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Abstract

Antimicrobial resistance has emerged as a significant global issue in combating bacterial diseases.
Pseudomonas aeruginosa is one of the major opportunistic bacteria that cause acute, chronic, and
nosocomial infections. The WHO has indicated P. aeruginosa as a member of ESKAPE group due to
its high resistance rate to multiple existing treatments. The rapid rises in bacterial strains that are
extensively drug-resistant (XDR), pan-drug-resistant (PDR), and multidrug-resistant (MDR)
significantly increases the morbidity and mortality rates. In response to the escalating challenge of
antimicrobial resistance (AMR), phage therapy has emerged as a promising alternative to the regular
antibiotics. Lytic phages are specific viruses that infect and lyse bacterial cells, offering targeted
antibacterial activity while minimizing disruption of normal microbiota. Recent progresses in specific
bacteriophage isolation, optimized phage cocktail formulation, and combination therapy with
antibiotics have demonstrated significant therapeutic potential in both laboratory and clinical
studies. This review provides an overview of the current molecular mechanisms of antimicrobial
resistance in P. aeruginosa and discusses the therapeutic potential of bacteriophages, highlighting
their advantages, limitations, and future perspectives as an alternative therapy.
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1. Introduction

Pseudomonas aeruginosa is a rod-shaped, motile, gram-negative facultative aerobe bacterium
grows at 37°C, but can also tolerate temperatures ranging from 4°C to 42. Gersard isolated it for the
first time from wound pus in 1882. It is an opportunistic microbe that causes a variety of infection
including systematic infections, gastrointestinal infections, respiratory infections, urinary tract
infections, soft tissue infections, and joint infections in immunocompromised patients[1-3].
Immunocompromised individual with additional predisposing conditions such as indwelling
devices, burns, ocular injuries, or chronic diabetic wounds are particularly vulnerable to P. aeruginosa
infections|2]. P. aeruginosa belongs to the class of bacteria known as ESKAPE, which are distinguished
by their multidrug resistance and important role in nosocomial infections. The ESKAPE pathogens
includes Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumonia, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter spp [4,5]. Infections caused by P. aeruginosa pose significant
public health challenges because of the escalating prevalence of antibiotic resistance. According to a
WHO report, P. aeruginosa is one of the primary antibiotic-resistant bacteria for which the
development of new antibiotics is critically needed [4,6,7].

1.1. Global Challenges of Pseudomonas aeruginosa Infection

P. aeruginosa is one of the common bacteria that cause acute, chronic, and nosocomial infections.
It is prevalent in a clinical settings due to its ability to colonize moist environments, and it accounts
for around 10% of hospital-acquired infections [8]. In various regions of the world, including North
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America, Europe, Asia-Pacific, Latin America, and Africa, P. aeruginosa is frequently isolated from
pneumonia patients. In hospitalized patients, P. aeruginosa is most frequently linked to ventilator-
associated pneumonia (44.6%), bloodstream infections (27.9%), and surgical site infections (19.1%). It
is also responsible for 12% of hospital-acquired urinary tract infections (UTIs), most commonly
associated with urinary catheterization, instrumentation, or surgical procedures, and is a frequent
cause of infections among patients in intensive care units, accounting for 16.2% infection rate[9-12].
Mortality rates for serious infections, such as bloodstream infections and ventilator-associated
pneumonia, range from 32% to 58.8%. Chronic P. aeruginosa infections are a major cause of morbidity
and mortality among cystic fibrosis (CF) patients, with prevalence rates up to as 49.6%[13,14]. The
potential for P. aeruginosa to cause a wide range of diseases and the rapid emergence of antibiotic
resistance pose a serious threat to global health; treatment failure is being reported more frequently
globally [15,16].

1.2. Antibiotic Resistance

Antimicrobial resistance (AMR) is characterized by microorganisms' capacity to withstand
exposure to antimicrobial agents intended to eradicate them. The WHO has listed AMR as one of
the major global health threats and a leading cause of mortality, accounting for approximately 9% of
all deaths globally; In 2019, it was estimated that antimicrobial-resistant infection caused 1.27 million
fatalities globally, estimation suggests that, without a change in current therapy trends, antimicrobial
resistance could result in a minimum of 10 million deaths annually and economic losses of
approximately one trillion US dollars per year by 2050 [8,17-19]. The inappropriate antimicrobial
agents use, coupled with the several resistance mechanisms of bacteria, has led to the development
of drug-resistant strain. Additionally, poor regulation of antimicrobial drugs, insufficient monitoring
of AMR emergence, misuse of antibiotics in healthcare facilities, and deficient quality assessments for
available antibiotics are key contributing factors to the spread of AMR in developing nations[20,21].

1.3. Antibiotic Resistance in Pseudomonas aeruginosa

P. aeruginosa is a significant multidrug-resistant (MDR) pathogen responsible for high morbidity
and mortality rates. The rising prevalence of healthcare associated infections caused by MDR P.
aeruginosa strains significantly complicates the selection of effective treatment. MDR defined as the
ability to withstand various antimicrobial agents from three or more classes of antibiotics, whereas
XDR is the ability to withstand nearly all antimicrobial agents from multiple classes of antibiotics
while still being susceptible to only one or two categories. In P. aeruginosa MDR described as the
resistance to three or more antibiotic categories, including penicillin/cephalosporin/monobactam,
carbapenems, aminoglycosides, and fluoroquinolones [22,23].

Recent global systematic reviews and meta-analyses indicate that MDR P. geruginosa remains a
major clinical challenge worldwide. In clinical isolates of P. aeruginosa, resistance rates to third-
generation cephalosporins such as ceftazidime were approximately 66.8 %, and resistance to
ceftriaxone reached as high as 98.7 % in meta-analysis data[24,25].

Carbapenem (imipenem, meropenem) once considered as a last-resort antibiotics, is now have
widespread resistance, with global prevalence reported around 30-40 %, driven by efflux pump
overexpression, porin loss, and carbapenemase production [26]. High resistance rates are also
observed for fluoroquinolones 64.9% and 41.8% aminoglycosides, further limiting empirical
treatment options. The rising prevalence of MDR and XDR P. aeruginosa strains results the increased
clinical severity and poorer clinical outcomes. For example, the death rate for MDR P. aeruginosa
bloodstream infections is 58.8%, while that of non-MDR strains is 43.2%. All of these patterns indicate
the depleting therapeutic options available to combat MDR P. aeruginosa and emphasize the need for
improved alternative therapy [27-29].

1.3.1. Antibiotic Resistance Mechanisms of Pseudomonas aeruginosa
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The main resistance mechanisms of P. aeruginosa can be divided into three categories: acquired,
intrinsic, and adaptive [23,30] .

1.3.1.1. Intrinsic Antibiotic Resistance Mechanism

This resistance mechanism is based on the Bacteria's inherent capacity to reduce the effectiveness
of a specific antibiotic as a result of its structural or functional traits. P. aeruginosa possess natural
resistant to several antibiotics, such as aminoglycosides, beta-lactams, and fluoroquinolones. This
resistance mechanism involves restricted outer membrane permeability, an efflux system that expels
drugs from the cell, and the synthesis of enzymes like 3-lactamases that deactivate antibiotics [31—
33].

1.3.1.2. Outer Membrane Permeability

Most antibiotics needs to break the cell membrane to reach their targets site within the cell to
effectively target P. aeruginosa infections. The outer membrane of P. aeruginosa consists an asymmetric
bilayer of phospholipid and LPS porins embedded in it which limits the penetration of small
hydrophilic compounds and blocking larger ones, which prevents the entry of antibiotics[23]. P.
aeruginosa possesses various specialized porins such as OprB, OprD, OprP, and OprO allows the
transport of specific molecules including antibiotics across the outer membrane. Antibiotic entry
depends on porin expression, channel structure, and molecular compatibility. When porins are
downregulated, lost, or structurally altered, drug influx is reduced leading to resistance. For instance,
OprD mutation or deletion is one of the primary causes of carbapenem resistance. Altered porin in
conjunction with efflux pumps and {-lactamase synthesis significantly contributes to the rise of
multidrug-resistant P. aeruginosa [34-36].

1.3.1.3. Efflux Systems

Antimicrobial agents produce toxic substances inside bacterial cells, which threaten bacterial cell
survival. To encounter this, bacteria uses efflux pumps that actively expel these harmful substances
from the cell by using ATP or proton motive force[8]. These efflux pumps are categorized into
different families, including the resistance nodulation division (RND) family, proteobacterial
antimicrobial compound efflux (PACE) family, major facilitator superfamily (MFS), ATP binding
cassette (ABC) superfamily, small multidrug resistance (SMR) family, and multidrug and toxic
compound extrusion (MATE) family[23,37].

The RND family efflux pump proteins are crucial for antibiotic resistance in P. aeruginosa. Twelve
RND efflux pumps are present in this bacteria, including four distinct ones (MexAB-OprM, MexEE-
OprN, MexCD-Opr], and MexXY-OprM)[23]. MexAB-OprM is responsible for (-lactam and
quinolone efflux, while MexXY-OprM pump out aminoglycosides, MexEF-OprN extrudes
quinolones, and MexCD-Opz] may expel [-lactams [23,38]. The excessive production of multiple
efflux pumps has been observed in certain P. aeruginosa strains leading to increased resistance to
antibiotics and playing role in the emergence of MDR. MexAB OprM and MexXY overexpression is
prevalent in strains, accounting for up to 30% of cases [23,39].

Additionally, efflux pump families that contribute to its multidrug-resistant (MDR) Pseudomonas
aeruginosa includes major facilitator superfamily (MFS) pumps export a limited range of substrates,
such as tetracyclines and chloramphenicol, while the smaller small multidrug resistance (SMR)
family pumps remove cationic compounds such as quaternary ammonium compounds and dyes.
ATP binding cassette (ABC) transporters superfamily, primarily involved in nutrient uptake, can
potentially lead to the resistance to antibiotics. Furthermore, the proteobacterial antimicrobial
compound efflux (PACE) family expels particular small antimicrobial compounds, such as cationic
biocides and structurally related agents, while the multidrug and toxic compound extrusion (MATE)
family, which includes PmpM, uses proton or sodium gradients to extrude fluoroquinolones and
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other cationic compounds. The synergistic activity of these efflux systems enhances drug resistance
in P. aeruginosa [40—43].

1.3.2. Acquired Antibiotic Resistance Mechanism of P. aeruginosa

Antibiotic resistance in P. aeruginosa can be acquired by horizontal gene transfer, such as
transformation, transduction, and conjugation, or by mutational alterations. Mutation is one of the
main mechanisms of acquired resistance, which results in altered antibiotic targets, decreased
antibiotic uptake, overexpression of efflux pumps, and the synthesis of antibiotic-inactivating
enzymes. These modifications allow the bacteria to withstand the impacts of antibiotic
compounds[38,39,44]. One of well-studied example is OprD gene mutations, which cause OprD
expression to be down-regulated and results in resistance to imipenem (IMP). Additionally,
meropenem (MEM) susceptibility varies based on the type of OprD gene mutations [36,39,44].
Furthermore, mutations in certain gene loci for lipid A synthesis, which would modify lipid A by 4-
amino-4-deoxy-L-arabinose (L-Ara4N), as well as the up-regulation of the LPS modification pathway,
are the causes of P. aeruginosa’s resistance to colistin. Colistin heterogeneous resistance is also
mediated by two-component regulatory systems (TCS), including PhoPQ, ParRS, and CprRS [45,46]

1.3.2.1. Acquired [-Lactamases Production

[-lactamases are enzymes found at periplasmic region of the bacterium that hydrolyzed the f3-
lactam ring of antibiotics which degrades the antibiotic's active site and prevent its potency. In P.
aeruginosa, two types of 3-lactamases are recognized Extended-spectrum {3-lactamases (ESBLs) and
AmpC B-lactamase: ESBLs are typically plasmid-encoded and acquired through horizontal gene
transfer, confer resistance to penicillins and cephalosporins. In contrast, AmpC (-lactamase is
chromosomally encoded and intrinsic to P. aeruginosa; it is inducible by (-lactam exposure and
hydrolyzes penicillins and cephalosporins[47,48]. Overall, antibiotic resistance genes can be found
on plasmids, transposons, integrons and prophages. Bacteria can obtain these genes through
horizontal gene transfer methods including transduction, transformation and conjugation [44,49,50].

1.3.3. Adaptive Antibiotic Resistance Mechanism of P. aeruginosa

Adaptive resistance is the ability of the bacteria to develop resistance when exposed to a range
of environmental factors by temporarily modifying their gene and/or protein expression in various
ways. These reversible mechanisms allow P. aeruginosa to withstand exposure to environmental or
antimicrobial distress. In P. aeruginosa the most well-studied adaptive resistance mechanisms
includes biofilm formation and the production of persister cells [23,51-53].

1.3.3.1. Biofilm-Mediated Resistance

A Dbiofilm refers to a collection of microorganisms that stick together on surfaces. These
microorganisms are surrounded by a matrix made up of substances they produce, such as
exopolysaccharides, proteins, metabolites, and extracellular DNA [15,23,54]. The biofilm exhibits a
heterogeneous cell population, comprising both rapidly growing cells and those slower growth rate.
Certain cells display resistance by producing enzymes and operating efflux pumps, whereas others
lack these resistance mechanisms. Biofilm cells are similar to free-living planktonic cells and can
detect the presence of other cells through a process known as quorum sensing. This allows them to
adjust their characteristics based on the population density of cells around them. Quorum sensing
serves as a means for bacteria to communicate with one another and it influences gene expression, in
response to shifts in cell population density [38,55,56]. When P. aeruginosa forms biofilms, it goes
through a number of physiological and appearance changes. For example, in cases of CF chronic
infection, P. aeruginosa strains forms clusters of cells called microcolonies and a mucoid form
characterized by increased alginate production. This adaptation facilitates the establishment of
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biofilm colonies which avoids antibiotic penetration into the bacterial cell and makes it approximately
10 to 1000 times resistant to antibiotics than planktonic cells [15,38,56,57].

1.3.1.2. Persister Cells Formation

Persister cells are a small subpopulation of bacteria that enter a dormant or metabolically
inactive state. During extended exposure to antibiotics, persister cells embedded in biofilms help to
stimulate adaptive resistance[58]. Despite lacking genetic resistance determinants, these cells can
withstand exposure to high antibiotic doses by shifting almost into physiological inactive state. These
cells are extremely resistant to high antibiotic doses due to their metabolic inactivity and the
inhibition of the synthesis of compounds that act with antibiotics. Persister cells can restart active
proliferation and repopulate the infection site after antibiotic pressure is removed and suitable
environmental condition are established [59].The rising prevalence of MDR and XDR P. aeruginosa
strains by the above common resistance mechanisms leave the clinicians with limited treatment
options. Several genes contribute to the emergence of AMR in P. aeruginosa (Table ). The resistant P.
aeruginosa strains have a potential to cause more complex and prolonged infections in clinical settings.
Therefore, the development of innovative alternative antimicrobial therapies that can eradicate
antibiotic-resistant P. aeruginosa is urgently needed [45,46].

Table 1. Common genes associated with AMR in P. aeruginosa.

Categories Genes Resistance mechanism Drugs affected Ref.
Chromosomal - | ampC Hydrolysis of carbapenems is caused | Penicillins [60,61]
Lactamase by overexpression of the chromosomal | cephalosporins

p-lactamase ampC, which is coupled

with the oprD mutation.
Serine blaOXA | Encode class D serine p-lactamases | Imipenem (IMP). [62,63]
carbapenemases (oxacillinases), which break down the | Meropenem (MEM).

f-lactam ring enzymatically and | Doripenem

provide resistance to carbapenem.
Metallo-f3- blaVIM, | Develop resistance to carbapenems by | Imipenem (IMP). [64]
lactamases blaIMP, | encoding zinc-dependent metallo-B- | Meropenem (MEM).

blaNDM | lactamases, which break down the 3- | Doripenem

lactam ring and render carbapenems

inactive.
pmrAB (PhoPQ) | pmrAB, | causes changes to lipid A in the LPS | polymyxin antibiotics, | [65]
Two  Component | phoPQ layer, usually by adding L-Ara4N, | including  colistin  and
System which reduces the binding of colistin. | polymyxin B
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Lipid A Biosynthesis | IpxA, Resulting in altered LPS production | Polymyxins antibiotics [66,67]
Genes IpxC, and | and the loss of the antibiotic's main
IpxD target, which  causes  colistin
resistance.
Efflux Pump Genes | oprD, Encodes multidrug efflux pumps and | Imipenem, Meropenem, | [68]
mexX, expel a variety of antibiotics. other p-lactams
mexY
Quinolone qnr Encodes proteins that provide | Ciprofloxacin [69]
Resistance Genes quinolone resistance by shielding | Levofloxacin
DNA gyrase and topoisomerase IV | Ofloxacin
from quinolone inhibition.
Aminoglycoside aac, aph, | encode the enzymes necessary to | Gentamicin, Tobramyecin, [28,70]
Resistance Genes and aad | change aminoglycosides and make | Amikacin, Netilmicin,
them ineffective. Streptomycin

2. Novel Therapeutic Strategies

2.1. Bacteriophages as Antimicrobial Agents

Bacteriophage is a type of virus that targets and eradicates bacteria. They consist protein capsid-
bounded double-stranded or single-stranded DNA or RNA. Approximately 10*-10% phages are
present globally. Phages are classified by their size, shape, genetic makeup, structure and life cycle
(Table ). They have a key role in controlling bacterial populations and contribute to the mortality of
around 20% - 40% of marine surface bacteria daily [71-74]. They are entirely depending on their host
bacteria for replication and survival. Based on their developmental cycles, phages are classified as
virulent or temperate [74]. Virulent phages have a lytic cycle, which destroys the bacterial cell. On
the other side, temperate phages undergo a lysogenic cycle, which integrate their genetic material
into the bacterial DNA and confer immunity against infection by identical phages. Virulent phages
are relevant for therapeutic applications, as they can exclusively perform the lytic cycle [72,75].

Phage infections start when the virus attaches to specific bacterial cell surface receptors.
Following a successful binding, the lytic phages inject their genetic material into the host bacterium.
Followed by viral transcription by using the host’s RNA polymerase. Subsequently, the synthesis of
structural and enzymatic proteins occurs, which enables the assembly of new phage particles.
Following the production of a dense amount of phages, which can range from a few to over a
thousand, viral genes are expressed to produce viral proteins including holin and endolysin, which
damage the bacterial cell wall and rupture the cytoplasmic membrane. This process leads to cell lysis
and the release of newly formed viral particles, which can then infect other bacterial cells[74-76]. On
the other hand, Tempered viruses integrate their genome into the host chromosome or plasmid, the
incorporated genome is called a prophage. The phage replicates its DNA together with that of the
bacteria and during cell division this genetic material is inherited between daughter cells. This Phage
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is remained in a latent state and occasionally can enter the lytic cycle. Although the exact causes of

the temperate phage lytic cycle's activation are not well described, it is recognized that substances

that stress the host cell or damage its DNA can trigger the phage lytic cycle[15,72,74,77].

Table 2. Classification of Bacteriophages Based on Biological and Structural Characteristics.

Classification | Category Description Phages Example | Ref
Size Small Phages 20-60nm  diameter, simple genome
MS2
organization
Large Phages Large capsid size (>200 nm) and complex | Pseudomonas
genomes phage phiKZ
Morphology | Icosahedral (non-
Capsid symmetry lacking tail structure PhiX174
tailed)
Tailed phages Head-tail architecture T4 phages
Filamentous An extended and flexible sort of filamentous | M13
phages structure bacteriophage
Genetic Double-stranded | This group includes the majority of | Bacteriophage [78-88]
Material DNA (dsDNA) bacteriophages lambda
Single-stranded
reduced genome size PhiX174, M13
DNA (ssDNA)
Single-stranded | RNA-dependent RNA  polymerase is
MS2
RNA (ssRNA) required
Double-stranded
A rare set of bacteriophages Phi6 phages
RNA (dsRNA)
Structural Simple phages Capsid with no tail structures PhiX174
complexity Complex phages | Head, tail, base plate, tail fibers T4 Phages
Life Cycle reproduce within the host and induce lysis of
Lytic phages T7 Phages
cells
Lysogenic Integrate viral genome into host chromosome | phage lambda

2.2. Phage Cocktail

The host specificity of phages is highly variable, some can infect a broad range of bacterial

species, while others are restricted to a particular strain. The phage specificity is mostly determined

by the capacity of phages recognition and bind to the specific host cell receptor as well as the ability
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to recognize the host’s antiviral defense mechanism[89,90]. In phage therapy, phage cocktails are
often used to expand the range of hosts that kill and improve the effectiveness. These cocktails are
formulated by combining a few selected phages that are either already known or recently discovered
into a therapeutic mixture [91]. Phage cocktails have the key advantage of attacking a broader
spectrum of bacterial strains compared to a single phage. By combining phages that have different
host ranges, the cocktail can address the issue of bacterial resistance that could arise against a specific
type of phage[92]. Phage cocktail also facilitates the easy penetration of P. aeruginosa biofilm,
destroying its structure by triggering the production of enzymes like polysaccharide depolymerase,
which reduces bacterial density and increases phage effectiveness[15,93,94].

2.3. Antipseudomonal Bacteriophages and Their Clinical Potential

Pseudomonas-specific phages were initially identified in mid-20th century. Currently, genomic
databases have approximately 137 sequenced phages that target P. aeruginosa, most of which are
members of the order Caudovirales [95,96]. The first controlled clinical trial of a therapeutic
bacteriophage preparation was conducted in 2009, revealing that it was safe and effective in treating
antibiotic-resistant P. aeruginosa chronic otitis. Due to the prevalence of the bacterium in hospital-
acquired infections and its rising antibiotic resistance, there has been considerable interest in
employing phages to combat P. aeruginosa. The efficacy of phage treatment for P. aeruginosa infection
and its compatibility with eukaryotic cells in both vitro and vivo have been demonstrated [97,98]. In
a chronic lung infection murine model infected with P. aeruginosa, phage PELP20 was proved to be
effective against a 9-day established lung infection by totally eradicating all bacteria from 70% of
the mice's lungs [99]. Furthermore, various studies have demonstrated that phage PEV20 works
synergistically with ciprofloxacin to enhance the elimination of P. aeruginosa biofilm in CF and wound
patients [100].

Jeon et al., conducted a study to evaluate the effectiveness of two newly identified
bacteriophages, B®-R656 and BP-R1836, in treating acute pneumonia in mouse models infected with
XDR P. aeruginosa. The study involved testing the phages in laboratory settings, computer
simulations, and live animal experiments. Both phages demonstrated strong activity against XDR P.
aeruginosa strains isolated from pneumonia patients. Additionally, these phages showed a significant
ability to remove biofilms formed by XDR P. aeruginosa[15]. Furthermore, Phage cocktails have
proved high efficacy in treating antibiotic-resistant P. aeruginosa infections of the gastrointestinal
tract, skin, and lungs in animal models [74,101,102]. A study conducted in 2017 demonstrated that
phage cocktails have a potential therapeutic effect against 97.9% of the 96 P. aeruginosa isolates tested,
which included 94 MDR, 63 XDR, and 1 PDR strain[97,103].

Researchers also investigated different ways of phages delivery in animal models for P.
aeruginosa infection treatment. In a comparison of intramuscular, intraperitoneal and subcutaneous
injections of a phage mixture, intraperitoneal injection proved to be the most successful method. This
effectiveness can be due to its ability to deliver a larger quantity of phages more quickly and
consistently over time [104]. After Successful experiment on animal model, phage therapy has been
conducted on clinical patients. As an example, in 2016 a patient who had a persistent aortic graft
infection that had not improved after several surgeries and vigorous antibiotic treatment have been
treated by bacteriophage. Additionally, two cystic fibrosis patients with s antibiotic resistant infection
were recently treated using phages [98,105]. (Table ) summarizes successful Phage therapies
targeting MDR P. aeruginosa in human patients.

Table 3. Example of Successful Phage Therapies Against P.  aeruginosa.

Case Phage(s) Phage Dosage | Route of | Clinical Outcome Ref

(PFU/mL) Administration

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Chronic lung | phiYY 1x10° Nebulized The patient's | [106]
infection symptoms  relief
and they were
discharged.
lung transplant | AB-PAO1 (Pal193, | 4 x 10° iv. [107]
patient Pa204, Pa222, and Clinical cure
developing Pa223)
pneumonia
Probable  aortic | PPM2 (3 phages) When [108]
graft  infection 2.6 x 106 o administering
and recurrent phage  treatment
bacteremia and ciprofloxacin,
blood cultures
reported negative.
Infection from a | APIs (PNM, 14/1, iv. and direct | Clinical cure [109]
ventricular PT07) 1.9 x 107 application
assisted device
Pneumonia and | AB-PA01 (Pa 193, Pa i.v. and nebulized Clinical cure [110]
empyema 204, Pa 222, Pa 223) 1x10°
Periprosthetic PP1450, PP1777, and Direct application Resolution [111]
joint infection PP1792 3 x 1010
Osteomyelitis 1777,1792, 1797, 1450 | (1.2-9.7) x 108 | Direct application Recovered. [112]
Cardiothoracic PAS5, PA10 4 x 1010 locally Recovery was | [113]
surgery achieved
Bacteriophage 50 mL of BFC1 | i.v. The wound | [114]
Urinary tract cocktail BFC1 | bacteriophage recovered.
cocktail
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PNMbacteriophages,

Bacteriophage 14/1

2.4. Bacterial Resistance Mechanisms Against Phages

Bacteria have developed various resistant mechanisms to lytic phages, by changing or losing of
phage binding receptors or by integrating phage DNA into the CRISPR/Cas system of prokaryotic
immune mechanism that targets and eliminate foreign genetic material. In response, phages have

also evolved likewise to bypass these defenses by recognize receptors and some even produce anti-
CRISPR proteins to counteract CRISPR/Cas system of the bacteria [74,115-117].

2.5. Advantages of Phage Therapy over Antibiotics

The comparative benefits of phage therapy over conventional antibiotics in managing bacterial

infections are summarized in Table .

Table 4. The main advantages of phage therapy over antibiotics.

Biofilm penetration | Phages penetrate deep biofilm layers, while antibiotics mainly affect surface | Ref
bacteria.

Destroy  persister | Phages can infect and eliminate persister cells that contribute to recurrent | [15,118]
cells infections
Host specificity Phages selectively target pathogenic bacteria, preserving beneficial microbiota | [119]
Reduced  dosing | Due to their capability to self-amplify at the site of infection, phage therapy may | [120,121]
requirement require fewer doses compared to repeated antibiotic administration.
Lower incidence of | Fewer adverse effects; phages are safely cleared by the immune system without | [118]
side effects toxic by-products.
Resistance Phages can be tailored to target antibiotic-resistant strains, offering a promising | [89,122]
considerations alternative to conventional antibiotics.

[123,124]

Minimal impact on

the environment

Phages are naturally occurring particles of the environment.
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comparatively low [123,124]
costs of | The expenses required in the process of discovering phage and purification are

manufacturing and | minimal.

discovery

2.6. Challenges and Limitations of Phage Therapy

The major limitation of phage therapy includes lack of well-established pharmacokinetic data,
susceptible to degradation by human metabolism and the immune system, with some
pharmacokinetic research indicating that a substantial portion of phage administrations are cleared
within 36 hours, and the effective concentration is diluted by bodily fluids [125,126]. Moreover,
Policies and regulations governing the clinical use of phage therapy are also not available, which can
delay awareness and opportunities for this promising treatment. Furthermore, the absence of clear
standards for phage isolation and purification leads to variable efficiency in isolated phage
preparations[127].The overall challenges and Proposed solutions for phage therapy are summarized

in the Table .
Table 5. The Challenge and proposed Solutions for Phage Therapy.
Challenge Proposed solutions Ref.
Pharmacokinetics v Encapsulation of phages in nanoparticles or hydrogels to | [89,125,126]
improve stability, circulation time, and targeted delivery
v" Genetic engineering of phages to modify surface
properties and enhance pharmacokinetic profiles.
Bacterial resistance v Combination therapy using phages and antibiotics to | [89,125,126]
prevent/delay resistance development.
v" Exploration of phage-derived enzymes like endolysin to
overcome resistance mechanisms.
Phage specificity v Development of phage cocktails or “phage libraries” | [89,126]
targeting a wider range of bacterial strains/species.
v' Utilization of engineered or synthetic phages with
expanded host ranges.
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Regulator and manufacturing v’ Establishment of standardized guidelines and regulatory | [89,126]
frameworks for phage-based therapeutics.
v Optimization of large-scale phage production and
purification methods to ensure consistent quality and
safety.
Immune response and safety v Screening and selection of phages with low | [89,126]

immunogenicity
v Exploration of methods for regulating the immunological
response, such as encapsulation or use of

immunosuppressive agents

3. Future Perspective of Phage Therapy

Phage therapy has gained interest as a potential substitute for traditional antibiotics due to the
rising incidence of bacterial infections that are resistant to several drugs. Recent advances in phage
genetic manipulation employing CRISPR-based technologies allow the removal of lysogenic or
virulence-associated genes, resulting in the generation of lytic phages with extended host range and
enhanced bactericidal efficiency. Furthermore, phage stability, pharmacokinetics, and site-specific
targeting have been enhanced by advancements in delivery technologies, including encapsulation
methods, inhalable aerosols for pulmonary infections, and biofilm-penetrating formulations. In order
to improve dosage requirement, delivery method, treatment combinations, as well as to establish
clear regulatory pathways that guarantee safety, efficacy, and quality, further research and rigorous
clinical evaluation are needed. Phage therapy could play a significant role in infection control plans
with further scientific advancements and regulatory developments, providing a viable solution for
the growing worldwide problem posed by antimicrobial-resistant P. aeruginosa infections. The
continuous collaboration of various fields, including clinical medicine, molecular biology, synthetic
biology, pharmacology and microbiology will be crucial to the development and advancement of
phage-based treatments.

4. Conclusion

AMR has become a significant public health concern of the modern era. The continuous rise in
resistance has led to limited options for treatment and increases the morbidity and mortality rates. P.
aeruginosa is one of the leading causes of hospital-acquired infections. The ineffectiveness of
antibiotics that were once successful against P. aeruginosa indicates the urgent need for novel and
more effective strategies to treat infections caused by MDR P. aeruginosa. Phage therapy has
demonstrated potential in the treatment of P. aeruginosa infections in both humans and animals. Since
antibiotic resistance remains a major threat to global health, further research, investment, and
development in phage therapy are strongly recommended to enhance its effectiveness, ensure safety,
and expand its role in improving future healthcare outcomes.
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