Chinese Journal of Cardiology
Volume 53 Issue 12, Year of Publication 2025, Page 85-95 | Dol-10.545120/0253-3758.2025.127

ISSN : 0253-3758 Available online at A ehiadt
Dol: 10.545120/0253-3758 https:/icjcardiology.com ey

Chinese Journal of Cardiology
cjcardiology.com ved

Phage Therapy as an Alternative to Antibiotics: A Review of Clinical
Evidence and Future Prospects

Dr. Rita Mourya, Ms. Sarita Ahirwar *, Ansari Mohammed Mujtaba Hasnain, Ansari Mohammed
Asif Abdul Sattar, Ansari Mohd Dawood Taufigue Ahmad, Khan Md Hanzala Qasim, Momin
Mohd Usama Moh Aazam
School of Pharmacy, Faculty of Medical and Paramedical Sciences, SAM Global University Raisen-
(MadhyaPradesh) India- 46455.

Article Information ABSTRACT:

Received: 23-09-2025 The escalating global crisis of antimicrobial resistance (AMR) has severely

Revised: 13-10-2025 compromised the clinical utility of conventional antibiotic therapies, necessitating

Accepted: 17-11-2025  the urgent exploration of alternative antimicrobial strategies. Bacteriophage (phage)

Published: 26-12-2025 therapy—the therapeutic application of viruses that selectively infect and lyse
bacteria—represents one of the most promising alternatives currently under

KEYWORD: investigation. This review synthesizes current clinical evidence, including
Bacteriophage Therapy, compassionate-use case reports, phase I/1l clinical trials, and retrospective cohort
Antimicrobial Resistance,  studies, evaluating the efficacy and safety of phage therapy against multidrug-
Multidrug-Resistant resistant (MDR) and extensively drug-resistant (XDR) bacterial infections. We
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Antibiotic Synergy, synergy (PAS), and the role of immune modulation. Key clinical cases—including
Compassionate Use, the landmark 2017 UCSD intravenous phage therapy case, the 2019 Mycobacterium
Clinical Trials, Synthetic abscessus compassionate case, and the PhagoBurn and PHAGOBIOTIC European
Biology, Adaptive trials—are critically appraised. We further examine the principal challenges facing
Therapy phage therapy, including host range specificity, phage resistance, immune clearance,

manufacturing scalability, and the complex regulatory landscape. The totality of
evidence suggests that while phage therapy holds considerable promise, particularly
for MDR infections refractory to conventional antibiotics, rigorous randomized
controlled trials with standardized endpoints are essential to establish definitive
clinical protocols.

1. INTRODUCTION:

Antimicrobial resistance (AMR) represents one of the most formidable public health threats of the 21st century.
According to a landmark 2022 global analysis published in The Lancet, AMR was directly responsible for
approximately 1.27 million deaths worldwide in 2019, and was associated with an additional 4.95 million deaths,
surpassing HIV/AIDS and malaria as leading causes of mortality.* Projections by the O'Neill Commission estimate
that without decisive intervention, AMR could claim 10 million lives annually by 2050 and impose a cumulative
economic burden exceeding US $100 trillion.? The World Health Organization (WHO) has declared AMR a global
health priority, publishing its critical priority pathogens list—ESKAPE organisms (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter spp.)—which are responsible for a disproportionate share of hospital-acquired, drug-resistant
infections.3

The antibiotic development pipeline has critically stalled. Between 1940 and 1960, the 'golden age' of antibiotics
produced more than 20 new drug classes; yet since 1987, no truly novel antibiotic class has been approved for
clinical use, a phenomenon termed the 'discovery void.* The economic disincentives inherent to antibiotic
development—driven by short treatment courses, rapid resistance emergence, and regulatory complexity—have
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caused many major pharmaceutical companies to exit this space entirely.®

Against this backdrop, bacteriophage therapy has experienced a remarkable scientific renaissance. Bacteriophages—
viruses that specifically infect and replicate within bacteria—were first described independently by Frederick Twort
in 1915 and Félix d'Hérelle in 1917.%7 D'Hérelle coined the term 'bacteriophage' (bacteria-eater) and rapidly
advocated for its therapeutic potential, conducting early clinical experiments in cholera and dysentery patients in
India and Egypt.® However, the discovery of broad-spectrum antibiotics in the 1940s largely displaced phage
therapy in Western medicine, though it continued to be practiced clinically in the Soviet Union, Poland, and
Georgia—most notably at the Eliava Institute of Bacteriophage, Microbiology and Virology in Thilisi.%%0

The modern resurgence of phage therapy is driven by converging imperatives: the AMR crisis, advances in
genomics and synthetic biology enabling rapid phage characterization and engineering, improved understanding of
phage-host immunological dynamics, and a growing body of clinical evidence.*** This review critically evaluates
the current state of phage therapy with particular attention to clinical evidence, mechanistic insights, comparative
advantages and limitations relative to antibiotics, and the regulatory challenges that must be navigated to bring
phage therapy into mainstream clinical practice.

2. Historical Background and the Georgian-Soviet Legacy:

The history of phage therapy spans more than a century and is marked by alternating periods of enthusiasm,
skepticism, and rediscovery.'®> D'Hérelle's first experimental therapeutic use in humans was documented in 1919,
when he administered phage preparations to four patients with severe hemorrhagic dysentery at the Hépital des
Enfants-Malades in Paris, reporting rapid clinical recovery.® Throughout the 1920s-1940s, phage therapy was
practiced in Europe, the United States, and Asia, though early preparations were frequently contaminated, unstable,
and poorly characterized, leading to variable outcomes that undermined credibility.®

While Western medicine largely abandoned phage therapy with the advent of sulfonamides and penicillin, the
former Soviet Union institutionalized its practice. The Eliava Institute, founded in 1923 in Thilisi, Georgia, became
the world center for phage research and therapy, treating millions of patients over decades for infections including
dysentery, typhoid, wound infections, and cholera.® The Polish Hirszfeld Institute in Wroctaw similarly developed a
robust compassionate-use phage therapy program for MDR infections, publishing extensive case series and
retrospective data.’” These programs provided critical proof-of-concept for phage therapy's clinical applicability and
safety profile that continues to inform modern practice.
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Figure 1 — Timeline of Landmark Events in the Development of Phage Therapy (1915—202-4)
3. Mechanisms of Action
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3.1 Lytic vs. Lysogenic Life Cycles

Bacteriophages are obligate intracellular parasites of bacteria, encompassing an estimated 1031 virions in the global
biosphere, making them the most abundant biological entities on Earth.[18] For therapeutic purposes, lytic phages—
which complete their replication cycle by lysing the host bacterium and releasing progeny virions—are strongly
preferred over temperate (lysogenic) phages, which integrate their genome into the bacterial chromosome and may
transduce virulence or resistance genes.*®? The lytic cycle involves highly specific adsorption of phage tail fibers or
spikes to complementary bacterial surface receptors (lipopolysaccharides, teichoic acids, outer membrane proteins,
pili, or flagella), injection of nucleic acid, phage genome replication and protein synthesis using host machinery,
assembly of new virions, and bacteriolysis mediated by endolysins and holins.?*

3.2 Host Specificity and the Receptor Binding Protein

The exquisite host specificity of phages—a double-edged sword in therapy—is determined primarily by receptor
binding proteins (RBPs) located on tail fibers or baseplates, which recognize specific molecular patterns on bacterial
surfaces.?? This specificity confers several therapeutic advantages: absence of disruption to commensal microbiota,
self-amplification at the infection site, and intrinsic selectivity eliminating the off-target effects that characterize
broad-spectrum antibiotics.?®> The RBP also constitutes the primary engineering target for expanding host range
through protein domain swapping or directed evolution.*

3.3 Phage-Antibiotic Synergy (PAS)

An increasingly recognized phenomenon, phage-antibiotic synergy (PAS), describes the enhanced bacterial killing
observed when sublethal concentrations of certain antibiotics are combined with phage treatment.?®> Originally
described by Comeau and colleagues in 2007, PAS has been documented with B-lactams, aminoglycosides,
fluoroquinolones, and rifampicin across multiple bacterial species®% The mechanistic bases are multifactorial:
antibiotics may upregulate SOS response pathways that enhance phage replication; B-lactam-induced filamentation
increases phage receptor density; and antibiotic-mediated biofilm disruption enhances phage penetration.?” PAS is
therapeutically significant because it enables lower antibiotic doses (reducing toxicity), extends the effective host
range of phages, and may reduce the emergence of phage-resistant mutants by imposing dual selection pressure.?®

3.4 Immunological Interactions

The immune response to phage therapy is complex and incompletely understood. Phages can stimulate innate
immunity through pattern recognition receptors (TLR9 for phage DNA) and may modulate cytokine production, in
some cases exhibiting anti-inflammatory properties independent of antibacterial action.?®3° Adaptive immune
responses, including the generation of anti-phage neutralizing antibodies, pose a significant clinical concern for
repeated phage administration, though clinical data suggest immunogenicity is variable and often manageable with
appropriate purification and timing strategies.3%%2

4. Clinical Evidence

4.1 Landmark Compassionate-Use Cases

The modern era of clinical phage therapy in Western medicine was catalyzed by a series of high-profile
compassionate-use cases demonstrating life-saving efficacy against otherwise untreatable MDR infections. The most
widely cited is the 2017 case reported by Schooley and colleagues at the University of California San Diego
(UCSD): a 68-year-old patient with disseminated, MDR Acinetobacter baumannii infection following emergency
surgery for a ruptured pancreatic pseudocyst.®® After exhausting all antibiotic options, the patient received an
experimental intravenous phage cocktail produced through emergency collaboration between the U.S. Navy Medical
Research Center and the Eliava Institute. Subsequent treatment with a second, evolved phage cocktail—selected to
overcome emergent phage resistance—resulted in complete bacteriological clearance and clinical recovery.3® This
case became the first well-documented instance of FDA-supervised intravenous phage therapy in the United States
and catalyzed the establishment of phage therapy centers at major academic medical centers.

A second landmark case was reported by Dedrick and colleagues in 2019: a 15-year-old patient with cystic fibrosis
who developed disseminated Mycobacterium abscessus infection following double lung transplantation.®* A
genetically engineered phage cocktail combining three phages (Muddy, ZoelJ, BPs-eGFP) was administered
intravenously twice daily for 32 weeks. Following treatment, skin lesions resolved, liver lesions regressed, and
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bacteremia cleared. This case was pivotal in demonstrating the viability of engineered phage therapy for non-
classical pathogens and in establishing mycobacteriophage genomics as a clinically relevant discipline.3*

Additional significant compassionate-use cases include phage therapy for prosthetic valve endocarditis caused by
MDR S. aureus®, refractory urinary tract infections caused by ESBL-producing K. pneumoniae®, and refractory
diabetic foot osteomyelitis caused by MDR P. aeruginosa.®” A systematic review of compassionate phage therapy
cases published through 2022 by Aslam and colleagues identified 72 cases with a reported clinical success rate of
approximately 77%, though methodological heterogeneity limits firm conclusions.®

Table 1 — Summary of Key Compassionate-Use Phage Therapy Cases and Clinical Trials (2009-2024)

Study / Case Pathogen Infection Type Phage Route Outcome Ref.
Source/Type
Schooley et al. A. baumannii Disseminated/Bacteremia | Cocktail IV+intracavitary | Full recovery [33]
2017 (UCSD) MDR (Navy/Eliava,
evolved)
Dedrick et al. M. abscessus Disseminated (post- Engineered v Clearance [34]
2019 transplant) cocktail (Muddy, achieved
ZoeJ, BPs)
Perez etal. 2018 | S. aureus MDR Prosthetic valve Cocktail (SAB) v Bacteremia [35]
endocarditis resolved
Fish et al. 2018 K. pneumoniae Refractory UTI Single phage Intravesical UT]I resolved [36]
ESBL (ATCC 9541)
PhagoBurn 2019 | P. aeruginosa Burn wound infection PP1131 (12-phage | Topical Non-inferiorvs | [37]
(Jault) cocktail) SSD; delayed
PHAGOBIOTIC | E. faecalis/E. Refractory venous leg Phage cocktail Oral+topical Significant load | [39]
2020 faecium ulcers reduction
Aslam et al. 2020 | P. aeruginosa Lung infection (CF) Cocktail (Armata) | Inhaled+IV Partial clinical [40]
(UCh) MDR response
Leitner et al. E. Chronic UTI PHAGEMIX Intravesical 66% [41]
2021 coli/Enterococcus cocktail recurrence-free
6 mo
Gordillo P. aeruginosa Aortic graft infection Phage evolution + | IV Complete [42]
Altamirano 2022 PAS clinical
resolution
Duplessis et al. A. baumannii VAP Navy phage v Microbiological | [43]
2023 XDR cocktail pAB2 clearance

MDR = multidrug-resistant; XDR = extensively drug-resistant; UTI = urinary tract infection; CF = cystic fibrosis;
IV = intravenous; VAP = ventilator-associated pneumonia; SSD = silver sulfadiazine.

4.2 Randomized Controlled Trials and Phase I/11 Studies

The highest level of clinical evidence for phage therapy currently comes from a small but growing number of
randomized controlled trials (RCTs). The PhagoBurn trial (NCT02116010), a European multicenter phase I/I1 RCT,
evaluated a 12-phage cocktail (PP1131) targeting P. aeruginosa in infected burn wounds.[37] While the trial
demonstrated a favorable safety profile, PP1131 showed a significantly slower reduction in bacterial load compared
to standard-of-care silver sulfadiazine (SSD) at 21 days (—1.4 log CFU vs —2.3 log CFU; p=0.04). Importantly,
phage titer in the preparation had declined by 1.5 log during the regulatory review period, likely compromising
efficacy—highlighting the critical importance of phage preparation stability and potency verification.%’

Subsequent trials have incorporated adaptive phage selection, real-time susceptibility testing, and phage cocktail
update protocols to address emergent resistance.** The PHAGE-2 trial (NCT04636554) at UCSD is evaluating
intravenous phage therapy for MDR P. aeruginosa and K. pneumoniae urinary tract infections, using personalized
phage cocktails selected against patient-specific isolates.*> Armata Pharmaceuticals completed a Phase 1b/lla trial
(AP-SAQ2 for S. aureushacteremia) demonstrating safety and acceptable tolerability in 2022.46 BiomX is pursuing
Phase Il trials for P. aeruginosa in CF lung disease (BX004-A; NCT04596319).4
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Figure 2 — Clinical Success Rates of Phage Therapy by Infection Type (Pooled Data, n=72 Cases; Aslam et al. 2022 %
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4.3 Polish and Georgian Clinical Experience

The Hirszfeld Institute in Wroctaw, Poland has operated one of the world's most active phage therapy clinics since
2005, treating refractory wound and skin infections with individualized phage therapy under compassionate use
protocols.t”*® A retrospective analysis by Miedzybrodzki and colleagues (2012) of 153 patients treated with phage
therapy for chronic bacterial infections reported a clinical efficacy rate of 85%, with no serious adverse events
attributable to phage preparations.* The Eliava Institute similarly reports decades of compassionate-use data for
enteric and wound infections, though much of this literature remains in Georgian or Russian and lacks the
systematic documentation required for Western regulatory submissions.®

5. Comparative Analysis: Phage Therapy vs. Conventional Antibiotics:
Table 2 — Head-to-Head Comparative Characteristics of Phage Therapy vs. Conventional Antibiotics

Parameter Phage Therapy Conventional Antibiotics

Spectrum of Activity Narrow (strain/species-specific) Broad to narrow (class-dependent)
Mechanism of Resistance Co-evolves with host; evolutionary trap possible Multifactorial; accumulates; cross-class
Microbiome Disruption Minimal (strain-specific predation) Significant (dysbiosis, C. diff risk)
Self-Amplification Yes — exponential at infection site No (pharmacokinetic decay)

Biofilm Penetration Variable (phage depolymerases assist) Generally poor

Intracellular Activity Limited (most phages extracellular) Class-dependent (FQs, macrolides)
Resistance Emergence Moderate; manageable with cocktails/PAS High; rapid under selective pressure
Safety / Toxicity Generallyfavorable; endotoxin concern Class-dependent; nephro/hepatotoxicity
Manufacturing High complexity; GMP resource-intensive Established industrial processes
Regulatory Pathway Unclear; no approved product USA/EU Well-established frameworks
Personalization Possible; adaptive therapy feasible Limited to susceptibility testing

Cost High (R&D, personalized production) Mostly low (generics); high for novel

Key Insight — The Evolutionary Trap: Phage resistance in P. aeruginosa often involves downregulation or loss of
outer membrane porin OprM, a component of the MexAB-OprM efflux pump responsible for fluoroquinolone
resistance. Paradoxically, selection for phage resistance in this species can restore sensitivity to certain antibiotics—
an 'evolutionary trap' exploitable in combination therapy strategies (Gordillo Altamirano et al., 2021).4°
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Figure 3 — Comparative Scoring: Phage Therapy vs. Antibiotics Across Key Clinical Parameters (Expert Consensus Score, 1-10 Scale)

6. Challenges and Limitations

6.1 Narrow Host Range and Phage Bank Requirements

The species and often strain-level specificity of phages, while advantageous in preserving commensal microbiota,
creates significant clinical logistics challenges. Effective phage therapy requires prior isolation and characterization
of the causative bacterial pathogen, followed by susceptibility testing against available phage libraries, a process that
may require 24—72 hours even in well-resourced centers.>® Maintaining comprehensive phage biobanks covering the
diversity of clinically relevant bacterial strains represents a major infrastructure investment.5! The Phage Directory
and international consortia are developing curated, searchable repositories to address this need, but coverage
remains incomplete.®2

6.2 Phage Resistance

Bacteria evolve resistance to phages through multiple mechanisms including receptor modification or loss,
restriction-modification systems, CRISPR-Cas-mediated immunity, and abortive infection systems (Abi).535
Resistance can emerge rapidly during monophage therapy; however, the use of phage cocktails targeting different
bacterial receptors significantly reduces resistance emergence probability through combinatorial pressure.®
Sequential adaptive phage therapy—where patient-specific phage-resistant mutants are isolated and new phages
selected against them—has been demonstrated as a viable clinical strategy.*>%® Genetically engineered phages with
expanded or reprogrammed host ranges provide additional solutions.5’

6.3 Immune Clearance and Pharmacokinetics

The in vivo pharmacokinetics of phages differ fundamentally from small-molecule antibiotics. Phages are subject to
rapid renal clearance, reticuloendothelial system uptake (particularly in liver and spleen), neutralization by pre-
existing or treatment-induced antibodies, and poor penetration of certain tissue compartments.5®5° Studies in animal
models and humans demonstrate that phage titers fall dramatically within hours of IV administration, though self-
amplification at the infection site partially compensates.® Pegylation of phage surfaces and encapsulation in
liposomes have been explored as strategies to extend circulation time and improve biodistribution.®!

6.4 Manufacturing, Standardization, and Stability

The production of clinical-grade phage preparations under Good Manufacturing Practice (GMP) conditions poses
substantial technical and cost challenges.®? Critical quality attributes include phage titer, endotoxin levels (bacterial
lysis releases lipopolysaccharides), absence of transducing particles capable of horizontal gene transfer, sterility, and
storage stability.® Lyophilization has shown promise for long-term phage stabilization, but some phage
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morphotypes are sensitive to the process.’ The personalized nature of adaptive phage therapy further complicates
standardization, as individual patient isolates require custom phage selection and validation.5®

Table 3 — Selected Ongoing and Completed Clinical Trials of Phage Therapy (ClinicalTrials.gov, as of 2024)

Trial / Sponsor NCT Number Phase Target Pathogen Indication Status Ref.
PHAGE-2 (UCSD) | NCTO04636554 Phase II P. aeruginosa / K. UTI Recruiting —
pneumoniae
AP-SAQ2 (Armata) | NCT04335981 Ph. Ib/lla S. aureus Bacteremia Completed —
2022

BX004-A (BiomX) | NCT04596319 Phase Il P. aeruginosa CF lung infection Active —

PhagoBurn NCT02116010 Ph. I/l RCT P. aeruginosa Burn wound Completed —

(Pherecydes) 2019

PHAGOSEPSIS NCT03012295 Phase I/11 K. pneumoniae / E. coli Sepsis Completed —

(Belgium)

Phage Therapy Registry Compassionate Multiple pathogens Mixed wound/enteric | Ongoing —

(Eliava)

WPT-CF NCTO04655521 Phase II P. aeruginosa CF exacerbation Recruiting —

(Westmead)

SAPHIRE (France) | NCT05956184 Phase Il RCT S. aureus Prosthetic joint Recruiting —
infection 2024

7. Regulatory Landscape

The regulatory framework governing phage therapy remains one of its most significant translational barriers,
reflecting the fundamental challenge of fitting a biologically unique therapeutic class within regulatory categories
designed for chemical drugs or conventional biologics.®®¢” In the United States, the FDA has indicated that phage
preparations are likely to be regulated as biological products under 21 CFR Part 600, requiring Biologics License
Applications (BLASs). The FDA's expanded access (compassionate use) pathway and Emergency Investigational
New Drug (eIND) mechanism have been critical in enabling individual patient access while formal pathways are
established.®8:33

In the European Union, Belgium's Royal Decree of 2018 established the world's first national regulatory framework
for phage therapy delivery as individualized preparations, enabling phage treatment at the Queen Astrid Military
Hospital in Brussels, which has emerged as a leading center for clinical phage therapy in Europe.5®7°7* France has
implemented provisional 'magistral preparation' frameworks allowing hospital-compounded phage preparations for
individual patients under named-patient programs.”

The fundamental tension between the personalized, adaptable nature of optimal phage therapy and the requirement
for product standardization inherent to conventional regulatory frameworks has prompted proposals for novel
regulatory approaches, including platform-based licensing, living IND frameworks for adaptive cocktails, and
streamlined compassionate use pathways with mandatory data collection.”7®

I Gram-MNegative (P. aerugincsa, K. pneumoniae, A baumannil) [Jl] Gram-Positive (5. aureus, Enterococcus)

Il Mixed | Other (Mycobacteria, polymicrobial)
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2010-2013 042016 072018 20192020
Figure 4 — Global Phage Therapy Clinical Trlal Actnvnty by Phase and Pathogen Category (2010-2024)
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8. Future Prospects

8.1 Engineered and Synthetic Phages

Advances in synthetic biology and CRISPR-based tools have enabled the rational engineering of phage genomes
with unprecedented precision.”" Engineered phages can be designed with expanded or redirected host ranges (via
RBP domain swapping), enhanced lytic activity (by removing lysogeny-related genes), improved biofilm
penetration (through heterologous depolymerase expression), reduced immunogenicity, or modified to carry
antimicrobial payloads such as CRISPR-Cas nucleases targeting bacterial resistance genes.”®’”® CRISPR-phage
systems that target and cleave specific antibiotic resistance genes have been demonstrated to selectively eliminate
resistant bacterial populations from microbiome communities in animal models.

8.2 Phage Lysins as Standalone Therapeutics

Phage-encoded endolysins—peptidoglycan hydrolases responsible for bacteriolysis at the end of the lytic cycle—
have emerged as a standalone therapeutic class (enzybiotics) with compelling antimicrobial activity against Gram-
positive pathogens.” SAL200, a S. aureus-targeting lysin, has completed Phase Il trials in South Korea
demonstrating efficacy comparable to vancomycin for MRSA bacteremia.?® CF-301 (exebacase), developed by
ContraFect, completed Phase 11 trials for MRSA bacteremia; though it failed to meet its primary endpoint in the
intent-to-treat analysis, it showed significant benefit in the methicillin-sensitive subgroup, highlighting the
importance of patient stratification.®!

8.3 Adaptive Phage Therapy:

Adaptive phage therapy (APT), pioneered by Gordillo Altamirano and colleagues, involves iterative co-evolution of
phages and bacteria during treatment: patient-specific phage-resistant bacterial mutants are isolated from clinical
specimens, new phages are selected or evolved against these mutants, and updated cocktails are administered. 562
This strategy has been applied in clinical cases of refractory P. aeruginosa infections with impressive results,
effectively countering the resistance evolution that undermines static phage cocktail approaches. APT represents a
paradigm shift toward personalized, dynamic antimicrobial therapy.

8.4 Microbiome-Targeted Phage Therapy

An emerging application of phage therapy extends beyond treating defined infections to the modulation of the gut
microbiome for the treatment of inflammatory bowel disease, metabolic disorders, and recurrent Clostridioides
difficileinfection.®3# PhagoBiotics and Intralytix have advanced phage formulations targeting enteric pathogens, and
several groups are exploring phage-mediated precision editing of the gut microbial community as a therapeutic
strategy.®

9. CONCLUSION:

Phage therapy stands at a genuine inflection point. The convergence of an escalating AMR crisis, high-profile
clinical successes, advancing biotechnology, and an evolving regulatory landscape has transformed phage therapy
from a historical curiosity into a scientifically credible and clinically promising therapeutic modality. The clinical
evidence base—while still predominantly derived from compassionate-use cases rather than large RCTs—
consistently demonstrates efficacy and a favorable safety profile against some of the most intractable drug-resistant
infections encountered in modern medicine. Landmark cases involving MDR A. baumannii, P. aeruginosa, M.
abscessus, and MRSA have demonstrated that phage therapy can achieve microbiological and clinical cures where
conventional antibiotics have failed entirely.

Nevertheless, significant challenges remain. The narrow host range necessitating personalized approaches, the threat
of phage resistance, immune clearance, manufacturing complexity under GMP conditions, and regulatory ambiguity
collectively constrain widespread clinical deployment. Addressing these barriers will require coordinated
international investment in phage biobanks, platform manufacturing, clinical trial infrastructure, and adaptive
regulatory frameworks that accommodate the inherently dynamic and personalized nature of optimal phage therapy.
The integration of synthetic biology, adaptive therapy strategies, phage-antibiotic combination approaches, and
engineered lysins into the antimicrobial armamentarium offers a transformative path forward. Rigorous, well-
powered Phase II1 RCTs with harmonized endpoints represent the immediate critical need to elevate phage therapy
from compassionate use to standard-of-care for select MDR indications.
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In the face of an antibiotic innovation void and a worsening global AMR crisis, phage therapy is not merely an
alternative—it is a necessity whose time has arrived.
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