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HIGHLIGHTS

This study explores the vital roles of the human and urinary microbiomes in health and disease, emphasizing their impact on urinary
tract infections. It highlights advances in microbiome-based therapeutics—Iike probiotics, posthiotics, phages, and fecal microbiota
transplantation—as promising alternatives to antibiotics.
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INTRODUCTION

Urinary tract infections (UTls) are among the most
prevalent bacterial infections, affecting millions globally
yearly [1]. The high incidence and recurrence rates sig-
nificantly contribute to the disease burden, rendering
UTls a significant public health concern [2]. Recent re-
ports estimate that 404.6 million new cases of UTIs oc-
cur worldwide, with nearly 236,786 deaths attributed to
UTls in recent years [3]. Currently, UTIs are a leading
cause of life-threatening conditions such as sepsis, renal
damage, and preterm birth, associated with considerable
mortality and healthcare costs [4]. UTls have also be-
come a principal cause of frequent healthcare-associat-
ed infections, frequently linked with high levels of multi—
drug-resistant pathogens, posing significant challenges
for current treatments [5].

The treatment of UTls predominantly relies on antibi-
otics, which can disrupt the host’s microbiota balance,
leading to dysbiosis, increased susceptibility to reinfec—
tion, and adverse health outcomes [6]. Moreover, the
widespread use of antibiotics has fueled a concerning
rise in antimicrobial resistance, limiting treatment options
for managing recurrent and chronic infections [7]. The
reduced susceptibility of UTls to last-resort antibiotics,
such as ciprofloxacin, poses a significant threat to pa-
tients worldwide as bacterial resistance and recurrence
continue to increase [8,9]. These challenges underscore
the need for innovative strategies that extend beyond
traditional medicines to address UTls effectively [10].

Recent studies have indicated the potential of human
microbiome therapeutics as an alternative to current
treatments for UTI [11]. Comprising communities of bac—
teria, archaea, fungi, and viruses, the human microbiome
is essential for maintaining immune homeostasis and
overall health [12]. By modulating these microbiotas with
therapeutic agents, microbiome-based therapeutics
have shown promise in treating various diseases,
demonstrated by their ability to alter microbial composi-
tion—suppressing antibiotic-resistant pathogens while

promoting beneficial bacteria—and improve functionality,
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thereby restoring microbial balance and enhancing host
health [13,14]. Clinical trials have documented significant
reductions in UTI recurrence rates among patients treat—
ed with microbiome therapeutics compared to those re—
ceiving conventional antibiotic therapy [15]. One study
highlighted the effectiveness of microbiome therapeu-
tics in treating recurrent UTls caused by extended-spec—
trum B-lactamase-producing Klebsiella pneumoniae [16].
These findings indicate that microbiome-based thera-
peutics can introduce beneficial functions to the human
microbiome, thereby inhibiting infections [17].

Recent research outcomes have led the European
Medicines Agency (EMA) and the U.S. Food and Drug
Administration (FDA) to approve microbiome-based
therapeutics as promising candidates for clinical trials
and drug development [18]. Consequently, this review
aims to summarize current research on microbiome
therapeutics as a novel approach to UTls, exploring their
therapeutic potential, mechanisms of action, and future
directions for translating these strategies into clinical

practice.

THE HUMAN MICROBIOME: INSIGHTS
INTO ITS ROLE IN HEALTH AND DISEASE

The human microbiome, comprising trillions of bacte—
ria, fungi, viruses, and other microbes, plays a vital role
in numerous bodily functions such as digestion, immune
responses, and mood regulation [19]. Disruption of this
delicate balance can lead to various conditions, including
infectious and metabolic diseases [19]. As research in—
creasingly reveals its role in multiple health issues, inter—
est in the human microbiome has grown rapidly.

These findings have spurred research into under—
standing the human microbiome and its role in maintain—
ing the balance between health and disease [20,21].
Serious exploration of the human microbiome began in
the late 20th century, even though microbes had long
been recognized within the human body [22]. Advances
in molecular biology and sequencing technologies in the

early 2000s enabled researchers to investigate these
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microbial communities in greater detail [23]. A key mile-
stone was the Human Microbiome Project (HMP),
launched in 2007, which aimed to map microbial com-
munities in healthy individuals and understand their sig—
nificance for health and disease [24].

As scientific technologies progress, microbiome-based
therapeutics have become a central focus within the
scientific community for treating various human diseases
[25]. Unlike conventional drug regimens that primarily
address symptoms, human microbiome therapeutics
target the root causes of diseases, offering a safe, reli-
able, and feasible approach with long-term health bene—
fits.

THE UROBIOME: EMERGING INSIGHTS
INTO URINARY TRACT HEALTH AND
INFECTIONS

The urobiome, or the urinary tract microbiome, rep-
resents a recently recognized component of the human
microbiome landscape [26]. Traditionally believed to be
sterile in healthy individuals, urine's status led to the uri-
nary microbiome's exclusion from the HMP until 2008
[27]. Recent evidence, however, has uncovered microbial
communities within the urinary tract, fundamentally al-
tering the perception of UTls. Previously perceived
purely from an immunological and microbiological stand-
point, pathogens like Escherichia coli were identified as
the main causative agents [28]. However, novel findings
in urobiome research have unveiled a complex interac—
tion between microbial communities and host immunity,
challenging the conventional view.

Advances in sequencing technologies, including
next-generation sequencing and 16S rRNA profiling,
have significantly enhanced our ability to characterize the
urinary microbiome, leading to the identification of a
‘core’ urobiome. However, most studies have concen—
trated on the female urinary microbiome due to the
higher prevalence of urological disorders in women
[29,30]. Discrepancies in urine sampling methods con-

tinue, particularly when voided urine samples are sus—

ceptible to contamination from the post-urethral region
[31]. A recent study also underlined differences between
bacterial communities in urine samples and those in
bladder mucosal tissue samples, underscoring the im-
portance of tissue sampling in conjunction with urine
collection for a more accurate representation of the uro—
biome [32]. Research has further uncovered differences
between male and female urobiomes. While both are
predominantly characterized by the phylum Firmicutes,
the male urobiome typically lacks Actinobacteria and
Bacteroidetes, resulting in a simpler environment than
the female urobiome [33]. The male urobiome features a
relatively high abundance of Corynebacterium, a genus
typically associated with the skin microbiome [34]. Other
genera commonly found in both male and female urobi—
omes include Lactobacillus, Streptococcus, and Staphy—
lococcus [3B). Profiling studies reveal that the urobiome
can vary based on factors such as age, sex, hormonal
status, and health conditions [35]. For instance, Lacto—
bacillus species, typically prevalent in the urinary tracts
of healthy premenopausal women, are thought to pro-
tect by reducing pH and inhibiting uropathogen growth
[36]. Reduced Lactobacillus levels are associated with
recurrent UTls in postmenopausal women [37]. Similarly,
imbalances in Lactobacillus levels in premenopausal
women have been linked to urinary incontinence [38]. In
addition, other frequently detected bacteria include
Gardnerella, Prevotella, Atopobium, Megasphaera spe-
cies, and various anaerobes [39]. Interestingly, the uro—
biome of men over 70 is more diverse than that of
women of the same age, which may relate to an in—
creased risk of prostate, kidney, and bladder diseases
[40]. A cluster of proinflammatory bacteria, including
Streptococcus anginosus, Anaerococcus spp., Varibacu—
lum cambriense, and Propionimicrobium lymphophilum,
is associated with urological infections [41,42]. Despite
advances in taxonomic profiling, the impact of temporal
factors on the urobiome remains poorly understood.
These urinary microbiota play a critical role in modulating
local immune responses, maintaining a healthy urobi-

ome, and providing essential protection against UTls
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through interactions with host immunity [43].

COMPLEXITIES OF THE URINARY
MICROBIOME IN UTls

Recurrent UTls are generally defined as 2 or more ep-
isodes within 6 months or 3 or more episodes within 1
year [44]. These infections recur after clinical resolution
of a previous episode, manifesting either as reinfections
or relapses, irrespective of treatment [45]. Reinfection
implies that a different bacterial strain causes a UTI
more than 2 weeks post-treatment. In comparison, re—
lapse denotes the continued presence of the same
strain, resulting in a UTI within 2 weeks of treatment
[45]. Studies indicate that 50% to 80% of women will
encounter UTls at some point, with 20% to 50% suffer-
ing recurrent infections [46]. Specifically, 53% of women
older than 55 and 36% of younger women report recur—
rent infections within one year [44]. Women with recur-
rent UTls exhibit significantly higher rates of vaginal col-
onization by E. coli, Enterococcus faecalis, Proteus
mirabilis, and Klebsiella compared to controls [45]. Uro—
pathogenic E. coli (UPEC) is the most common cause of
recurrent UTls among these pathogens. In a study in-
volving 250 hospitalized and community patients with a
median age of 83.5 years, E. coli was found to be the
most prevalent organism in UTI cases, with a higher in—
cidence in females (83%) than in males (46%) [47].

Polymicrobial UTls, caused by 2 or more bacterial
species rather than a single pathogen, are particularly
common in elderly populations, accounting for up to
one-third of infections [48,49]. Commonly observed in
polymicrobial UTls are dual-species associations such as
E. coli and K. pneumoniae, E. coli and E. faecalis, K.
pneumoniae and E. faecalis, and K. pneumoniae and P,
mirabilis, constituting 26%, 10%, 8.5%, and 7% of cases,
respectively, especially in elderly patients (mean age, 73
110 years) [60]. Additional prevalent pathogens in poly—
microbial infections include Pseudomonas aeruginosa, P
mirabilis, and Staphylococcus aureus, which are noted at
rates of 23%, 25%, and 10.5% respectively [47]. Among
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S. aureus strains confirmed as methicillin-resistant, 9 out
of 10 were detected in polymicrobial samples, illustrating
that S. aureus often occurs in mixed infections [47]. E.
coli isolates from polymicrobial samples were also sig—
nificantly more invasive than those from monomicrobial
samples [47]. In polymicrobial infections, one pathogen
may facilitate the growth of others; for example, in E.
faecalis and E. coli coinfections, E. faecalis suppresses
nuclear factor-kappa B signaling pathways in macro-
phages, reducing immune responses and facilitating E.
coli colonization [51]. This underlines the complexity of
treating infections involving multiple organisms com-—
pared to those caused by a single pathogen.

Biofilms, composed of microbial communities embed-
ded in a matrix of extracellular polymeric substances,
pose significant challenges in treating UTls [52]. Urinary
catheters, commonly made from latex or silicone, are
particularly susceptible to biofilm formation on both their
inner and outer surfaces by organisms such as Staphy-
lococcus epidermidis, E. faecalis, E. coli, P. mirabilis, P.
aeruginosa, and K. pneumoniae [53,54]. E. coli is partic—
ularly effective at forming biofilms on catheter surfaces,
with biofilm formation rates among UPEC isolates
reaching 84.6%-24.8% strong, 26.1% moderate, 44.6%
weak, and 9.3% nonproducers [46]. E. faecalis can en—
hance the growth and persistence of E. coli biofilms un-
der limited iron conditions, likely due to alternative iron
acquisition strategies rather than direct competition [55).
Specific less common pathogens, such as Delftia tsuru-
hatensis and Achromobacter xylosoxidans, also form
biofilms on inert surfaces, promoting E. coli adhesion
and biofilm development [56]. Despite initial colonization
by atypical species, E. coli often predominates in mature
biofilms due to its faster growth rate and higher sidero—
phore production [56]. P. aeruginosa is another potent
biofilm former commonly found in polymicrobial biofims.
It can obtain nutrients from competitors through sidero—
phore production and enhance its virulence by sensing
peptidoglycan from other bacteria, allowing it to elimi—

nate competitors [57].
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LIMITATIONS OF CONVENTIONAL
THERAPIES IN TREATING UTls

Antibiotic resistance has become a significant public
health concern, contributing to approximately 700,000
deaths annually, with projections indicating this number
could rise to 10 million by 2050 if no new treatments are
developed [58]. Although antibiotics remain the primary
treatment for UTls, alternative options are still limited. In
a study of uropathogenic E. coli strains, the highest lev—-
els of antibiotic resistance were observed with ampicillin,
tetracycline, nitrofurantoin, and chloramphenicol, with
resistance rates of 74.6%, 64.9%, 6.2%, and 8.7%, re—
spectively [46]. Bacteria isolated from mixed cultures
show similar resistance levels to front-line antibiotics as
those from monomicrobial cultures [47]. Additionally, E.
coli isolates from mixed cultures demonstrate increased
resistance to ciprofloxacin and trimethoprim compared
to monomicrobial isolates [47]. Selecting an appropriate
antibiotic regimen becomes more challenging when E.
faecalis and E. coli coexist, as Enterococcus species ex—
hibit inherent resistance to many antibiotics commonly
used to treat UTls [47].

Antibiotic treatment also risks causing dysbiosis, or an
imbalance of normal microbiota, which is associated
with various health issues, including obesity, allergies,
and autoimmune diseases such as type 1 diabetes and
rheumatoid arthritis. Dysbiosis may increase the abun-
dance of pathogens, such as Clostridioides difficile,
while significantly decreasing beneficial bacteria, like
Lactobacillus [59]. Furthermore, antibiotics can reduce
gut bacterial diversity, disrupting essential metabolic
processes governed by the microbiota [69-61]. Frequent
reliance on antibiotics increases the risk of resistance
and may not address underlying issues, such as urobi-
ome imbalances, leading to recurrent infections after
initial treatment [62,63]. The limitations of conventional
therapies—particularly given the rise of antibiotic-resis-
tant bacteria and recurrent infections—highlight the ur-
gent need to explore alternative or complementary

treatment options.

THE POTENTIAL OF MICROBIOME
THERAPEUTICS FOR UTI TREATMENT

Probiotic therapy utilizes beneficial microbes, typically
bacteria or yeast, to restore the natural microbiota bal-
ance and enhance host health. Recently, probiotic thera—
py has gained interest as a promising approach for man—
aging gastrointestinal disorders, various infections, the
gut-lung axis, and uropathogens [64]. Probiotics exert
their beneficial effects through several mechanisms, in—
cluding competitive exclusion of pathogens, production
of antimicrobial compounds (e.g., bacteriocins, hydrogen
peroxide), modulation of immune responses, and main-
tenance of epithelial barrier integrity [65,66]. Among
probiotics, Lactobacillus species produce lactic acid and
hydrogen peroxide, which help eliminate uropathogenic
E. coli by upregulating stress proteins and reducing bio—
film formation in both enteric and genitourinary habitats
[67-69]. Additionally, other Lactobacilli strains, including
Lactobacillus rhamnosus, Lactobacillus reuteri, Lactoba—
cillus acidophilus, and Lactobacillus casei, have shown
potential in downregulating UPEC virulence factors, in—
terfering with biofilm formation and reducing recurrent
UTls [70,71]. Lactobacillus crispatus, a well-studied
strain, produces Lactin-V. This live biotherapeutic prod-
uct has been evaluated in double-blind, placebo-con-
trolled phase 2 trials for its effectiveness against UTls
and bacterial vaginosis [72,73].

In addition to probiotics, postbiotics—a heterogeneous
mixture of cellular components and metabolites such as
exopolysaccharides, peptidoglycan, bacteriocins, teichoic
acids, and short-chain fatty acids (SCFAs)—have
emerged as potential UTI treatments. Research sug-
gests that postbiotics may benefit the host by modulat-
ing protective mechanisms, strengthening epithelial bar—
riers, and influencing immune responses, potentially
reducing UPEC reservoirs in the intestines [74]. The ri-
bosomally synthesized peptide bacteriocins produced by
probiotics are gaining attention. For instance, the probi-
otic strain Lactobacillus gasseri produces the bacteriocin

gassericin E, demonstrating promising effects against

www.euti.org



Hoonhee Seo, et al ® Emerging Insights in Microbiome UTI Therapies

UTI

bacterial vaginosis, a condition that resembles UTls [75].
Subtilosin, a cyclopeptide produced by Bacillus subtilis
and Bacillus amyloliquefaciens, exhibits antimicrobial ac—
tivity against various pathogens, including Gardnerella
species, which can colonize the urinary tract [76,77]. Al-
though bacteriocins are often unstable, bioengineering
techniques are being explored to improve their stability
and antimicrobial efficacy, potentially enabling their use
in intravesical treatments or as engineered probiotics to
inhibit uropathogens [78-80].

Asymptomatic bacteriuria (ABU), characterized by sig-
nificant bacterial presence in urine without symptoms of
UTI, is a focus of interest in UTI management. A notable
strain associated with ABU is E. coli 83972 [81,82], first
identified in a young girl who carried it for nearly 3 years
without showing infection symptoms [83,84]. While E.
coli 83972 resembles commensal strains, it is thought to
have evolved from a uropathogenic ancestor within the E.
coli B2 phylogenetic group, which includes UPEC strains
[85,86]. Although it contains virulence factors such as
colibactin and cytotoxic necrotizing factor 1, mutations
like the loss of motility and absence of fimbriae decrease
its virulence compared to symptomatic E. coli strains
[82,85-87]. E. coli 83972 may reduce UTI risks by out-
competing UPEC strains through bacterial interference.
Possible factors include nutrient competition, gene ac—
quisition, and biofilm formation inhibition, though it is not
due to competition for attachment sites since E. coli
83972 lacks fimbriae [82,88]. The European Urology
Guidelines endorse the clinical use of E. coli 83972 for
intentional bladder colonization as a safe preventive
measure [89]. Quorum-sensing inhibitors, which disrupt
bacterial communication pathways essential for biofilm
formation, represent a promising approach, and when
combined with existing microbiome-based therapies,
they could enhance therapeutic efficacy and overcome
the limitations of traditional methods [88-91].

Microbiota transplantation is being investigated as a
potential treatment for UTls. Fecal microbiota transplan-
tation (FMT) involves introducing stool from a healthy

donor into a patient’s gut and has demonstrated the po-
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tential to restore microbial balance. Recent studies indi—
cate that FMT therapy could help reduce recurrent UTls
by replenishing commensal bacteria in the urobiome. For
instance, Tarig et al. [92] reported decreases in recurrent
UTls, increased antibiotic susceptibility, and reduced E.
coli and Klebsiella levels following FMT treatment for re—
current Clostridium difficile infection (rCDI). Similarly,
Biehl et al. observed a significant reduction in Entero—
bacteriaceae levels, from 8.3% to 0.5%, and an increase
in Lactobacillaceae levels, from 0.5% to over 50%, with-
in 84 days post-FMT in a 50-year-old female [93]. In a
93-year-old female, FMT reduced symptomatic recurrent
UTls and eradicated rCDI, with Enterobacteriaceae levels
decreasing from 74% pre-FMT to 0.07% post-FMT [94].
FMT has also been shown to significantly reduce UTI
frequency, from a median of 4 episodes before treat—
ment to 1 episode post-FMT (p=0.01), and improve anti-
microbial resistance patterns in E. coli and Klebsiella iso—
lates. In contrast, patients treated with standard
antibiotics showed no change in UTI frequency or resis—
tance patterns, further emphasizing FMT’s potential in
managing recurrent infections [92]. The mechanisms
underlying the effectiveness of microbiota transplanta—
tion in recurrent UTls include restoring the competitive
exclusion of uropathogens by commensal bacteria, en—
hancing the production of antimicrobial compounds such
as bacteriocins and SCFAs, and modulating the host im-
mune response to reduce chronic inflammation and epi-
thelial barrier disruption [95]. The success of FMT in
managing rCDI highlights the potential of microbial
transplantation from other niches, such as vaginal mi—
crobiota transplantation, in treating not only bacterial
vaginosis but also UTls and other urological conditions
[96]. Further research into urinary microbiota transplan—
tation is warranted.

Unlike antibiotics, microbiome therapeutics that spe—
cifically target and inhibit only the causative pathogens
without disrupting the native microbiome represent a
promising field, with bacteriophages possessing
strain-specific targeting properties showing particular

potential for addressing uropathogens [97]. Phage thera-
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py for UTls often involves lytic proteins, phage cocktails,
or combinations of phages with antibiotics [98]. For ex—
ample, Sybesma et al. [99] examined the susceptibility
of 9 urine-derived K. pneumoniae isolates to the lytic
phage v_BR-KpS10, which lysed all isolates . Another
study found that the lytic phage VB_ecoS-Golestan in-
hibited 56% of multidrug-resistant UPEC isolates, al—-
though its effectiveness is limited by a narrow host
range and the potential for phage-resistant mutants
[98,100]. Polyphage therapy, in which multiple phages
are administered, has shown potential in reducing bac-
terial titers and demonstrated safety when delivered in—

travesically via catheter [101].

ADVANTAGES AND CHALLENGES OF
MICROBIOME THERAPEUTICS IN UTI
TREATMENT

Microbiome therapeutics offer several advantages
over conventional drug regimens. Here, we reflect on
some of these benefits. First, conventional treatments
for UTlIs contribute to issues such as antibiotic resis—
tance, decreased chemotherapy effectiveness, and low
drug specificity [11]. These challenges hinder the suc—
cessful management of UTls and increase public health
risks as resistant strains become global, potentially rais—
ing healthcare costs due to associated complications. In
contrast, microbiome therapeutics introduce a novel ap-
proach that addresses these limitations. A primary ad-
vantage of microbiome therapeutics is their capacity to
restore the host's microbiome balance, tackling the root
cause of the infection rather than merely the symptoms.
Unlike conventional antibiotics, this strategy is less likely
to induce resistance because it diminishes pathogenic
bacterial overgrowth while encouraging the growth of
beneficial bacteria [24]. Conventional treatments fail to
distinguish between harmful and beneficial bacteria,
whereas microbiome therapeutics can selectively target
pathogenic strains, enhancing specificity. Moreover, they
have fewer side effects than conventional therapies,

making them as a safer, more reliable, and viable long-

10

term UTI management option. These therapies can also
be personalized to suit individual microbiome profiles,
offering more effective interventions aligned with a per—
son’s unique microbial ecosystem and potentially leading
to improved health outcomes [102].

While advancements in microbiome science have un—
locked new potential for using microbial therapeutics to
treat UTls, significant challenges remain. One major
challenge involves navigating regulatory hurdles to en-
sure the safety and viability of these therapeutics. For
instance, therapeutic bacteria may unintentionally es—
cape their intended environment and colonize sites in or
outside the body, posing a risk. Another concern is hori—
zontal gene transfer between engineered microbes and
native microbiota, which could lead to the spread of ge—
netically modified DNA [103]. Therapeutic microbes
might transfer antibiotic resistance genes to pathogenic
bacteria, thereby exacerbating the problem of antibiot—
ic-resistant infections. Additionally, maintaining the sta—
bility and viability of these live-organism products
throughout manufacturing, storage, and distribution
presents challenges. Regulatory bodies such as the FDA
and the EMA have traditionally focused on chemically
defined drugs or single-agent biologics [104]. Microbi-
ome-based therapies, which do not fit these categories,
complicate the evaluation of safety, efficacy, and quality
control. Furthermore, establishing good manufacturing
practices and quality standards for microbial products is
difficult, as even minor variations in microbial composi-
tion can affect their effectiveness [105]. These challeng-
es highlight the need for new regulatory frameworks to
assess microbiome-based therapies accurately.

Another challenge for microbiome-based therapeutics
is the difficulty of creating a “one-size-fits-all” solution
due to the unique composition of each individual's mi-
crobiota [106]. Personalized medicine may offer a solu-
tion, but advanced diagnostic tools are required to rapid—
ly and accurately assess each patient’s microbial profile.
A deeper understanding of factors that shape the mi-
crobiome and its interactions with the host is essential

for advancing personalized medicine [107]. Developing
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these therapies necessitates large-scale, high-resolution
datasets that capture the dynamic nature of the micro-
biome across individuals and over time [108].

FUTURE PERSPECTIVES

The study of the urobiome, a relatively new and ex—
panding field, has substantial gaps in our understanding
of its role in health and disease. Although emerging evi—
dence indicates the presence of a distinct microbiome in
the urinary tract, the complexity and interactions within
this microbial community remain largely unexplored
[109]. Our understanding of UPEC, the primary pathogen
responsible for UTls, is minimal [110]. Despite consider—
able research on UPEC, the detailed mechanisms of its
virulence factors and interactions with other urobiome
microbes still need to be better understood [110]. Ad-
vanced 'omics' technologies, such as metagenomics,
metabolomics, and proteomics, are crucial for deepening
this understanding, though their application in urobiome
research is still early. Bridging these knowledge gaps
through improved study designs, optimized sample pro-
cessing, and multiomics analyses should be prioritized in
future research.

Another promising avenue is urinary microbiome
transplantation (UMT), which could replicate the success
of FMT used for rCDI [111]. UMT involves transferring
the healthy urinary microbiome of a donor to a patient
with UTls or urinary dysbiosis to restore microbial bal—-
ance [112]. Although still largely experimental, UMT has
significant potential to provide long-term relief from re-
current infections without relying on antibiotics. As uro-
biome research and broader microbiome studies ad-
vance, commercializing microbiome-based therapies is
anticipated to be essential in managing UTls and associ-
ated complications.

CONCLUSIONS

The urobiome, once overlooked, is now acknowledged

as a critical factor in the health and disease of the uri-
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nary tract, especially regarding UTls. Advances in scien—
tific techniques have deepened our understanding of the
diverse microbial communities within the urinary tract,
elucidating their roles in both health and disease. Con-
sidering the limitations of conventional drug treatments
for UTls, there is an urgent need to develop alternative
therapies that can more effectively manage UTls and
related complications. In this context, microbiome-based
therapeutics offer a promising avenue, as they possess
the potential to not only eradicate target pathogens but
also to restore a healthy microbial ecosystem for long-
term health advantages. Nevertheless, further compre—
hensive and in-depth research is necessary to create
effective microbiome-based treatments for UTls and

their associated complications.

NOTES

* Acknowledgments: We extend our gratitude to the re—
searchers at HM-MMC, PMC, and Soonchunhyang
University Hospital for their invaluable contributions to
this study, with special thanks to Uhjin Song, MD, for
his medical insights and assistance with English edit—
ing.

» Author Contribution: Conceptualization: HY, HYS;
Funding acquisition: HY, HYS; Writing - original draft:
HS, MAR, 1B, MSH, HT, FG, SHS, JC, SK; Writing - re-
view & editing: HS, MAR, HY, HYS.

* ORCID
Hoonhee Seo: 0000-0002-5932-6633
Md Abdur Rahim: 0000-0003-2000-5602
Indrajeet Barman: 0000-0003-1180-0380
Mohammed Solayman Hossain: 0009-0004-8313-0886
Hanieh Tajdozian: 0000-0002-7299-1240
Fatemeh Ghorbanian: 0000-0002-5217-2862
Sarower Hossen Shuvo: 0009-0006-1785-1639
Jiho Choi: 0009-0001-4040-6334
Sukyung Kim: 0000-0002-7963-9776
Heejo Yang: 0000-0002-7195-806X
Ho-Yeon Song: 0000-0003-4429-1383

1



UTI

Urogenit Tract Infect 2025;20(1):4-16

12

REFERENCES

. Chieng CCY, Kong Q, Liou NSY, Khasriya R, Horsley H. The

clinical implications of bacterial pathogenesis and mucosal
immunity in chronic urinary tract infection. Mucosal Immunol
2023;16:61-71.

Saadeh SA, Mattoo TK. Managing urinary tract infections.
Pediatr Nephrol 2011;26:1967-76.

Zeng Z, Zhan J, Zhang K, Chen H, Cheng S. Global, regional,
and national burden of urinary tract infections from 1990 to
2019: an analysis of the global burden of disease study
2019. World J Urol 2022;40:755-63.

Flores-Mireles AL, Walker JN, Caparon M, Hultgren SJ. Uri—
nary tract infections: epidemiology, mechanisms of infection
and treatment options. Nat Rev Microbiol 2015;13:269-84.
Navalkele B, Chopra T. Clinical application of live biothera—
peutic products in infectious diseases. Front Microbiomes
2024;3:1415083.

Yelin I, Snitser O, Novich G, Katz R, Tal O, Parizade M, et al.
Personal clinical history predicts antibiotic resistance of uri-
nary tract infections. Nat Med 2019;25:1143-52.

Khanna S, Pardi DS, Kelly CR, Kraft CS, Dhere T, Henn MR,
et al. A novel microbiome therapeutic increases gut microbi—
al diversity and prevents recurrent Clostridium difficile infec—
tion. J Infect Dis 2016;214:173-81.

Bartoletti R, Cai T, Wagenlehner FM, Naber K, Johansen
TEB. Treatment of urinary tract infections and antibiotic
stewardship. Eur Urol Suppl 2016:15:81-7.
Pujades-Rodriguez M, West RM, Wilcox MH, Sandoe J.
Lower urinary tract infections: management, outcomes and
risk factors for antibiotic re-prescription in primary care.
EClinicalMedicine 2019;14:23-31.

Naji A, Siskin D, Woodworth MH, Lee JR, Kraft CS, Mehta N.
The role of the gut, urine, and vaginal microbiomes in the
pathogenesis of urinary tract infection in women and con-—
sideration of microbiome therapeutics. Open Forum Infect
Dis 2024;11:0faed71.

. Yadav M, Chauhan NS. Microbiome therapeutics: exploring

the present scenario and challenges. Gastroenterol Rep (Oxf)
2021:10:goab046.

. Morgan XC, Huttenhower C. Chapter 12: Human microbiome

analysis. PLoS Comput Biol 2012;8:1002808.

Mimee M, Citorik RJ, Lu TK. Microbiome therapeutics—ad-
vances and challenges. Adv Drug Deliv Rev 2016;105:44-54.
Caballero S, Carter R, Ke X, SuSac B, Leiner IM, Kim GJ, et

al. Distinct but spatially overlapping intestinal niches for van-

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

comycin-resistant Enterococcus faecium and carbapen-
em-resistant Klebsiella pneumoniae. PLoS Pathog 2015;11:
€1005132.

Nhu NTQ, Young VB. The relationship between the microbi—
ome and antimicrobial resistance. Clin Infect Dis 2023;
77(Suppl 6):5479-86.

Bier N, Hanson B, Jiang ZD, DuPont HL, Arias CA, Miller WR.
A Case of successful treatment of recurrent urinary tract in—
fection by extended-spectrum B-lactamase producing kleb-
siella pneumoniae using oral lyophilized fecal microbiota
transplant. Microb Drug Resist 2023:29:34-8.
Ramachandran G, Bikard D. Editing the microbiome the
CRISPR way. Philos Trans R Soc Lond B Biol Sci 2019;374:
20180103.

Kraft CS, Sims M, Silverman M, Louie TJ, Feuerstadt P,
Huang ES, et al. Integrated safety and efficacy analyses of
phase 3 trials of a microbiome therapeutic for recurrent CDI.
Infect Dis Ther 2024;13:2105-21.

Belizério JE, Napolitano M. Human microbiomes and their
roles in dysbiosis, common diseases, and novel therapeutic
approaches. Front Microbiol 2015;6:1050.

Berg G, Rybakova D, Fischer D, Cernava T, Vergés MC,
Charles T, et al. Microbiome definition re-visited: old con—
cepts and new challenges. Microbiome 2020;8:103.

Hayes W, Sahu S. The human microbiome: history and fu—
ture. J Pharm Pharm Sci 2020;23:404-11.

Lederberg J, McCray AT. Ome SweetOmics - a genealogical
treasury of words. Scientist 2001,15:8.

Turnbaugh PJ, Ley RE, Hamady M, Fraser-Liggett CM,
Knight R, Gordon JI. The human microbiome project. Nature
2007;449:804-10.

Human Microbiome Project Consortium. Structure, function
and diversity of the healthy human microbiome. Nature
2012;486:207-14.

Alam MZ, Maslanka JR, Abt MC. Immunological conse-
quences of microbiome-based therapeutics. Front Immunol
2023;13:1046472.

Shoemaker R, Kim J. Urobiome: an outlook on the metage-
nome of urological diseases. Investig Clin Urol 2021:62:611-
22.

Jones J, Murphy CP, Sleator RD, Culligan EP. The urobiome,
urinary tract infections, and the need for alternative thera-
peutics. Microb Pathog 2021:161:105295.

Asadi Karam MR, Habibi M, Bouzari S. Urinary tract infection:
pathogenicity, antibiotic resistance and development of ef-

fective vaccines against Uropathogenic Escherichia coli. Mol

www.euti.org



Hoonhee Seo, et al ® Emerging Insights in Microbiome UTI Therapies

UTI

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Immunol 2019;108:56-67.

Schneeweiss J, Koch M, Umek W. The human urinary mi-
crobiome and how it relates to urogynecology. Int Urogyne—
col J 2016;27:1307-12.

Brubaker L, Wolfe AJ. The female urinary microbiota/micro-
biome: clinical and research implications. Rambam Maimon-—
ides Med J 2017:8:e0015.

Brubaker L, Gourdine JP, Siddiqui NY, Holland A, Halverson
T, Limeria R, et al. Forming consensus to advance urobiome
research. mSystems 2021;6:e0137120.

Mansour B, Monyok A, Makra N, Gajdacs M, Vadnay |, Ligeti
B, et al. Bladder cancer-related microbiota: examining differ—
ences in urine and tissue samples. Sci Rep 2020;10:11042.
Karstens L, Asquith M, Davin S, Stauffer P, Fair D, Gregory
WT, et al. Does the urinary microbiome play a role in urgency
urinary incontinence and its severity? Front Cell Infect Mi—
crobiol 2016:6:78.

Fouts DE, Pieper R, Szpakowski S, Pohl H, Knoblach S, Suh
MJ, et al. Integrated next-generation sequencing of 16S
rDNA and metaproteomics differentiate the healthy urine
microbiome from asymptomatic bacteriuria in neuropathic
bladder associated with spinal cord injury. J Transl Med
2012;10:174.

Gottschick C, Deng ZL, Vital M, Masur C, Abels C, Pieper
DH, et al. The urinary microbiota of men and women and its
changes in women during bacterial vaginosis and antibiotic
treatment. Microbiome 2017:;5:99.

Colella M, Topi S, Palmirotta R, D’Agostino D, Charitos IA,
Lovero R, et al. An overview of the microbiota of the human
urinary tract in health and disease: current issues and per-
spectives. Life 2023;13:1486.

Stapleton AE. The vaginal microbiota and urinary tract infec-
tion. Microbiol Spectr 2016;4:10.1128/microbiolspec.UTI-
0025-2016.

Komesu YM, Richter HE, Carper B, Dinwiddie DL, Lukacz ES,
Siddiqui NY, et al. The urinary microbiome in women with
mixed urinary incontinence compared to similarly aged con—
trols. Int Urogynecol J 2018:29:1785-95.

Roth RS, Liden M, Huttner A. The urobiome in men and
women: a clinical review. Clin Microbiol Infect 2023;29:
1242-8.

Wojciuk B, Salabura A, Grygorcewicz B, Kedzierska K, Ciech-
anowski K, Dotegowska B. Urobiome: in sickness and in
Health. Microorganisms 2019:7:548.

Mak TN, Sfanos KS, Briggemann H. Draft genome sequenc-

es of two strains of propionibacterium acnes isolated from

www.euti.org

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

radical prostatectomy specimens. Genome Announc
2013;1:e01071-13.

Domann E, Hong G, Imirzalioglu C, Turschner S, Kihle J,
Watzel C, et al. Culture-independent identification of patho-
genic bacteria and polymicrobial infections in the genitouri-
nary tract of renal transplant recipients. J Clin Microbiol
2003;41:5500-10.

Liévin-Le Moal V, Servin AL. The front line of enteric host
defense against unwelcome intrusion of harmful microor—-
ganisms: mucins, antimicrobial peptides, and microbiota.
Clin Microbiol Rev 2006;19:315-37.

Aydin A, Ahmed K, Zaman |, Khan MS, Dasgupta P. Recur-
rent urinary tract infections in women. Int Urogynecol J
2015;26:795-804.

Hooton TM. Recurrent urinary tract infection in women. Int J
Antimicrob Agents 2001;17:259-68.

Zhao F, Yang H, Bi D, Khaledi A, Qiao M. A systematic re-
view and meta-analysis of antibiotic resistance patterns, and
the correlation between biofilm formation with virulence fac-
tors in uropathogenic E. coli isolated from urinary tract infec-
tions. Microb Pathog 2020:144:104196.

Croxall G, Weston V, Joseph S, Manning G, Cheetham P,
McNally A. Increased human pathogenic potential of Esche—
richia coli from polymicrobial urinary tract infections in com—
parison to isolates from monomicrobial culture samples. J
Med Microbiol 2011;60:102-9.

Korman HJ, Baunoch D, Luke N, Wang D, Zhao X, Levin M,
et al. A diagnostic test combining molecular testing with
phenotypic pooled antibiotic susceptibility improved the clin—
ical outcomes of patients with non-E. coli or polymicrobial
complicated urinary tract infections. Res Rep Urol
2023:15:141-7.

Ronald A. The etiology of urinary tract infection: traditional
and emerging pathogens. Dis Mon 2003;49:71-82.

Galvan EM, Mateyca C, lelpi L. Role of interspecies interac-
tions in dual-species biofilms developed in vitro by uro-
pathogens isolated from polymicrobial urinary catheter-as—
sociated bacteriuria. Biofouling 2016;32:1067-77.

Tien BYQ, Goh HMS, Chong KKL, Bhaduri-Tagore S, Holec S,
Dress R, et al. Enterococcus faecalis promotes innate im—
mune suppression and polymicrobial catheter-associated
urinary tract infection. Infect Immun 2017:85:e00378-17.
Hall-Stoodley L, Stoodley P. Evolving concepts in biofilm in—
fections. Cell Microbiol 2009;11:1034-43.

Niveditha S, Pramodhini S, Umadevi S, Kumar S, Stephen S.

The isolation and the biofilm formation of uropathogens in

13



UTI

Urogenit Tract Infect 2025;20(1):4-16

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

14

the patients with catheter associated urinary tract infections
(UTls). J Clin Diagn Res 2012:6:1478-82.

Stickler DJ, Feneley RC. The encrustation and blockage of
long-term indwelling bladder catheters: a way forward in
prevention and control. Spinal Cord 2010:48:784-90.

Keogh D, Tay WH, Ho YY, Dale JL, Chen S, Umashankar S,
et al. Enterococcal metabolite cues facilitate interspecies
niche modulation and polymicrobial infection. Cell Host Mi-
crobe 2016:20:493-503.

Azevedo AS, Almeida C, Melo LF, Azevedo NF. Interaction
between atypical microorganisms and E. coli in catheter-as—
sociated urinary tract biofilms. Biofouling 2014;30:893-902.
Gaston JR, Johnson AQ, Bair KL, White AN, Armbruster CE.
Polymicrobial interactions in the urinary tract: is the enemy
of my enemy my friend? Infect Immun 2021 Jan 11:1Al.
00652-20. doi: 10.1128/I1A1.00652-20. [Epub].

Sher EK, Dzidié-Krivi¢ A, Sesar A, Farhat EK, Celikovié A,
Beca-Zeco M, et al. Current state and novel outlook on pre-
vention and treatment of rising antibiotic resistance in uri-
nary tract infections. Pharmacol Ther 2024;261:108688.
Morris CJ, Rohn JL, Glickman S, Mansfield KJ. Effective
treatments of UTI-Is intravesical therapy the future? Patho-
gens 2023:12:417.

Ramirez J, Guarner F, Bustos Fernandez L, Maruy A, Sdepa-
nian V, Cohen H. Antibiotics as major disruptors of gut mi-
crobiota. Front Cell Infect Microbiol 2020;10:572912.

Vangay P, Ward T, Gerber JS, Knights D. Antibiotics, pediat-
ric dysbiosis, and disease. Cell Host Microbe 2015:17:553-
64.

Alghoraibi H, Asidan A, Aljawaied R, Almukhayzim R, Alsay-
dan A, Alamer E, et al. Recurrent urinary tract infection in
adult patients, risk factors, and efficacy of low dose prophy-
lactic antibiotics therapy. J Epidemiol Glob Health 2023:13:
200-11.

McLellan LK, Hunstad DA. Urinary tract infection: pathogen—
esis and outlook. Trends Mol Med 2016;22:946-57.

Guarner F, Khan AG, Garisch J, Eliakim R, Gangl A, Thomson
A, et al. World Gastroenterology Organisation Global Guide-
lines: probiotics and prebiotics October 2011. J Clin Gastro—
enterol 2012;46:468-81.

Oelschlaeger TA. Mechanisms of probiotic actions - a re-
view. Int J Med Microbiol 2010;300:57-62.

Marco ML, Heeney D, Binda S, Cifelli CJ, Cotter PD, Foligne
B, et al. Health benefits of fermented foods: microbiota and
beyond. Curr Opin Biotechnol 2017;44:94-102.

Cadieux PA, Burton J, Devillard E, Reid G. Lactobacillus

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

by-products inhibit the growth and virulence of uropatho-
genic Escherichia coli. J Physiol Pharmacol 2009;60 Suppl
6:13-8.

Kim K, Kim KP, Choi J, Lim JA, Lee J, Hwang S, et al. Outer
membrane proteins A (OmpA) and X (OmpX) are essential
for basolateral invasion of Cronobacter sakazakii. Appl Envi-
ron Microbiol 2010;76:5188-98.

Li B, Huang Q, Cui A, Liu X, Hou B, Zhang L, et al. Overex-
pression of outer membrane protein X (OmpX) compensates
for the effect of TolC Inactivation on biofilm formation and
curli production in extraintestinal pathogenic Escherichia coli
(ExPEC). Front Cell Infect Microbiol 2018;8:208.

Petrova MI, Imholz NC, Verhoeven TL, Balzarini J, Van
Damme EJ, Schols D, et al. Lectin-like molecules of Lacto-
bacillus rhamnosus GG inhibit pathogenic Escherichia coli
and Salmonella biofilm formation. PLoS One 2016;11:
e0161337.

Karlsson M, Scherbak N, Khalaf H, Olsson PE, Jass J. Sub-
stances released from probiotic Lactobacillus rhamnosus
GR-1 potentiate NF-kappaB activity in Escherichia coli-stim—
ulated urinary bladder cells. FEMS Immunol Med Microbiol
2012;66:147-56.

Cohen CR, Wierzbicki MR, French AL, Morris S, Newmann S,
Reno H, et al. Randomized trial of Lactin-V to prevent recur-
rence of bacterial vaginosis. N Engl J Med 2020;382:1906-
15.

Stapleton AE, Au-Yeung M, Hooton TM, Fredricks DN, Rob—
erts PL, Czaja CA, et al. Randomized, placebo-controlled
phase 2 trial of a Lactobacillus crispatus probiotic given in—
travaginally for prevention of recurrent urinary tract infection.
Clin Infect Dis 2011:;52:1212-7.

Fraile B, Alcover J, Royuela M, Rodriguez D, Chaves C, Pala-
cios R, et al. Xyloglucan, hibiscus and propolis for the pre—
vention of urinary tract infections: results of in vitro studies.
Future Microbiol 2017;12:721-31.

Navarro S, Abla H, Hamood JA, Ventolini G, Hamood AN.
Under conditions closely mimicking vaginal fluid, strain 628
produces a bacteriocin-like inhibitory substance that targets
and eliminates species. Microbiology (Reading) 2023;169:
001409.

Abdellatif MM, Eltabeeb MA, El-Nabarawi MA, Teaima MH. A
review on advances in the development of spermicides
loaded vaginal drug delivery system: state of the art. Int J
App Pharm 2022;14:48-54.

Liu JX, Yin MM, Gao YL, Shang JL, Zheng CH. MSF-LRR:

multi-similarity information fusion through low-rank repre—

www.euti.org



Hoonhee Seo, et al ® Emerging Insights in Microbiome UTI Therapies

UTI

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

sentation to predict disease-associated microbes. IEEE/ACM
Trans Comput Biol Bioinform 2023;20:534-43.

Soltani S, Hammami R, Cotter PD, Rebuffat S, Said LB,
Gaudreau H, et al. Bacteriocins as a new generation of anti—
microbials: toxicity aspects and regulations. FEMS Microbiol
Rev 2021:45:fuaa039.

Navarro SA, Lanza L, Acufia L, Bellomio A, Chalén MC. Fea—
tures and applications of Ent35-MccV hybrid bacteriocin:
current state and perspectives. Appl Microbiol Biotechnol
2020;104:6067-77.

Trivedi D, Jena PK, Seshadri S. Colicin E2 expression in Lac-
tobacillus brevis DT24, a vaginal probiotic isolate, against
uropathogenic Escherichia coli. ISRN Urol 2014:2014:
869610.

Koves B, Salvador E, Gronberg-Hernandez J, Zdziarski J,
Waullt B, Svanborg C, et al. Rare emergence of symptoms
during long-term asymptomatic Escherichia coli 83972 car-
riage without an altered virulence factor repertoire. J Urol
2014;191:519-28.

Stork C, Kovacs B, Rozsai B, Putze J, Kiel M, Dorn A, et al.
Characterization of asymptomatic bacteriuria Escherichia coli
isolates in search of alternative strains for efficient bacterial
interference against uropathogens. Front Microbiol 2018:9:
214,

Lindberg U, Bjure J, Haugstvedt S, Jodal U. Asymptomatic
bacteriuria in schoolgirls. lll. Relation between residual urine
volume and recurrence. Acta Paediatr Scand 1975;64:437-
40.

Andersson P, Engberg |, Lidin-Janson G, Lincoln K, Hull R,
Hull S, et al. Persistence of Escherichia coli bacteriuria is not
determined by bacterial adherence. Infect Immun 1991;59:
2915-21.

Roos V, Schembri MA, Ulett GC, Klemm P. Asymptomatic
bacteriuria Escherichia coli strain 83972 carries mutations in
the foc locus and is unable to express F1C fimbriae. Micro-
biology (Reading) 2006;152:1799-806.

Klemm P, Roos V, Ulett GC, Svanborg C, Schembri MA. Mo—
lecular characterization of the Escherichia coli asymptomatic
bacteriuria strain 83972: the taming of a pathogen. Infect
Immun 2006;74:781-5.

Zdziarski J, Brzuszkiewicz E, Wullt B, Liesegang H, Biran D,
Voigt B, et al. Host imprints on bacterial genomes--rapid, di-
vergent evolution in individual patients. PLoS Pathog 2010:6:
e1001078.

Beatson SA, Ben Zakour NL, Totsika M, Forde BM, Watts RE,

Mabbett AN, et al. Molecular analysis of asymptomatic bac-

www.euti.org

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

teriuria Escherichia coli strain VR50 reveals adaptation to the
urinary tract by gene acquisition. Infect Immun 2015;83:
1749-64.

Bonkat G, Bartoletti RR, Bruyére F, Cai T, Geerlings SE,
Koves B, et al. EAU 2020 guidelines on urological infections.
Arnhem (Netherland): European Association of Urology;
2020.

Wang YS, Bian ZR, Wang Y. Biofilm formation and inhibition
mediated by bacterial quorum sensing. Appl Microbiol Bio—
technol 2022;106:6365-81.

Deng ZX, Luo XM, Liu JX, Wang HF. Quorum sensing, bio—
film, and intestinal mucosal barrier: involvement the role of
probiotic. Front Cell Infect Microbiol 2020:10:538077.

Tarig R, Pardi DS, Tosh PK, Walker RC, Razonable RR, Khan-
na S. Fecal microbiota transplantation for recurrent clostridi—
um difficile infection reduces recurrent urinary tract infection
frequency. Clin Infect Dis 2017,65:1745-7.

Biehl LM, Cruz Aguilar R, Farowski F, Hahn W, Nowag A,
Wisplinghoff H, et al. Fecal microbiota transplantation in a
kidney transplant recipient with recurrent urinary tract infec—
tion. Infection 2018;46:871-4.

Aira A, Rubio E, Vergara Gomez A, Feher C, Casals-Pascual
C, Gonzalez B, et al. rUTI resolution after FMT for Clostridioi—
des difficile infection: a case report. Infect Dis Ther 2021;10:
1065-71.

Buffie CG, Pamer EG. Microbiota-mediated colonization re-
sistance against intestinal pathogens. Nat Rev Immunol
2013;13:790-801.

Lev-Sagie A, Goldman-Wohl D, Cohen Y, Dori-Bachash M,
Leshem A, Mor U, et al. Vaginal microbiome transplantation
in women with intractable bacterial vaginosis. Nat Med
2019;25:1500-4.

Le T, Nang SC, Zhao J, Yu HH, Li J, Gill JJ, et al. Therapeutic
potential of intravenous phage as standalone therapy for re—
current drug-resistant urinary tract infections. Antimicrob
Agents Chemother 2023;67:e0003723.

Malik S, Sidhu PK, Rana JS, Nehra K. Managing urinary tract
infections through phage therapy: a novel approach. Folia
Microbiol (Praha) 2020;65:217-31.

Sybesma W, Zbinden R, Chanishvili N, Kutateladze M, Chk-
hotua A, Ujmajuridze A, et al. Bacteriophages as potential
treatment for urinary tract infections. Front Microbiol
2016;7:465.

Yazdi M, Bouzari M, Ghaemi EA, Shahin K. Isolation, charac-
terization and genomic analysis of a novel bacteriophage VB_

EcoS-Golestan infecting multidrug-resistant Escherichia coli

15



UTI

Urogenit Tract Infect 2025;20(1):4-16

101.

102.

103.

104.

105.

106.

107.

16

isolated from urinary tract infection. Sci Rep 2020;10:7690.
GuhaSarkar S, Banerjee R. Intravesical drug delivery: chal—-
lenges, current status, opportunities and novel strategies. J
Control Release 2010;148:147-59.

David LA, Materna AC, Friedman J, Campos-Baptista MI,
Blackburn MC, Perrotta A, et al. Host lifestyle affects human
microbiota on daily timescales. Genome Biol 2014;15:R89.
Singh JS, Abhilash PC, Singh HB, Singh RP, Singh DP. Ge—
netically engineered bacteria: an emerging tool for environ—
mental remediation and future research perspectives. Gene
2011,;480:1-9.

Oberweis CV, Marchal JA, Lopez-Ruiz E, Galvez-Martin P. A
worldwide overview of regulatory frameworks for tis—
sue-based products. Tissue Eng Part B Rev 2020;26:181-96.
Hock SC, Kian SM, Wah CL. Global challenges in the manu-
facture, regulation and international harmonization of GMP
and quality standards for biopharmaceuticals. GaBI J 2020;9:
52-63.

Aragén IM, Herrera-Imbroda B, Queipo-Ortufio MI, Castillo E,
Del Moral JS, Gémez-Millan J, et al. The urinary tract micro—
biome in health and disease. Eur Urol Focus 2018;4:128-38.
Sharpton SR, Schnabl B, Knight R, Loomba R. Current con-

108.

109.

110.

111.

12.

cepts, opportunities, and challenges of gut microbi-
ome-based personalized medicine in nonalcoholic fatty liver
disease. Cell Metab 2021:;33:21-32.

Kumar M, Ji B, Zengler K, Nielsen J. Modelling approaches
for studying the microbiome. Nat Microbiol 2019:4:1253-67.
Neugent ML, Hulyalkar NV, Nguyen VH, Zimmern PE, De
Nisco NJ. Advances in understanding the human urinary mi-
crobiome and its potential role in urinary tract infection. mBio
2020;11:e00218-20.

Bunduki GK, Heinz E, Phiri VS, Noah P, Feasey N, Musaya J.
Virulence factors and antimicrobial resistance of uropatho-
genic Escherichia coli (UPEC) isolated from urinary tract in—
fections: a systematic review and meta-analysis. BMC Infect
Dis 2021;21:753.

Kelly CR, Khoruts A, Staley C, Sadowsky MJ, Abd M, Alani M,
et al. Effect of fecal microbiota transplantation on recurrence
in multiply recurrent clostridium difficile infection: a random-
ized trial. Ann Intern Med 2016;165:609-16.

Kenneally C, Murphy CP, Sleator RD, Culligan EP. The urinary
microbiome and biological therapeutics: Novel therapies for
urinary tract infections. Microbiol Res 2022;259:127010.

www.euti.org



