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Abstract

Background: The rise of antibiotic-resistant bacteria poses a significant threat to global health,
necessitating innovative therapeutic strategies. Bacteriophages, viruses that specifically target bacteria,
have emerged as a promising alternative to conventional antibiotics. This review explores the clinical
applications of phage therapy, focusing on their potential in drug development and treatment of resistant
infections.

Methods: A comprehensive literature review was conducted, analyzing studies published between 2000
and 2023 that investigated phage therapy's efficacy against multidrug-resistant (MDR) bacteria. Databases
such as PubMed, Scopus, and Web of Science were utilized to identify relevant articles, with a focus on
clinical trials and case studies demonstrating phage treatment outcomes.

Results: Phage therapy has demonstrated significant effectiveness in treating infections caused by MDR
pathogens, including methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant
Enterococci (VRE). Clinical studies reported success rates of up to 77% in eradicating targeted bacteria.
Additionally, phages have shown promise in biofilm disruption and targeting intracellular infections. The
adaptability of phages has also facilitated their use in vaccine development and gene delivery systems,
enhancing their therapeutic potential.

Conclusion: Phage therapy represents a revolutionary approach in combating antibiotic-resistant
infections, offering specificity and the ability to self-amplify at the infection site. While challenges such as
regulatory hurdles and phage stability remain, ongoing research and technological advancements are
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paving the way for phage-based therapeutics to become integral in modern medicine. Future studies should
focus on optimizing phage engineering and delivery methods to maximize clinical efficacy.
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1. Introduction

Phage treatment, using bacteriophages to combat bacterial infections, has a historical lineage that traces
back to the early 20th century. Bacteriophages, often referred to as phages, are viruses that only target
bacteria. Frederick Twort originally identified them in 1915, followed separately by Félix d’Hérelle in 1917,
who noted their capacity to eradicate bacterial cultures [1,2]. Notwithstanding their initial potential, the
introduction of antibiotics in the 1940s resulted in a reduction in phage research and use in the Western
world. The emergence of antibiotic-resistant bacteria has renewed interest in phage treatment as a
potential alternative or adjunct to conventional antibiotics [3-5]. The worldwide health emergency caused
by antibiotic resistance has necessitated immediate demands for innovative antimicrobial approaches.
Multidrug-resistant (MDR) bacteria, including methicillin-resistant Staphylococcus aureus (MRSA),
vancomycin-resistant Enterococci (VRE), and extended-spectrum {-lactamase (ESBL) generating
Enterobacteriaceae, pose substantial difficulties to global healthcare systems. Phage treatment provides a
precise method to address these microorganisms. In contrast to broad-spectrum antibiotics, phages have a
high specificity for their bacterial hosts, hence minimizing effects on beneficial microbiota and reducing the
possibility of collateral harm [6].

Phages have shown effectiveness against biofilm-related illnesses, which are notoriously difficult to manage
with standard antibiotics. Biofilms, organized bacterial colonies wrapped in a self-generated polymeric
matrix, are associated with persistent infections and exhibit resistance to drugs and immunological
responses. Phages may infiltrate biofilms, reproduce inside bacterial cells, and dismantle the biofilm matrix,
rendering them effective agents against biofilm-related illnesses [7]. Besides addressing external bacteria,
phage treatment is being investigated for its capacity to target intracellular infections. Intracellular bacteria,
like Mycobacterium TB and Salmonella spp., inhabit host cells, circumventing several medications that fail
to penetrate cellular membranes successfully. Progress in phage engineering and delivery systems is
creating new opportunities for using phages to address these concealed illnesses [8].

Phage treatment has considerable potential in combating bacterial infections, although it is just one aspect
of phage-based pharmaceutical research. Phage-based medication research includes a variety of new uses
beyond conventional phage treatment for bacterial diseases [9,10]. In addition to their function in direct
bacterial lysis, phages are being used for many new applications, such as vaccine development, cancer
treatment, and as vectors for gene delivery systems. Phage display technique, which entails the expression
of peptides or proteins on the surface of phage particles, has transformed vaccine development. This
approach facilitates the display of antigens inside a highly immunogenic framework, perhaps resulting in
more efficacious vaccinations [11,12]. Phages are being explored as anti-cancer drugs in oncology.
Researchers are developing phages to target tumor-specific markers in order to specifically deliver
therapeutic drugs to cancer cells, thereby reducing harm to healthy organs. Moreover, the immunogenic
characteristics of phages may elicit an anti-tumor immune response, providing a dual mode of action
against cancer [13,14]. Phages also provide potential as drug-delivery systems (DDS) for gene therapy.
Their capacity to encapsulate and transport genetic material to targeted cells renders them ideal vectors
for administering therapeutic genes, including those used in CRISPR-Cas systems for gene editing. The
precision and efficacy of phage-mediated delivery methods have the potential to transform gene therapy.
The extensive range of applications emphasizes the adaptability of phages in tackling diverse medical issues
and reinforces the need for a holistic strategy in phage-based medication development.

Notwithstanding these encouraging uses, several technical and regulatory obstacles must be surmounted
to fully actualize the promise of phage-based therapeutics. Concerns about phage stability, immunological
response, and regulatory licensing need meticulous attention [15,16]. Nonetheless, with continuous study
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and technical progress, phage treatment is set to become a crucial element of contemporary medicine,
providing optimism in combating antibiotic-resistant illnesses and more. This study seeks to give a
thorough examination of the present status of phage-based medication development, including its
applications in addressing drug-resistant bacterial infections, biofilm-associated diseases, intracellular
pathogens, vaccine formulation, cancer treatment, and gene delivery systems. By thoroughly analyzing and
discussing these aspects, we want to highlight the opportunities and obstacles of phage treatment in the
current medical environment.

2. Revised Mechanisms of Phage Action

Phages, or bacteriophages, are established viruses that infect bacteria. Their modes of action are varied and
sophisticated, including complex interactions with bacterial hosts. Recent breakthroughs in molecular
biology and genetics have elucidated these pathways, offering revised views on the impacts of phages.

The first stage of the phage life cycle involves adsorption to the bacterial surface, facilitated by particular
interactions between phage proteins and bacterial receptors. Recent investigations have identified novel
receptor-binding proteins (RBPs) that enhance phage selectivity and efficacy. Receptor-binding domains of
phages exhibit fast evolution, enabling adaptation to changes in bacterial surfaces [17,18]. Labrie et al.
elucidate the many defensive mechanisms that bacteria have evolved to counter phage adsorption,
highlighting the significance of comprehending these interactions for the advancement of phage treatment
[19]. This versatility is essential for creating phages that can target antibiotic-resistant bacteria.

Subsequent to adsorption, phages introduce their genetic material into the bacterial cell. Advancements in
cryo-electron microscopy have clarified the intricate architectures of phage tail machinery involved in this
process. Hu et al. elucidated the structure of the bacteriophage T7 DNA-injection apparatus, offering
insights into the mechanisms by which phages circumvent bacterial defenses during genome injection [20].
Moreover, several phages use advanced techniques to penetrate bacterial cell walls, including the enzymatic
breakdown of peptidoglycan layers [86]. These results highlight potential objectives for improving phage-
delivery systems in therapeutic applications.

Phages have several replication mechanisms that are closely associated with their categorization in the lytic
or lysogenic lifecycle. Salmond and Fineran [21] have extensively examined the development of replication
techniques and the regulatory components governing the transition between lytic and lysogenic cycles.
Moreover, phage-replication processes exhibit a modular configuration of replication genes within their
genomes, enabling a systematic investigation of these techniques across many phages, such as f1/fd, ¢X174,
P2, P4, A, and T4. These investigations have greatly enhanced our comprehension of DNA replication,
especially regarding the interaction between phage-encoded and host-replication components. Weigel et
al. emphasize the significance of replication origins and their related proteins, offering a rich resource for
further study [22].

Phages often possess genes that encode toxins and enzymes, which promote bacterial cell lysis and exploit
host cellular machinery. Penadés and Christie discovered novel categories of phage-encoded proteins that
disrupt bacterial metabolism and immunological responses, enhancing comprehension of phage-bacteria
interactions [23]. Harper et al. detail phages that generate enzymes proficient in dissolving bacterial
biofilms, hence augmenting their therapeutic efficacy against biofilm-related illnesses [24].

Phages are essential in horizontal gene transfer (HGT), facilitating the dissemination of antibiotic resistance
genes among bacterial populations. Lerminiaux and Cameron elucidate the methods via which phages
facilitate horizontal gene transfer and the consequences for antibiotic resistance [25]. Engineered phages
have been created to reduce the possibility of spreading deleterious genes while enhancing therapeutic
advantages. Usman et al. emphasize the use of synthetic biology to engineer phages that specifically target
and eliminate resistance genes from bacterial genomes [26].

The co-evolution of phages and their bacterial hosts is a dynamic process that affects phage effectiveness.
Contemporary high-throughput sequencing methods have elucidated the evolutionary conflict between
phages and bacteria. Hampton et al. examine the ongoing development of phages and bacteria, highlighting
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its influence on the efficacy of phage treatment and the need of comprehending these dynamics [27]. Wright
et al. underscore the need for phage treatments that maintain efficacy over time and do not induce rapid
bacterial resistance [28].

The efficacy of phage treatment relies on both the interaction with bacterial cells and the human immune
system. Hodyra-Stefaniak et al. shown that phages may influence the immune response, sometimes
augmenting it to facilitate bacterial elimination [29]. Sweere et al. found phage proteins that engage with
immune cells, paving the way for the development of phage-based immunotherapies [30].

The efficient administration of phages to the infection site is essential for therapeutic efficacy. Durr et al.
delineate revised delivery methodologies, including the encapsulation of phages inside biocompatible
substances like liposomes and hydrogels to safeguard them from the human immune response and
augment their stability [31]. Malik et al. emphasize the progress in delivery methods essential for the
development of phage-based therapeutics applicable in various clinical environments [32]. The inhalation
of phages as a therapeutic approach for pulmonary infections is a burgeoning field of investigation,
presenting a prospective focused therapy modality. Shien et al. shown that direct phage delivery to the lungs
by inhalation may more effectively target the illness location, possibly reducing bacterial burden and
inflammation while maintaining the normal microbiome. This approach signifies an innovative and focused
tactic in combating respiratory infections [33].

The revised comprehension of phage processes introduces regulatory and ethical implications for phage
treatment. Abedon et al. emphasize the need of tackling safety, standardization, and public acceptability as
phage-based therapies advance towards widespread clinical use [6]. Pirnay et al. [34] underscore the need
for continuous investigation into phage mechanisms to guide regulatory frameworks and guarantee the
proper advancement of phage-based therapeutics. The methods of phage activity, from adsorption to lysis,
underscore the accuracy and efficacy of phages in targeting bacterial illnesses. Comprehending these
pathways is essential for enhancing phage treatment and addressing the issues presented by bacterial
resistance.

Recent breakthroughs in molecular biology and genetics have enhanced our comprehension of
bacteriophages (phages) and their methods of action, which are essential for phage-based medication
development. Phages infect bacteria via a number of intricate stages, beginning with adsorption to the
bacterial surface, where receptor-binding proteins enhance specificity and effectiveness. Subsequently,
phages inject their genetic material into the bacterial cell, a process clarified using cryo-electron
microscopy. Their varied replication mechanisms, capable of alternating between lytic and lysogenic cycles,
have considerable significance for therapeutic applications. Phages encode toxins and enzymes that
promote bacterial cell lysis and destroy biofilms, hence augmenting their therapeutic efficacy. Furthermore,
phages are integral to horizontal gene transfer, facilitating the dissemination of antibiotic resistance genes,
while modified phages are designed to reduce this danger. Comprehending these complex pathways is
essential for enhancing phage treatment and combating bacterial resistance.

3. Phage Therapy for Antibiotic-Resistant Bacterial Infections

The emergence of antibiotic-resistant microorganisms presents a considerable danger to worldwide public
health, requiring the formulation of alternative treatment approaches. Phage treatment employs
bacteriophages to specifically target and eliminate bacteria, presenting a potential approach to address
drug-resistant illnesses.

Antibiotic resistance has emerged as a significant concern in contemporary medicine, resulting in
heightened morbidity and death rates. Research by the World Health Organization (WHO) indicates that
antibiotic-resistant bacteria account for around 700,000 fatalities per year globally, with forecasts
suggesting up to 10 million deaths yearly by 2050 if no effective interventions are implemented [35].
Bacterial evolution and the acquisition of resistance mechanisms have surpassed the advancement of novel
antibiotics, underscoring the critical need for alternative therapies.
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Phage treatment utilizes bacteriophages to specifically target and destroy harmful bacteria, providing
several advantages over conventional antibiotics. In contrast to broad-spectrum antibiotics, phages exhibit
excellent specificity, only attacking the bacteria of interest while preserving beneficial microbiota. This
selectivity diminishes the likelihood of subsequent infections and alleviates the development of resistance
[36]. Moreover, phages possess the ability to self-amplify at the infection site, therefore delivering a
prolonged therapeutic impact [37].

Phages have a high specificity for their bacterial hosts, enabling targeted therapy for multidrug-resistant
pathogens while preserving beneficial microbiota. This specificity is especially beneficial in addressing
infections induced by organisms including methicillin-resistant Staphylococcus aureus (MRSA),
vancomycin-resistant Enterococci (VRE), and carbapenem-resistant Enterobacteriaceae (CRE). Global
clinical research are already underway about the use of phages, with a primary emphasis on drug-resistant
bacterial diseases. A Belgian collaboration including 35 institutions across 29 cities and 12 countries
recently published the findings of a clinical research involving 100 patients of tailored bacteriophage
treatment [38]. The research revealed clinical improvement and eradication of the targeted bacteria in
77.2% and 61.3% of illnesses, respectively, indicating the efficacy of phage treatment against drug-resistant
bacteria.

4. Vaccines Utilizing Bacteriophages

Phage-based vaccines provide an innovative method for vaccine development, providing specific benefits
compared to conventional platforms. This section examines the basics of phage-based vaccine design,
including the use of phages as antigen delivery vehicles, the effectiveness of phage display systems, and the
advantages of multivalent and adjuvant characteristics. Integrating antigenic peptides into phage
architecture enhances immune responses and offers extensive protection against diverse infections. The
novel design and adaptable uses of phage-based vaccines highlight its potential to transform vaccine
development and tackle many infectious illnesses. Figure 3 depicts the comprehensive pathway of immune
response activation by phage-based vaccinations.
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Figure 3. Mechanism of immune response activation by phage-based vaccinations.

Phage-based vaccines use bacteriophages as vectors to convey immunogenic epitopes, leveraging their
capacity to efficiently transmit antigenic peptides or proteins to the immune system. This section delineates
the fundamental concepts of phage-based vaccine design, including the function of phage-display systems
in antigen presentation, the benefits of multivalent vaccines in addressing various infections, and the
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inherent adjuvant characteristics of phages that augment immune responses. By incorporating these ideas,
phage-based vaccines provide unique and adaptable options for the development of effective vaccinations
against many infectious illnesses.

Phage-display systems, particularly filamentous phages like M13 and T7, are essential for displaying foreign
antigens on the phage surface. Antigenic peptides or proteins are genetically conjugated to phage coat
proteins, which are then produced and shown during phage replication. This approach has been thoroughly
examined by Gonzalez-Mora et al. and Mohammad Hasani et al., emphasizing its effectiveness in antigen
delivery [11,39].

Multivalent vaccinations: Phage-based vaccinations may concurrently display numerous antigenic
epitopes, therefore augmenting the breadth and specificity of the immune response. Multivalent
vaccinations may target many strains or variations of a disease, providing enhanced protection. Bao et al.
highlight the adaptability of multivalent phage-based vaccines in offering broad protection against
antigenically varied pathogens [40]. The use of this methodology in SARS-CoV-2 vaccines has been
investigated by Zhu et al. and Tao et al. [41.42].

Adjuvant characteristics: Phages possess inherent adjuvant characteristics that may activate innate
immune responses. They may stimulate Toll-like receptors (TLRs) and other pattern-recognition receptors
(PRRs), consequently augmenting antigen presentation and cytokine synthesis. The adjuvant action is
essential for the efficacy of phage-based vaccinations. Research conducted by Jepson and March and Gérski
et al. highlights the capacity of phages to function as adjuvants in vaccine formulations [43,44]. The current
study by Krut and Bekeredjian-Ding further investigates the modulation of immune responses by phage
treatment [45]. Phage-based vaccinations are both unique in design and diverse in use. Their capacity to
present several antigens, together with their adjuvant characteristics, renders them an invaluable asset in
the formulation of vaccines for numerous infectious illnesses.

5. Mechanisms of Immune Activation

Phage-based vaccines are emerging as effective instruments in immunotherapy, capable of eliciting both
innate and adaptive immune responses via various pathways. This section examines the processes,
emphasizing the interactions between phages and the immune system that resulted in successful
immunization. It specifically investigates the mechanisms by which phages trigger innate immune
responses, enhance antigen presentation, and promote the activation of both T cells and B cells. Key
research in the subject highlights the complex mechanisms and promise of phage-based vaccines in
enhancing vaccine development.

Phages activate innate immunity by engaging pattern-recognition receptors (PRRs) on antigen-presenting
cells (APCs), identifying pathogen-associated molecular patterns (PAMPs). This connection stimulates the
synthesis of pro-inflammatory cytokines, chemokines, and Type I interferons, hence augmenting antigen
presentation and the recruitment of immune cells. Van Belleghem et al. and Popescu et al. elucidate the
complex processes of this activation, emphasizing the importance of phages in regulating the innate
immune system [46,47]. Carroll-Portillo and Lin provide significant insights on the impact of
bacteriophages on the innate immune-signaling system [48]. Their research demonstrates that phages may
engage with immune cells, including macrophages and dendritic cells, and they can influence critical
signaling pathways, such as the Toll-like receptor (TLR) pathways. This interaction may result in the
activation or inhibition of innate immune responses, contingent upon the circumstances. Phages' capacity
to influence these pathways indicates their potential significance in altering the host's immunological
milieu, which may have consequences for therapeutic applications and the comprehension of host-
pathogen interactions.

Phage-based vaccines proficiently convey antigenic epitopes to antigen-presenting cells, including
dendritic cells, macrophages, and B cells. These cells process and communicate antigens to T cells, so
starting the adaptive immune response. This process results in the activation and development of antigen-
specific T lymphocytes and B cells. The effectiveness of this antigen transport and presentation is shown by
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Sartorius et al., who revealed that filamentous bacteriophages may elicit strong immune responses via
TLR9-mediated pathways [49]. Xu et al. underscore the efficacy of phage-display technologies in selectively
targeting immune cells [50].

Activation of T Cells: Antigens delivered by phages are essential for the activation of antigen-specific T cells.
This stimulation leads to the proliferation and differentiation of effector T lymphocytes. CD4+ T cells
facilitate B cell antibody generation, but CD8+ T cells play a crucial role in cellular immunity by destroying
infected cells. Chatterjee and Duerkop investigate the function of phage-based vaccinations in T cell
activation, addressing novel paradigms in phage-eukaryotic host interactions [51].

Phage-based vaccinations induce B cell activation and antibody synthesis targeting the delivered antigens.
Activated B cells experience clonal proliferation and develop into plasma cells that generate antigen-specific
antibodies. These antibodies neutralize infections and promote their elimination from the body. Eriksson
et al. demonstrate that phages may elicit immunological responses resulting in efficient pathogen
neutralization [52]. Furthermore, Ragothaman and Yoo examine progress in modified phage-based
vaccinations, particularly their influence on B cell activation [53]. The many pathways via which phage-
based vaccinations activate both innate and adaptive immune responses highlight their promise as effective
instruments in vaccine development and immunotherapy:.

Phage-based vaccinations provide a flexible and novel strategy for addressing infectious illnesses and more.
This section explores the many uses of these vaccines, emphasizing their effectiveness against bacterial and
viral infections, their potential in cancer immunotherapy, and their promise in combating new infectious
illnesses. Researchers are using the distinctive characteristics of phages to create advanced vaccines that
elicit strong immune responses and provide protection against many health concerns. Significant research
illustrates the efficacy and versatility of phage-based vaccines, highlighting their potential to transform
vaccine development and public health strategies. Phage-based vaccinations have extensive applications in
the prevention of infectious diseases and other areas. Their adaptability makes them indispensable
instruments across several domains:

Phage-derived vaccines have been effectively created to address several bacterial infections. Vaccines aimed
against Streptococcus pneumoniae, Staphylococcus aureus, and Escherichia coli use phages to provide
bacterial surface antigens, toxins, or virulence factors. This method elicits protective immunological
responses that aid in preventing colonization and infection. Yang et al. emphasize the promise of phage-
based vaccinations as alternatives to intricate vaccine systems for bacterial diseases [54].

Phage-based vaccines show potential for viral infections, including influenza, HIV, and hepatitis. Engineered
phages may display viral antigens to elicit both humoral and cellular immune responses. This technique
may improve vaccination effectiveness and provide cross-protection against other virus strains. Gong et al.
examine the use of phage-display technology with epitope design to elicit strong antibody responses against
emerging diseases such as Tilapia Lake Virus [55].

Phage-based vaccines are emerging as novel instruments in cancer immunotherapy. These vaccines may
elicit anti-tumor immune responses by presenting tumor-associated antigens on phage surfaces. The
objective is to stimulate cytotoxic T lymphocytes and facilitate tumor shrinkage. Research conducted by
Iwagami et al. illustrates the efficacy of lambda phage-based vaccines in eliciting antitumor immunity
against hepatocellular cancer [56]. Tao et al. investigate phage T4 nanoparticles for the development of dual
vaccines targeting anthrax and plague, demonstrating their adaptability [42].

Phage-based vaccines have considerable potential for rapid responses to emerging infectious illnesses, such
as COVID-19. Phages may be modified to present epitopes from emerging infections, facilitating the rapid
design and manufacture of vaccines to combat new public health challenges. Staquicini et al. propose
targeted phage-based COVID-19 immunization techniques with an efficient cold-free supply chain,
illustrating their potential to tackle global health crises [57]. Ul Haq et al. highlight the use of phage-based
platforms in the development of multiplex vaccines for COVID-19 [58]. These many uses underscore the

3606

https://reviewofconphil.com



versatility and promise of phage-based vaccines across several domains, including the fight against
infectious illnesses, the enhancement of cancer immunotherapy, and the response to future health threats.

6. Conclusions

Phage-based medication development signifies a revolutionary advancement in contemporary medicine,
surpassing conventional phage treatment for bacterial illnesses. This method utilizes the adaptability of
bacteriophages for many applications, such as cancer therapy, vaccine formulation, and drug-delivery
systems (DDS). Researchers are developing engineered phages to target specific disease markers, deliver
therapeutic agents, and stimulate immune responses, thereby revealing innovative approaches to tackle
intricate medical issues, including improving therapeutic efficacy, combating various pathogens, and
surmounting conventional drug-delivery obstacles.

In cancer therapy, phages are being designed to specifically target and eliminate tumor cells or to carry
cytotoxic chemicals directly to malignant areas, therefore improving therapeutic effectiveness while
reducing harm to healthy cells. This precise targeting is poised to transform oncological care by providing
more individualized and effective therapies. Phage-based vaccines are developing as novel vaccination
treatments, using phages' capacity to deliver antigens that provoke robust and targeted immune responses.
These vaccinations has the capability to battle a diverse range of infections and disorders.

The advancement of phage-based drug-delivery systems (DDS) is a promising direction. Phages may be
engineered to provide medications directly to targeted cells or tissues, surmounting conventional delivery
obstacles and enhancing therapeutic precision. This feature is especially advantageous in addressing
disorders with intricate biological settings or when traditional delivery techniques are inadequate.

Notwithstanding these promising developments, other obstacles need resolution. Guaranteeing the safety
and effectiveness of phage-based therapeutics requires thorough assessment of host-phage interactions,
possible off-target effects, and genetic stability. Regulatory routes must evolve to accommodate these
innovative uses, requiring explicit standards and established methods to enable approval and
commercialization. Furthermore, enhancing phage engineering methodologies and delivery methods
continues to pose a significant challenge, as does surmounting biological barriers and resistance
mechanisms.

Phage-based drug development has significant potential for enhancing treatment approaches in several
medical domains. Ongoing study, innovation, and cooperation are crucial to fully harness the promise of
phages in combating bacterial infections and other complexillnesses. The evolving sector presents a chance
to revolutionize treatment approaches, facilitating the development of more effective, customized, and
targeted medical treatments.
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