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Abstract

Antimicrobial resistance (AMR) is one of the biggest threats to global health. Every year, millions of people die because
bacteria no longer respond to traditional antibiotics. Phage therapy offers a promising biomedical alternative. These
viruses target specific bacteria, killing them while leaving others alone. They can multiply inside infections and even
work against multidrug resistant strains. Engineered phages take this a step further. Modified through genetic techniques
and CRISPR-Cas tools, they can tackle problems that natural phages struggle with, such as limited host ranges or stubborn
biofilm infections. The biomedical evidence is encouraging. Preclinical studies and clinical trials show phages succeeding
in treating burn wounds, infections related to cystic fibrosis, and diabetic foot ulcers. Combining phages with antibiotics
often works better than either on its own, reducing bacterial loads more effectively. Challenges remain, though. Bacteria
can develop resistance to phages, and better delivery methods are still needed. Recent advances, including Al-driven
phage design, offer a way forward. By integrating these innovations, phage therapy could cut AMR-related deaths and
make access to treatment more fair worldwide. This review draws on biomedical studies, highlighting successes as well
as gaps, to guide future research in the field.
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1. Introduction

The problem of antimicrobial resistance or AMR has become one of the current health issues of the greatest magnitude.
It occurs when bacteria, viruses, fungi, or parasites evolve in a manner that reduces the effects of our medicines. The
World Health Organization has categorized AMR among the top ten global public health threats (WHO bacterial priority
pathogens list, 2024). There were almost 5 million deaths attributed to it in 2019 alone, 1.27 million due to resistant
infections directly (Murray et al. 2021) And the situation is only getting worse. Common pathogens like Staphylococcus
aureus, Pseudomonas aeruginosa, and Escherichia coli are evolving rapidly, making even everyday infections harder to
treat. Alexander Fleming, who discovered penicillin, warned about this back in 1945. He said that misuse of antibiotics
would eventually lead to resistance—and today, we are seeing that warning come true, especially with multidrug-resistant
bacteria (Fleming 1945).

Bacteriophages, or simply phages, are viruses that naturally attack bacteria and hold significant biomedical relevance.
They were first described in 1915 by Frederick Twort and later by Felix d’Herelle (Twort 1915); (d’Herelle 1961). In the
early 1900s, phages were even tested as treatments for infections, but once antibiotics like penicillin came along in the
1940s, phage therapy was largely abandoned (Egido et al. 2022); (Chakraborty et al. 2016). That picture is changing With
antimicrobial resistance (AMR) climbing and fewer new antibiotics in the pipeline, interest in phage therapy has surged
again (Kortright et al. 2019). Phages bring some clear advantages. They are highly specific, hitting harmful bacteria while
sparing the beneficial ones. They can also replicate right at the infection site, which helps sustain their impact. And
importantly, they remain effective against strains that no longer respond to antibiotics (Mishra et al. 2024; Sukirtha et al.,
2025).

Nonetheless, natural phages are limited, such as having a limited ability to infect a host, and the possibility of bacteria
developing resistance to the phage as well (Li et al. 2024) ; (Kalidass et al. 2025). That is where engineering comes into
the picture. Recent developments in the field of synthetic biology enable us to alter these phages in order to enhance their
usefulness (Tridgett et al. 2021). As an example, the ability to edit phage genomes with CRISPR-Cas can be used to
increase the range of their targets and enhance the capability to overcome bacterial defenses (Cui et al. 2023); (Niranjan
Kumar et al. 2026).

This review claims that the future of combating AMR lies in engineered phages (Sivaraj et al. 2026). We will discuss the
AMR crisis in detail, how phages can be used as natural antimicrobials, engineering innovations including molecular
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mechanisms of phage-antibiotic synergy and Al applications, clinical applications and trials, molecular interactions with
the human host, challenges with emphasis on resistance mechanisms and translational barriers, and future directions. In
the process, synergies with antibiotics and new technologies such as Al in designing phages are examined. At the
conclusion, it will be clear why phage therapy has a chance to introduce a new era of targeted treatments, although key
challenges must be overcome directly.

2. AMR Cerisis

AMR happens when microbes build defenses against antibiotics, making them useless for treating infections. This is a
huge global health problem, threatening current treatments and raising risks of disease spread and death (Niveda et al.
2024). The rise of "superbugs" drug-resistant bacteria makes treating common infections hard and complicates procedures
like transplants, cancer therapy, and surgery (Almansour et al. 2023). The main drivers include excessive use and abuse
of antibiotics in humans like self-medication and over-prescription of antibiotics and in animals for growth promotion
(Ferrara et al. 2024). Poor sanitation and environmental pollution from farms or pharmaceutical factories accelerate the
spread of resistant genes (Estany-Gestal, Salgado-Barreira, and Vazquez-Lago 2024); (Karthik Raja et al. 2025).

The numbers are alarming. AMR caused 4.95 million deaths worldwide in 2019, of which 1.27 million were direct results
of resistant infections (Murray et al. 2021) ; (Chambers and Fowler 2022). Important culprits include Staphylococcus
aureus, Pseudomonas aeruginosa, Acinetobacter baumannii, Mycobacterium tuberculosis, Klebsiella pneumoniae,
Streptococcus pneumoniae, and Escherichia coli. Methicillin-resistant S. aureus (MRSA) alone contributed more than
100,000 deaths. Third-generation cephalosporin-resistant E. coli and carbapenem-resistant K. pneumoniae posed
additional major threats(Briissow 2024). Geographic distribution varies, with S. aureus and E. coli more prevalent in
high-income regions and S. pneumoniae and K. pneumoniae devastating sub-Saharan Africa.

The crisis is worsening due to the slow discovery of new antibiotics bacteria have developed resistance to almost every
class despite hundreds on the market (Domingo-Calap and Delgado-Martinez 2018) ; (Raja et al. 2024).

Patient non-compliance, poor hygiene, and environmental runoff further aggravate the situation. AMR requires
international efforts, yet it remains poorly addressed in many regions (Niveda et al. 2024). Phage therapy, which uses
natural bacterial killers to specifically target pathogens rather than causing the broad damage of antibiotics, offers a viable
alternative (Olawade et al. 2024). Phage-derived enzymes such as endolysins provide additional tools (Sabur et al. 2025)
(Huda, Alam, and Sharma 2020).

Even a minor incision can become fatal if colonized by resistant bacteria, and MDR infections in hospital burn or wound
sites frequently prove unresponsive to standard treatments. Phage therapy provides a potential escape route.
Understanding the full dimensions of the AMR crisis—medical, economic, and social, with poorer countries affected
mostis essential before valuing advanced phage-based solutions.

3. Bacteriophages: Nature’s Targeted Antimicrobial

Bacteriophages, or phages, are viruses that specifically attack and lyse bacterial cells, making them potential antimicrobial
agents. They have been studied for therapeutic uses since the early 20th century, especially before antibiotics became
widespread (Twort 1915); (d’Herelle 1961).But with antibiotics’ rise, phage therapy faded (Kortright et al. 2019). Unlike
broad-spectrum antibiotics, phages have remarkable specificity for their bacterial hosts. This lets them eliminate harmful
strains while sparing useful microbiota (Principi, Silvestri, and Esposito 2019). Phages were first used therapeutically in
1919 against Shigella dysenteriae, and they are the most abundant biological entities on Earth, with 103! —~103? phages at
any time. They regulate bacterial populations, killing 20—40% of bacteria in ocean surface waters daily (Goodridge 2013).
How do they work? Phages bind to bacterial surface receptors, inject their genome DNA or RNA in a protein capsid, and
use the host’s machinery to multiply. This causes cell lysis, releasing new phages (Egido et al. 2022). Two dominant
cycles exist: the lytic cycle, during which the bacterium ruptures quickly, and the lysogenic cycle, during which phage
DNA integrates and remains inactive (Faruk et al. 2025). Lytic phages are preferred for therapy since they kill without
integrating.

Phages have several benefits. They self-reproduce, so even a small dose amplifies at the infection site. They show low
toxicity because they do not infect human cells. They also co-evolve with bacteria and adapt to new resistances (Mishra
et al. 2024). Recent literature points to applications in wound infections, respiratory diseases, gastrointestinal diseases,
sepsis, and biofilms (Faruk et al. 2025). Endolysins and phage-derived enzymes can also be used as antimicrobials on
their own (Murray et al. 2021).

But natural phages are not ideal. Host defenses and low host range restrict their use. That is why engineering is key.
Genetic modification and bioinformatics tools are used to develop phage cocktails and decrease resistance (Uchechukwu
and Shonekan 2024). For example, phages may be engineered to attack MDR biofilm pathogens or intracellular infections
(Eghbalpoor et al. 2024). With continued research, phages may become common in medicine, but more funding and
partnerships are required to bridge lab work and clinical practice (Sivalingam and Arjun 2024).

Phages also have ecological functions, regulating bacterial populations in natural environments. This natural balance
inspires their medical use. However, to fully exploit them, engineering is essential, as the following section elaborates.

4. Advances in Phage Engineering

Modified phages have shown the capability to address many challenges posed by natural phages and conventional
antibiotics when combating biofilm-producing, extensively drug-resistant (XDR), and multidrug-resistant (MDR)
bacteria (Eghbalpoor et al. 2024). Genetic engineering makes phages more potent against AMR. Natural phages are
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effective but frequently limited in target range or susceptible to bacterial resistance. Engineered phages, also known as
designer phages, overcome this (Lewis, Williams, and Sagona 2024). For example, tail fibers can be modified to increase
host ranges, enabling phages to infect additional bacteria (Egido et al. 2022). Personalized engineered phages have been
demonstrated to be successful when antibiotics fail in a multinational study of 100 cases (Pirnay et al. 2024).
CRISPR-Cas integration is one of the major developments. These systems allow phages to cut bacterial DNA more
accurately, increasing the rate of kills (Khambhati et al. 2023). Gencay et al. (2024) designed SNIPR001, a cocktail
consisting of modified tail fibers and CRISPR, which is more efficient in clearing E. coli biofilms than natural phages in
mice and minipigs (Gencay et al. 2024). Other examples include Yosef et al. (2015), who reprogrammed phages to target
resistant bacteria, and Lu and Collins (2007), who added phage-encoded enzymes to disrupt biofilms (Yosef et al. 2015)
; (Lu and Collins 2007). Ando et al. (2015) used yeast to edit phage genomes, allowing E. coli phages to target Klebsiella
(Ando et al. 2015).

Phage-antibiotic synergy (PAS) is particularly promising. Combinations re-sensitize bacteria to drugs. At low doses,
Kebriaei et al. (2023) wiped out MRSA biofilms with a three-phage mix plus antibiotics (Kebriaei et al. 2023). Gordillo
Altamirano et al. (2022) demonstrated that phage sFGO02 reinstated ceftazidime activity against A. baumannii (Gordillo
Altamirano et al. 2022). Anand et al. (2020) showed that phage VTCCBPAA43 reduced K. pneumoniae lung loads in mice
after a single dose (Anand et al. 2020). These works highlight how engineering circumvents issues such as resistance and
host range (Cui et al. 2023).

Molecular mechanisms of PAS include: (1) cell-wall antibiotics causing bacterial filamentation or morphological changes
that increase phage adsorption sites and burst size; (2) phages disrupting biofilms, capsules, or efflux pumps, restoring
antibiotic penetration and intracellular accumulation; (3) dual selective pressures creating evolutionary fitness trade-offs
that slow resistance evolution (Supina and Dennis 2025). Compatibility efficiency varies by antibiotic class that is stronger
synergy with beta-lactams; potential antagonism with some protein-synthesis inhibitors and requires screening via
checkerboard assays, time-kill curves, and mechanism-based models. Strain-specific testing is essential for optimal
pairing and dosing ratios.

In addition to infections, engineered phages are under investigation for use as vaccines, in cancer therapy, and for gene
delivery. Phage display improves immunizations (Zalewska-Piatek and Pigtek 2021). They serve as vectors for accurate
CRISPR gene delivery (Wang et al. 2024) and can specifically attack tumours to promote immunity (Islam, Fan, and Pan
2023). Challenges remain in stability and safety, with the possibility of bacterial resistance to modified phages requiring
continuous monitoring. Recent reviews focus on Al to predict interactions and optimize cocktails (Khambhati et al. 2023).
Engineering transforms phages into multi-purpose weapons.

In 2024-2025, engineering for intracellular bacteria and Al-optimized therapy have advanced (Cui et al. 2023) ; (Doud,
Robertson, and Strathdee 2025). Al algorithms, including deep learning and genome language models (e.g., Evo), are
trained on large phage/bacterial genome datasets to predict host range, adsorption, and immunogenicity. Generative
models design novel functional phages, as seen in synthetic ®X174 variants with improved E. coli infectivity. These build
on previous research and broaden phage applications.

Genetic modification and bioinformatics advantages: Tail-fiber engineering and bioinformatics expand host range by
altering receptor-binding proteins and predicting anti-defense genes. These reduce resistance development by enabling
multi-receptor targeting and rapid cocktail adaptation. Preclinical data and compassionate-use cohorts (~100 cases)
support improved efficacy against MDR strains, though clinical trial data for engineered versions remain limited and
highlight the need for further translation.

5. Clinical Applications and Trials

Phage therapy has moved from the laboratory into the clinical setting, with promising results against MDR infections.
Modern tests on safety and efficacy date back to 1919 when Shigella was first used (Goodridge 2013).

The PhagoBurn project, an EU initiative, ran phase 1/2 trials in nine burn centers. It tested lytic P. aeruginosa phage
PP1131 for burn wounds with daily topical applications. Results showed low concentrations cleared bacteria slower than
standard care, leading to termination and highlighting the need for better dosing (Huang et al. 2021). Armata
Pharmaceuticals' SWARM-P.a. trial (phase 1b/2a) tested AP-PAO02 for P. aeruginosa in cystic fibrosis and bronchiectasis
when inhaled. It showed safety, tolerability, good lung targeting with low systemic exposure, and progression to phase
2b (Sharma 2024).

Locus Biosciences' LBP-ECO01 uses CRISPR—Cas3 to damage bacterial DNA for antibiotic-resistant £. coli UTIs. The
ELIMINATE phase 2/3 trial checks safety, pharmacokinetics, and efficacy. Early results show E. coli levels dropped in
four hours, with symptoms gone by day 10 (Kim et al. 2024). MB Pharma's DUOFAG® cocktail targets P. aeruginosa
and S. aureus for diabetic foot infections. Genetic studies confirm efficacy against clinical isolates and it is GMP-certified
(Sawa, Moriyama, and Kinoshita 2024). A bibliometric analysis reviewed 6,538 works on phage therapy, with output
rising sharply and 45 trials noted by March 2023. Compassionate uses for MDR E. coli UTIs showed 80-90% success.
Regulations vary globally, with challenges in dosing and 10—15% resistance (Maimaiti et al. 2022).

The Israeli Phage Therapy Center reported compassionate use of PASA16 in 16 P. aeruginosa patients. Local and IV
treatments led to positive outcomes in 13 of 15 patients (86.6%), with synergy in resistant cases (Onallah et al. 2023).
TechnoPhage's TP-122A targets P. aeruginosa in ventilator-associated pneumonia via nebulization. A comprehensive
review analyzed 59 studies covering 2,241 patients, reporting 77.2% symptomatic recovery and 67% pathogen eradication
with mild side effects (Uyttebroek et al. 2022).

Adaptive Phage Therapeutics' DANCE™ trial tests phage for diabetic foot osteomyelitis, and the PHAGE study evaluates
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WRAIR-PAM-CF1 in cystic fibrosis (Sawa et al. 2024) ; (vasundhara 2023). Recent systematic studies confirm efficacy
in diabetic foot ulcers with safe outcomes (Young et al. 2023). In children, phage therapy shows promise but needs more
data (Strathdee et al. 2023). Personalized approaches, like inhaled phages, affect clinical endpoints (Elfadadny et al.
2025).

6. Molecular Interaction of Phage Therapy in Human Host

Phage therapy works at multiple levels of the human body. It acts by the direct killing of bacteria which regulates the
natural immune response and alters the adaptive immune response. The process involves a bacteriophage entering its
bacterial target, executing the lytic cycle, and lysing the cell, spilling out progeny phages and bacterial debris. This leads
to host reactions involving recognition of bacterial products including lipopolysaccharides (LPS), peptidoglycan
fragments, and CpG-containing DNA. Host pattern-recognition receptors detect these signatures. For example, TLR4
recognizes LPS and triggers NF-«B signaling, leading to production of inflammatory agents such as TNF-a, IL-6 and IL-
1 (Kortright et al. 2019). TLR9 identifies CpG motifs (Kazmierczak et al. 2021), cytosolic cGAS-STING enhances type
I responses, and NOD1/NOD?2 activate inflammasome pathways maturing IL-1f and IL-18 (Bichet et al. 2021).

Innate immunity does not always react predictably. Some bacteriophages bypass canonical DNA sensing pathways.
Bichet et al. (2021) demonstrated that T4 phages can be internalized by mammalian cells through macropinocytosis
without triggering cGAS—STING, instead activating Akt/PKB signaling. T4 and T7 phages are often anti-inflammatory,
while filamentous Pf phages from Pseudomonas aeruginosa can be pro-inflammatory on airway epithelia (Van
Nieuwenhuyse et al. 2022). Zamora et al. (2024) showed airway epithelial cells change transcriptional programs and
cytokine secretion in phage-type and environment-dependent ways, underscoring the need to consider diversity in
therapeutic design (Zamora et al. 2024).

Adaptive immunity involves dendritic cells presenting antigens to T cells via MHC class II (CD4+) and cross-presentation
(CD8+), while B cells secrete antibodies against phage capsid proteins (Roche and Furuta 2015). Washizaki et al. (2024)
demonstrated that therapeutic phages induce neutralizing antibodies that lower half-life and remodel pharmacokinetics,
implying that immune memory to phages influences repeated dosing success (Washizaki, Sakiyama, and Ando 2024).
Clearance pathways differ: Kupffer cells, splenic macrophages, and renal filtration remove phages, with small
Podoviridae cleared faster than larger Myoviridae (Kornienko et al. 2020). Interestingly, not all phage families clear
according to size; these variations affect treatment efficacy and dosing intervals.

Many phages act as immunomodulators that reduce inflammation (Sweere et al. 2019). In contrast, antibiotics frequently
worsen dysbiosis. A key example is the compassionate use of modified mycobacteriophages in a cystic fibrosis patient
with disseminated M. abscessus (Dedrick et al. 2019). The treatment controlled bacterial load without excessive
inflammation, likely due to balanced lysis and immunoregulatory properties. Phage therapy outcomes depend on a web
of interactions, and acknowledging diversity is essential for repeatable clinical approaches (Podlacha et al. 2021).
Significant differences in immunogenicity exist; more research is necessary to fully understand immune regulation and
therapeutic potential (Champagne-Jorgensen et al. 2023).

Long-term safety and immunogenicity data are limited but generally show mild, transient effects. Neutralizing antibodies
can emerge with repeated administrations, shortening phage half-life; strategies include cocktail rotation and engineering
for reduced immunogenicity. No major chronic toxicities have been widely reported in monitored settings, but
longitudinal studies are needed.

7. Challenges and Future Directions

Despite successes, phage therapy has biological and systemic challenges. Phage resistance appears in 10—15% of cases,
needing adaptive strategies like cocktails or Al design (Bleriot et al. 2024). The molecular basis of bacterial resistance
includes receptor modification (mutations masking adsorption sites), restriction-modification systems (DNA cleavage),
bacterial CRISPR arrays (spacer-guided cleavage), abortive infection (host suicide), and defense islands imposing fitness
costs. Immunogenicity and delivery optimization remain key gaps (Champagne-Jorgensen et al. 2023). Regulatory
differences hinder global use (Maimaiti et al. 2022). A recent review stresses re-evaluating unsuitable phages with
virulence or transduction risks (Cook and Hynes 2025).

Delivery is tricky. Phages must avoid immune elimination and reach infection sites. Intravenous suits systemic infections,
but topical or inhaled routes are often more effective for wounds or lungs due to higher local concentrations and sustained
retention supported by preclinical bacterial load reductions and clinical PK data from inhaled formulations. Long-term
attenuation can result from immunogenicity (Sawa et al. 2024). Ethical supervision, including COPE guidelines for data
integrity, is critical.

Future paths include Al for phage-host predictions to cut resistance (Doud et al. 2025). Cocktails broaden ranges (Gencay
et al. 2024). Global harmonization through WHO could streamline access in LMICs (Olawade et al. 2024). Beyond
therapy, phages show promise for vaccines or cancer (Islam et al. 2023). Tailored approaches work in children (Strathdee
et al. 2023) and diabetic ulcers (Young et al. 2023). Personalized inhaled therapies could transform care (Elfadadny et al.
2025). These could halve AMR deaths by 2035 if scaled (Zalewska-Piagtek and Pigtek 2021), but investment is crucial.
Translational barriers: Animal models (often murine) show strong efficacy but differ from humans in immune
responses, microbiome, and infection dynamics. Challenges include GMP scaling, predicting human PK/PD, and
accounting for comorbidities. Interdisciplinary collaboration is required across microbiology, genetics, bioinformatics/Al,
clinical medicine, immunology, and regulatory/public health sciences. Specific plans involve Al-optimized personalized
cocktails, sustained-delivery systems, large RCTs of engineered combinations, and WHO-supported harmonization for
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equitable access.

8. Conclusion

The AMR outbreak requires new solutions and bacteriophage therapy addresses the challenge. Between the natural
phages’ selectivity and the increased power of engineered ones, this method brings hope when antibiotics fail. There is
clinical evidence, both in trials such as ELIMINATE and PhagoBurn, and compassionate successes, that it is able to treat
MDR infections at high rates, typically 80-90% (Uyttebroek et al. 2022) ; (Onallah et al. 2023). Antibiotic synergies have
an amplifying effect, yet this method makes bacteria more sensitive and gradually slows resistance (Kebriaei et al. 2023).
Still, there are hurdles to overcome. Bacteria can develop resistance to phages, delivery methods need fine-tuning, and
regulations vary from country to country. But future proceedings like Al-driven phage design and stronger global
collaboration could help overcome these issues (Venkataraman et al. 2025). Phage therapy should not be seen as just a
backup plan. It has the potential to drive personalized medicine, support vaccine development, and even promote health
equity. With antimicrobial resistance taking more than 1.27 million lives each year, mostly in low and middle income
countries, phages could be game-changing (Salam et al. 2023).

What’s needed now is more research, greater investment, and clear policy support to bring them into mainstream
biomedical practice. In many ways, phages represent a return to nature’s own solutions refined through modern science
to take on one of the greatest health threats humanity faces today.

Future Scope and Implications

The revival of phage therapy comes at a perfect time, as AMR links to over 1.27 million deaths annually, hitting LMICs
hardest (Salam et al. 2023). Clinical evidence keeps proving phages work against drug-resistant infections. Their future
lies not only as alternatives but also as catalysts for personalized treatments, better health equity, and smarter antibiotic
use. Phage therapy is poised to grow thanks to new regulations and technologies. WHO is urging countries to include
phages in AMR plans. Standard ways to produce and distribute them are needed, especially where resistance is deadliest.
Tools like CRISPR-edited phages and Al-designed ones could lower resistance (seen in 1 in 10 cases) and make
treatments affordable (Khambhati et al. 2023) ; (Venkataraman et al. 2025).

To make phage therapy impactful, rules must be streamlined and infrastructure built. Emerging areas include phages for
oral health, cancer, and plant diseases (Pirnay et al. 2024) ; (Islam et al. 2023). With advances in anti-phage strategies
understood, better therapies can be designed (Zalewska-Pigtek and Piatek 2021). The potential is vast, but action is key.

Additional Discussion: Ethical and Practical Considerations

Phage therapy should adhere to guidelines such as COPE to avoid plagiarism and data fabrication. Informed consent is
essential, particularly in compassionate uses. They have good safety profiles with limited side effects, although long-term
monitoring is required (Petrovic Fabijan et al. 2020). GMP production can be scaled but remains challenging, as with
DUOFAG (Sawa et al. 2024). Implementation in resource-limited environments should include economic feasibility
evaluations.
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Table 1 compares key studies, showing outcomes and advantages. (Populate with entries from Gencay et al. 2024,
Kebriaei et al. 2023, etc., including model, outcomes like log CFU reduction, and advantages/limitations.)

. . Target . Advantages /
Reference Engineering Strategy Pathogen Model / Stage ||[Primary Outcomes Limitations
Significant reduction in ||[Expanded host
E. coli burden (up to  ||range + reduced
CRISPR-Cas + ) . ... ||several logio CFU/g in |[resistance
. . E. coli Mice & minipigs .
(Gencay et al. ||modified tail fibers (includin (preclinical): gut); better biofilm emergence;
2024) (SNIPROO1 cocktail . £ P 5 clearance than wild- minimal
biofilms) Phase 1 clinical . .
of 4 phages) type phages; well microbiome
tolerated with GI disruption; still
restriction early clinical data
Strong synergy
(Kebriaei et Multi-phage cocktail MRSA In vitro biofilm Complete efadlcatlon with antibiotics;
al. 2023) (3 phages) + (biofilms) models of MRSA biofilms at  |[lower dos.es. .
’ antibiotics (PAS) low doses needed; limited in
vivo data
(Gordillo Restored ceftazidime ||Re-sensitization of
. Natural phage aFG02 .. ||In vitro & susceptibility; resistant strains;
Altamirano et . A. baumannii . S . .
al. 2022) (engineered context) preclinical 51gr.11ﬁcant bacterial neefis combination
) killing testing
. . . ||[Effective against
Significant reduction in . )
(Anand et al. Phage VTCCBPA43 ||K. pneumoniae Mous§ lung lung bacterial load after r§sp1rat0ry MDR;
2020) infection model || . single-dose
single dose .
potential
Improved
(Lu and Phage-encoded Bloﬁ'lm- ' Enhanced biofilm penetration; older
. enzymes forming In vitro . . study, needs
Collins 2007) . disruption
(depolymerases) bacteria modern
engineering
(Yosef et al. Reprogramm@d Resistant E. In vitro & Selective killing of Reduced resistance
phages targeting . . . : spread; early proof-
2015) . . coli preclinical resistant bacteria
resistance plasmids of-concept

Table 2 summarizes trials. (Populate with trial name, phage/engineering, target, phase, key outcomes like bacterial
reduction percentages or success rates, and references such as Kim et al. 2024, Onallah et al. 2023.)

Trial / Product Phage Ty.pe/ Target P athogen Phase / Design Key Outcomes Reference
Engineering / Infection
Safety confirmed;
slower bacterial
Phase 1/2 clearance at low Jault et al.
PhagoBurn Lytic P. aeruginosa ||Burn wound L (implied in
. . . randomised, doses vs. standard
(PP1131) cocktail (natural) infections . . (Huang et al.
controlled care; trial terminated
. 2021)
early due to dosing
issues
Good safety &
SWARM-P.a. |[Multi-phage cocktail Ic’i:a/erug mosa m Phase 1b/2a tzierei]iarihty;itlﬁl rllg (Sharma
(AP-PA02) (inhaled) L 5¢ ECHNE WIRLIOW 1190 4)
bronchiectasis systemic exposure;
bacterial load
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profile

Trial / Product Phage Ty.pe/ Target P athogen Phase / Design Key Outcomes Reference

Engineering / Infection

|| || || ||reduction signals ||
Rapid E. coli
reduction (within 4
S hours); symptom
ELIMINATE ecrﬁllasnil;-i%a-l;i;ge ﬁgf;?;ﬁ?g coli |[Phase 2 Part 1 resolution; (Kim et al.
(LBP-ECO01) cocktail UTI (open-label) mlcroblologlc. 2024)
improvement in
~87.5%; good
tolerability
Well tolerated; dose-
dependent E. coli (Gencay et al.
CRISPR-Cas-armed |- gut Phase 1 (dose- reduction (up to 78% |2024)&
SNIPROO1 + tail-fiber modified .o . .

(4-phage cocktail) colonization escalation) at highest dose vs. follow-up
placebo); GI- Phase 1 data
restricted
Positive clinical

. outcomes in 13/15
PASA16 (Israeli Ssre;l?:ofé hage See:;aj;t;rs};Pv Compassionate use [|evaluable patients (Onallah et al.
Center) ginosa phag aerus? (case series) (86.6%); synergy 2023)

(compassionate) infections . o .
with antibiotics; mild
side effects

DUOFAG® Cocktail (2 S. aureus ||Diabetic foot Clinical evaluation flfﬁfceﬁ:og&g? safe (Sawa et al.

+ 1 P. aeruginosa) ||infections / GMP-certified ’ 2024)

Table 3 summarizes the family-specific immune pathways of therapeutic phages in the human host with clinical
implications. (Populate with phage family, pathways (e.g., TLR4/NF-«kB), outcomes, and mitigation strategies like
rotation for repeated dosing.)

T4 (Myoviridae)

minimal cGAS-STING;
Akt/PKB activation

modulates cell
survival & cycle

systemic use;
monitor repeated
dosing

Clinical
Phage Family / Key Interaction Immunological Implications /
Example Pathways Outcome Mitigation Reference(s)
Strategies
Lower pro-
Macrobinocviosis: Often anti- inflammatory risk;
pInocy ’ inflammatory; suitable for

(Bichet et al. 2021)

Generally anti-

Reduced tissue
damage potential,

(Kortright et al.

inflammation

abscessus);

7 Variable PRR activation inflammatory combine with 2019)
monitoring
Cotonin— Jvan
Filamentous Pf (from P. [|Airway epithelial Pro-inflammatory respirasory Nieuwenhuyse et
. R . . infections; phage-
aeruginosa) activation cytokine secretion . . al. 2022) ; (Zamora
type specific design
et al. 2024)
needed
Pro-inflammatory Risk of cytokine
TLR4 (LPS), TLRY (PAMP release) + response or reduced |[(Washizaki et al.
. (CpG), NOD1/2, cGAS- . ; )
General lytic phages ) possible efficacy on repeat; ||2024) ; (Sweere et
STING; NF-kB & Co. .
. neutralization by use cocktails or al. 2019)
inflammasome o .
antibodies rotation
Balanced response; Successful in
Mycobacteriophages Controlled lysis + minimal excepssive, compassionate use ||(Dedrick et al.
(engineered) immunomodulation (e.g., CF M. 2019)
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Clinical

Phage Family / Key Interaction Immunological Implications /

Example Pathways Outcome Mitigation Reference(s)
Strategies

engineering for
stealth

Figure 1 provides a visual overview of this journey, from basic phage biology to real-world applications of engineered
phages against AMR pathogens.
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AMR Propagation and Spread

Figure 2: Diversity of Bacteriophages. This diagram classifies phages into types like tailed, filamentous, and
polyhedral, with labels for DNA/RNA genomes and host-binding structures. It connects each type to AMR examples,
such as tailed phages targeting MRSA.
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Figure 3: Lytic and Lysogenic Cycles of Bacteriophages. This figure illustrates the steps of each cycle: attachment,
injection, replication, assembly, and lysis for lytic; integration and prophage state for lysogenic.
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Figure 4: Schematic overview of the host immune response to phage therapy. Bacteriophage-mediated lysis of target
bacteria releases pathogen-associated molecular patterns (PAMPs), including lipopolysaccharide (LPS), peptidoglycan
(PGN), and CpG DNA.
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Figure 6: Phage Delivery Routes. This diagram depicts routes like intravenous (for sepsis), topical (for wounds),
nebulized (for lungs), and oral (for gut). Each is linked to examples, with pros like rapid systemic spread vs. local
concentration and supporting efficacy data.
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