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Phages as potential life-saving
therapeutic option in the
treatment of multidrug-resistant
urinary tract infections

Beata Zalewska-Pigtek ® * and Michalina Nagorka ®

Department of Biotechnology and Microbiology, Chemical Faculty, Gdansk University of Technology,
Gdansk, Poland

Urinary tract infections (UTls) are among the most common bacterial infections
worldwide and increasing antimicrobial resistance (AMR) challenges
conventional antibiotic treatments. Phage therapy (PT) has emerged as a
promising alternative due to its specificity, safety and efficacy against
multidrug-resistant (MDR) pathogens causing infectious diseases. PT
demonstrates significant potential in treating chronic and recurrent UTls,
also including catheter-associated infection by reducing bacterial biofilms,
delaying catheter blockage, and enhancing antibiotic efficacy when used in
combination. Clinical trials and case studies have reported high rates of bacterial
eradication and symptom improvement with minimal side effects. Although
endotoxin release and immune activation during treatment should continue to
be investigated. The aim of this review is to present issues related to the use of
phages in the treatment of UTls of various etiological origins in selected
patients, including those with comorbidities, taking into account the legal
regulations, safety and effectiveness of this experimental therapy. The
growing prevalence of MDR uropathogens highlights the urgent need for
alternative therapies, such as those based on phages in order to treat
antibiotic-resistant infections and improve patient outcomes. Despite the
great potential of PT, its clinical implementation and use of phages as a
routine treatment for bacterial infections requires rigorous trials,
standardized production protocols and regulatory advancements.
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Introduction

Urinary tract infections (UTIs) are among the most
commonly treated infections in the world accounting for
approximately 150 million cases per year (Foxman, 2014;
Leitner et al, 2024). These infections lead to significant
increases in healthcare costs, given that more than 50% of
women experience at least one UTI episode through their
lifetime and in 20%-40% of patients the infection recurs
within a few months (Aslam et al., 2020; Zalewska-Pigtek and
Piatek, 2020). Complicated catheter-related UTIs (CAUTIs) are
of particular concern to healthcare facilities (Kranz et al., 2024).
Furthermore, approximately 75% of hospital-acquired UTTs are
associated with urinary catheter, assuming that 15%-25% of

their
Disease

patients are catheterized during
(Werneburg, 2022; Centers
Prevention, CDC, 2024).

The urological

hospital stay

for Control and

diseases are very often caused by
uropathogenic strains of Escherichia coli (UPEC) which are
the pathogen causing 75%-85% of
uncomplicated 50%-65% of complicated UTIs,
respectively (Table 1). In addition to UPEC, uropathogens

major bacterial

and

TABLE 1 Brief description of urinary tract infections (UTls) (Hooton,
2012; Levison and Kaye, 2013; Lo et al., 2014; Flores-Mireles et al.,
2015; Johnson and Russo, 2018; Zalewska-Piatek et al., 2019;
Zalewska-Pigtek and Pigtek, 2020; Belyayeva et al., 2024).

Source of infection
Acquired by the community or in hospitals
Related to healthcare

Clinical picture and severity

The upper UTIs
Pyelonephritis Infection and inflammation of renal pelvis and kidneys
Nature of the disease acute, mild or moderate
Urosepsis Sepsis (severe infection)
Septic shock
The lower UTIs
Cystitis Infection and inflammation of the bladder
Risk factors and predisposition
Uncomplicated No anatomical defect of the UT
UTIs No UT instrumentation

No pregnancy

Complicated UTIs Renal failure and transplantation
Anatomical UT abnormalities (retention, urinary
obstruction)

Indwelling catheters, medical drainage devices
Immunosuppression
Previous antibiotic exposure

Pregnancy
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contributing to UTIs also include Klebsiella pneumoniae,
Staphylococcus saprophyticus, Enterococcus faecalis, group B
Streptococcus, Proteus mirabilis, Pseudomonas aeruginosa and
Staphylococcus aureus (Flores-Mireles et al., 2015; Zalewska-
Piatek et al., 2019; Mijbel Ali et al., 2021). Increasing rates of
antimicrobial resistance (AMR) among uropathogens to
commonly used antibiotics have provided the impetus to
consider alternative treatment strategies, including phage-
based therapy (Kot, 2019; Guo et al, 2021; Murray et al.,
2022). Such therapeutic interventions allow UTIs to be
controlled. They also limit the development of chronic and
recurrent urological diseases especially in patients with urinary
tract dysfunction (Zaitsev et al., 2024).

UPEC strains have developed various mechanisms that
determine their survival in the urinary tract environment,
chronicity and recurrence of infections. The most important
bacterial defense systems include adhesion to the uroepithelium
(a key step in pathogenesis) and invasion of the superficial
umbrella cells, formation of biofilm and the metabolically
active biofilm-like intracellular bacterial communities (IBCs),
and establishment of quiescent intracellular reservoirs (QIRs)
in the bladder. OIR structures consist of only 4-10 non-
replicating bacterial cells within F-actin membrane-bound
compartments that are capable of surviving for several
months and can be a potential source of recurrent infection
(Flores-Mireles et al., 2015; Zalewska-Piatek and Pigtek, 2020).
Therefore, phage therapy based on phage cocktails and combined
phage-antibiotic therapy may represent a turning point in the
treatment of UTIs, their prevention and limitation of further
spread of MDR UPEC in the urinary tract and also biofilm
formation (Valério et al., 2017; Chegini et al., 2021). However,
this requires further studies and a series of clinical trials.

Bacteriophages were discovered independently by Frederick
Twort and Félix d’'Herelle in 1915 and 1917, respectively (Twort,
1915; D’Herelle, 1917; D’Herelle, 2007). Research into the use of
phages as potential therapeutic agents began in the 1910s but was
largely forgotten in the antibiotic era during World War II
(WWII) (Lin et al, 2017). Phages are bacterial viruses that
specifically select and kill bacterial hosts without affecting the
human commensal microflora compared to antibiotics.
Therefore, “good” commensal bacteria, which control the
body’s vital functions, are not attacked by phages. However,
during antibiotic therapy, there is no such selection and both
“good” and pathogenic bacteria are destroyed (Zalewska-
Pigtek, 2023).

The development of phage therapy (PT) for the treatment of
infectious diseases requires the successful completion of
extensive clinical trials according to the guidelines from the
U.S. Food and Drug Administration (FDA) and the European
Medicines Agency (EMA). Patients infected with multidrug-
resistant (MDR) bacteria and for whom antibiotic therapy has
failed are treated under an emergency expanded access program
for Investigational New Drugs (INDs) approved by the U.S. FDA
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FIGURE 1

Mechanism of phage action in the context of their use in the
treatment of bacterial infections. (A) Phage replication cycles. (B)
Positive aspects of phage therapy (Principi et al., 2019; Zalewska-
Pigtek and Pigtek, 2020; Roughgarden, 2024; Mishra

et al, 2024).

and EMA (Luong et al., 2020). Since phages are considered by
regulatory authorities as biological agents, they must be governed
by the guidelines for the Biological Medicinal Products for
European trials and the guidelines of the Division of Vaccines
and Related Products Application in the U.S.A. (Parracho et al.,
2012). The first regulated efficacy trial of PT occurred in
2009 when a phase I clinical trial (approved by the FDA)
evaluated the efficacy and safety of a phage cocktail targeting
S. aureus, P. aeruginosa and E. coli in venous ulcers (Rhoads
et al.,, 2009).

Phages, considering their replication cycles, can be divided
into lytic and lysogenic viruses (Roughgarden, 2024). The lytic
cycle is associated with the lysis of bacterial cells after the
production of progeny phages. In turn, the lysogenic cycle is
accompanied by the integration of the phage genome into the
bacterial genome (prophage state) and replication with it. Under
certain environmental conditions, induction can occur, which is
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associated with the excision of the prophage genome and
initiation of the lytic cycle (Figure 1) (Zalewska-Pigtek and
Pigtek, 2020; Roughgarden, 2024). PT is most often based on
the use of lytic or genetically modified phages and phage proteins.
Phages do not multiply in eukaryotic cells. Therefore, an
exponential increase in the number of viral particles is
observed once they reach the site of bacterial infection. In
turn, when killing bacteria, the removal of phages from the
body can be observed. Ultimately, the phages are excreted in
the urine by the patient’s kidneys, depending on their size (Ling
et al., 2022; Nang et al., 2023).

Antibiotics, discovered in the 1930s (the “miracle drug”
penicillin, 1928), became the basis for treating bacterial
infections that plague humanity (Fleming, 2001). At the
beginning, they showed high therapeutic efficacy. In times of
intensive production and effective use of antibiotics, few
scientists allowed the possibility of a return to phage-based
therapeutic trials. However, soon, due to their widespread use,
the rapid emergence of antibiotics-resistant bacteria occurring
worldwide was also observed. The United Nations General
Assembly in 2016, identified the problem of antimicrobial
resistance (AMR) as the “greatest and most urgent global
risk” (United Nations, UN, 2016). MDR bacteria such as
methicillin-resistant S. aureus (MRSA), vancomycin-resistant
Enterococci (VRE) and extended-spectrum P-lactamase (ESBL)
producing Enterobacteriaceae represent significant challenges to
healthcare systems worldwide. This highlights the need to search
innovative forms of treatment for MDR and extensively drug-
resistant (XDR) bacterial infections (Ling et al., 2015; Douglas
et al.,, 2023).

In this context, phages are currently considered one of the
best alternatives in treating various chronic and recurrent
diseases caused by bacteria (Malik et al, 2019; Mijbel Ali
et al., 2021). PT is also much safer for the body than therapy
based on antibiotics and well tolerated by patients, side effects are
rare and not very bothersome (Liu et al, 2021; Strathdee
et al., 2023).

Potential applications of phages in
the treatment of UTls based on
selected examples

Phages have been used in medicine as early as 1919, to treat
infections caused by Shigella dysenteriae, 10 years before the
discovery of penicillin (Chanishvili, 2012). The use of phages as
therapeutic agents in the treatment of antibiotic-resistant
bacterial infections was continued in Europe, America, and
Asia until the outbreak of WWII and the expansion of
antibiotics in the world. This form of treatment developed
rapidly and vigorously. Pharmaceutical companies produced
useful phage preparations. In turn, after WWIIL, PT was
gradually replaced by antibiotic therapy as an easy-to-use and
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effective form of treatment for bacterial infectious diseases. The
role of PT and the use of phages as therapeutic agents began to
grow again in the 1980s due to the increasing incidence of
antibiotic-resistant bacterial strains, especially in hospital
wards (Sulakvelidze et al., 2001; Reuter and Kruger, 2020).

UTIs are a very serious problem worldwide. Increasing
antibiotic resistance of uropathogens and limited therapeutic
options have led to the search of alternative therapies to UTIs,
including PT. Furthermore, CAUTIs remain a critical global
health challenge with an estimated 150-250 million cases
annually. This is the most common type of hospital-acquired
infection, which is a major health concern due to the frequent
recurrence and complications. CAUTIs are often caused by
E. coli and Proteus mirabilis (Jacobsen et al., 2008). These
infections are particularly problematic for individuals
undergoing long-term catheterization. Other risk factors that
contribute to the development of CAUTIs include female gender,
patient age and diabetes (Chenoweth et al., 2014).

Proteus mirabilis strains form biofilms that lead to
encrustation and blockage of catheters. Such complications
can cause urinary reflux, kidney infections, and even life-
threatening conditions like sepsis (Wasfi et al., 2020). One of
the research teams explored an innovative dual-layered coating
system (impregnated with a therapeutic dose of phage released in
response to increased urine pH) for catheters. This system was
designed to release phages in response to elevated urinary
pH specific to P. mirabilis infection. Coated catheters doubled
the time to blockage compared to uncoated ones, delaying
obstruction from 13 to 26 h in a controlled bladder model.
Additionally, bacterial populations were significantly reduced,
with a remarkable six-log decrease in P. mirabilis concentration
within 2 hours of activation. This study underscores the potential
of PT as a targeted, antibiotic-free treatment for CAUTIs. This
technology delays catheter clogging and effectively reduces
bacterial biofilms, offering promising opportunities to improve
patient outcomes and reduce the healthcare burden associated
with long-term catheter use (Milo et al., 2016).

In turn, UPEC strains, as one of the main causes of CAUTIs are
a particular problem in patients with spinal cord injuries (Manack
et al, 2011). In one study, researchers showed that a cocktail of six
phages lysed 82% of the E. coli strains tested and reduced biofilm
viability by up to 99.5% in tryptic soy broth and 94% in human
urine. The phage preparation was effective against young and
mature biofilms, including those on silicone catheter materials.
Combining the phage cocktail with antibiotics such as
trimethoprim/sulfamethoxazole or ciprofloxacin further increased
bacterial killing, reduced resistance, and improved efficacy. Through
this research, it was also possible to identify the phage-produced
depolymerases that contribute to biofilm degradation (Sanchez et al.,
2022). These studies highlight the therapeutic potential of phage
cocktails for the treatment of MDR CAUTIs. In addition, further
evaluation of these treatments on animal models and preparation
for clinical application is also planned.
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In addition, the first results from the largest clinical trial to
date on the treatment of UTIs with phages were recently
published. The ELIMINATE trial was aimed at testing the
efficacy of phages to treat infections caused by UPEC resistant
to antimicrobial drugs. The obtained in vitro data showed that
Locus’s six-strain phage cocktail was effective against 94% of
clinical isolates of E. coli analyzed. This study also determined the
dosage that will be used in the second round of testing in
288 people (Suh et al,, 2024).

Lia et al. (2024) reported the successful treatment of chronic
bacterial prostatitis (CBP) in a 65-year-old male using a combination
of bacteriophage and antibiotic therapy. CBP infection caused by
MDR E. coli persisted despite 5 months of antibiotic treatment with
sulfamethoxazole/trimethoprim. The patient was treated with
customized PT, administered orally and rectally, alongside
antibiotics. After several cycles of therapy, the infection was
eliminated, as confirmed by negative urine culture results, and the
patient had no symptoms or side effects for over a year. This case
underscores the potential of personalized PT as a promising tool
against chronic, drug-resistant infections (Lia et al., 2024).

Furthermore, Al-Anany et al. (2023) analyzed 55 studies of
the effectiveness of PT for UTIs. Clinical and microbiological
improvement was shown to occur in more than 72% of cases,
although many studies were based on case reports with limited
controlled studies. This analysis reinforced the promise of PT as a
viable alternative for antibiotic-recurrent UTIs (rUTIs) while
also highlighting the need for rigorous trials to confirm efficacy
and standardize treatment protocols. These findings emphasize
PT’s broad potential and the pressing need to develop it as a
therapeutic option for resistant infections (Al-Anany et al., 2023).

In another case, Terwilliger et al. (2021) investigated the
effect of a unique phage cocktail to treat a liver transplant patient
suffering from rUTIs caused by ESBL-producing E. coli. Despite
multiple prior antibiotic treatments, the infection persisted,
prompting the team to administer a tailored phage cocktail in
combination with antibiotics. The therapy managed to control
the infection, with the patient experiencing symptom relief and
no side effects. Although recurrence of asymptomatic, low-level
bacteriuria occurred after treatment, no further antibiotic
administration was required, suggesting that PT can achieve
microbiological  stabilization ~without complete bacterial
eradication. This case illustrates the adaptability of PT as a
targeted solution for complex infections and highlights how it
can work in conjunction with antibiotics to combat resistant
pathogens (Terwilliger et al., 2021).

Furthermore, Johri et al. (2021), described the impact of
applied PT to treat a patient with CBP, a condition resistant to
conventional antibiotics. By tailoring PT to the specific bacterial
strain, it was possible to achieve significant symptom relief and a
substantial reduction in the bacterial load in the patient. This case
demonstrated the unique ability of PT in the treatment of
in areas where antibiotic

infections like the prostate,

penetration is limited. Research confirms the potential of PT
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to treat chronic antibiotic-resistant infections in anatomically
challenging areas, providing an option where traditional
treatments fail (Johri et al., 2021).

Additionally, Rostkowska et al. (2021) conducted a study in
which PT was used in a kidney transplant patient with rUTIs
caused by ESBL-producing K. pneumoniae, unresponsive to
PT
controlled the infection after the nephrectomy of infected

antibiotic treatments. The experimental successfully
kidney. The patient experienced no side effects from PT and
the infection was resolved. This case underscores the feasibility of
PT in patients with limited antibiotic options, particularly those
transplant recipients undergoing immunosuppressive treatments
(Rostkowska et al., 2021).

In turn, Corbellino et al. (2020) successfully utilized
personalized PT to treat a persistent infection caused by
carbapenemase-producing K. pneumoniae. The patient who
suffered from chronic kidney failure and had a permanent
ureteral stent, experienced rUTIs despite multiple treatments
with ceftazidime-avibactam. After developing a custom phage
formulation, the patient underwent a three-week PT course,
which effectively eradicated the MDR K. prneumoniae strain.
This landmark case highlighted the potential of personalized PT
as an effective treatment for infections that do not respond to
conventional antibiotic therapies, providing key evidence of the
efficacy of PT in combating MDR bacteria (Corbellino et al., 2020).

Available literature data indicate that PT may be a promising
alternative treatment for UTIs caused by antibiotic-resistant
bacteria. However, more well-designed clinical trials are
needed to establish the safety and clinical efficacy of PT as a
therapeutic intervention for UTIs (Al-Anany et al., 2023).

Phage therapy in urology: safety
and efficacy

Phage-based therapy shows promise as an alternative to
antibiotics for the treatment of MDR bacterial infections, offering
high tolerability and minimal disruption of the microbiome (Mishra
et al,, 2024). Uyttebroek et al. (2022) reported a 7% adverse event
rate in patients receiving PT versus 15% in controls, with clinical
improvement in 79% and bacterial eradication in 87% across
studies, though most cases involved antibiotics. In turn, the study
conducted by Al-Anany et al. (2023) allowed to observe bacterial
eradication in 76% after administration of phages and symptom
improvement in 97% of urological cases (although antibiotics were
discounted only in 22%). Moreover, a single randomized trial in
urology showed an 18% success rate for PT compared to 35% with
antibiotics (Leitner et al., 2021).

Despite its promise, safety concerns remain a critical
consideration for PT in human use. One advantage of this
therapy is its specificity, which minimizes harm to beneficial
microbiota compared to broad-spectrum antibiotics (Sweeney
et al, 2018). However, the potential of phages to transfer
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antibiotic resistance genes between bacteria raises concerns
their This
phenomenon, known as horizontal gene transfer, necessitates

about role in spreading resistant strains.
extensive research to determine its prevalence and implications
in clinical settings (Gunathilaka et al., 2017).

Another safety challenge comes from the release of
endotoxins during phage-mediated bacterial lysis. As phages
destroy their bacterial targets, endotoxins, a component of the
bacterial cell wall are released into the bloodstream. In mild cases,
this can cause fever, but in severe instances, it could lead to
systemic inflammatory responses, septic shock, or even organ
failure (Taati Moghadam et al., 2020). This risk is particularly
concerning in infections with a high bacterial load, where rapid
lysis could overwhelm the body’s capacity to manage the
endotoxin surge (LaVergne et al,, 2018; Ujmajuridze et al., 2018).

Immune system activation is another factor. Phages can
stimulate both innate and adaptive immune responses, leading
to the production of antibodies and inflammatory cytokines (Lin
et al., 2020). While most immune reactions are mild and transient,
high doses of phages or prolonged exposure may increase the
risk of significant inflammation or hypersensitivity. These
reactions are rare but warrant consideration, particularly in
immunocompromised patients or those with pre-existing
inflammatory conditions (Taati Moghadam et al., 2020).

In addition, contamination during phage preparation is a
serious safety concern. Phage preparations may contain bacterial
debris, DNA, or residual endotoxins if purification protocols are
inadequate (Yangyanqiu and Shuwen, 2022; Van Belleghem et al.,
2017). These contaminants can exacerbate immune responses or
introduce unintended risks. Rigorous purification processes and
standardized production protocols are essential to address this
(Ferry et al, 2018). Ongoing efforts to establish regulatory
guidelines for phage manufacturing will play a critical role in
ensuring the consistency and safety of therapeutic products.

In conclusion, while phage-based therapy holds significant
potential, particularly against antibiotic-resistant infections, its
safety profile must be carefully managed (Chung et al., 2023).
Addressing risks such as endotoxin release, immune reactions,
and contamination through rigorous selection, purification, and
dosage protocols is essential to ensure its effectiveness and safety
for human use.

Discussion

Phages, as naturally occurring bacterial viruses, have been
used for decades as stand-alone therapeutic agents (local and
systemic treatment) or in combination with antibiotics. As
bacterial parasites, phages kill only bacteria without a negative
impact on eukaryotic cells, in which they do not multiply
(Principi et al., 2019; Zalewska-Pigtek, 2023). Due to the rapid
increase in the number of MDR pathogens worldwide, mainly in
the last decade combined with the decline in the development
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and production of new antibiotics, there has been an increased
interest in phages and phage-based therapies against a wide range
of diseases (Murray et al., 2022). The widespread use of phages is
also dictated by the fact that in the last 20 years, the U.S. FDA has
approved only two new classes of antibiotics against Gram-
positive bacteria (Shi et al., 2023).

The action of phages is unique and different in relation to
currently used and known pharmaceuticals and antibacterial
agents (Parracho et al., 2012). Therefore, it is necessary to
have a standardized protocol for their use in the treatment of
infectious diseases caused by MDR bacteria. In the case of phage
preparations, their purity, safety, sterility and stability are
important. Therefore, the methods of obtaining therapeutic
phage preparations should be continuously improved in order
to reduce the number of impurities and increase the possibility of
undesirable side effects during therapy (Chung et al.,, 2023).

However, complete, well-controlled clinical trials are still
needed to analyze the efficacy and safety of PT against bacterial
infections. Considering the regulatory improvements regarding
the medical application and commercialization of phage
preparations, detailed studies on phage genetics, different forms
of phage-based therapy (phage cocktails, phage-antibiotic
combinations, phage enzymes) or personalized treatment,
indicate a dynamic future development of PT (Zalewska-Piatek,
2023; Mishra et al., 2024).

References

Al-Anany, A. M., Hooey, P. B., Cook, J. D., Burrows, L. L., Martyniuk, J., Hynes,
A. P, etal (2023). Phage therapy in the management of urinary tract infections: a
comprehensive systematic review. Phage (New Rochelle) 4, 112-127. doi:10.1089/
phage.2023.0024

Aslam, S., Albo, M., and Brubaker, L. (2020). Recurrent urinary tract infections in
adult women. JAMA 323, 658-659. doi:10.1001/jama.2019.21377

Belyayeva, M., Leslie, S. W., and Jeong, J. M. (2024). Acute pyelonephritis.
StatPearls. Treasure Island (FL): StatPearls Publishing LLC.

Centers for Disease Control and Prevention, CDC (2024). “Urinary tract
infection,” in Catheter-associated urinary tract infection basics. Available at:
https://www.cdc.gov/uti/about/cauti-basics.html (Accessed April 15, 2024).

Chanishvili, N. (2012). Phage therapy-history from Twort and d’Herelle through
soviet experience to current approaches. Adv. Virus Res. 83, 3-40. doi:10.1016/
B978-0-12-394438-2.00001-3

Chegini, Z., Khoshbayan, A., Vesal, S., Moradabadi, A., Hashemi, A., and Shariati,
A. (2021). Bacteriophage therapy for inhibition of multi drug-resistant
uropathogenic bacteria: a narrative review. Ann. Clin. Microbiol. Antimicrob. 20,
30. doi:10.1186/s12941-021-00433-y

Chenoweth, C. E., Gould, C. V., and Saint, S. (2014). Diagnosis, management, and
prevention of catheter-associated urinary tract infections. Infect. Dis. Clin. N. Am.
28, 105-119. doi:10.1016/j.idc.2013.09.002

Chung, K. M., Nang, S. C., and Tang, S. S. (2023). The safety of bacteriophages in
treatment of diseases caused by multidrug-resistant bacteria. Pharm. (Basel) 16,
1347. doi:10.3390/ph16101347

Corbellino, M., Kieffer, N., Kutateladze, M., Balarjishvili, N., Leshkasheli, L.,
Askilashvili, L., et al. (2020). Eradication of a multidrug-resistant, carbapenemase-
producing Klebsiella pneumoniae isolate following oral and intra-rectal therapy
with a custom made, lytic bacteriophage preparation. Clin. Infect. Dis. 70,
1998-2001. doi:10.1093/cid/ciz782

D’Herelle, F. (1917). Sur un microbe invisible antagoniste des bacilles dysen-
te’riques. Comptes Rendus Académie Sci. 165, 373-375.

Acta Biochimica Polonica

10.3389/abp.2025.14264

Author contributions

All authors listed have made a substantial, direct, and
intellectual contribution to the work and approved it for
publication.

Funding

The author(s) declare that financial support was received for
the research, authorship, and/or publication of this article. This
work was supported by Research Subsidy 037132.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

D’Herelle, F. (2007). On an invisible microbe antagonistic toward dysenteric
bacilli: brief note by Mr. F. D’Herelle, presented by Mr. Roux. 1917. Res. Microbiol.
158, 553-554. doi:10.1016/j.resmic.2007.07.005

Douglas, E. J. A, Wulandari, S. W., Lovell, S. D., and Laabei, M. (2023). Novel
antimicrobial strategies to treat multi-drug resistant Staphylococcus aureus
infections. Microb. Biotechnol. 16, 1456-1474. doi:10.1111/1751-7915.14268

Ferry, T., Boucher, F., Fevre, C., Perpoint, T., Chateau, J., Petitjean, C., et al.
(2018). Innovations for the treatment of a complex bone and joint infection due
to XDR Pseudomonas aeruginosa including local application of a selected cocktail
of bacteriophages. J. Antimicrob. Chemother. 73, 2901-2903. doi:10.1093/jac/
dky263

Fleming, A. (2001). On antibacterial action of culture of penicillium, with special
reference to their use in isolation of B. influenzae. 1929. Bull. World Health Organ.
79, 780-790. Available at: https://iris.who.int/handle/10665/268396.

Flores-Mireles, A. L., Walker, J. N., Caparon, M., and Hultgren, S. J. (2015).
Urinary tract infections: epidemiology, mechanisms of infection and treatment
options. Nat. Rev. Microbiol. 13, 269-284. doi:10.1038/nrmicro3432

Foxman, B. (2014). Urinary tract infection syndromes: occurrence, recurrence,
bacteriology, risk factors, and disease burden. Infect. Dis. Clin. N. Am. 28, 1-13.
doi:10.1016/j.idc.2013.09.003

Gunathilaka, G. U,, Tahlan, V., Mafiz, A. I, Polur, M., and Zhang, Y. (2017).

Phages in urban wastewater have the potential to disseminate antibiotic resistance.
Int. J. Antimicrob. Agents 50, 678-683. doi:10.1016/j.ijjantimicag.2017.08.013

Guo, D. M., Chen, J. C., Zhao, X. Y., Luo, Y. N,, Jin, M. L., Fan, F. X,, et al. (2021).
Genetic and chemical engineering of phages for controlling multidrug-resistant
bacteria. Antibiotics 10, 202. doi:10.3390/antibiotics10020202

Hooton, T. M. (2012). Uncomplicated urinary tract infection. N. Engl. J. Med.
366, 1028-1037. doi:10.1056/NEJMcp1104429

Jacobsen, S. M., Stickler, D. J., Mobley, H. L., and Shirtliff, M. E. (2008).
Complicated catheter-associated urinary tract infections due to Escherichia coli
and Proteus mirabilis. Clin. Microbiol. Rev. 21, 26-59. doi:10.1128/CMR.00019-07

Published by Frontiers
Polskie Towarzystwo Biochemiczne (Polish Biochemical Society)


https://doi.org/10.1089/phage.2023.0024
https://doi.org/10.1089/phage.2023.0024
https://doi.org/10.1001/jama.2019.21377
https://www.cdc.gov/uti/about/cauti-basics.html
https://doi.org/10.1016/B978-0-12-394438-2.00001-3
https://doi.org/10.1016/B978-0-12-394438-2.00001-3
https://doi.org/10.1186/s12941-021-00433-y
https://doi.org/10.1016/j.idc.2013.09.002
https://doi.org/10.3390/ph16101347
https://doi.org/10.1093/cid/ciz782
https://doi.org/10.1016/j.resmic.2007.07.005
https://doi.org/10.1111/1751-7915.14268
https://doi.org/10.1093/jac/dky263
https://doi.org/10.1093/jac/dky263
https://iris.who.int/handle/10665/268396
https://doi.org/10.1038/nrmicro3432
https://doi.org/10.1016/j.idc.2013.09.003
https://doi.org/10.1016/j.ijantimicag.2017.08.013
https://doi.org/10.3390/antibiotics10020202
https://doi.org/10.1056/NEJMcp1104429
https://doi.org/10.1128/CMR.00019-07
https://doi.org/10.3389/abp.2025.14264

Zalewska-Pigtek and Nagorka

Johnson, J. R., and Russo, T. A. (2018). Acute pyelonephritis in adults. N. Engl.
J. Med. 378, 48-59. doi:10.1056/nejmcp1702758

Johri, A. V., Johri, P., Hoyle, N., Pipia, L., Nadareishvili, L., and Nizharadze, D.
(2021). Case report: chronic bacterial prostatitis treated with phage therapy after
multiple failed antibiotic treatments. Front. Pharmacol. 12, 692614. doi:10.3389/
fphar.2021.692614

Kot, B. (2019). Antibiotic resistance among uropathogenic Escherichia coli. Pol.
J. Microbiol. 68, 403-415. doi:10.33073/pjm-2019-048

Kranz, J., Bartoletti, R., Bruyere, F., Cai, T., Geerlings, S., Koves, B., et al. (2024).
European association of urology guidelines on urological infections: summary of the
2024 guidelines. Eur. Urol. 86, 27-41. doi:10.1016/j.eururo.2024.03.035

LaVergne, S., Hamilton, T., Biswas, B., Kumaraswamy, M., Schooley, R. T., and
Wooten, D. (2018). Phage therapy for a multidrug-resistant Acinetobacter
baumannii craniectomy site infection. Open Forum Infect. Dis. 5, ofy064. doi:10.
1093/0fid/ofy064

Leitner, L., Kessler, T. M., and McCallin, S. E. (2024). Innovations in phage
therapy for urinary tract infection. Eur. Urol. Focus 10, 722-725. doi:10.1016/j.euf.
2024.07.006

Leitner, L., Ujmajuridze, A., Chanishvili, N., Goderdzishvili, M., Chkonia, I,
Rigvava, S., et al. (2021). Intravesical bacteriophages for treating urinary tract
infections in patients undergoing transurethral resection of the prostate: a
randomised, placebo-controlled, double-blind clinical trial. Lancet Infect. Dis. 21,
427-436. doi:10.1016/51473-3099(20)30330-3

Levison, M. E,, and Kaye, D. (2013). Treatment of complicated urinary tract
infections with an emphasis on drug-resistant gram-negative uropathogens. Curr.
Infect. Dis. Rep. 15, 109-115. d0i:10.1007/s11908-013-0315-7

Lia, N., Lasha, M., Nata, N., Mariam, D., Dea, N., and Mzia, K. (2024). Resolution
of chronic bacterial prostatitis with bacteriophage-antibiotic therapy. Int. J. Clin.
Virol. 8, 026-030. doi:10.29328/journal.ijcv.1001059

Lin, D. M., Koskella, B., and Lin, H. C. (2017). Phage therapy: an alternative to
antibiotics in the age of multi-drug resistance. World J. Gastrointest. Pharmacol.
Ther. 8, 162-173. doi:10.4292/wjgpt.v8.i3.162

Lin, Y. W,, Chang, R. Y., Rao, G. G,, Jermain, B., Han, M. L., Zhao, J. X,, et al.
(2020). Pharmacokinetics/pharmacodynamics of antipseudomonal bacteriophage
therapy in rats: a proof-of-concept study. Clin. Microbiol. Infect. 26, 1229-1235.
doi:10.1016/j.cmi.2020.04.039

Ling, H,, Lou, X, Luo, Q., He, Z., Sun, M., and Sun, J. (2022). Recent advances in
bacteriophage-based therapeutics: insight into the post-antibiotic era. Acta Pharm.
Sin. B 12, 4348-4364. doi:10.1016/j.apsb.2022.05.007

Ling, L. L., Schneider, T., Peoples, A. J., Spoering, A. L., Engels, I, Conlon, B. P,,
et al. (2015). A new antibiotic kills pathogens without detectable resistance. Nature
517, 455-459. do0i:10.1038/nature14098

Liu, D., Van Belleghem, J. D., de Vries, C. R., Burgener, E., Chen, Q., Manasherob,
R, et al. (2021). The safety and toxicity of phage therapy: a review of animal and
clinical studies. Viruses 13, 1268. do0i:10.3390/v13071268

Lo, E., Nicolle, L. E., Coffin, S. E., Gould, C., Maragakis, L. L., Meddings, J., et al.
(2014). Strategies to prevent catheter-associated urinary tract infections in acute
care hospitals: 2014 updates. Infect. Control Hosp. Epidemiol. 35, $32-S47. doi:10.
1086/675718

Luong, T., Salabarria, A. C., and Roach, D. R. (2020). Phage therapy in the
resistance era: Where do we stand and where are we going?. Clin. Ther. 42,
1659-1680. doi:10.1016/j.clinthera.2020.07.014

Malik, S., Sidhu, P. K,, Rana, J. S., and Nehra, K. (2019). Managing urinary tract
infections through phage therapy: a novel approach. Folia Microbiol. 65, 217-231.
doi:10.1007/s12223-019-00750-y

Manack, A., Motsko, S. P., Haag-Molkenteller, C., Dmochowski, R. R., Goehring,
E. L, Jr, Nguyen-Khoa, B. A, et al. (2011). Epidemiology and healthcare utilization
of neurogenic bladder patients in a US claims database. Neurourol. Urodynamics 30,
395-401. doi:10.1002/nau.21003

Mijbel Ali, B., Gatea Kaabi, S. A., Al-Bayati, M. A., and Musafer, H. K. (2021). A
novel phage cocktail therapy of the urinary tract infection in a mouse model. Arch.
Razi. Inst. 76, 1229-1236. doi:10.22092/ari.2021.356004.1762

Milo, S., Thet, N. T., Liu, D., Nzakizwanayo, J., Jones, B. V., and Jenkins, A. T. A.
(2016). An in-situ infection detection sensor coating for urinary catheters. Biosens.
Bioelectron. 81, 166-172. doi:10.1016/j.bios.2016.02.059

Mishra, V., Bankar, N., Tiwade, Y., and Ugemuge, S. (2024). How phage therapy
works, its advantages and disadvantages: Mini review. J. Pure Appl. Microbiol. 18,
177-184. doi:10.22207/JPAM.18.1.49

Murray, C. J., Ikuta, K. S., Sharara, F., Swetschinski, L., Robles Aguilar, G., Gray,
A., et al. (2022). Global burden of bacterial antimicrobial resistance in 2019: a
systematic analysis. Lancet 399, 629-655. doi:10.1016/s0140-6736(21)02724-0

Acta Biochimica Polonica

10.3389/abp.2025.14264

Available at: https://www.thelancet.com/journals/lancet/article/PIIS0140-
6736(21)027240/fulltext?ref=healthtips.kr.

Nang, S. C, Lin, Y. W, Petrovic Fabijan, A., Chang, R. Y. K, Rao, G. G., Iredell, J.,
et al. (2023). Pharmacokinetics/pharmacodynamics of phage therapy: A major
hurdle to clinical translation. Clin. Microbiol. Infect. 29, 702-709. doi:10.1016/j.cmi.
2023.01.021

Parracho, H. M., Burrowes, B. H., Enright, M. C., McConville, M. L., and Harper,
D. R. (2012). The role of regulated clinical trials in the development of
bacteriophage therapeutics. J. Mol. Genet. Med. 6, 279-286. doi:10.4172/1747-
0862.1000050

Principi, N, Silvestri, E., and Esposito, S. (2019). Advantages and limitations of
bacteriophages for the treatment of bacterial infections. Front. Pharmacol. 10, 513.
doi:10.3389/fphar.2019.00513

Reuter, M., and Kruger, D. H. (2020). Approaches to optimize therapeutic
bacteriophage and bacteriophage-derived products to combat bacterial
infections. Virus Genes 56, 136-149. doi:10.1007/s11262-020-01735-7

Rhoads, D. D., Wolcott, R. D., Kuskowski, M. A., Wolcott, B. M., Ward, L. S., and
Sulakvelidze, A. (2009). Bacteriophage therapy of venous leg ulcers in humans:
results of a phase I safety trial. J. Wound Care 18, 237-243. doi:10.12968/jowc.2009.
18.6.42801

Rostkowska, O. M., Miedzybrodzki, R., Miszewska-Szyszkowska, D., Gorski, A.,
and Durlik, M. (2021). Treatment of recurrent urinary tract infections in a 60-year-
old kidney transplant recipient. The use of phage therapy. Transpl. Infect. Dis. 23,
e13391. doi:10.1111/tid.13391

Roughgarden, J. (2024). Lytic/lysogenic transition as a life-history switch. Virus
Evol. 10, veae028. doi:10.1093/ve/veae028

Sanchez, B. C.,, Heckmann, E. R,, Green, S. I, Clark, J. R,, Kaplan, H. B., Ramig, R.
F., et al. (2022). Development of phage cocktails to treat E. coli catheter-associated
urinary tract infection and associated biofilms. Front. Microbiol. 13, 796132. doi:10.
3389/fmicb.2022.796132

Shi, Z., Zhang, J., Tian, L, Xin, L, Liang, C, Ren, X, et al. (2023). A
comprehensive overview of the antibiotics approved in the last two decades:
retrospects and prospects. Molecules 28, 1762. doi:10.3390/molecules28041762

Strathdee, S. A., Hatfull, G. F,, Mutalik, V. K., and Schooley, R. T. (2023). Phage
therapy: from biological mechanisms to future directions. Cell 186, 17-31. doi:10.
1016/j.cell.2022.11.017

Suh, P. S., Shim, W. H., Suh, C. H., Heo, H., Park, K. J., Kim, P. H,, et al. (2024).
Comparing large language model and human reader accuracy with New England
Journal of Medicine image challenge case image inputs. Radiology 313, €241668.
doi:10.1148/radiol. 241668

Sulakvelidze, A., Alavidze, Z., and Morris, J. G. (2001). Bacteriophage therapy.
Antimicrob. Agents Chemother. 45, 649-659. doi:10.1128/AAC.45.3.649-659.2001

Sweeney, M. T., Lubbers, B. V., Schwarz, S., and Watts, J. L. (2018). Applying
definitions for multidrug resistance, extensive drug resistance and pandrug
resistance to clinically significant livestock and companion animal bacterial
pathogens. J. Antimicrob. Chemother. 73, 1460-1463. doi:10.1093/jac/dky043

Taati Moghadam, M., Amirmozafari, N., Shariati, A., Hallajzadeh, M,
Mirkalantari, S., Khoshbayan, A., et al. (2020). How phages overcome the
challenges of drug resistant bacteria in clinical infections. Infect. Drug Resist. 13,
45-61. doi:10.2147/IDR.S234353

Terwilliger, A., Clark, J., Karris, M., Hernandez-Santos, H., Green, S., Aslam, S.,
et al. (2021). Phage therapy related microbial succession associated with successful
clinical outcome for a recurrent urinary tract infection. Viruses 13, 2049. doi:10.
3390/v13102049

Twort, F. W. (1915). An investigation on the nature of ultra-microscopic viruses.
Lancet 186, 1241-1243. doi:10.1016/s0140-6736(01)20383-3

Ujmajuridze, A., Chanishvili, N., Goderdzishvili, M., Leitner, L., Mehnert, U.,
Chkhotua, A., et al. (2018). Adapted bacteriophages for treating urinary tract
infections. Front. Microbiol. 9, 1832. doi:10.3389/fmicb.2018.01832

United Nations, UN (2016). “At UN, global leaders commit to act on
antimicrobial resistance: collective effort to address a challenge to health, food
security, and development. Press release: high-Level meeting on Antimicrobial
Resistance,” in General assembly of the united Nations. Available at: https://www.un.
org/pga/71/2016/09/21/press-release-hl-meeting-on-antimicrobial-resistance/
(Accessed September 21, 2016).

Uyttebroek, S., Chen, B., Onsea, J., Ruythooren, F., Debaveye, Y., Devolder, D.,
et al. (2022). Safety and efficacy of phage therapy in difficult-to-treat infections: a
systematic review. Lancet Infect. Dis. 22, €208-€220. doi:10.1016/S1473-3099(21)
00612-5

Valério, N., Oliveira, C., Jesus, V., Branco, T., Pereira, C., Moreirinha, C., et al.
(2017). Effects of single and combined use of bacteriophages and antibiotics to
inactivate Escherichia coli. Virus Res. 240, 8-17. doi:10.1016/j.virusres.2017.07.015

Published by Frontiers
Polskie Towarzystwo Biochemiczne (Polish Biochemical Society)


https://doi.org/10.1056/nejmcp1702758
https://doi.org/10.3389/fphar.2021.692614
https://doi.org/10.3389/fphar.2021.692614
https://doi.org/10.33073/pjm-2019-048
https://doi.org/10.1016/j.eururo.2024.03.035
https://doi.org/10.1093/ofid/ofy064
https://doi.org/10.1093/ofid/ofy064
https://doi.org/10.1016/j.euf.2024.07.006
https://doi.org/10.1016/j.euf.2024.07.006
https://doi.org/10.1016/S1473-3099(20)30330-3
https://doi.org/10.1007/s11908�013�0315�7
https://doi.org/10.29328/journal.ijcv.1001059
https://doi.org/10.4292/wjgpt.v8.i3.162
https://doi.org/10.1016/j.cmi.2020.04.039
https://doi.org/10.1016/j.apsb.2022.05.007
https://doi.org/10.1038/nature14098
https://doi.org/10.3390/v13071268
https://doi.org/10.1086/675718
https://doi.org/10.1086/675718
https://doi.org/10.1016/j.clinthera.2020.07.014
https://doi.org/10.1007/s12223�019�00750�y
https://doi.org/10.1002/nau.21003
https://doi.org/10.22092/ari.2021.356004.1762
https://doi.org/10.1016/j.bios.2016.02.059
https://doi.org/10.22207/JPAM.18.1.49
https://doi.org/10.1016/s0140-6736(21)02724-0
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(21)027240/fulltext?ref=healthtips.kr
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(21)027240/fulltext?ref=healthtips.kr
https://doi.org/10.1016/j.cmi.2023.01.021
https://doi.org/10.1016/j.cmi.2023.01.021
https://doi.org/10.4172/1747-0862.1000050
https://doi.org/10.4172/1747-0862.1000050
https://doi.org/10.3389/fphar.2019.00513
https://doi.org/10.1007/s11262-020-01735-7
https://doi.org/10.12968/jowc.2009.18.6.42801
https://doi.org/10.12968/jowc.2009.18.6.42801
https://doi.org/10.1111/tid.13391
https://doi.org/10.1093/ve/veae028
https://doi.org/10.3389/fmicb.2022.796132
https://doi.org/10.3389/fmicb.2022.796132
https://doi.org/10.3390/molecules28041762
https://doi.org/10.1016/j.cell.2022.11.017
https://doi.org/10.1016/j.cell.2022.11.017
https://doi.org/10.1148/radiol.241668
https://doi.org/10.1128/AAC.45.3.649-659.2001
https://doi.org/10.1093/jac/dky043
https://doi.org/10.2147/IDR.S234353
https://doi.org/10.3390/v13102049
https://doi.org/10.3390/v13102049
https://doi.org/10.1016/s0140-6736(01)20383-3
https://doi.org/10.3389/fmicb.2018.01832
https://www.un.org/pga/71/2016/09/21/press-release-hl-meeting-on-antimicrobial-resistance/
https://www.un.org/pga/71/2016/09/21/press-release-hl-meeting-on-antimicrobial-resistance/
https://doi.org/10.1016/S1473-3099(21)00612-5
https://doi.org/10.1016/S1473-3099(21)00612-5
https://doi.org/10.1016/j.virusres.2017.07.015
https://doi.org/10.3389/abp.2025.14264

Zalewska-Pigtek and Nagorka

Van Belleghem, J. D., Clement, F., Merabishvili, M., Lavigne, R., and
Vaneechoutte, M. (2017). Pro- and anti-inflammatory responses of
peripheral blood mononuclear cells induced by Staphylococcus aureus and
Pseudomonas aeruginosa phages. Sci. Rep. 7, 8004. doi:10.1038/541598-017-
08336-9

Wasfi, R, Hamed, S. M., Amer, M. A, and Fahmy, L. I. (2020). Proteus mirabilis
biofilm: development and therapeutic strategies. Front. Cell Infect. Microbiol. 10,
414. doi:10.3389/fcimb.2020.00414

Werneburg, G. T. (2022). Catheter-associated urinary tract infections: current
challenges and future prospects. Res. Rep. Urology 14, 109-133. doi:10.2147/RRU.
$273663

Yangyanqiu, W., and Shuwen, H. (2022). Bacterial DNA involvement in
carcinogenesis. Front. Cell. Infect. Microbiol. 12, 996778. doi:10.3389/fcimb.
2022.996778

Acta Biochimica Polonica

08

10.3389/abp.2025.14264

Zaitsev, Z. A., Lysachev, L. D., Stroganov, S. R,, Arefieva, A. O., Dianov, D. M,,
Bryanskikh, B. E., et al. (2024). Experience with the use of bacteriophages in patients
with neurogenic lower urinary tract dysfunction, complicated by recurrent lower
urinary tract infection. Urologiia 1_2024, 114-118. doi:10.18565/urology.2024.1.
114-118

Zalewska-Pigtek, B. (2023). Phage therapy—challenges, opportunities and future
prospects. Pharmaceuticals 16, 1638. doi:10.3390/ph16121638

Zalewska-Piatek, B., and Piatek, R. (2020). Phage therapy as a novel strategy in the
treatment of urinary tract infections caused by E. coli. Antibiotics 9, 304. doi:10.
3390/antibiotics9060304

Zalewska-Pigtek, B., Pigtek, R.,, Krawczyk, B., and Olszewski, M. (2019).
Pathomechanism of urinary tract infections caused by uropathogenic E. coli
strains. Postgpy Hig. i Med. Doswiadczalnej 73, 269-281. doi:10.5604/01.3001.
0013.2022

Published by Frontiers
Polskie Towarzystwo Biochemiczne (Polish Biochemical Society)


https://doi.org/10.1038/s41598-017-08336-9
https://doi.org/10.1038/s41598-017-08336-9
https://doi.org/10.3389/fcimb.2020.00414
https://doi.org/10.2147/RRU.S273663
https://doi.org/10.2147/RRU.S273663
https://doi.org/10.3389/fcimb.2022.996778
https://doi.org/10.3389/fcimb.2022.996778
https://doi.org/10.18565/urology.2024.1.114-118
https://doi.org/10.18565/urology.2024.1.114-118
https://doi.org/10.3390/ph16121638
https://doi.org/10.3390/antibiotics9060304
https://doi.org/10.3390/antibiotics9060304
https://doi.org/10.5604/01.3001.0013.2022
https://doi.org/10.5604/01.3001.0013.2022
https://doi.org/10.3389/abp.2025.14264

	Phages as potential life-saving therapeutic option in the treatment of multidrug-resistant urinary tract infections
	Introduction
	Potential applications of phages in the treatment of UTIs based on selected examples
	Phage therapy in urology: safety and efficacy
	Discussion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	References


