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Abstract

Pseudomonas aeruginosa is a leading cause of persistent and severe lung infections, especially in
individuals with weakened immune systems and those suffering from conditions like cystic fibrosis or
bronchiectasis. The pathogen’s resistance to antibiotics, driven by its ability to form biofilms, activate
efflux pumps, and produce enzymes that break down drugs, has significantly limited the effectiveness
of standard antimicrobial therapies. This review explores the increasing promise of bacteriophage
therapy as both an alternative and a complementary approach for addressing multidrug-resistant
(MDR) P. aeruginosa infections in the lungs. Phages, viruses that specifically target bacteria, offer
strain-specific bactericidal activity, often bypassing mechanisms of antibiotic resistance. Recent studies
demonstrate that phage monotherapy and phage-antibiotic combinations can effectively disrupt
biofilms and enhance bacterial clearance, particularly when phage cocktails or targeted delivery
systems are employed. Additionally, the review explores delivery routes for pulmonary infections
and the formulation challenges that affect phage stability and bioavailability. Clinical cases and
ongoing trials further underscore the feasibility and safety of phage therapy in real-world applications.
However, hurdles such as phage immunogenicity, rapid clearance, and regulatory limitations must
be addressed before widespread clinical implementation. Overall, phage therapy holds significant
promise in overcoming the therapeutic stagnation posed by MDR P. aeruginosa, especially in chronic

.

and nosocomial lung infections, and warrants continued research and clinical validation.
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INTRODUCTION

Lung infections remain a major cause of
morbidity and mortality worldwide, with death
rates ranging between 20% and 50%, depending
on healthcare quality and access.! In North
America, Pseudomonas aeruginosa—associated
chronic lung infections account for up to 20%
of fatalities, while Europe reports rates of 15%-
25%.% In developing regions such as Africa and
Southeast Asia, mortality exceeds 30% due
to limited treatment access and widespread
antibiotic resistance.? Severe cases often progress
to respiratory failure or sepsis.* Conventional
treatment relies on antibiotics such as beta-
lactams, aminoglycosides, and fluoroquinolones.
However, the success of these drugs is hindered
by P. aeruginosa’s robust resistance mechanisms,
including beta-lactamase production, target-site
modification, and active efflux systems.>® These
features often lead to persistent infections and
relapse despite therapy.”®

The pathogen’s ability to form biofilms
further complicates management. Within these
structured microbial communities, bacteria are
shielded by an extracellular matrix that limits
antibiotic penetration and immune recognition.®
Biofilm-associated P. aeruginosa exhibits up

to 1,000-fold higher antibiotic resistance than
planktonic cells, particularly in patients with cystic
fibrosis or bronchiectasis.®'*> Bacteriophages,
viruses that specifically infect bacteria, present a
promising alternative. They are natural bacterial
predators that have long been studied for their
antimicrobial potential.’® Beyond their ecological
roles, phages have been applied in human
therapy, food safety, and biotechnology.'”:*
Phage therapy exploits their ability to selectively
lyse bacterial pathogens, providing a targeted
strategy against antibiotic-resistant P. aeruginosa
without disturbing the host microbiota.*?°
This review discusses the therapeutic potential
of bacteriophages in treating P. aeruginosa—
induced lung infections, emphasizing their role
as alternative or adjunct agents in overcoming
antibiotic resistance and biofilm-associated
persistence.

Bacteriophages

Bacteriophages are broadly categorized
into two types based on their replication cycles:
virulent and temperate. Virulent phages undergo
the lytic cycle, infecting bacterial cells and
synthesizing proteins that disrupt key cellular
processes such as DNA replication, transcription,
and translation. These proteins degrade the
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host genome, hijack bacterial enzymes, and
compromise cell membrane integrity, culminating
in host lysis and the release of progeny phages.? In
contrast, temperate phages can alternate between
the lytic and lysogenic cycles. During lysogeny,
the phage genome integrates into the host
chromosome as a prophage, conferring immunity
to reinfection through repressor proteins and,
in some cases, enhancing bacterial virulence via
horizontal gene transfer.??

The lytic cycle comprises four essential
stages: adsorption, penetration, intracellular
replication, and release. The process begins with
phage attachment to specific bacterial surface
receptors, followed by injection of phage DNA.
The host’s machinery is then reprogrammed to
produce viral components, which assemble into
mature virions that burst the host cell to release
new infectious particles.?® Clinically relevant
phages largely belong to the order Caudovirales,
characterized by double-stranded DNA genomes
and tailed morphologies. These phages possess
an icosahedral capsid and a tail equipped with
receptor-binding proteins for host recognition
and genome delivery.? Based on tail structure,
Caudovirales are divided into three families:
Siphoviridae (long, flexible, noncontractile

Siphoviridae

Myoviridae

tails), Myoviridae (long, contractile tails), and
Podoviridae (short, noncontractile tails).?

Pseudomonas aeruginosa

P.aeruginosa is a Gram-negative, aerobic,
rod-shaped bacterium (0.5-3.0 pm) commonly
found in moist environments such as swimming
pools, hot tubs, hospital humidifiers, and medical
devices like catheters.?® Although capable of
infecting healthy individuals, it primarily acts
as an opportunistic pathogen, responsible for
both community-acquired infections—such as
folliculitis, otitis externa, and pneumonia—and a
large proportion of hospital-acquired infections. A
key diagnostic feature of P. aeruginosa is its non-
fermentative metabolism, as it does not produce
acidic byproducts under anaerobic conditions.
This is confirmed by the oxidative—fermentative
(OF) test, which indicates oxidative metabolism
restricted to aerobic environments. Structurally,
the bacterium possesses a single polar flagellum
and Type IV pili, which facilitate swimming and
twitching motility, respectively. These organelles
are critical for adhesion, surface colonization, and
biofilm formation, enabling P. aeruginosa to persist
on biotic and abiotic surfaces while evading host
immune defenses (Figure 1).%

Podoviridae

Figure 1. Three morphological classes of order Caudovirales
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Clinical Significance of Pseudomonas aeruginosa

The virulence of P. aeruginosa stems
from a wide array of pathogenic mechanisms,
including the production of hemolytic agents like
Rhamnolipid and Phospholipase C, which disrupt
host cell membranes and degrade pulmonary
surfactants, factors that contribute to lung
tissue damage and the establishment of chronic
respiratory infections.?2° Within the airways,
P. aeruginosa impairs mucociliary function and
weakens local immune defenses, facilitating long-
term colonization. One of its most adaptive traits
is its ability to form biofilms, highly organized
bacterial communities surrounded by a protective
extracellular matrix.?® These structures not only
shield the bacteria from antibiotics and host
immune cells but also interfere with neutrophil
activity. Additionally, virulence enzymes such
as Elastase and Alkaline protease degrade key
immune components including immunoglobulins,
cytokines like IL-1 and TNF, and complement
proteins, undermining both innate and adaptive
responses. The surface protein Lpd contributes
to immune evasion by binding Factor H, thereby
inhibiting the formation of the membrane
attack complex (MAC) and enhancing serum
resistance.?3? Certain strains have also been
shown to dampen inflammasome signaling and
reduce the release of pro-inflammatory cytokines
like IL-1B and IL-18, particularly in chronic
conditions such as cystic fibrosis.*

P. ageruginosa utilizes quorum sensing,
a population-density-dependent signaling
mechanism—to regulate the production of
various virulence factors, including Elastase,
Pyocyanin, Rhamnolipids, and Exotoxin A (ExoA).
ExoA disrupts host protein synthesis by ADP-
ribosylating elongation factor-2, while Elastase and
Phospholipase C facilitate tissue invasion and help
the bacterium evade immune detection. Another
critical virulence system is the Type Il secretion
system (T3SS), which directly injects effector
proteins into host cells, leading to cytoskeletal
disruption, impaired phagocytosis, and cell death.
The presence of genes encoding either exoU
or exoS determines the pathogenic behavior
of clinical isolates.*?” The outer membrane
component Lipopolysaccharide (LPS) interacts
with host immune receptors, particularly Toll-
like receptor 4 (TLR4), triggering inflammatory

responses. Variations in LPS structure help the
bacterium evade immune detection and also make
it a promising candidate for vaccine development.
In chronic respiratory infections, especially in cystic
fibrosis. P. aeruginosa often adopts a mucoid
phenotype, characterized by the overproduction
of alginate, a sticky exopolysaccharide that
strengthens biofilm formation and promotes
adhesion. Furthermore, the bacterium releases
siderophores such as pyoverdine and pyochelin
to acquire iron from the host environment, a
critical factor for its survival. These iron-scavenging
molecules are highly immunogenic and are being
explored as vaccine targets.33*

In healthcare settings, P. aeruginosa
is a leading cause of both ventilator-associated
pneumonia (VAP) and hospital-acquired
pneumonia (HAP), with MDR and carbapenem-
resistant strains (CR-PA) posing a significant
threat, particularly in intensive care units (ICUs).
Inthe United States, it is the sixth most frequently
identified pathogen in hospital-acquired infections
and ranks second in cases of VAP.** The emergence
of carbapenem resistance is a global concern, with
research from countries such as Nigeria and Brazil
reporting a high prevalence of MDR P. aeruginosa
isolates in ICU environments.?*3” Qutside of acute
nosocomial infections, P. aeruginosa plays a central
role in chronic respiratory diseases. It affects
more than 75% of individuals with cystic fibrosis
(CF), contributing to progressive lung damage,
respiratory failure, and increased mortality.®
Similarly, in patients with bronchiectasis, infections
caused by this organism are linked to more rapid
lung function decline and a threefold rise in
mortality risk.®

Challenges with conventional Antibiotics

The extensive use of antibiotics in human
medicine, veterinary care, and agriculture has
significantly contributed to the emergence of MDR
pathogens, representing a serious and escalating
global health crisis.>**° Hospital-acquired infections
involving MDR organisms further intensify this
threat to public health. Meanwhile, the discovery
and development of new antibiotics have not kept
pace with the rise of resistance, leaving healthcare
systems increasingly vulnerable.** In the United
States alone, MDR pathogens are responsible
for approximately 2.8 million infections and
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35,000 deaths annually, according to data from
the Centers for Disease Control and Prevention
(CDC).*** The World Health Organization (WHO)
projects that by 2050, MDR infections could result
in up to 10 million deaths globally each year.**
The use of broad-spectrum antibiotics can also
lead to superinfections by disrupting the host’s
normal microbial flora, facilitating conditions
such as Clostridium difficile colitis or Candida
albicans overgrowth.*¢ Additionally, certain
antibiotics—such as tetracyclines, macrolides, and
chloramphenicol—are classified as bacteriostatic
agents. These drugs inhibit bacterial growth
rather than directly killing the pathogens. Unlike
bactericidal antibiotics, bacteriostatic agents
may prolong bacterial survival, giving microbes
more time to adapt and potentially develop
resistance.**®

Cross-resistance with antibiotics is a
condition in which the bacteria are resistant to
multiple antibiotics, even with a single resistance
mechanism. The resistance can be within the
same class due to similar structural targets or even
across different structures because of overlapping
mechanisms of action. The best example of cross-
resistance is Staphylococcus aureus strain, which
becomes resistant to erythromycin, clindamycin,
and Streptogramin B antibiotics, because of
acquiring an erm gene, even though the drugs
are structurally different.*>! Microorganisms form
biofilms with the aid of extracellular polymeric
substances (EPS), particularly on medical devices
such as catheters and prosthetic implants. These
biofilms act as physical barriers and create altered
microenvironments that significantly reduce
the effectiveness of antibiotics. For example, P
aeruginosa in the lungs of cystic fibrosis patients
demonstrates resistance to tobramycin due to its
ability to form protective biofilms.>*** In addition,
research from India and other countries highlights
the alarming presence of antibiotic residues
in animal-derived food products and elevated
concentrations of antibiotics in wastewater. These
environmental factors further accelerate the
spread of antimicrobial resistance (AMR).>*%¢

Phage Delivery
Phage Administration

The primary objective of delivering
bacteriophages to an infection site is to achieve

an adequate concentration of viable phage
particles capable of lysing the target bacteria and
replicating to reach inundative phage densities.
To this end, various routes of administration have
been investigated, tailored to the specific infection
site. These can be broadly categorized into topical
(e.g., direct application, inhalation, nebulization,
and transdermal delivery), parenteral (e.g.,
intramuscular, intravenous, and subcutaneous),
and oral routes.””*® A comprehensive understanding
of each delivery method is essential for effective
therapeutic outcomes. Among these, topical
administration presents certain advantages, as it
circumvents systemic absorption and distribution
barriers, resulting in higher localized phage
concentrations. This approach has been effectively
utilized in managing skin burns, wounds, superficial
bacterial infections, and respiratory infections.

Parenteral administration, especially
through intravenous injection, is regarded as
one of the most effective delivery methods for
bacteriophages due to its ability to ensure rapid
systemic distribution. However, this route is
often limited by a significant decline in phage
concentration, primarily due to rapid clearance
by the reticuloendothelial system (RES) and
elimination by immune responses.®®%2 In contrast,
oral administration is the most convenient,
minimally invasive, and cost-effective approach.
Despite these advantages, its therapeutic efficacy
is frequently reduced due to phage degradation in
the acidic gastric environment and losses during
gastrointestinal absorption.®® To address these
limitations, several protective strategies have
been developed. These include encapsulation
techniques using biocompatible materials such as
polysaccharides, alginate—caseinate and alginate—
whey protein combinations, and chitosan, all of
which have demonstrated encouraging outcomes
in preserving phage viability.54%

In cases of pulmonary infections,
several delivery approaches have been explored,
including inhalation via nebulization, endotracheal
administration, and direct instillation through
bronchoscopy—either individually or in
combination.>*%! Direct pulmonary administration
through nebulized liquid phage or inhalable
dry powder formulations has demonstrated
effectiveness, offered the benefit of high local
phage concentrations while bypassed nasal
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barriers.%®¢’ Recent advancements in nebulization
technology have significantly enhanced the
application of phage therapy for respiratory
infections. Various aerosol generation methods
are now employed, including compressed air jet,
ultrasonic, vibrating mesh and colliding liquid
jets. Comparative analyses of these techniques—
performed independently across different phage
types—have assessed critical parameters such as
delivery efficiency, reduction in phage titer, and
structural integrity. These studies suggest that the
optimal method depends on the specific phage
employed and its tolerance to mechanical stress
during nebulization.®®% Importantly, there is no
universal nebulization method applicable to all
phages. Each phage type requires individualized
assessment of its structural and functional
resilience during aerosolization. This consideration
is particularly crucial when using phage cocktails,
as post-nebulization recovery and viability have
been shown to correlate with morphological
characteristics, such as tail length.”

Phage stability and formulation strategies
Bacteriophages are composed of a
proteinaceous capsid that encloses their genetic
material, either DNA or RNA. Despite their
therapeutic potential, phages are inherently
sensitive to various environmental and
physiological stressors, including pH fluctuations,
oxidative conditions, enzymatic degradation,
immune responses, and mechanical shear
forces during aerosol generation. To address
these challenges, encapsulation strategies have
been developed to enhance phage stability and
efficacy.” Encapsulation involves coating phages
with biocompatible and biodegradable polymers
such as polysaccharides, polyelectrolytes, dextran
sulfate, and chitosan—materials favored for their
non-toxic nature and protective properties.®®”?
This protective matrix not only shields the
phage from hostile environments but also
ensures sustained release and preservation
of infectivity, thereby maximizing therapeutic
potential upon delivery to the target bacterial
host.”® Another well-established formulation
approach is the encapsulation of phages within
liposomes—spherical vesicles composed of
bioactive phospholipids enclosing an aqueous core
that contains the phage. Liposome-encapsulated

phages offer distinct advantages, including the
ability to fuse with host cell membranes, facilitating
intracellular delivery and enabling the targeting of
intracellular pathogens.” Moreover, this strategy
enhances the intracellular accumulation of
antibiotics when used in combination therapy,
thereby increasing bacterial susceptibility and
improving therapeutic outcomes.”

Phage against P. aeruginosa biofilm

P. aeruginosa is notorious for inflicting
considerable tissue damage through various
virulence factors, and its ability to persist in chronic
infections is largely attributed to its capacity to
form biofilms.”® The effectiveness of phage therapy
against P. aeruginosa biofilms depends on the
specific phages used. Research evaluating the
activity of three different phages against MDR P,
aeruginosa biofilms found that smaller phages may
be more effective, as their higher surface area-to-
volume ratio allows for improved penetration into
the dense biofilm matrix, enhancing therapeutic
outcomes.”” Additionally, the study suggested that
phage cocktails—combinations of multiple phages,
can produce a synergistic effect, potentially
counteracting the bacterium’s adaptability.” This
implies that tailored phage cocktails targeting
various components of the biofilm and bacterial
population may represent a more effective
therapeutic strategy.

Recent studies support the potential
of phages to degrade P. aeruginosa biofilms
effectively. Phages can disrupt biofilm formation
by releasing enzymes that break down biofilm
matrices, thus improving treatment outcomes. For
example, isolated phage MA-1 from wastewater
and demonstrated its stability under diverse
environmental conditions, a critical factor for
therapeutic applications.” The efficacy of phage
MA-1 was attributed to its impressive heat and pH
stability, which is essential for addressing biofilms
in fluctuating physiological environments.®
Moreover, phage therapy illustrated efficacy by
employing a phage cocktail, CT-PA, which resulted
in @ median reduction of biofilm biomass by
76% within 48 hours of treatment, irrespective
of the antimicrobial resistance profiles of the
isolates.®! This underscores the advantage of
phage cocktails over single phage therapies, as
they can simultaneously target multiple strains
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and resistance mechanisms, thereby enhancing
the likelihood of successful biofilm eradication.

Kim et al. characterized phage PA1@,
a lytic phage with broad-spectrum bactericidal
activity against both Gram-positive and Gram-
negative bacteria, including P. aeruginosa. PA1@'’s
mechanism of action involves targeting Type
IV pili, structures critical to biofilm formation
and maintenance.®? This specificity underscores
the therapeutic potential of phages that exploit
essential bacterial features. Targeting such
structures can enhance treatment precision and
effectiveness, particularly in biofilm-associated
infections. The combination of structure-targeted
phages and phage cocktails represents a promising
strategy in addressing antibiotic-resistant
infections. In the context of chronic diseases
involving biofilms, this approach strengthens the
therapeutic utility of phage therapy. The efficacy
of various phages against P. aeruginosa biofilms is
summarized in Table, illustrating the potential of
phage-based interventions in this complex clinical
scenario.

Phage-antibiotic combination against P.
aeruginosa lung infections

P.aeruginosa has become a central focus
in phage—antibiotic combination (PAC) therapy

Ciprofloxacin

@ Antibiotic entry O

||
L

//—_—:_\\\=

research due to its involvement in severe infections
such as cystic fibrosis, burn wound infections, and
hospital-acquired pneumonia, as emphasized by
Tagliaferri et al.®® The organism’s intrinsic and
acquired resistance mechanisms against multiple
antibiotic classes such as B-lactamase production,
efflux pump activity, and biofilm formation,
have rendered many standard treatments
ineffective, necessitating the exploration of
alternative or adjunctive therapeutic strategies.
Santamaria-Corral et al.®® reviewed recent
advances highlighting the synergistic potential of
PAC therapy demonstrated through both in vitro
and in vivo experiments, with several successful
clinical case reports supporting these findings.
Experimental studies indicate that
phage—antibiotic combinations enhance bacterial
clearance across various drug classes, including
aminoglycosides, B-lactams, macrolides,
polymyxins, and tetracyclines.”® Among these,
ciprofloxacin, a fluoroquinolone, has exhibited
particularly high compatibility with phages.
Chang et al. reported superior biofilm removal
when phage PEV20 was administered alongside
ciprofloxacin, while Lin et al. demonstrated in
murine models that nebulized PEV20 combined
with ciprofloxacin significantly improved bacterial
eradication compared to monotherapies.%0!
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Figure 2. Mechanism of phage—antibiotic combination (PAC) therapy against P. aeruginosa
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These synergistic outcomes are attributed to
complementary mechanisms: phage-mediated
bacterial lysis disrupts the biofilm matrix, increasing
antibiotic penetration, while subinhibitory
concentrations of antibiotics can sensitize bacteria
to phage infection by modifying surface receptors
and impairing DNA repair pathways. Moreover,
antibiotics such as ciprofloxacin that inhibit DNA
gyrase may indirectly favor phage replication by
synchronizing host DNA metabolism with viral
genome amplification. Together, these interactions
accelerate bacterial killing and limit the emergence
of resistant subpopulations, as illustrated in Figure
2.

Despite strong experimental evidence,
PAC therapy outcomes are not universally
synergistic. Antagonistic effects have been
observed when antibiotic concentrations are too
high or administered too early, reducing bacterial
density before sufficient phage replication can
occur. These variations underscore the importance
of optimizing dosing regimens, treatment timing,
and the selection of compatible phage—antibiotic
pairs to achieve maximal synergy. The success of
ciprofloxacin—phage combinations suggests that
antibiotic mechanisms targeting DNA replication
or cell-wall synthesis may be more conducive
to synergy than those interfering with protein
synthesis.

Clinical case studies have reinforced the
translational potential of PAC therapy. Kohler et
al.’ documented a rapid clinical recovery in a
41-year-old patient with Kartagener syndrome
and chronic multidrug-resistant P. aeruginosa
infection following aerosolized phage vFB297 co-
administered with antibiotics. Similarly, Chen et
al.’3 reported the successful resolution of infection
in a 68-year-old patient with a broncho-pleural
fistula after an 18-day course of intrapleural phage
administration in combination with antibiotics.
These findings support the feasibility and safety
of phage—antibiotic co-therapy, particularly in
biofilm-dominated pulmonary infections where
conventional antibiotics often fail.

Several clinical trials further highlight the
growing momentum of PAC therapy. The SWARM-
Pa trial (NCT04596319), completed in 2022,
demonstrated that inhaled phage AP-PA02 was
well-tolerated in cystic fibrosis patients chronically
infected with P. aeruginosa, meeting safety

endpoints within 28 days.'® The WRAIR-PAM-CF1
trial (NCT05453578) is currently evaluating an
inhaled phage cocktail for its efficacy in reducing
bacterial burden and improving lung function, while
the TAILWIND trial (NCT05616221) aims to assess
pharmacokinetics, therapeutic performance, and
safety parameters.’® Collectively, these ongoing
efforts demonstrate increasing clinical validation
of PAC therapy and its potential to complement or
even enhance existing antibiotic regimens.

Nevertheless, several challenges remain
before PAC therapy can be standardized for routine
clinical use. Variability in phage pharmacokinetics,
immune neutralization, and potential antagonism
with certain antibiotics warrant further
investigation. Moreover, regulatory frameworks,
quality control in phage manufacturing, and
patient-specific therapeutic customization still
pose significant hurdles. Future research should
focus on defining optimal dosing ratios, clarifying
molecular synergy pathways, and developing
computational models to predict phage—antibiotic
interactions. Integrating these findings with
precision-medicine approaches may ultimately
enable PAC therapy to serve as a viable and
sustainable strategy against multidrug-resistant
P. aeruginosa infections.

CONCLUSION

P. aeruginosa continues to pose a major
threat in lower respiratory tract infections (LRTIs),
especially among immunocompromised patients
and those with chronic conditions like cystic
fibrosis. Its persistence is largely due to its ability
to form biofilms, develop multidrug resistance,
and adapt rapidly to antimicrobial pressures,
all of which complicate conventional treatment
strategies. As the effectiveness of standard
antibiotics diminishes, phage therapy has gained
attention as a promising alternative, particularly in
targeting biofilm-associated and drug-resistant P.
aeruginosa. Both preclinical and clinical research
have shown that combining bacteriophages
with antibiotics can produce synergistic effects,
leading to improved bacterial eradication in vitro
and in vivo. However, several barriers must be
addressed before widespread clinical adoption is
feasible. Chief among these is the host immune
response, which may neutralize bacteriophages
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and reduce therapeutic efficacy. Innate immune
defenses such as phagocytic clearance and
complement-mediated lysis, as well as adaptive
responses involving anti-phage antibodies, present
significant obstacles. Despite these immunological
challenges, the growing body of evidence supports
the use of phage-antibiotic combinations as a
viable and forward-looking approach to managing
P. aeruginosa infections. Continued advancements
in phage engineering, delivery platforms, and
immunomodulatory strategies will be critical to
unlocking the full therapeutic potential of phage-
based treatments and incorporating them into
mainstream care for respiratory infections.
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