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ARTICLE INFO ABSTRACT
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The rise of antibiotic-resistant bacterial infections has become a significant global health threat, necessitating the
need for alternative therapeutic strategies. The use of bacteriophages—viruses that particularly infect and lyse
bacteria—in phage therapy has resurfaced as a potentially effective substitute for conventional antibiotics. This

Bac“?mphagejs . narrative review aims to explore the mechanisms, applications, challenges, and prospects of phage therapy in
Multidrug-resistant bacteria . e . . . . . . . .
Biofilms combating antibiotic-resistant infections. A thorough analysis of the literature was carried out by exploring

online databases, such as Google Scholar, PubMed, Scopus, and Web of Science. The search focused on peer-
reviewed articles, clinical trials, and authoritative reports published in the last 10 years. The review synthe-
sized findings from studies on phage mechanisms, therapeutic applications, regulatory challenges, and advances
in phage engineering. Phage therapy demonstrates several advantages over antibiotics, including high specificity
for target bacteria, the ability to penetrate biofilms, and a lower propensity for resistance development. However,
significant challenges remain, such as regulatory and production hurdles, the potential for phage resistance, and
interactions with the host immune system. Advances in genetic engineering have enhanced the therapeutic
potential of phages, and personalized phage therapy is emerging as a viable approach for tailored treatments.
Phage therapy holds significant promise as an alternative to antibiotics, particularly in the fight against
antibiotic-resistant bacteria. While challenges persist, ongoing research, technological advancements, and
collaborative efforts are crucial for integrating phage therapy into mainstream clinical practice, potentially
revolutionizing the treatment of bacterial infections and addressing the global antibiotic resistance crisis.

Personalized medicine

husbandry to promote growth and prevent disease in livestock [3]. This
rampant misuse has created an environment conducive to the evolution

1. Introduction

Antibiotics have revolutionized medical practice since their discov-
ery in the early 20th century, transforming once-fatal bacterial in-
fections into diseases that can be managed or even cured. Alexander
Fleming’s 1928 discovery of penicillin was a turning point in medical
history since it sparked the creation of a wide range of antibiotics that
have saved countless lives [1]. However, the extensive success of anti-
biotics has resulted in their excessive use and misuse [2]. Frequently,
antibiotics are inappropriately prescribed for viral infections, where
they are ineffective or used excessively in agriculture and animal

of antibiotic-resistant bacteria, which presents a major threat to global
health.

Antibiotic resistance arises when bacteria evolve mechanisms that
allow them to withstand the effects of antibiotics, which would typically
kill them or prevent their growth. This resistance can develop through
several mechanisms, including genetic mutations or the acquisition of
resistance genes from other bacteria through horizontal gene transfer [4,
5]. As these resistant bacteria spread, they render conventional treat-
ments ineffective, resulting in prolonged illnesses, elevated healthcare
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costs, and an increased risk of mortality [6,7]. The World Health Or-
ganization (WHO) has recognized the severity of this issue, declaring
antibiotic resistance as one of the top ten global public health threats
[8]. The rise of multidrug-resistant (MDR) and extensively
drug-resistant (XDR) bacteria has brought the world to a critical junc-
ture where some infections are becoming increasingly difficult, if not
impossible, to treat with current antibiotics [9-11]. The necessity of
alternative treatments that can effectively tackle bacterial infections
without making the issue of resistance worse has been sparked by this
predicament [12].

Among the most promising alternatives to traditional antibiotics is
phage therapy, a treatment approach that predates antibiotics but has
gained renewed interest considering the current resistance crisis. Bac-
teriophages, or phages, are viruses that exclusively target and infect
bacteria. These microscopic entities were first discovered independently
by Frederick Twort in 1915 and Félix d’Hérelle in 1917 [3]. In contrast
to broad-spectrum antibiotics, which can impact a wide variety of bac-
terial species, phages are highly specific, typically targeting only a single
species or even a specific strain of bacteria. This specificity stems from
the phage’s ability to recognize and bind to specific receptors located on
the surface of bacterial cells, initiating a process that leads to the bac-
terium’s destruction [13].

Phage therapy entails the deliberate the application of phages to
fight bacterial infections. The treatment approach is simple: once a
phage attaches to its bacterial target, it inserts its genetic material into
the bacterium, hijacking the bacterial machinery to produce new phage
particles. This process, called the lytic cycle, ends with the lysis or
rupture of the bacterial cell, releasing new phages capable of infecting
additional bacteria. The ability of phages to self-amplify at the infection
site presents a notable benefit, potentially diminishing the need for
repeated doses [14]. The specificity of phages presents both strengths
and challenges in their therapeutic application [15]. On one hand,
phages can precisely target pathogenic bacteria, sparing beneficial
bacteria and reducing the disruption to the host’s microbiota. However,
this specificity necessitates a thorough understanding of the bacterial
pathogen in order to choose the correct phage, making treatment more
complex compared to the broad-spectrum effectiveness of conventional
antibiotics [2]. Despite these hurdles, the prospects of phage therapy to
address antibiotic-resistant infections represents a promising and inno-
vative avenue in the fight against bacterial diseases.

As conventional antibiotics become increasingly ineffective, phage
therapy presents a novel and promising approach to addressing this
challenge by leveraging the natural bactericidal properties of bacterio-
phages. This review seeks to offer an in-depth analysis of the present
status of phage therapy, highlighting its potential advantages over
traditional antibiotics, particularly in treating multidrug-resistant in-
fections. The novelty of this review lies in its in-depth analysis of the
latest research, clinical trials, and technological advancements in phage
therapy, offering insights into how this century-old treatment could be
integrated into modern medical practice. The objective is to critically
assess the feasibility of phage therapy as a mainstream alternative to
antibiotics, identify the key challenges that must be overcome, and
outline future directions for research and clinical application, ultimately
contributing to the broader discourse on innovative solutions to combat
bacterial infections.

2. Method

This narrative review was conducted to synthesize existing literature
on the use of phage therapy as an alternative to antibiotics, particularly
in the context of combating antibiotic-resistant bacterial infections. The
review process involved a comprehensive search and analysis of relevant
academic articles, clinical studies, and reviews published in peer-
reviewed journals, as well as authoritative reports from global health
organizations such as the World Health Organization (WHO) and the
Centers for Disease Control and Prevention (CDC). The literature search
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was conducted using electronic databases including PubMed, Scopus,
Web of Science, and Google Scholar. Keywords used in the search
included “phage therapy,” “bacteriophages,” “antibiotic resistance,”
“multi-drug resistant bacteria,” “clinical trials,” and “alternative thera-
pies.” The search focused on publications from the past 10 years to
ensure that the review incorporated the most recent and relevant
research, though seminal works and key historical studies were also
considered to provide context.

Selection criteria for the articles included in the review were based
on their relevance to the topic, the robustness of the study design, and
the quality of the evidence presented. Studies that addressed the
mechanisms of phage action, clinical applications, challenges, and ad-
vancements in phage therapy were prioritized. Articles that provided
insights into the regulatory and ethical considerations surrounding
phage therapy were also included to offer a comprehensive overview of
the field. The gathered literature was systematically reviewed and
categorized into key thematic areas, such as the history and background
of phage therapy, mechanisms of action, therapeutic applications,
challenges, and future directions. Data and findings from the selected
studies were critically analyzed to identify trends, gaps in knowledge,
and areas for further research.

3. Mechanisms of phage action

Bacteriophages, or phages, represent a highly specialized form of
viral life that specifically targets bacteria. Their mechanism of action is
unique and differs significantly from that of traditional antibiotics [16].
While antibiotics often exert a broad-spectrum effect, indiscriminately
killing or inhibiting a wide range of bacteria, phages operate with pre-
cision, attacking only their designated bacterial hosts as highlighted in
Table 1. This specificity, combined with their ability to evolve alongside
bacterial populations, positions phages as a powerful tool in the fight
against antibiotic-resistant infections [17]. Fig. 1 illustrates an overview
of the phage therapy application process in mainstream medical prac-
tice. Understanding the mechanisms of phage action is critical to
appreciating their therapeutic potential and the challenges that must be
addressed to integrate phage therapy into mainstream medical practice.

3.1. Phage life cycles

One of the most fundamental aspects of phage action is their life
cycle, of which there are two main types: the lytic and the lysogenic
cycles respectively [17]. The lytic cycle is particularly relevant for
therapeutic applications because it involves the direct destruction of
bacterial cells. In this cycle, a phage uses its tail fibers to attach to the
surface of a susceptible bacterium, which recognizes specific receptors
on the bacterial cell wall. The phage inserts its genetic material into the
host cell after attaching, effectively hijacking the bacterial cellular ma-
chinery. The phage’s DNA then directs the bacterium to produce viral
components—such as proteins and nucleic acids—required to assemble
new phage particles. As the phage replicates within the bacterium, the
bacterial cell becomes filled with newly formed phages. After the bac-
terial cell is eventually forced to rupture due to the buildup of phage
particles, fresh phages are released into the surrounding environment.
These phages can then infect adjacent bacteria, perpetuating the cycle of
infection and destruction [10,35,52]. The bactericidal nature of the lytic
cycle underpins the therapeutic potential of phages, making them an
effective weapon against  bacterial infections—especially
antibiotic-resistant ones. (See Fig. 2).

In contrast, the lysogenic cycle, although not typically utilized in
phage therapy, offers a different perspective on phage-bacterial in-
teractions. The genetic material of the phage merges with the bacterial
genome during the lysogenic cycle and remains dormant, replicating
alongside the bacterial DNA during cell division (See Fig. 2). This state
can persist until specific triggers, such as environmental stress, induce
the phage to enter the lytic cycle. While the lysogenic cycle does not
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Table 1

Comparison of phage therapy and antibiotics.

Aspect

Phage Therapy

Antibiotics

Mechanism of
Action

Specificity

Resistance
Development

Impact on
Microbiota

Self-
Amplification

Biofilm
Penetration

Immune
Response

Regulatory
Approval

Production and
Quality Control

Dosing and
Administration

Phages are viruses that
specifically infect and lyse
bacterial cells by injecting
their DNA, hijacking the
bacterial machinery to
replicate, and ultimately
causing cell lysis [18].

Highly specific; phages
target only specific bacterial
strains or species, depending
on their receptor-binding
proteins. This reduces
collateral damage to
beneficial microbiota [22].
Lower likelihood; phages co-
evolve with bacteria,
potentially reducing the
chances of long-term
resistance. However,
bacteria can develop
resistance through receptor
mutations or CRISPR-Cas
systems [24-27].

Minimal impact; due to their
specificity, phages generally
do not affect non-target
bacteria, preserving the
host’s normal microbiota
and reducing the risk of
dysbiosis [28].

Yes; phages replicate at the
site of infection, potentially
increasing their
concentration where they
are most needed and
reducing the frequency of
administration [30,31].
Effective; phages can
breakthrough and disturb
biofilms, which are
organised bacterial colonies
that are often resistant to
antibiotics [32-35].

Phages can be recognized
and neutralized by the host
immune system, potentially
limiting their efficacy,
especially after repeated
administrations. Strategies
like encapsulation are being
explored to mitigate this
[37-39].

Complex; each phage or
phage cocktail must be
approved for specific
bacterial strains, requiring
detailed characterization
and validation, which
complicates the approval
process [41,42].
Challenging; large-scale
production of phages
requires stringent quality
control to ensure purity,
stability, and consistent
efficacy, with challenges in
standardizing phage
cocktails [44,45].

Dosing can be complex due
to phage replication
dynamics; often
administered topically,

Antibiotics function by
disrupting bacterial
processes such as cell wall
synthesis, protein synthesis,
DNA replication, or
metabolic pathways,
depending on the specific
class of the antibiotic
[19-21].

Varies by antibiotic; broad-
spectrum antibiotics affect a
wide range of bacterial
species, including non-
pathogenic ones, while
narrow-spectrum antibiotics
are more selective [23].
High likelihood; that
bacteria can develop
resistance through
mutations, efflux pumps,
biofilm formation, or
acquiring resistance genes,
leading to multidrug-
resistant (MDR) strains [2].

Broad-spectrum antibiotics
have the potential to disturb
the balance of the host’s
microbiota, leading to
dysbiosis and potential
secondary infections like
Clostridium difficile [29].
No; antibiotics do not
replicate and require
repeated dosing to maintain
therapeutic levels in the
body.

Often ineffective; many
antibiotics struggle to
penetrate biofilms, making
these bacterial communities
particularly difficult to treat
[36].

Generally stable; antibiotics
are chemical agents that are
less likely to be neutralized
by the immune system,
though resistance
development remains a
concern [40].

Standardized; antibiotics
typically undergo a more
streamlined approval
process, especially broad-
spectrum agents, though
approval is still rigorous to
ensure safety and efficacy
[43].

Well-established; antibiotic
production is standardized
with well-developed
protocols for ensuring purity,
stability, and consistency
across batches [46].

Typically straightforward;
dosing is usually
standardized and can be
administered orally,
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Table 1 (continued)

Aspect Phage Therapy Antibiotics
orally, or intravenously, intravenously, or
depending on the infection intramuscularly, depending
type and location [47,48]. on the infection and
antibiotic used [49].
Cost and Currently higher due to Generally lower and more
Accessibility production challenges and accessible due to mass

the need for personalized
treatments; accessibility is
limited outside research
settings, though this may
improve with technological
advancements [50].

production, established
supply chains, and the
availability of generic
formulations [51].

result in immediate bacterial destruction, it represents a form of coex-
istence between the phage and the bacterium. This cycle may aid in the
horizontal transmission of genes that confer resistance to antibiotics,
among bacterial populations, a phenomenon that complicates the
landscape of bacterial resistance [30,35,53,54]. However, it is the lytic
cycle that holds the most promise for therapeutic applications due to its
ability to rapidly reduce bacterial populations through cell lysis.

The phage binds to the bacterial cell during the lytic cycle, injecting
its DNA, which then circularises. To create new phage DNA and proteins
and assemble them into new virions, the phage DNA hijacks the ma-
chinery of the host cell. As a result, additional phage particles are
released, and cells lyse. During the lysogenic cycle, the phage DNA
combines with the bacterial chromosome to form a prophage. During
regular cell division, the prophage and the bacterial DNA are repro-
duced. The prophage may occasionally be removed from the bacterial
chromosome and re-enter the lytic cycle. The major steps in both cycles
are depicted in the diagram, along with the variations in phage behav-
iour and the bacterial host’s outcome.

3.2. Specificity and selectivity

A critical feature of phages is their specificity and selectivity for their
bacterial hosts [52,55]. Unlike antibiotics, which often affect a broad
spectrum of bacteria, including beneficial commensal species [56],
Phages have high specificity, typically just affecting one species of
bacteria, or perhaps only one specific strain [30,57]. The phage’s ca-
pacity to identify and attach to particular receptors on the bacterial cell
surface determines this specificity. For instance, a phage that infects
Escherichia coli may not affect other bacterial species, such as Staphylo-
coccus aureus [35]. This targeted action is advantageous in therapeutic
contexts because it minimizes collateral damage to the host’s normal
microbiota, preserving the beneficial bacteria that play crucial roles in
human health, such as those in the gut microbiome. However, this
specificity also poses a challenge: accurate identification of the bacterial
pathogen is necessary for the successful application of phage therapy.
and the corresponding phage. This necessitates sophisticated diagnostic
tools and a well-characterized library of phages, which can complicate
treatment compared to the use of broad-spectrum antibiotics [58,59].

3.3. Advantages over antibiotics

In the age of increasing antibiotic resistance, phage therapy presents
a viable substitute due to its several noteworthy benefits over conven-
tional antibiotics. The ability of phages to precisely eliminate harmful
bacteria while protecting healthy microbiota is one of their most
prominent advantages. This is particularly important in environments
such as the human gut, where the preservation of beneficial bacteria is
crucial for maintaining health and preventing secondary infections [17].
Another advantage is the self-amplifying nature of phages at the site of
infection. As phages replicate within bacterial cells, they increase in
number, potentially reducing the need for repeated dosing [30,31,60].
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Fig. 1. Overview of the phage therapy application process in mainstream medical practice A) Bacterial Pathogen Identification, where patient diagnosis is fol-
lowed by the identification of the pathogen through techniques like PCR to determine the specific bacterial strain responsible for the infection. B) Phage Selection or
Engineering, which includes screening phages to find those effective against the pathogen and, if necessary, engineering them for enhanced effectiveness, followed
by in vitro and in vivo testing to ensure safety and efficacy. C) Phage Preparation, where effective phages are amplified and purified to produce high-quality
preparations for therapeutic use. D). Administration and Monitoring, where the best route for phage administration is selected, the phages are administered to
the patient, and the patient is monitored to evaluate the therapy’s effectiveness and collect data for potential adjustments.

This characteristic could improve treatment efficacy and reduce the
burden on patients, particularly in situations of severe or chronic
infections.

Additionally, phages have the special ability to enter and disrupt
bacterial biofilms, the structured groups of bacteria enclosed in a pro-
tective extracellular matrix [61,62]. Biofilms are notoriously resistant to
antibiotics due to the physical barrier they create and the presence of
dormant bacterial cells that are less susceptible to antibiotic action [63].
Phages, however, can infiltrate biofilms and lyse bacteria from within,
offering a powerful tool to combat biofilm-associated infections, which
are common in chronic wounds, medical implants, and respiratory in-
fections in people with cystic fibrosis [64-69]. Moreover, the evolu-
tionary link that exists between bacteria and phages adds another layer
of advantage [70]. Phages can evolve in response to bacterial defense
mechanisms, potentially reducing the likelihood of long-term resistance
development. This dynamic interaction contrasts with the static nature
of antibiotics, where once resistance develops, it tends to persist and
spread. Phage flexibility to co-evolve with their bacterial hosts offers a
promising solution to one of the most important problems in modern
medicine: the relentless rise of antibiotic resistance.

4. Therapeutic applications of phage therapy

Phage therapy, with its highly targeted action against specific bac-
terial pathogens, has become apparent as a promising substitute for
traditional antibiotic treatments, particularly in the context of the
increasing risk that bacteria resistant to antibiotics represent. The ability
of phages to selectively infect and lyse bacterial cells offers a potential
solution to infections that are no longer responsive to conventional an-
tibiotics. This section explores the various therapeutic applications of
phage therapy, ranging from its use in treating antibiotic-resistant in-
fections to its combination with antibiotics and its application in agri-
culture and veterinary medicine. Some techniques enable precise
genetic modifications to increase bacteriophages’ potential for thera-
peutic use in targeting bacterial infections as shown in Fig. 3.

4.1. Treatment of antibiotic-resistant infections

One of the most compelling applications of phage therapy is its po-
tential to treat infections caused by multi-drug resistant (MDR) bacteria
[71]. As antibiotic resistance continues to rise globally, illnesses brought
on by bacteria, like Staphylococcus aureus, Pseudomonas aeruginosa, and



D.B. Olawade et al.

Phage attaches to

TN

CYGLES

AL

Cell lysed, releasing
phage virions

NS I s ‘)

New Phage DNA and

host and injects DNA \5( (
LYTIC LYSOGENIC

o O

Phage DNA circularises and
enters lytic or |ysolgenic
cytogenic cycle

Microbial Pathogenesis 197 (2024) 107088

The prophage excised from the
acterial chromosome and enters the
lytic circle this occurs occasionally

O

multiple cell
ivisions

& N

(OlCo)

Normal reproduction of
lysogenic bacterium

CYGLES

(O

Phage DNA integrates
within the bacteria

Proteins are synthensized chromosomes
and assembled into virions
Bacteria Host cell Bacteria
Phage P kbl RO Prophage

Fig. 2. Mechanism of phage action in the lytic and lysogenic cycles.

Escherichia coli have become increasingly difficult to manage [72,73].
Numerous diseases, including sepsis, respiratory tract infections, urinary
tract infections, and infections of the skin and soft tissues, are caused by
these bacteria. In numerous clinical cases, phage therapy has demon-
strated its efficacy in eradicating infections that were unresponsive to
standard antibiotic treatments. For instance, in cases of chronic wound
infections where Staphylococcus aureus is resistant to methicillin
(MRSA), phage treatment has been effectively applied to clear the
infection, often after all alternative forms of therapy had been tried and
failed [74]. Similarly, phages targeting Pseudomonas aeruginosa, a
common pathogen in cystic fibrosis patients, have been employed to
reduce bacterial load and improve patient outcomes, especially in in-
stances where the bacteria have developed resistance to multiple anti-
biotic classes [75,76]. The success of these cases underscores how
effective phage therapy may be in treating infections that are resistant to
antibiotics, offering hope in situations where traditional therapies fail.

4.2. Phage therapy in combination with antibiotics

While phage therapy alone has shown significant promise,
combining it with antibiotics can further enhance treatment efficacy,
particularly in complex or persistent infections [77]. One of the key
obstacles in treating bacterial infections is the presence of bio-
films—communities of bacteria that are encased in a defensive extra-
cellular matrix, which increases their resistance to antibiotics. Phages
possess a special capacity to infiltrate and disturb these biofilms, which
not only aids in reducing the bacterial population but also makes the
remaining bacteria more susceptible to antibiotic treatment. This syn-
ergistic effect has been demonstrated in several studies where
combining antibiotics with phages resulted in more effective clearance
of illnesses caused by bacteria compared to either treatment alone
[78-81]. For instance, in chronic respiratory infections caused by
Pseudomonas aeruginosa, a pathogen known for its ability to form robust
biofilms, the use of phages in conjunction with antibiotics has led to

significant improvements in patient outcomes [82-85]. This combina-
tion approach is particularly valuable in treating persistent infections
where bacteria have become entrenched in biofilms or when the bac-
terial load is high, thereby requiring a multi-faceted therapeutic
strategy.

Moreover, combination therapy can potentially prevent or delay the
development of antibiotic and phage resistance. By simultaneously
attacking bacteria through different mechanisms—phages disrupting
cell walls and biofilms, and antibiotics targeting bacterial metabolism or
protein synthesis—the likelihood of bacteria developing resistance to
both agents is reduced [86,87]. This approach not only enhances the
immediate efficacy of the treatment but also helps in maintaining the
long-term effectiveness of both antibiotics and phages, which is crucial
in the ongoing battle against antibiotic resistance.

4.3. Phage therapy in agriculture and veterinary medicine

Beyond its applications in human medicine, phage therapy is also
being increasingly explored in agriculture and veterinary medicine as an
approach to lessen the reliance on antibiotics in livestock and poultry
farming [88]. The widespread use of antibiotics in these industries has
contributed to the acceleration of antibiotic resistance, as bacteria in
animals can develop resistance that may then be transferred to humans
through the food chain. Phage therapy offers a promising alternative for
controlling bacterial infections in animals, thereby promoting improved
animal health and decreased antibiotic usage [89].

Studies have shown that phages can effectively target and eliminate
bacterial pathogens in animals, leading to healthier livestock and safer
food products. For instance, phage therapy has been used to control
Salmonella and Campylobacter infections in poultry, E. coli infections in
cattle, and Staphylococcus aureus infections in dairy cows [90-93]. These
applications not only improve the health and productivity of livestock
but also reduce the risk of transmitting antibiotic-resistant bacteria to
humans through meat, dairy, and other animal products. Additionally,
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phage therapy in agriculture aligns with the growing demand for
antibiotic-free and sustainable farming practices, offering a natural and
targeted approach to disease management in animals [94-96]. The use
of phage therapy in agriculture and veterinary medicine also has sig-
nificant implications for food safety and public health. By controlling
bacterial infections in livestock without the use of antibiotics, the spread
of antibiotic-resistant bacteria can be curtailed, ultimately reducing the
burden of antibiotic resistance in human populations.

5. Challenges and limitations of phage therapy

Despite the promising possibility of phage therapy as a substitute or
complement to antibiotics, prior to its widespread adoption, a number of
obstacles and restrictions need to be resolved. in clinical practice. These
challenges range from regulatory and production issues to biological
obstacles such as phage resistance and immune system interactions
[97-100]. Phages entering the bloodstream can interact extensively
with the host immune system, triggering both innate and adaptive re-
sponses as shown in Fig. 4. Each of these factors plays a crucial function
in establishing the feasibility and efficiency of phage treatment and must
be carefully considered to advance this therapeutic approach. Despite its
potential, phage therapy faces significant challenges, including regula-
tory hurdles, production complexities, and phage resistance, as outlined
in Table 2. Addressing these issues requires innovative strategies such as
phage cocktails, enhanced production methods, and better regulatory
frameworks. Overcoming these challenges is crucial for integrating
phage therapy into mainstream clinical practice.
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5.1. Regulatory and production challenges

One of the most significant challenges facing the widespread
implementation of phage therapy is the regulatory framework, partic-
ularly in regions like the United States and Europe. Unlike antibiotics,
which typically have broad-spectrum activity and can be approved for a
wide range of infections, phages are highly specific to particular bac-
terial strains [42]. This specificity requires that each phage or phage
cocktail be individually evaluated and approved for specific bacterial
infections, greatly complicating the regulatory approval process. The
current regulatory landscape, largely designed with broad-spectrum
antibiotics in mind, does not easily accommodate the unique nature of
phage therapy, causing delays and barriers in introducing phage-based
treatments to market.

In addition to regulatory hurdles, the production of phages at a large
scale presents several challenges [107,108]. Phage therapy requires the
production of phages that are pure, stable, and consistent across batches,
which is more complex than the production of traditional antibiotics.
The quality control measures necessary to ensure that phages do not
contain contaminating bacteria or other pathogens and that they
maintain their infectivity and stability over time are rigorous and costly.
Furthermore, phages must be produced in sufficient quantities to meet
therapeutic needs, which can be challenging given the need for cus-
tomization based on the specific bacterial strain being targeted. These
production challenges add to the cost and complexity of developing
phage therapies, potentially limiting their availability and accessibility.

\\

Immune cells Torgef
(e.g.s Bacteria
macrophages)

engulfing the

phages

Encapsulcﬁed Phages - Shielded
from Immune Detection.

aw

Localized Phage Therapy

Fig. 4. Phage immune detection in the bloodstream and approaches for overcoming it. A) The immune system recognizes phages when they are injected into the
bloodstream. As a result, immune cells such macrophages engulf the phages and neutralizing antibodies attach to them, blocking the phages from reaching their
bacterial targets. B) Using genetically modified phages to lessen their immunogenicity, encapsulating phages to prevent immune recognition, and localised phage

therapy to reduce systemic exposure.
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Table 2

Challenges in phage therapy implementation.

Challenge Description Potential Solutions
Regulatory Phages require Develop flexible, adaptive
Approval individualized approval for ~ regulatory frameworks; create

Production and
Quality Control

Phage Resistance

Immune System
Neutralization

Phage-Bacteria
Matching

Public and
Clinical
Awareness

Clinical

Guidelines

Cost and
Accessibility

each bacterial strain;
regulatory frameworks are
not yet standardized for
phage therapy [97].
Ensuring purity, stability,
and consistency in large-
scale phage production is
complex and costly [101].

Bacteria may get resistant
to phages via receptor
mutations or defense
mechanisms [27,103].

The immune system of the
host may identify and
neutralize phages, reducing
their efficacy [99].
Effective treatment requires
precise matching of phages
to bacterial strains,
complicating treatment
[42].

Limited awareness among
clinicians and patients
about phage therapy and its
benefits [101].

Lack of standardized
protocols for phage therapy
use in clinical settings
[106].

High costs associated with
personalized phage therapy
and limited availability
[50].

guidelines specific to phage
therapy.

Invest in advanced
biomanufacturing
technologies [102]; establish
standardized production
protocols.

Use phage cocktails; engineer
phages to target multiple
bacterial receptors [58,104].

Develop encapsulated or
genetically modified phages to
evade immune detection.

Expand phage libraries;
improve diagnostic tools for
rapid bacterial identification
[105].

Conduct educational
campaigns; publish successful
case studies and clinical trial
outcomes.

Develop and disseminate
clinical guidelines based on
emerging research and trial
data.

Scale-up production; research
cost-effective manufacturing
processes; establish funding
mechanisms.

5.2. Phage resistance

Although phage therapy presents a novel method for fighting bac-

terial infections, it is still susceptible to the issue of resistance. Just as
bacteria can develop resistance to antibiotics, they can also evolve
mechanisms to resist phage infection. Phage resistance can develop
through various pathways, including mutations in the bacterial re-
ceptors that phages rely on for attachment and penetrate the cell, or
through the acquisition of defense mechanisms against phages, like
CRISPR-Cas, which allows bacteria to “remember” and target phage
DNA [103,109]. Phage resistance can develop through various path-
ways, including mutations in the bacterial receptors that phages rely on
for attachment. However, unlike antibiotic resistance, which tends to be
permanent and transmissible, phage resistance can sometimes be miti-
gated or reversed. One strategy to overcome phage resistance is the use
of phage cocktails, which are mixtures of different phages that target the
same bacterial species but use different receptors or mechanisms of
action [110]. By attacking the bacteria from multiple angles, phage
cocktails reduce the likelihood that bacteria will simultaneously develop
resistance to all the phages in the mixture. Another strategy is the ge-
netic engineering of phages to alter their binding sites or to bypass
bacterial defense mechanisms, allowing them to infect bacteria that
have become resistant to natural phages. are still being developed and
need further research and refinement to ensure their efficacy and safety
in clinical use.

5.3. Immune system interactions

Another significant challenge in phage therapy is phage-human im-
mune system interaction. As foreign entities, phages can be recognized
and neutralized by the host’s immune defenses, potentially reducing
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their efficacy as a therapeutic agent [99]. The immune system can
respond to phages in several ways, including the generation of
neutralizing phage-binding antibodies that prevent them from infecting
bacterial cells, as well as the activation of immune cells that engulf and
destroy phages. These immune responses can limit the effectiveness of
phage therapy, particularly in cases where repeated dosing is required to
clear an infection. The development of neutralizing antibodies can lead
to a rapid decline in phage titers in the bloodstream, reducing the con-
centration of active phages available to target bacteria. To overcome this
challenge, researchers are exploring various strategies, including the use
of encapsulated phages that are protected from immune detection, or the
development of genetically modified phages that are less likely to trigger
an immune response. Another approach is to administer phages locally,
at the site of infection, where they may be less exposed to the systemic
immune system, or to use phage therapy in combination with immu-
nosuppressive agents that temporarily dampen the immune response
[15,111].

6. Current research and clinical trials

The resurgence of interest in phage therapy, particularly as a
response to the growing crisis of antibiotic resistance, has spurred a
significant body of research and clinical investigation. Current efforts
are focused on both understanding the therapeutic potential of phages in
treating resistant infections and advancing the technology to make
phage therapy more effective, accessible, and personalized. Table 3 of-
fers a comprehensive look at various clinical trials and case studies
where antibiotic-resistant bacterial infections were treated by phage
therapy. It emphasizes the diverse applications of phage therapy, from
chronic otitis to life-threatening sepsis, highlighting both successes and
areas where further research is needed. Each entry includes specific
outcomes, pathogen details, and insights, providing a clear picture of
how phage therapy is being applied in real-world clinical settings.

6.1. Clinical trials and case studies

In recent years, a number of clinical trials and case studies have
demonstrated compelling proof of the effectiveness of phage therapy,
especially when conventional antibiotics haven’t worked [121,122].
These studies have predominantly focused on multidrug-resistant bac-
teria-induced illnesses, including Staphylococcus aureus, Pseudomonas
aeruginosa, and Escherichia coli. For instance, in a notable case, a patient
suffering from a severe Acinetobacter baumannii infection, unresponsive
to antibiotics, was successfully treated with phage therapy. The phages
were able to clear the infection, leading to the patient’s recovery,
highlighting the potential of phages as a life-saving intervention in
critical cases [116,123].

The effectiveness and safety of phage therapy have also been inves-
tigated in clinical trials in various contexts. A randomized controlled
trial conducted in Belgium investigated the use of phage therapy for
treating chronic otitis caused by Pseudomonas aeruginosa. The trial
demonstrated significant bacterial load reduction and clinical
improvement in patients treated with phages compared to those
receiving standard care. Despite these promising results, the trial also
underscored the challenges in phage therapy, such as the need for pre-
cise matching of phages to the infecting bacterial strain and the vari-
ability in patient responses [117]. While these studies provide
encouraging data, they also emphasize the necessity for more extensive
and rigorously controlled clinical trials. The current body of evidence,
though promising, is still limited by small sample sizes, variability in
study design, and the lack of standardized treatment protocols. To
establish phage therapy as a mainstream treatment option, larger-scale
trials are needed to confirm its safety, efficacy, and applicability
across different types of infections. Moreover, these trials should aim to
develop standardized guidelines for phage selection, dosing, and
administration, which are currently lacking in the field [15,48,106].
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Table 3

Key clinical trials and case studies in phage therapy.
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Study/Case Bacterial Pathogen

Condition Treated

Phage Therapy Outcome

Observations

Case Study: Chronic
Otitis [112,113]

Pseudomonas aeruginosa

Clinical Trial: Diabetic
Foot Ulcers [114]

Staphylococcus aureus
(MRSA)

Case Study: Cystic
Fibrosis [84,115]

Pseudomonas aeruginosa

Acinetobacter baumannii
(MDR)

Compassionate Use:
Acinetobacter
baumannii [116]

Clinical Trial: Burn Escherichia coli, Klebsiella
Wound Infections pneumoniae, Pseudomonas
[117] aeruginosa

Clinical Trial: UTI Escherichia coli (MDR)
Treatment [118]

Case Study: Diabetic Leg
Infection [119]

Klebsiella pneumoniae
(MDR)

Clinical Trial: Chronic
Rhinosinusitis [120]

Staphylococcus aureus
(MSSA and MRSA)

Chronic Otitis
Media

Diabetic Foot
Ulcers

Chronic
Respiratory
Infection
Sepsis

Infected Burn
Wounds

Urinary Tract
Infections (UTIs)

Diabetic Leg
Infection

Chronic
Rhinosinusitis

Significant reduction in bacterial load and
marked clinical improvement observed in
patients.

Successful clearance of infection in
approximately 70 % of patients, particularly in
those with multidrug-resistant infections.
Reduced bacterial load, improved lung
function, and better overall respiratory
outcomes.

Full recovery was reported after phage therapy,
with complete clearance of the infection when
all other treatments failed.

Significant reduction in infection severity and
accelerated wound healing observed in phage-
treated patients.

Phage therapy resulted in infection clearance
in 80 % of treated patients, with a notable
decrease in symptoms.

Successful resolution of infection after multiple
courses of antibiotics failed; patient showed
significant improvement in limb function.
Phage therapy led to improvement in sinus
symptoms and reduced bacterial colonization
in 60 % of cases.

Phages were directly administered to the site
of infection, demonstrating efficacy in an
otherwise treatment-resistant condition.
Highlighted the potential use of phage
therapy in addition to or instead of standard
care in chronic, resistant infections.

Phages were administered as part of a
personalized treatment plan, targeting
biofilm-associated infections.

Used in a critical, life-threatening situation,
highlighting phage therapy’s potential as a
last-resort intervention.

This study demonstrated phage therapy’s
effectiveness in complex wound infections,
often resistant to conventional antibiotics.
Phages were delivered directly to the
bladder, showing promise in treating
stubborn UTIs that are resistant to antibiotics.
This case highlighted Phage therapy’s ability
to treat deep, persistent infections that don’t
respond to conventional treatment.

Provided evidence for phage therapy’s role in
treating chronic conditions, especially in
cases with persistent biofilms.

Furthermore, phage therapy has demonstrated efficacy in emergency
cases, particularly when conventional antibiotics fail, but it currently
lacks FDA approval for widespread use due to the absence of standard-
ized guidelines for assessing the genomic safety of phage candidates
[124,125]. Currently, phage therapy is primarily administered under
experimental or compassionate use protocols, often as a last resort in
cases where traditional antibiotics are ineffective [126,127]. A long
history of phage use supports this approach, with minimal adverse ef-
fects, and foundational research that highlights its safety profile. The
approval process for phage therapy is complicated by the unique bio-
logical and pharmacological properties of phages, which differ signifi-
cantly from those of conventional antibiotics. Unlike antibiotics, phages
require replication within the bacterial host to be effective, and often, a
cocktail of multiple phages is needed to treat a single bacterial species
infection effectively [124]. Although phage therapy holds great promise
as an alternative to antibiotics, several challenges remain, including the
potential for phage resistance and the difficulty of ensuring adequate
delivery to infection sites [126]. Despite these hurdles, compassionate
phage therapy (cPT) is available at a limited number of experimental
centers and through individual practitioners [127]. To expand the
availability and improve the quality of phage treatments, there is an
urgent need for more comprehensive guidelines and better central co-
ordination. Further research is essential to fully understand the benefits
and limitations of phage therapy, paving the way for its broader adop-
tion in clinical settings.

6.2. Advancements in phage engineering

Among the most fascinating topics of recent phage therapy research
is the advancement in phage engineering [128]. The advent of genetic
engineering and synthetic biology has opened new possibilities for
enhancing the therapeutic potential of phages. Engineered phages can
be designed to overcome some of the limitations of natural phages, such
as narrow host range, potential resistance development, and limited
efficacy in certain environments [129,130]. For example, researchers
have successfully engineered phages to carry antimicrobial peptides or
enzymes that degrade bacterial biofilms, enhancing their ability to
target and eliminate bacterial infections [131]. These engineered phages
not only attack the bacterial cells directly but also disrupt the protective
barriers that make bacterial communities resistant to treatment. Addi-
tionally, it is possible to modify phages to bypass bacterial defense

systems like the CRISPR-Cas system, which some bacteria use to resist
phage infection [132]. By altering the genetic makeup of phages, sci-
entists can create variants that are less likely to be neutralized by bac-
terial resistance strategies, thereby increasing their effectiveness.
Synthetic biology approaches are also being explored to create entirely
new phage-based therapies. This includes the development of synthetic
phages that do not exist in nature but are designed to have optimal
properties for therapeutic use, such as enhanced stability, broader host
range, and reduced immunogenicity [133-135]. These innovations hold
the potential to revolutionize phage therapy by creating more versatile
and powerful tools to combat bacterial infections, especially in the
context of antibiotic resistance.

6.3. Personalized phage therapy

The concept of personalized phage therapy represents a significant
shift towards more tailored and precise medical treatments [136-138].
Unlike conventional antibiotics, which are often prescribed based on the
general class of bacteria responsible for an infection, personalized phage
therapy involves the selection or engineering of phages that are specif-
ically matched to the bacterial strain infecting an individual patient.
With the advancement of genomic and diagnostic technology, it is now
more possible to identify the bacterial pathogen quickly and accurately,
which is necessary for this method. The first step in personalized phage
therapy is to isolate and identify the bacterial strain that is causing the
infection [139]. Once the bacteria are identified, phages from a library
are screened to find those that are effective against the specific strain
[58]. In cases where no suitable phages are found in existing libraries,
phages can be isolated from environmental samples or engineered to
target the pathogen. This tailored approach ensures that the treatment is
highly specific and effective, reducing the likelihood of resistance
development and improving patient outcomes. Next-generation
sequencing (NGS) and other sequencing technology advancements,
have greatly facilitated the rapid identification of bacterial pathogens,
enabling quicker and more accurate matching of phages to infections
[107]. Additionally, personalized phage therapy can be adjusted in real
time based on the patient’s response, allowing for a dynamic treatment
approach that adapts to the evolving nature of bacterial infections.
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7. Future directions

As the global threat of antibiotic resistance continues to escalate, the
need for alternative therapeutic strategies becomes increasingly urgent.
Phage therapy, with its unique mechanisms and potential to target
antibiotic-resistant bacteria, stands out as a promising solution. How-
ever, for phage therapy to transition from experimental treatment to
mainstream medical practice, several critical steps must be taken to
address existing challenges and expand its applicability.

7.1. Integration into clinical practice

For phage therapy to achieve widespread clinical adoption, a robust
framework must be established that addresses the regulatory, produc-
tion, and clinical implementation challenges currently hindering its
progress. One of the foremost requirements is the development of reg-
ulatory frameworks that are more adaptable to the unique nature of
phage therapy. Unlike antibiotics, which can be broadly classified and
approved for general use, phages are highly specific to bacterial strains,
necessitating a more nuanced and flexible approach to their approval
and regulation. Regulatory agencies, such as the FDA in the United
States and the EMA in Europe, must work closely with researchers and
clinicians to develop guidelines that balance the need for rigorous safety
and efficacy testing with the flexibility required to accommodate the
diversity and specificity of phages [76].

In addition to regulatory challenges, improving the production and
quality control methods for phages is crucial. High standards for purity,
stability, and consistency must be maintained to ensure that phage
therapies are both safe and effective. This requires significant ad-
vancements in biomanufacturing technologies, as well as the establish-
ment of standardized protocols for phage production. Moreover, clear
clinical guidelines need to be developed, outlining best practices for the
use of phage therapy in various contexts, from selecting appropriate
phages to determining optimal dosing and administration routes [15,
106,140]. The successful integration of phage therapy into clinical
practice will depend on a coordinated effort among researchers, clini-
cians, and regulatory agencies to overcome these barriers.

7.2. Expansion of phage libraries

The effectiveness of phage therapy is largely dependent on the
availability of diverse phages capable of targeting a wide range of bac-
terial pathogens [141]. Expanding phage libraries to cover a broader
spectrum of bacteria is therefore essential for the widespread application
of phage therapy. High-throughput screening methods and meta-
genomic approaches offer promising avenues for the discovery and
characterization of new phages from environmental samples, including
soil, water, and sewage [59,128,142]. By leveraging these advanced
techniques, researchers can rapidly identify and catalog phages with
potential therapeutic applications, thereby increasing the diversity of
phages available for clinical use. In addition to expanding the number of
phages in existing libraries, it is also important to enhance the func-
tionality and specificity of these phages through genetic engineering and
synthetic biology. Engineering phages to target multiple bacterial
strains or to overcome bacterial resistance mechanisms can significantly
broaden their therapeutic utility. As phage libraries grow and become
more sophisticated, the ability to quickly match effective phages to
specific bacterial infections will improve, making phage therapy a more
viable option for treating a wider array of bacterial diseases.

7.3. Public and clinical awareness

Raising awareness about phage therapy among clinicians, patients,
and the broader public is a critical step in fostering acceptance and
confidence in this emerging treatment. Despite its potential, phage
therapy remains relatively unknown outside of scientific and medical
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research communities [143-145]. Educational initiatives aimed at
informing healthcare professionals about the benefits, mechanisms, and
applications of phage therapy are essential. These initiatives can be
facilitated through medical conferences, continuing education pro-
grams, and the addition of phage therapy to the curriculum of medical
schools. For the public, increasing awareness about phage therapy
through media campaigns, patient advocacy groups, and public health
organizations can help build trust in phage-based treatments. Dissemi-
nating successful case studies and clinical trial results can further vali-
date the efficacy of phage therapy, demonstrating its potential as a
viable alternative to traditional antibiotics. As awareness grows, it will
be important to manage expectations by clearly communicating both the
potential benefits and the current limitations of phage therapy, ensuring
that patients and clinicians are well-informed when considering this
treatment option.

8. Conclusion

Phage therapy represents a promising and innovative approach to
addressing the critical challenge of bacterial infections resistant to an-
tibiotics. With its unique mechanism of action, which allows for the
targeted destruction of specific bacterial pathogens, phage therapy of-
fers significant advantages over traditional antibiotics, including
reduced collateral damage to beneficial microbiota, the ability to
penetrate biofilms, and a potentially lower risk of resistance develop-
ment. Despite these advantages, the widespread adoption of phage
therapy faces several hurdles, including regulatory challenges, produc-
tion difficulties, and the need for larger-scale clinical trials to establish
standardized protocols.

Recent advancements in phage engineering, the expansion of phage
libraries, and the growing focus on personalized phage therapy have
significantly enhanced the potential of this treatment modality. How-
ever, for phage therapy to transition from experimental to mainstream
medicine, concerted efforts are needed to address the existing barriers.
Collaboration between researchers, clinicians, regulatory agencies, and
industry stakeholders will be crucial in overcoming these challenges and
ensuring the safety, efficacy, and accessibility of phage-based treat-
ments. As awareness of phage therapy continues to grow among
healthcare professionals and the public, and as further research and
clinical trials provide more robust evidence of its effectiveness, phage
therapy is poised to play a critical role in the future of infectious disease
treatment. By embracing this innovative approach, we can potentially
revolutionize the management of bacterial infections, especially those
that don’t respond to existing antibiotics, and make significant strides in
the global effort to combat antibiotic resistance.
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