4.3. Therapeutic applications of Phage therapy in agriculture, veterinary and environmental

Phage treatment is being investigated in agriculture and veterinary medicine to reduce antibiotic use in livestock and
poultry operations [125]. Antibiotic use in these industries has accelerated the emergence of antibiotic resistance. Bacteria
in animals can develop resistance, which can then be transmitted to people via the food chain. Phage treatment is a
potential method for managing bacterial infections in animals, leading to enhanced health and reduced antibiotic usage
[126].

Phages are used to target dangerous bacteria such as Salmonella and Escherichia coli in poultry and livestock, lowering
illnesses without the need for medicines. In veterinary medicine, phages are used to cure illnesses in cattle and companion
animals, minimising the need for antibiotics and thereby lowering overall antimicrobial consumption, which is thought
to be a major component in the development and spread of AMR. Phage treatment has been used to manage Salmonella
and Campylobacter infections in poultry, E. coli infections in cattle, and Staphylococcus aureus infections in dairy cows.
These uses increase livestock health and production while lowering the danger of antibiotic-resistant bacteria transmission
to people via meat, dairy, and other animal products [127, 128, 129].

Phage treatments are currently used on crops such as tomatoes, peppers, and potatoes to combat bacterial pathogens like
Xanthomonas and Erwinia, which cause illnesses like bacterial spot and soft rot. Similarly, phage sprays are used to
address a deadly bacterial illness caused by Erwinia amylovora, which damages apples and pear crops [134]. Phage
therapy in agriculture addresses the demand for antibiotic-free and sustainable agricultural practices, providing a natural
and tailored approach to illness management in animals [130,131,132]. Phage therapy's application in agricultural and
veterinary medicine has substantial consequences for food safety and public health. Controlling bacterial infections in
animals without medicines can prevent the spread of antibiotic-resistant microorganisms, reducing the burden of
resistance in human populations [133]. Phages may also be used in the environment to disinfect hospital surfaces and
remediate effluent. Environmental phages may play a key part in One Health's response to AMR by allowing us to better
understand, control, and limit the global and local development, selection, and transmission of antibiotic-resistant bacteria
and their genes [134].

5. Current strategies for phage therapy
5.1. Conventional phage therapy

"Conventional phage therapy" refers to the use of bacteriophages as the only therapeutic agents administered to patients
at the time of bacterial infection. It also includes mono- and polyphage therapy, which differ in that they employ either a
single phage or a combination of phages [54].

The use of a single phage to treat bacterial infections is known as monophage treatment (Figure 3). It is primarily used
on animal models during the design and phage preparation, followed by testing. The therapy is focused on MDR infections
caused by pathogens such as A. baumannii (carbapenem-resistant) [55,56] and E. faecium septicemia (vancomycin-
resistant) [57]. The development of resistance in bacteria against bacteriophages limits the success of Monophage therapy.
Although phages (in contrast to antibiotic therapy) can defeat bacterial resistance, this is insufficient for the clinical use
of monophage therapy [58,59].

To overcome the limitations of monophage therapy, polyphage therapy is also used. Polyphage therapy or phage cocktails
can target single bacterial strains, multiple bacterial strains (belonging to a single bacterial species or multiple species).
However, the synthesis and purification of these mixtures take longer, are more complicated, and may trigger
immunological reactions [54]. These limitations are addressed by evaluating each phage's effectiveness individually in a
cocktail and eliminating any weak or ineffectively active phages [60]. Phage cocktails are accessible in Georgia and
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Russia and can be evaluated for the treatment of bacterial illnesses without a prescription. The two most popular phage
cocktails are Intestiphage (I1) and Pyophage (PYO) [61].

Pyophage consists of phages directed against P. aeruginosa, S. aureus, Proteus vulgaris, and Streptococcus pyogenes and
the Intestiphage is directed against approximately 23 different enteric bacteria [61].

5.2. Phage-derived proteins

Phages encode several enzymes during their life cycle that can destroy bacterial cells, such as virion-associated
peptidoglycan hydrolases (VAPGH), endolysins, and polysaccharide depolymerases. Virion-associated peptidoglycan
hydrolases (VAPGH), which are found on the phage base plate, are used by the phages to hydrolyse the bacterial cell wall
after they have absorbed onto its peptidoglycan. After the breakdown of the cell wall, the phage genetic material is injected
into the bacterial cell [62]. These enzymes of stable and specific in nature and can act as a perfect antimicrobial if studied
and applied in clinical treatment [28].

Another class of phage-encoded proteins that can lyse the bacterial cell, named endolysin (lysin), was discovered by Jacob
et al. around 1958. They can directly destroy the peptidoglycan cell wall [63]. S. aureus bacteriophage phi MR11 encoded
lysin can quickly lyse the bacterial cell completely, including many tested S. aureus strains, vancomycin-resistant S.
aureus (VRSA) and methicillin-resistant S. aureus (MRSA) [64,65,66].

Apart from VAPGH and endolysins, depolymerases are also encoded by the bacteriophages [69,70]. They hydrolyse
polysaccharide compounds of bacteria, such as capsule, lipopolysaccharide (LPS) or extracellular polysaccharides of
biofilms [71,72]. Bacteria may withstand the effects of phagocytes, disinfectants, and antibiotics with the aid of bacterial
capsules and biofilms. Therefore, by using depolymerases to dissolve these pathogen-protective barriers, it is possible to
significantly boost the therapeutic effect of bacterial infection. A polysaccharide depolymerase (Dpo48) from the A.
baumannii phage IME200, for example, was found to be able to degrade the bacterial capsule and to have the same
activity spectrum as its parent phage [73].

5.3. Bio-engineered phages

Phage treatment is one area of life science research and application that has benefited substantially from genetic
engineering technologies [74]. Phage genetic engineering can improve therapeutic properties through a range of
processes, including phage capsid modification, exogenous gene delivery, and a wide host range. One popular way to get
a wide range of spectra is to engineer the genes that encode receptor-binding proteins (RBPSs) in the phage's tail fibres
and spikes [74].

Mabhichi et al. used homologous recombination to incorporate the long fibre genes of phage IP008 into the E. coli T2
phage, thereby expanding its host range [75]. The resulting recombinant phage displayed both the potent lytic activity of
phage T2 and a wider host range of phage IP008 [75]. Bacterial biofilms were also targeted by modified E. coli T7 phages
expressing dispersin B enzyme (Lu and Collins). Upon infection, the enzyme degraded key components of biofilm. The
reduction in biofilm cell count by 100-fold was observed by the application of the engineered phage [76]. Kim et al. [77]
found that by incorporating polyethene glycol (PEG) into the phage, its circulation time in blood could be increased.

Antibiotic-specificity to counter MDR bacterial pathogens can be enhanced using bioengineered phages. Lytic phages
were attached with chloramphenicol molecules [78], and the targeted bacterial cells received the antibiotic directly.

Because of this, the drug's potency in vitro was increased by a factor of roughly 20,000, and any possible negative effects
that might have resulted from the drug's interaction with human cells and their surrounding microbiota were also
eradicated. Incorporating dominant sensitivity genes via genetic engineering can also be utilised to reverse antibiotic
resistance in bacterial cells [79].

5.4. Phage-antibiotic synergy

Phage-antibiotic synergy (PAS) is a phenomenon in which sub-inhibitory concentrations of antibiotics can stimulate the
propagation of phages and enhance their ability to infect and cleave bacterial cells and increase their phage progeny
[80,81,82]. The sub-lethal concentration of antibiotics can speed up the replication rate of phages and increase the size of
phage plaques [80,82]. PAS was proposed by Comeau et al. in 2007 [82].

Due to the antibiotic's inability to pass through all the layers of biofilm, bacteria can confer antibiotic resistance. To treat
biofilm Klebsiella pneumoniae, the antibiotic ciprofloxacin is combined with the lytic phage depolymerase instead of
being used alone [83]. The phage and antibiotics can improve the removal of bacterial biofilms [83]. The phage enzyme
depolymerase degrades the exopolysaccharides of the biofilms, making it easier for the antibiotics to penetrate the biofilm
and attack bacteria [84].
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Shlezinger et al. found that the combination of vancomycin-phage EFLKZ1 (anti-Enterococcus faecalis phage) was more
effective during the treatment against vancomycin-resistant E. faecalis (VRE) as compared to phage or antibiotic alone
[85]. Apart from the anti-bacterial effect, the combination of phage and antibiotics can also reduce the chances of bacterial
resistance [86]. It was found out recently that the UTI caused by drug-resistant K. pneumonia can be cured by the
combination of sulfamethoxazole-trimethoprim and the phage cocktail. Apart from curing the UTI, it also inhibits the
occurrence of bacterial resistance [87]. In the same way, the antibacterial effect can be achieved by using the combination
of phage-derived enzymes and other drugs.

A diagrammatic representation of the three phage therapy approaches mentioned above, viz., phage-antibiotic synergy,
bio-engineered phages and phage-derived proteins, is shown in Figure 4.

5.5. CRISPR-Cas system

To overcome the growing challenge of antibiotic resistance, bacteriophages have been genetically engineered to deliver
CRISPR/Cas9 systems directly into bacterial cells (Figure 5). This allows for precise targeting and disruption of specific
bacterial genes, including those responsible for virulence or antibiotic resistance, thereby restoring the effectiveness of
conventional antibiotics. Instead of

relying on plasmid-based delivery systems, the CRISPR/Cas9 mechanism is integrated directly into the phage genome,
improving its stability, packaging, and delivery efficiency. Additionally, virulence genes from the bacterial host used in
phage production are removed to prevent contamination with toxins, enhancing the biosafety of the final therapeutic
product. The host range of these engineered phages is further broadened by incorporating tail fibre proteins from phages
known to infect a wider variety of bacterial strains. Building on this innovation, combination therapy using both antibiotics
and CRISPR-equipped phages presents a powerful strategy, especially in targeting persistent infections involving
biofilms. Biofilms, which are complex bacterial communities embedded in a protective matrix, commonly develop around
medical devices such as catheters, pacemakers, and artificial joints, making them highly resistant to antibiotic penetration.
The synergy between antibiotics and engineered phages enhances the ability to penetrate these biofilms, disrupt bacterial
defences, and achieve more effective infection control, particularly in clinical settings where device-associated infections
are prevalent [123].

5.6. Personalised Phage Therapy

Personalised phage therapy includes selecting or designing phages that are particular to the bacterial strain infecting the
patient. Advancements in genetic and diagnostic technologies enable rapid and reliable identification of bacterial
pathogens, making this procedure more effective. The first step in individualised phage therapy is isolating and identifying
the bacterial strain causing infection [124]. After identifying the bacterium, phages from a library are screened to
determine their effectiveness against the specific strain [125]. If there are no relevant phages in existing libraries, they
can be isolated from environmental samples or created to target specific pathogens. Next-generation sequencing (NGS)
and other sequencing technological improvements have substantially eased the rapid identification of bacterial pathogens,
allowing for faster and more accurate matching of phages to illnesses [126].

6. Phage therapy and host immune system

The studies about the interactions between the phages and the host immune system are very important before carrying out
the treatment because phage therapy may carry the risk of certain immunological reactions. An immune response against
bacteriophages is largely dependent on the location of the bacterial infection and the injection site of the therapeutic
phages [88].

Everyday encounters with phages occur between humans and animals, and there is compelling evidence that both human
and animal serum contains anti-phage antibodies [89]. When phages are administered orally to treat bacterial infections
caused by Staphylococcus, Klebsiella, Escherichia, and Pseudomonas, an immune response is induced. Nevertheless,
there is no proof of immunological issues following a high phage ingestion rate [90].

But it's not the same with intravenous administrations because internal organs and blood organs are not the natural
environment for phages. The intravenous administration of phages strongly stimulates innate and adaptive immunity [91].
In the case of the absence of any specific bacterial pathogen present for the phages, the phagocytic cells actively prey on
the phages and remove them from the blood and internal organs [92]. In addition to this, there is internalisation of phages
inside the reticuloendothelial cells of the liver and spleen, followed by their elimination [92]. The phagocytosis of phages
by Kupffer cells (specialised macrophages located in the liver) is four times faster than spleen macrophages [90,92].
Various studies have shown that there is a decrease in the number of mature neutrophils and an increase in neutrophil
precursors in the peripheral blood [93]. These results give an indication that phage administration can generate an innate
immune response, which increases the efficiency of removing bacterial pathogens [94].
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Phage-neutralising antibodies (also known as neutralising antibodies) are also produced during phage therapy, which may
reduce the effectiveness of phages to target their corresponding bacterial pathogen [95,96,97,46]. Now, what defines
phage-neutralising antibodies is their ability to bind to those epitopes present on the phages that are essential in binding
with the bacterial cells and kill them [98]. There are many factors on which the concentration of the antibodies depends,
especially the route of phage administration (topical and oral administration lead to a small increase in antibodies) and
the dosage protocol [11]. According to the studies, lower efficacy of phage therapy is probably due to phage-neutralising
antibodies [89]. Although an increase in phage-targeting antibodies is observed during phage therapy, there is an increase
in non-neutralising antibodies and enhanced immune response after subsequent doses [59,99].

In addition to the humoral response, the cellular response also plays a major role, resulting in the inactivation of phages.
Strong hypersensitivity reactions resulted from the subcutaneous injection of MS-2 phage in a guinea pig, as shown in a
study conducted by Langbeheim[100]. However, the cellular response has little role to play when it comes to phage
inactivation [101].

Amidst all this, immunosuppressive activity exerted by phages has been observed through some studies [102]. Overall,
the results indicate that it is very important to test the immunological response of each phage, especially when considering
intravenous therapy. However, previous clinical and animal studies did not result in severe immunological reactions
during phage treatment [91].

7. Barriers and limitations to Phage therapy

Phage therapy is currently thought to be superior to antibiotic therapy. Nevertheless, further research is required to fully
understand the issues of phage therapy. Before phage therapy is used clinically, a few issues must be resolved [84].

7.1. Narrow host range

The specificity of the phages towards bacterial host is both a pro and a con in phage therapy. It works effectively against
a specific bacterium, but with specificity comes a narrow spectrum. This narrow range limits the bacteriophage's
effectiveness in killing a variety of bacteria. To counter this specificity issue, phages can be employed in combination
with other phages (called phage cocktails), bio-engineered phages and products derived from the lytic phages (phage-
derived enzymes) are used. They increase the range of specificity of phages towards a variety of bacteria [104,105].

7.2. Phage resistance

Phage resistance is a common occurrence in phage therapy, where the bacterial cells develop resistance to phages they
were once sensitive to. This may occur due to the modification of bacterial cell surface receptors, which include
lipopolysaccharides (LPS), outer membrane proteins, capsules, flagella, pili or quorum-sensing effect during the co-
evolution between phage and bacteria [106,107,108]. In addition, bacterial cells have evolved various other defence
mechanisms that can inhibit the different stages of phage cycles. These include the intracellular restriction modification
system, abortive infection system (that blocks phage replication, transcription and translation), phage exclusion, CRISPR-
Cas system, etc. [109,110]. To counter phage resistance, various strategies have been proposed, such as the usage of phage
cocktails (with different host ranges), phage-antibiotic combinations, etc.

7.3. Delivery in the eukaryotic system

Since bacteriophages infect bacteria, it's easier for the phages to penetrate bacterial cells, but that is not the same with
respect to the eukaryotic system. Given that the bacteriophages need a bacterial carrier to enter the cells directly, this
could be a treatment-limiting factor in eukaryotes [107,109]. When employing pharmacological therapy, porous
nanoparticles are used to transport the medications into the cells. Nevertheless, because of their asymmetrical and larger
structure in comparison to the pore size of the nanoparticles used to load them, phages cannot be loaded in the same way
[104,109]. This can be avoided by delivering phages and their derivatives to the infection site using various techniques.
To increase the effectiveness of phage transport to the infected locations, for example, phages are encapsulated in
liposomes [110,111].

7.4. Transduction

The ability of a phage to transfer DNA from one bacterium to another is known as transduction. During phage therapy,
there are chances of transfer of genes that are responsible for pathogenicity and virulence to other bacteria. This may lead
to the development of resistance in bacteria towards phages, which reduces the efficiency of phage therapy [112,113].
However, to tackle this issue, those phages are used that do not use the host’s machinery to synthesise the DNA or those
phages that cannot pack extra host DNA [114].

7.5. Endotoxins
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Endotoxin release is a common event after bacterial cell lysis. Bacterial cell lysis carried out by phage may result in the
release of certain bacterial substances, such as endotoxins (LPS) may be released from Gram-negative bacteria that act as
super-antigens and cause inflammation, which may lead to multi-organ failure [115,116]. For instance, endotoxin-
independent anti-inflammatory responses are induced by the phages of S. aureus and P. aeruginosa [114]. Since the
demand for an alternative method for the treatment of drug-resistant infections is increasing with each passing day, the
issue around the safety of phage preparations and administration should be urgently addressed.

7.6. Phage storage and handling

Most phages used in therapy are freshly prepared water suspensions. The processing of phages with stable and well-
defined medicinal characteristics is not well understood. Phages lack stability, which, along with high affinity, safety,
solubility, and specificity, is one of the best qualities of a medicine [118,119]. Because of the nature of their proteins,
they are somewhat stable in solution. Phage preparations must be stored in a cool environment due to their structural
fragility, which makes long-term storage challenging. Phages in an agueous solution can be stabilised by adding stability
enhancers, processing them into a different formulation, spray-drying, lyophilising, or adding them to ointments,
microparticles, or biodegradable polymer matrices [120,121].

8. Future of Phage Therapy

In contrast to other antibacterial medicines like antibiotics, phages can exhibit a wider range of mechanisms of action
and, in many situations, be safer. The difficulty for phage therapy lies in maximising these advantageous qualities while
considering present regulatory procedures and potential phage integration into the current economic frameworks that
drive the distribution and application of antibacterial medicines. Phage therapy seems to be thriving right now, especially
in areas with more lenient regulations and less payment to phage-product producers (such as Poland and the former Soviet
Union). Regulatory bodies, like the FDA in the US and the EMA in Europe, must collaborate with researchers and doctors
to create recommendations that balance rigorous safety and efficacy testing with flexibility to accommodate phage
variability and specificity [137].

As more carefully monitored phage therapy research is published by mainstream Western scientists and companies, we
anticipate that phage therapy will demonstrate growing promise for usage as an antibiotic to combat illnesses. This could
potentially increase the demand for phage therapy [122].

Expanding phage libraries should also be one of the priorities to cover a broader spectrum of bacteria, and is ultimately
important for the widespread application of phage therapy. The discovery and characterisation of new phages extracted
from environmental sources such as soil, water and sewage has been made easier through high-throughput screening
methods and metagenomics approaches [138, 139, 140] and increases the diversity of therapeutic phages that are available
for clinical use [135].

Raising public awareness about phage therapy is a crucial step in educating people and building confidence among them
regarding this new emerging treatment. Unlike antibiotics, phage therapy is relatively new and unknown to the vast
majority of people, excluding scientific and medical communities [141, 142, 143]. Educating healthcare practitioners
about the benefits, mechanisms, and applications of phage treatment is crucial. Medical conferences, continuing education
programs, and incorporating phage therapy into medical school curricula can all help support these activities. Raising
public awareness of phage therapy through media, patient advocacy groups, and public health organisations helps foster
trust in these therapies. To ensure patients and clinicians are well-informed about phage therapy, it's crucial to
communicate both its potential benefits and limitations [135].

Phage therapy, an alternate, narrow-spectrum antibacterial treatment, may become more important over longer periods of
time due to the risks associated with disturbance of the human microbiome caused using relatively broad-spectrum

antibacterial drugs [123].
9. Conclusion

Phage therapy, as an alternative to antibiotics, appears to be a promising treatment option for bacterial infections,
particularly those caused by multidrug-resistant bacteria, according to the literature currently available on the application
of phages and proteins derived from them. Nevertheless, before phage therapy is widely used, more research is required
to fully understand the interaction between the phage, microbiome, and human host. This is evident from conflicting
recent results regarding the immunomodulatory effects, the host range, and the possibility of horizontal gene transfer.
These factors, along with the ease of phage lysin production, purification, and storage, make them potentially significantly
more effective therapeutic agents than antibodies.

10. References

Khullar Anurag et.al., Phage Therapy in the Post-Antibiotic Era: From Biology to Clinical Translation | Feb. March 2026 | Vol. 3 | Issue 11




1. Giamarellou H. Multidrug-resistant gram-negative bacteria: how to treat and for how long. Int J Antimicrob
Agents. 2010;36(Suppl 3):S50-S54.

2. Magiorakos AP, Srinivasan A, Carey RB, et al. Multidrug-resistant, extensively drug-resistant and pandrug-
resistant bacteria: an international expert proposal for interim standard definitions for acquired resistance.
Clin Microbiol Infect. 2012;18(3):268-281.

3. Pendleton JN, Gorman SP, Gilmore BF. Clinical relevance of the ESKAPE pathogens. Expert Rev Anti Infect
Ther. 2013;11(3):297-308.

4, Tacconelli E. Global priority list of antibiotic-resistant bacteria to guide research, discovery, and
development. Geneva, Switzerland: World Health Organization; 2017.

5. Fleming V, Buck B, Nix N, Kumar P, Southwood R. Community-acquired pneumonia with risk for drug-
resistant pathogens. South Med J. 2013;106(3):209-216.

6. Bours PHA, Polak R, Hoepelman AIM, Delgado E, Jarquin A, Matute AJ. Increasing resistance in

community-acquired urinary tract infections in Latin America, five years after the implementation of national
therapeutic guidelines. Int J Infect Dis. 2010;14(9):e770-e774.

7. Kutter E, De Vos D, Gvasalia G, et al. Phage therapy in clinical practice: treatment of human infections. Curr
Pharm Biotechnol. 2010;11(1):69-86.

8. Abedon ST, Kuhl SJ, Blasdel BG, Kutter EM. Phage treatment of human infections. Bacteriophage.
2011;1(2):66-85.

9. Summers WC. Bacteriophage therapy. Annu Rev Microbiol. 2001;55(1):437-451.

10. Kutter E. Bacteriophage therapy in humans. In: Kutter E, Sulakvelidze A, eds. Bacteriophages: Biology and
Applications. Boca Raton, FL: CRC Press; 2005:381-436.

11. Delbriick M. The growth of bacteriophage and lysis of the host. J Gen Physiol. 1940;23(5):643-660.

12. Murray CK, Yun HC, Griffith ME, et al. Recovery of multidrug-resistant bacteria from combat personnel
evacuated from Irag and Afghanistan at a single military treatment facility. Mil Med. 2009;174(6):598-604.

13. Wei J, Peng N, Liang Y, Li K, Li Y. Phage therapy: consider the past, embrace the future. Appl Sci.
2020;10(21):7654.

14. Knowles B, Silveira CB, Bailey BA, et al. Lytic to temperate switching of viral communities. Nature.
2016;531(7595):466-470.

15. Drulis-Kawa Z, Majkowska-Skrobek G, Maciejewska B. Bacteriophages and phage-derived proteins—
application approaches. Curr Med Chem. 2015;22(14):1757-1773.

16. Loessner MJ. Bacteriophage endolysins—current state of research and applications. Curr Opin Microbiol.
2005;8(4):480-487.

17. Woznica WM, Bigos J, Lobocka MB. Lysis of bacterial cells in the process of bacteriophage release—
canonical and newly discovered mechanisms. Adv Hyg Exp Med. 2015;69:114-126.

18. Dewey JS, Savva CG, White RL, et al. Micron-scale holes terminate the phage infection cycle. Proc Natl
Acad Sci U S A. 2010;107(5):2219-2223.

19. ShiY, YanY, Ji W, et al. Characterization and determination of holin protein of Streptococcus suis
bacteriophage SMP in heterologous host. Virol J. 2012;9:1-11.

20. Schmelcher M, Donovan DM, Loessner MJ. Bacteriophage endolysins as novel antimicrobials. Future
Microbiol. 2012;7(10):1147-1171.

21. Oliveira H, Azeredo J, Lavigne R, Kluskens LD. Bacteriophage endolysins as a response to emerging
foodborne pathogens. Trends Food Sci Technol. 2012;28(2):103-115.

22. Lopez R, Garcia E. Recent trends on the molecular biology of pneumococcal capsules, lytic enzymes, and
bacteriophage. FEMS Microbiol Rev. 2004;28(5):553-580.

23. Lin DM, Koskella B, Lin HC. Phage therapy: an alternative to antibiotics in the age of multi-drug resistance.
World J Gastrointest Pharmacol Ther. 2017;8(3):162-173.

24. Fortier LC, Sekulovic O. Importance of prophages to evolution and virulence of bacterial pathogens.
Virulence. 2013;4(5):354-365.

25. Haaber J, Leisner JJ, Cohn MT, et al. Bacterial viruses enable their host to acquire antibiotic resistance genes
from neighbouring cells. Nat Commun. 2016;7(1):13333.

26. Hargreaves KR, Clokie MR. Clostridium difficile phages: still difficult? Front Microbiol. 2014;5:83376.

Khullar Anurag et.al., Phage Therapy in the Post-Antibiotic Era: From Biology to Clinical Translation | Feb. March 2026 | Vol. 3 | Issue 11




217. Gordillo Altamirano FL, Barr JJ. Phage therapy in the postantibiotic era. Clin Microbiol Rev.
2019;32(2):e00066-18.

28. De Sordi L, Khanna V, Debarbieux L. The gut microbiota facilitates drifts in the genetic diversity and
infectivity of bacterial viruses. Cell Host Microbe. 2017;22(6):801-808.

29. Servick K. Beleaguered phage therapy trial presses on. Science. 2016;352(6285):1506-1507.

30. Langdon A, Crook N, Dantas G. The effects of antibiotics on the microbiome throughout development and
alternative approaches for therapeutic modulation. Genome Med. 2016;8:39.

31. Mai V, Ukhanova M, Reinhard MK, Li M, Sulakvelidze A. Bacteriophage administration significantly

reduces Shigella colonization and shedding by Shigella-challenged mice without deleterious side effects and
distortions in the gut microbiota. Bacteriophage. 2015;5(4):e1088124.

32. Galtier M, De Sordi L, Maura D, Arachchi H, Volant S, Dillies MA, et al. Bacteriophages to reduce gut
carriage of antibiotic-resistant uropathogens with low impact on microbiota composition. Environ Microbiol.
2016;18(7):2237-2245.

33. Costerton JW. Introduction to biofilm. Int J Antimicrob Agents. 1999;11(3-4):217-239.

34. Abedon ST. Ecology of anti-biofilm agents I: antibiotics versus bacteriophages. Pharmaceuticals (Basel).
2015;8(3):525-558.

35. Anwar H, Strap JL, Chen K, Costerton JW. Dynamic interactions of biofilms of mucoid Pseudomonas
aeruginosa with tobramycin and piperacillin. Antimicrob Agents Chemother. 1992;36(6):1208-1214.

36. Amorena B, Gracia E, Monzdn M, Leiva J, Oteiza C, Pérez M, et al. Antibiotic susceptibility assay for
Staphylococcus aureus in biofilms developed in vitro. J Antimicrob Chemother. 1999;44(1):43-55.

37. Motlagh AM, Bhattacharjee AS, Goel R. Biofilm control with natural and genetically modified phages.
World J Microbiol Biotechnol. 2016;32:67.

38. Hampton HG, Watson BNJ, Fineran PC. The arms race between bacteria and their phage foes. Nature.
2020;577(7790):327-336.

39. Clokie MRJ, Millard AD, Letarov AV, Heaphy S. Phages in nature. Bacteriophage. 2011;1(1):31-45.

40. Chegini Z, Khoshbayan A, Vesal S, Moradabadi A, Hashemi A, Shariati A. Bacteriophage therapy for
inhibition of multidrug-resistant uropathogenic bacteria: a narrative review. Ann Clin Microbiol Antimicrob.
2021;20:30.

41. Wittebole X, De Roock S, Opal SM. A historical overview of bacteriophage therapy as an alternative to
antibiotics for the treatment of bacterial pathogens. Virulence. 2014;5(1):226-235.

42. Eaton MD, Bayne-Jones S. Bacteriophage therapy: review of the principles and results of the use of
bacteriophage in the treatment of infections. JAMA. 1934;103(23):1769-1776.

43. Sulakvelidze A, Alavidze Z, Morris JG Jr. Bacteriophage therapy. Antimicrob Agents Chemother.
2001;45(3):649-659.

44, Rhoads DD, Wolcott RD, Kuskowski MA, Wolcott BM, Ward LS, Sulakvelidze A. Bacteriophage therapy
of venous leg ulcers in humans: results of a phase | safety trial. J Wound Care. 2009;18(6):237-243.

45, Markoishvili K, Tsitlanadze G, Katsarava R, Glenn J, Morris MD Jr, Sulakvelidze A. A novel sustained-

release matrix based on biodegradable poly(ester amide)s and impregnated with bacteriophages and antibiotic
shows promise in management of infected venous stasis ulcers and other poorly healing wounds. Int J
Dermatol. 2002;41(7):453-458.

46. Wright A, Hawkins CH, Anggard EE, Harper DR. A controlled clinical trial of a therapeutic bacteriophage
preparation in chronic otitis due to antibiotic-resistant Pseudomonas aeruginosa: a preliminary report of
efficacy. Clin Otolaryngol. 2009;34(4):349-357.

47, Jault P, Leclerc T, Jennes S, Pirnay JP, Que YA, Resch G, et al. Efficacy and tolerability of a cocktail of
bacteriophages to treat burn wounds infected by Pseudomonas aeruginosa (PhagoBurn): a randomised,
controlled, double-blind phase 1/2 trial. Lancet Infect Dis. 2019;19(1):35-45.

48. Bruttin A, Brissow H. Human volunteers receiving Escherichia coli phage T4 orally: a safety test of phage
therapy. Antimicrob Agents Chemother. 2005;49(7):2874-2878.

49. Sarker SA, McCallin S, Barretto C, Berger B, Pittet AC, Sultana S, et al. Oral T4-like phage cocktail
application to healthy adult volunteers from Bangladesh. Virology. 2012;434(2):222-232.

50. Speck P, Smithyman A. Safety and efficacy of phage therapy via the intravenous route. FEMS Microbiol
Lett. 2016;363(3):fnv242.

51. Schooley RT, Biswas B, Gill JJ, Hernandez-Morales A, Lancaster J, Lessor L, et al. Development and use of

personalized bacteriophage-based therapeutic cocktails to treat a patient with a disseminated resistant
Acinetobacter baumannii infection. Antimicrob Agents Chemother. 2017;61(10):e00954-17.

52. Chan BK, Turner PE, Kim S, Mojibian HR, Elefteriades JA, Narayan D. Phage treatment of an aortic graft
infected with Pseudomonas aeruginosa. Evol Med Public Health. 2018;2018(1):60-66.
53. Chan BK, Abedon ST, Loc-Carrillo C. Phage cocktails and the future of phage therapy. Future Microbiol.

2013;8(6):769-783.

Khullar Anurag et.al., Phage Therapy in the Post-Antibiotic Era: From Biology to Clinical Translation | Feb. March 2026 | Vol. 3 | Issue 11



54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77,

78.

79.

80.

HuaY, Luo T, Yang Y, Dong D, Wang R, Wang Y, et al. Phage therapy as a promising new treatment for
lung infection caused by carbapenem-resistant Acinetobacter baumannii in mice. Front Microbiol.
2018;8:318.

Jeon J, Ryu CM, Lee JY, Park JH, Yong D, Lee K. In vivo application of bacteriophage as a potential
therapeutic agent to control OXA-66-like carbapenemase-producing Acinetobacter baumannii strains
belonging to sequence type 357. Appl Environ Microbiol. 2016;82(14):4200-4208.

Biswas B, Adhya S, Washart P, Paul B, Trostel AN, Powell B, et al. Bacteriophage therapy rescues mice
bacteremic from a clinical isolate of vancomycin-resistant Enterococcus faecium. Infect Immun.
2002;70(1):204-210.

Levin BR, Bull JJ. Population and evolutionary dynamics of phage therapy. Nat Rev Microbiol.
2004;2(2):166-173.

Lenski RE. Two-step resistance by Escherichia coli B to bacteriophage T2. Genetics. 1984;107(1):1-7.
Kutter E, De Vos D, Gvasalia G, Alavidze Z, Gogokhia L, Kuhl S, et al. Phage therapy in clinical practice:
treatment of human infections. Curr Pharm Biotechnol. 2010;11(1):69-86.

Rodriguez-Rubio L, Martinez B, Donovan DM, Rodriguez A, Garcia P. Bacteriophage virion-associated
peptidoglycan hydrolases: potential new enzybiotics. Crit Rev Microbiol. 2013;39(4):427-434.

Cahill J, Young R. Phage lysis: multiple genes for multiple barriers. Adv Virus Res. 2019;103:33-70.
Schmelcher M, Shen Y, Nelson DC, Eugster MR, Eichenseher F, Hanke DC, et al. Evolutionarily distinct
bacteriophage endolysins featuring conserved peptidoglycan cleavage sites protect mice from MRSA
infection. J Antimicrob Chemother. 2015;70(5):1453-1465.

Rashel M, Uchiyama J, Ujihara T, Uehara Y, Kuramoto S, Sugihara S, et al. Efficient elimination of
multidrug-resistant Staphylococcus aureus by cloned lysin derived from bacteriophage phiMR11. J Infect
Dis. 2007;196(8):1237-1247.

Son JS, Lee SJ, Jun SY, Yoon SJ, Kang SH, Paik HR, et al. Antibacterial and biofilm removal activity of a
Podoviridae Staphylococcus aureus bacteriophage SAP-2 and a derived recombinant cell-wall-degrading
enzyme. Appl Microbiol Biotechnol. 2010;86:1439-1449.

Bartell PF, Orr TE, Lam GK. Polysaccharide depolymerase associated with bacteriophage infection. J
Bacteriol. 1966;92(1):56-62.

Roach DR, Donovan DM. Antimicrobial bacteriophage-derived proteins and therapeutic applications.
Bacteriophage. 2015;5(3):€1062590.

Maciejewska B, Olszak T, Drulis-Kawa Z. Applications of bacteriophages versus phage enzymes to combat
and cure bacterial infections: an ambitious and also a realistic application. Appl Microbiol Biotechnol.
2018;102:2563-2581.

Latka A, Maciejewska B, Majkowska-Skrobek G, Briers Y, Drulis-Kawa Z. Bacteriophage-encoded virion-
associated enzymes to overcome the carbohydrate barriers during the infection process. Appl Microbiol
Biotechnol. 2017;101:3103-31109.

LiuY, Mi Z, Mi L, Huang Y, Li P, Liu H, et al. Identification and characterization of capsule depolymerase
Dpo48 from Acinetobacter baumannii phage IME200. PeerJ. 2019;7:6173.

Dams D, Brgndsted L, Drulis-Kawa Z, Briers Y. Engineering of receptor-binding proteins in bacteriophages
and phage tail-like bacteriocins. Biochem Soc Trans. 2019;47(1):449-460.

Mabhichi F, Synnott AJ, Yamamichi K, Osada T, Tanji Y. Site-specific recombination of T2 phage using
IP008 long tail fiber genes provides a targeted method for expanding host range while retaining lytic activity.
FEMS Microbiol Lett. 2009;295(2):211-217.

Lu TK, Collins JJ. Dispersing biofilms with engineered enzymatic bacteriophage. Proc Natl Acad Sci U S A.
2007;104(27):11197-11202.

Kim KP, Cha JD, Jang EH, Klumpp J, Hagens S, Hardt WD, et al. PEGylation of bacteriophages increases
blood circulation time and reduces T-helper type 1 immune response. Microb Biotechnol. 2008;1(3):247-257.
Yacoby I, Bar H, Benhar I. Targeted drug-carrying bacteriophages as antibacterial nanomedicines.
Antimicrob Agents Chemother. 2007;51(6):2156-2163.

Edgar R, Friedman N, Molshanski-Mor S, Qimron U. Reversing bacterial resistance to antibiotics by phage-
mediated delivery of dominant sensitive genes. Appl Environ Microbiol. 2012;78(3):744-751.

Tagliaferri TL, Jansen M, Horz HP. Fighting pathogenic bacteria on two fronts: phages and antibiotics as
combined strategy. Front Cell Infect Microbiol. 2019;9:22.

Segall AM, Roach DR, Strathdee SA. Stronger together? Perspectives on phage-antibiotic synergy in clinical
applications of phage therapy. Curr Opin Microbiol. 2019;51:46-50.

Comeau AM, Tétart F, Trojet SN, Prere MF, Krisch HM. Phage-antibiotic synergy (PAS): beta-lactam and
quinolone antibiotics stimulate virulent phage growth. PLoS One. 2007;2(8):e799.

Verma V, Harjai K, Chhibber S. Structural changes induced by a lytic bacteriophage make ciprofloxacin
effective against older biofilm of Klebsiella pneumoniae. Biofouling. 2010;26(6):729-737.

Ryan EM, Alkawareek MY, Donnelly RF, Gilmore BF. Synergistic phage-antibiotic combinations for the
control of Escherichia coli biofilms in vitro. FEMS Immunol Med Microbiol. 2012;65(2):395-398.

Khullar Anurag et.al., Phage Therapy in the Post-Antibiotic Era: From Biology to Clinical Translation | Feb. March 2026 | Vol. 3 | Issue 11



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.
96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Wei J, Peng N, Liang Y, Li K, Li Y. Phage therapy: consider the past, embrace the future. Appl Sci.
2020;10(21):7654.

Shlezinger M, Coppenhagen-Glazer S, Gelman D, Beyth N, Hazan R. Eradication of vancomycin-resistant
enterococci by combining phage and vancomycin. Viruses. 2019;11(10):954.

Torres-Barceld C, Hochberg ME. Evolutionary rationale for phages as complements of antibiotics. Trends
Microbiol. 2016;24(4):249-256.

Bao J, Wu N, Zeng Y, Chen L, Li L, Yang L, et al. Non-active antibiotic and bacteriophage synergism to
successfully treat recurrent urinary tract infection caused by extensively drug-resistant Klebsiella
pneumoniae. Emerg Microbes Infect. 2020;9(1):771-774.

Reyes A, Semenkovich NP, Whiteson K, Rohwer F, Gordon JI. Going viral: next-generation sequencing
applied to phage populations in the human gut. Nat Rev Microbiol. 2012;10(9):607-617.

Smith HW, Huggins MB, Shaw KM. Factors influencing the survival and multiplication of bacteriophages in
calves and in their environment. J Gen Microbiol. 1987;133(5):1127-1135.

Dabrowska K, Switata-Jelen K, Opolski A, Weber-Dabrowska B, Gorski A. Bacteriophage penetration in
vertebrates. J Appl Microbiol. 2005;98(1):7-13.

Merril CR, Scholl D, Adhya S. The bacteriophage. The Benjamin/Cummings Publishing Co., Menlo Park.
2006.

Geier MR, Trigg ME, Merril CR. Fate of bacteriophage lambda in non-immune germ-free mice. Nature.
1973;246(5430):221-223.

Weber-Dabrowska B, Zimecki M, Mulczyk M, Gorski A. Effect of phage therapy on the turnover and
function of peripheral neutrophils. FEMS Immunol Med Microbiol. 2002;34(2):135-138.

Przerwa A, Zimecki M, Switata-Jelen K, Dabrowska K, Krawczyk E, Luczak M, et al. Effects of
bacteriophages on free radical production and phagocytic functions. Med Microbiol Immunol. 2006;195:143-
150.

Geller BL, Kraus J, Schell MD, Hornsby MJ, Neal JJ, Ruch FE. High-titer, phage-neutralizing antibodies in
bovine colostrum that prevent lytic infection of Lactococcus lactis in fermentations of phage-contaminated
milk. J Dairy Sci. 1998;81(4):895-900.

Gorski A, Miedzybrodzki R, Borysowski J, Dabrowska K, Wierzbicki P, Ohams M, et al. Phage as a
modulator of immune responses: practical implications for phage therapy. Adv Virus Res. 2012;83:41-71.
Chatain-Ly MH. The factors affecting effectiveness of treatment in phage therapy. Front Microbiol.
2014;5:740.

Forthal DN, Moog C. Fc receptor-mediated antiviral antibodies. Curr Opin HIV AIDS. 2009;4(5):388-393.
Capparelli R, Nocerino N, lannaccone M, Ercolini D, Parlato M, Chiara M, et al. Bacteriophage therapy of
Salmonella enterica: a fresh appraisal of bacteriophage therapy. J Infect Dis. 2010;201(1):52-61.
Langbeheim H, Teitelbaum D, Arnon R. Cellular immune response toward MS-2 phage and a synthetic
fragment of its coat protein. Cell Immunol. 1978;38(1):193-197.

Srivastava AS, Kaido T, Carrier E. Immunological factors that affect the in vivo fate of T7 phage in the
mouse. J Virol Methods. 2004;115(1):99-104.

Gorski A, Wazna E, Dabrowska BW, Dabrowska K, Switata-Jelen K, Migdzybrodzki R. Bacteriophage
translocation. FEMS Immunol Med Microbiol. 2006;46(3):313-3109.

Krut O, Bekeredjian-Ding I. Contribution of the immune response to phage therapy. J Immunol.
2018;200(9):3037-3044.

Kortright KE, Chan BK, Koff JL, Turner PE. Phage therapy: a renewed approach to combat antibiotic-
resistant bacteria. Cell Host Microbe. 2019;25(2):219-232.

Hyman P. Phages for phage therapy: isolation, characterization, and host range breadth. Pharmaceuticals
(Basel). 2019;12(1):35.

Hampton HG, Watson BNJ, Fineran PC. The arms race between bacteria and their phage foes. Nature.
2020;577(7790):327-336.

Dy RL, Richter C, Salmond GPC, Fineran PC. Remarkable mechanisms in microbes to resist phage
infections. Annu Rev Virol. 2014;1:307-331.

Silpe JE, Bassler BL. A host-produced quorum-sensing autoinducer controls a phage lysis-lysogeny decision.
Cell. 2019;176(1-2):268-280.

Pawluk A, Staals RHJ, Taylor C, Watson BNJ, Saha S, Fineran PC, et al. Inactivation of CRISPR-Cas
systems by anti-CRISPR proteins in diverse bacterial species. Nat Microbiol. 2016;1(8):16085.

Colom J, Cano-Sarabia M, Otero J, Cortés P, Maspoch D, Llagostera M. Liposome-encapsulated
bacteriophages for enhanced oral phage therapy against Salmonella spp. Appl Environ Microbiol.
2015;81(14):4841-4849.

Nieth A, Verseux C, Barnert S, Stss R, Romer W. A first step toward liposome-mediated intracellular
bacteriophage therapy. Expert Opin Drug Deliv. 2015;12(9):1411-1424.

Brabban AD, Hite E, Callaway TR. Evolution of foodborne pathogens via temperate bacteriophage-mediated
gene transfer. Foodborne Pathog Dis. 2005;2(4):287-303.

Khullar Anurag et.al., Phage Therapy in the Post-Antibiotic Era: From Biology to Clinical Translation | Feb. March 2026 | Vol. 3 | Issue 11



110. Maiques E, Ubeda C, Tormo MA, Ferrer MD, Lasa I, Novick RP, et al. Role of staphylococcal phage and
SaPl integrase in intra- and interspecies SaPl transfer. J Bacteriol. 2007;189(15):5608-5616.

111. Gorski A, Miedzybrodzki R, Borysowski J, Weber-Dabrowska B, Lobocka M, Fortuna W, et al.
Bacteriophage therapy for the treatment of infections. Curr Opin Investig Drugs. 2009;10(8):766-774.

112. Nau R, Eiffert H. Modulation of release of proinflammatory bacterial compounds by antibacterials: potential
impact on course of inflammation and outcome in sepsis and meningitis. Clin Microbiol Rev. 2002;15(1):95-
110.

113. Tetz GV, Ruggles KV, Zhou H, Heguy A, Tsirigos A, Tetz V. Bacteriophages as potential new mammalian
pathogens. Sci Rep. 2017;7(1):7043.

114. Van Belleghem JD, Clement F, Merabishvili M, Lavigne R, Vaneechoutte M. Pro- and anti-inflammatory

responses of peripheral blood mononuclear cells induced by Staphylococcus aureus and Pseudomonas
aeruginosa phages. Sci Rep. 2017;7(1):8004.

115. Vandenheuvel D, Lavigne R, Briissow H. Bacteriophage therapy: advances in formulation strategies and
human clinical trials. Annu Rev Virol. 2015;2:599-618.

116. Gill JJ, Hyman P. Phage choice, isolation, and preparation for phage therapy. Curr Pharm Biotechnol.
2010;11(1):2-14.

117. Tremblay D, Moineau S, Ackermann HW. Long-term bacteriophage preservation. Methods Mol Biol.
2009;501:365-376.

118. Jonczyk E, Ktak M, Migdzybrodzki R, Gorski A. The influence of external factors on bacteriophages. Folia
Microbiol (Praha). 2011;56:191-200.

119. Finch R; BSAC Working Party on the Urgent Need: Regenerating Antibacterial Drug Discovery and

Development; Blaser M, Carrs O, Cassell G, Fishman N, et al. Regulatory opportunities to encourage
technology solutions to antibacterial drug resistance. J Antimicrob Chemother. 2011;66(9):1945-1947.

120. Sommer MOA, Dantas G. Antibiotics and the resistant microbiome. Curr Opin Microbiol. 2011;14(5):556-
563.
121. Park JY, Moon BY, Park JW, Thornton JA, Park YH, Seo KS. Genetic engineering of a temperate phage-

based delivery system for CRISPR/Cas9 antimicrobials against Staphylococcus aureus. Sci Rep.
2017;7(1):44929.

122. Mattila S, Ruotsalainen P, Jalasvuori M. On-demand isolation of bacteriophages against drug-resistant
bacteria for personalized phage therapy. Front Microbiol. 2015;6:1271.
123. Ho P, Dam LC, Koh WRR, Nai RS, Nah QH, Rajaie Fizla FBM, et al. Screening of the PA14NR transposon

mutant library identifies genes involved in resistance to bacteriophage infection in Pseudomonas aeruginosa.
Int J Mol Sci. 2024;25(13):7009.

124, Luong T, Salabarria AC, Edwards RA, Roach DR. Standardized bacteriophage purification for personalized
phage therapy. Nat Protoc. 2020;15(9):2867-2890.

125. Loponte R, Pagnini U, lovane G, Pisanelli G. Phage therapy in veterinary medicine. Antibiotics (Basel).
2021;10(4):421.

126. Valerio N, Oliveira C, Jesus V, Branco T, Pereira C, Moreirinha C, et al. Effects of single and combined use
of bacteriophages and antibiotics to inactivate Escherichia coli. Virus Res. 2017;240:8-17.

127. Ahmadi M, Karimi Torshizi MA, Rahimi S, Dennehy JJ. Prophylactic bacteriophage administration more

effective than post-infection administration in reducing Salmonella enterica serovar Enteritidis shedding in
quail. Front Microbiol. 2016;7:1253.

128. Jorda J, Lorenzo-Rebenaque L, Montoro-Dasi L, Marco-Fuertes A, Vega S, Marin C. Phage-based
biosanitation strategies for minimizing persistent Salmonella and Campylobacter bacteria in poultry. Animals
(Basel). 2023;13(24):3826.

129. Titze I, Lehnherr T, Lehnherr H, Kromker V. Efficacy of bacteriophages against Staphylococcus aureus
isolates from bovine mastitis. Pharmaceuticals (Basel). 2020;13(3):35.

130. Clavijo V, Baquero D, Hernandez S, Farfan JC, Arias J, Arévalo A, et al. Phage cocktail SalmoFREE®
reduces Salmonella on a commercial broiler farm. Poult Sci. 2019;98(10):5054-5063.

131. Kahn LH, Bergeron G, Bourassa MW, De Vegt B, Gill J, Gomes F, et al. From farm management to

bacteriophage therapy: strategies to reduce antibiotic use in animal agriculture. Ann N'Y Acad Sci.
2019;1441(1):31-39.

132. Kowalska JD, Kazimierczak J, Sowifiska PM, Wojcik EA, Siwicki AK, Dastych J. Growing trend of fighting
infections in aquaculture environment—opportunities and challenges of phage therapy. Antibiotics (Basel).
2020;9(6):301.

133. Olawade DB, Fapohunda O, Eghon E, Ebiesuwa OA, Usman SO, Faronbi AO, et al. Phage therapy: a
targeted approach to overcoming antibiotic resistance. Microb Pathog. 2024;197:107088.

134. World Health Organization. Bacteriophages and Their Use in Combating Antimicrobial Resistance. WHO
Fact Sheet; 2024.

135. Rossitto M, Fiscarelli EV, Rosati P. Challenges and promises for planning future clinical research into

bacteriophage therapy against Pseudomonas aeruginosa in cystic fibrosis: an argumentative review. Front
Microbiol. 2018;9:775.

Khullar Anurag et.al., Phage Therapy in the Post-Antibiotic Era: From Biology to Clinical Translation | Feb. March 2026 | Vol. 3 | Issue 11




136. Hosking CG, McWilliam HEG, Driguez P, Piedrafita D, Li Y, McManus DP, et al. Generation of a novel
bacteriophage library displaying scFv antibody fragments from the natural buffalo host to identify antigens
from adult Schistosoma japonicum for diagnostic development. PLoS Negl Trop Dis. 2015;9(12):e0004280.

137. Fernbach J, Hegedis E, Loessner MJ, Kilcher S. Computational pipeline for targeted integration and variable
payload expression for bacteriophage engineering. bioRxiv. Posted June 2024.

138. Gibson SB, Green S, Liu CG, Salazar KC, Clark JR, Terwilliger AL, et al. Constructing and characterizing
bacteriophage libraries for phage therapy of human infections. Front Microbiol. 2019;10:2537.

139. Macdonald KE, Stacey HJ, Harkin G, Hall LM, Young MJ, Jones JD. Patient perceptions of phage therapy
for diabetic foot infection. PLoS One. 2020;15(12):e0243947.

140. McCammon S, Makarovs K, Banducci S, Gold V. Phage therapy and the public: increasing awareness
essential to widespread use. PLoS One. 2023;18(5):e0285824.

141. Simpson EA, Stacey HJ, Langley RJ, Jones JD. Phage therapy: awareness and demand among clinicians in

the United Kingdom. PLoS One. 2023;18(11):e0294190.

List of figures

Phage attachment to

\\ bacterial cell Phage DNA separates from bacterial

DNA & initiates lytic cycle

% °0)
AP\ DNA Injection
dCeH Lysis “ (‘ LYSOGENIC

C Y C L E 0 RCpllcatlon

g
Qume g5 (00

Cellular Replication

Phage enters lytic or , B?ctepal
lysogenic Cycle Replication &
( Division
Synthesis & U \_)7 ( O }’

Assembly _
DNA Integration

Figure 1. Bacteriophage life cycle. Left: Lytic cycle of phage replication. The phage adsorbs on the
bacterial surface via receptors, followed by penetration, replication of phage DNA and protein
production and finally assembly of new phage particles and ultimately host cell lysis. Right:
Lysogenic cycle. After injecting its DNA into the bacterial cell, the phage integrates its DNA into
the host genetic material (referred to as prophage), which multiplies with the host DNA for several
generations.
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Figure 2-Urinary tract infections (UTI) associated with the catheters and different forms of phage
therapy used to inhibit and eliminate the bacterial biofilm. (a) UTI can be controlled by using
phages to destroy the virulence factors of bacteria, such as capsules. (b) Using phage cocktails to
control multi-species biofilms. (¢) Using bacteriophages in combination with antibiotics
(combination therapy) for penetrate deeper into the biofilms.
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Figure 3. Phage therapy approaches. I) Conventional therapy in which phages are the only
therapeutic agents used either in the form of monophage or polyphage therapy.
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Figure 4. Phage therapy approaches. I1) Phage antibiotic synergy is the phenomenon of combining
an antibiotic with a phage particle to improve its ability to affect the target bacteria and increase its
propagation. IIT) The use of bioengineered phages improves the antibiotic-phage capsid attachment
for its release in targeted bacteria, to deliver genes that reverse antibiotic resistance. IV) Phage-
derived enzymes such as depolymerases, holins, endolysins, and VAPGH are used as therapeutic
agents.
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Figure 5. Incorporation of CRISPR-Cas 9 system in phage therapy. A) Injection of phage genome
incorporated with CRISPR-Cas 9 system targeting a specific region on the bacterial genome
(virulence factors or antibiotic resistance) into the bacterial cell. B) Expression of CRISPR-Cas 9
system by using bacterial cell machinery. C) The Cas 9 proteins bind with the guide RNA, forming
a complex that recognises sequences complementary to the guide RNA (antibiotic resistance gene
or virulence factor gene). D) As soon as the complex locates the targeted gene, it introduces a
double-stranded break at that site (site next to PAM). This break disables the bacterial resistance
gene or results in cell death.
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