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Abstract

Urinary tract infections (UTIs) represent a major global health burden, traditionally de-
fined as microbial invasion of a sterile urinary tract, but now increasingly understood
as a state of microbial dysbiosis involving disruption of the urinary microbiome. This
review aims to synthesize current knowledge on the molecular mechanisms, etiological
agents, clinical classification, and emerging therapeutic strategies in UTIs. The analysis
integrates recent advances in microbiome research, molecular pathogenesis, and clinical
guidelines. Uropathogenic Escherichia coli (UPEC) remains the predominant pathogen,
utilizing virulence factors such as adhesins and intracellular bacterial community forma-
tion to establish persistent infection, while other organisms including Klebsiella pneumoniae,
Proteus mirabilis, and Enterococcus faecalis contribute to disease complexity. The emergence
of multidrug-resistant organisms, particularly among ESKAPE pathogens (Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter species), poses significant therapeutic challenges through mech-
anisms such as 3-lactamase production, efflux pumps, and biofilm formation. Clinically,
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1. Introduction

Historically, UTIs were clinically described as not only the presence but also the
multiplication of pathogenic microorganisms within the ostensibly “sterile” environment
of the urinary system, encompassing the kidneys, ureters, bladder, and urethra. However,
recent advancements in next-generation sequencing (NGS) and expanded quantitative
urine culture (EQUC) have fundamentally dismantled the “sterile bladder” paradigm. It is
now well established that the healthy human urinary tract harbours a complex, resident
microbial community also known as the urinary microbiome or urobiome [1,2].

Consequently, the contemporary definition of a UTI is not merely a simple invasion,
but a state of microbial dysbiosis. This dysbiosis occurs when the normal balance between
protective commensal flora and transient pathobionts is disrupted. This disruption enables
the overgrowth of uropathogens, predominantly UPEC, which can breach the urothelial
barrier, trigger robust inflammatory cascades via Toll-like receptor (TLR) signalling, and
result in clinical symptomatology [3,4].

Furthermore, pathogenesis is no longer viewed only as an extracellular process. Recent
molecular evidence demonstrates that uropathogens invade the bladder urothelium and
establish two distinct intracellular populations: replicative intracellular bacterial commu-
nities (IBCs) within the superficial umbrella cells, and quiescent intracellular reservoirs
within the deeper, less differentiated epithelium. These intracellular niches protect bac-
teria from immune surveillance and systemic antibiotics, and together they redefine our
understanding of chronicity and recurrence in UTIs [4,5].

2. Etiological Agents: The Microbial Landscape of Uropathogenicity

The etiology of urinary tract infections is defined by a group of microorganisms capable
of passing the host defences of the urinary tract. While a broad spectrum of bacteria, fungi,
and viruses can occasionally invade this niche, the clinical burden is dominated by a select
group of uropathogens possessing specific molecular characteristics for adhesion, nutrient
acquisition, and immune evasion [6,7].

The hierarchy of uropathogens is consistently led by UPEC, which represents
70-80% of uncomplicated cases and a large proportion of complicated infections [1,7].
UPEC’s prevalence is attributed to its vast repertoire of virulence factors (VFs), including
siderophores for iron sequestration and an array of chaperone-usher fimbriae [8,9].

Beyond UPEC, other primary agents contribute significantly to the clinical spectrum.

Klebsiella pneumoniae, which is a frequent cause of both community- and hospital-
acquired UTIs, is well known for its thick polysaccharide capsule that resists phagocytosis
and for carrying multidrug-resistant (MDR) plasmids [10,11].

Proteus mirabilis is distinguished by its characteristic swarming motility and urease
production. This enzyme hydrolyzes urea into ammonia, raising urinary pH and pre-
cipitating calcium and magnesium phosphate stones, which serve as protected sites for
bacterial persistence; in a murine model of ascending infection, urease contributed directly
to urolithiasis and pyelonephritis [12,13]. Enterococcus faecalis is a Gram-positive com-
mensal of the gastrointestinal tract that has emerged as a major uropathogen, particularly
in catheterized patients, owing to its resistance to many antibiotics and its capacity to
form a robust biofilm [14,15]. Finally, Staphylococcus saprophyticus is a coagulase-negative
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Staphylococcus that exhibits a specific tropism for the uroepithelium, primarily causing
uncomplicated cystitis in young, sexually active women [16,17].

Community-Acquired vs. Nosocomial Pathogens

The etiological distribution of uropathogens can shift between community-acquired
and healthcare-associated UTIs, with nosocomial infections reflecting a greater microbial
diversity and significantly higher antimicrobial resistance rates [18]. These infections
are generally caused by Pseudomonas aeruginosa, Enterobacter species, and yeast such as
Candida albicans, often facilitated by the presence of urinary catheters [19,20]. Recent studies
have explained the mechanisms by which catheterization facilitates infection with Candida
albicans. Catheter-induced inflammation promotes the deposition of fibrinogen on the
bladder mucosa, which the organism subsequently uses as a scaffold for biofilm formation.
The process depends on the transcription factor Efgl and the adhesin Alsl, both of which
mediate fibrinogen-associated biofilm development. Furthermore, successful infection in
the catheterized bladder requires both morphological transition and effective epithelial
attachment, which reflects the multifactorial nature of pathogenicity [21].

The ESKAPE Group and Global Resistance Trends

A critical “State of the Art” concern in 2026 is the rising prevalence of the ESKAPE
pathogens, which include Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species. They represent
the primary drivers of the “post-antibiotic era” in urology, with therapeutic challenges
due to their multidrug resistance, extensive drug resistance (XDR), and in some cases
pandrug resistance (PDR) [22]. Resistance among ESKAPE pathogens is driven by multiple
mechanisms that together limit antimicrobial efficacy. A principal strategy involves drug
inactivation through the production of 3-lactamases, including extended-spectrum (3-
lactamases (ESBLs), AmpC enzymes, and carbapenemases such as Klebsiella pneumoniae
carbapenemase (KPC), OXA, New Delhi metallo-f3-lactamase (NDM), Verona integron-
encoded metallo-beta-lactamase (VIM), and Active on Imipenem (IMP). In addition, target
modification plays a crucial role, for example, by altering penicillin-binding proteins
in methicillin-resistant Staphylococcus aureu (MRSA), ribosomal modifications conferring
aminoglycoside resistance, and mutations in DNA gyrase or topoisomerase IV associated
with fluoroquinolone resistance. Reduced membrane permeability, particularly via porin
loss or mutation in Gram-negative organisms, restricts antibiotic entry, while upregulation
of efflux pumps actively removes antimicrobial agents across multiple pathogen groups.
Finally, the creation of biofilm contributes significantly to resistance because it forms a
protected microenvironment that impairs antibiotic penetration and promotes bacterial
persistence [23,24].

3. Molecular Determinants of Uropathogenicity

The capacity of an organism to establish infection in the urinary tract depends less on
its abundance in the fecal reservoir than on whether it carries the molecular equipment to
attach to the urothelium, acquire iron under severe restriction, resist expulsion, and survive
the innate immune response. The following sections deal with those functions in turn,
using UPEC as the reference organism and noting where other uropathogens converge on
the same solutions by different routes.

3.1. Adhesion: The Committed Step

Attachment is the point at which colonization becomes an infection. Urine flow
removes non-adherent bacteria efficiently, so an organism that cannot bind is cleared
regardless of how many virulence genes it carries.
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Type 1 pili mediate the initial event. These chaperone-usher fimbriae terminate in
the two-domain adhesin FimH, whose lectin domain binds mannosylated residues on
uroplakin Ia, a major structural protein of the apical membrane of superficial umbrella
cells [25]. The binding behaves as a catch bond: tensile force applied across the adhesin
separates the lectin domain from the pilin domain and shifts FimH into a high-affinity
conformation, so that shear stress strengthens rather than weakens attachment [26]. This is
a counterintuitive but clinically important point, since it explains why increased urine flow
does not remove adherent bacteria and why advice to increase fluid intake, whatever its
other merits, does not mechanically remove organisms that are already bound. Allelic vari-
ation in fimH further separates uropathogenic from commensal lineages; point mutations
in the lectin domain that increase affinity for monomannose structures are enriched among
urinary isolates and appear to be positively selected during infection [27].

P fimbriae govern the second, more consequential step. The tip adhesin PapG binds
the Gal(1-4)Gal moiety of globoseries glycolipids, which are expressed at high density on
renal epithelium and on erythrocytes of the P blood group [28]. Three allelic classes exist,
and they are not interchangeable: class II PapG, which recognizes globotetraosylceramide,
is strongly associated with human pyelonephritis, whereas class III, which binds globopen-
taosylceramide, is more often recovered from cystitis and from pediatric isolates [29]. This
distinction is the mechanistic reason that the ascent from bladder to kidney is a property
of particular strains rather than a stochastic event, and it accounts for much of the clinical
behaviour attributed below to phylogroup B2, in which pap operons are concentrated.

Other uropathogens solve the same problem with unrelated structures. Enterococcus
faecalis expresses endocarditis- and biofilm-associated pili whose adhesin EbpA binds
fibrinogen deposited on the catheter surface following mechanical irritation of the bladder
mucosa [30]. The parallel with the Efgl- and Alsl-dependent binding of Candida albicans
to catheter-associated fibrinogen, described in Section 2, is close enough to suggest that
host fibrinogen deposition, rather than the device material itself, is the shared substrate for
catheter-associated infection across bacterial and fungal uropathogens.

3.2. Toxin-Mediated Injury and Cytoskeletal Subversion

a-Haemolysin (HlyA), an RTX-family pore-forming toxin, exerts distinct effects ac-
cording to concentration. At lytic concentrations it destroys urothelial and immune cells
outright. At sublytic concentrations it acts as a signalling toxin, inducing oscillatory cal-
cium fluxes in renal epithelial cells that alter cytokine production [31], and promoting the
degradation of host cytoskeletal and signalling proteins through activation of endogenous
proteases, with consequent inhibition of pro-survival signalling and exfoliation of the
superficial cell layer [32]. Exfoliation is double-edged: it removes colonized cells, but it also
exposes the underlying transitional epithelium, which is both more permissive to invasion
and the compartment in which persistent reservoirs are later established.

Cytotoxic necrotizing factor 1 (CNF1) acts by deamidating a single glutamine residue
in Rho-family GTPases, locking RhoA, Racl and Cdc42 in their active states [33]. The
resulting actin reorganization and membrane ruffling facilitate bacterial internalization, so
the toxin functions less as a cytotoxin than as an entry factor.

3.3. Iron Acquisition and the Siderophore—Lipocalin Conflict

Free iron in urine is negligible, and competition for it has produced one of the clearest
examples of molecular escalation in this system. UPEC secretes enterobactin, a catecholate
siderophore of very high affinity for ferric iron. The host counters with lipocalin-2 (neu-
trophil gelatinase-associated lipocalin), which binds ferric enterobactin directly and denies
the bacterium its cargo [34]. Uropathogenic strains in turn carry the iroA locus, whose
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products C-glucosylate enterobactin to yield salmochelin; the glycosylation is sterically in-
compatible with the lipocalin-2 binding pocket, and the modified siderophore is recovered
through its own receptor, IroN [35]. Two further systems, aerobactin (receptor IutA) and
yersiniabactin (receptor FyuA), broaden the repertoire, with the latter having the additional
property of chelating copper and thereby mitigating copper-mediated killing within the
phagosome [36].

3.4. Innate Defence of the Urothelium

Host resistance is not passive. Uromodulin, the most abundant protein in normal
urine, carries high-mannose glycans that act as a soluble decoy for FimH, aggregating
type 1 piliated bacteria and promoting their removal; mice deficient in uromodulin show
increased bacterial burdens after transurethral challenge [37]. Toll-like receptor 4 recognizes
lipopolysaccharide at the apical urothelial surface and initiates the cytokine response, and
it additionally drives a cAMP-dependent expulsion of bacteria that have already been
internalized within fusiform vesicles, returning them to the lumen before they reach the
cytosol [38]. Antimicrobial peptides constitute a third layer: cathelicidin LL-37 is produced
constitutively and upregulated on bacterial contact, with cathelicidin-deficient animals
showing markedly greater susceptibility [39], while RNase 7 and human (3-defensin-1
contribute additional constitutive activity [40,41].

These defences also explain the pathogen’s counter-strategy. Escape into the cytosol,
discussed next, removes the organism from the compartment in which TLR4-mediated
expulsion and secreted antimicrobial peptides operate.

3.5. Intracellular Bacterial Communities and the Persistent Reservoir

Following FimH-mediated attachment, UPEC is internalized into superficial umbrella
cells within fusiform vesicles. Escape into the cytosol depends on disruption of the vesicle
membrane by the outer membrane phospholipase PIdA [42]. Once cytosolic, the organisms
replicate rapidly and coalesce into tightly packed, biofilm-like intracellular bacterial com-
munities, in which a single infected cell may harbour on the order of 10* organisms [43].
The matrix confers substantial tolerance to antibiotics that are bactericidal against the same
strain in planktonic culture, which is one reason microbiological cure and clinical cure
diverge in recurrent disease.

Dispersal from a mature community is accompanied by a striking morphological
change: a subpopulation adopts a filamentous form, tens of micrometres in length, which
resists neutrophil phagocytosis and permits spread to neighbouring cells, where the cycle
repeats [44,45]. A further subset does not disperse but establishes quiescent intracellular
reservoirs within the underlying transitional epithelium, where organisms persist in a
non-replicating state, sheltered from both antibiotic exposure and immune surveillance,
and from which reactivation can occur weeks to months later [46].

This model provides a coherent mechanistic account of recurrence with a genetically
identical strain after documented microbiological clearance and reframes such episodes
as reactivation rather than reinfection. It should be said plainly, however, that most of the
evidence derives from murine models. Human data are more limited, though the recovery
of viable organisms and the lymphocytic infiltrates demonstrated in bladder biopsies from
women with recurrent infection are consistent with the same process [47,48].

3.6. Persistence Mechanisms in Non-Escherichia coli Uropathogens

Proteus mirabilis depends on urease, which is transcriptionally controlled by the urea-
responsive regulator UreR [12]. Hydrolysis of urea raises urinary pH and precipitates
struvite and carbonate apatite, producing stones that enclose viable organisms in a com-
partment inaccessible to antibiotics; stone clearance, not antimicrobial therapy, is therefore
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the determinant of cure. The organism additionally undergoes swarmer cell differentiation,
elongating and hyperflagellating on contact with surfaces, which supports migration along
catheters [49].

In Klebsiella pneumoniae, the polysaccharide capsule impedes complement deposition
and phagocytic uptake, and hypermucoviscous variants show correspondingly greater
resistance to serum killing [50].

3.7. Molecular Basis of Resistance and Biofilm Tolerance

The resistance mechanisms summarized in Section 2 warrant specification at the molec-
ular level. Efflux in Enterobacterales is dominated by the tripartite AcrAB-TolC system,
whose overexpression following derepression of local and global regulators reduces sus-
ceptibility across structurally unrelated agents simultaneously [51]. Reduced permeability
is most consequential in K. pneumoniae, where loss or mutation of the porins OmpK35 and
OmpK36 combined with ESBL or AmpC production yields carbapenem resistance without
any carbapenemase [52], a phenotype that is readily missed if resistance is inferred from
genotype alone.

Biofilm tolerance rests on a defined extracellular matrix. In UPEC this comprises curli
amyloid fibres, encoded by the csg operons, together with cellulose, the two forming a
composite that limits antibiotic penetration and maintains a metabolically heterogeneous
population in which slow-growing subpopulations survive exposure that eliminates their
actively dividing neighbours [53]. Tolerance of this kind is phenotypic rather than genetic,
and it will not be detected by standard susceptibility testing, a discrepancy that goes
some way towards explaining treatment failure in catheter-associated infection despite an
apparently susceptible isolate.

Having set out the individual determinants of uropathogenicity, we now consider
how they are distributed across the phylogenetic structure of the species, since it is the
combination of these factors in particular lineages, rather than any single gene, that predicts
clinical behaviour.

4. Molecular Classification

The molecular classification of Escherichia coli into phylogenetic groups provides im-
portant information for understanding the pathogenic potential of strains involved in
urinary tract infections, as described by Clermont et al. These phylogroups reflect evolu-
tionary lineages that differ considerably in their genetic content, virulence capacity, and
clinical impact. Importantly, they can be arranged along a continuum ranging from largely
commensal and low-virulence strains to highly adapted uropathogenic lineages [54-56].

At the least virulent end of the spectrum are phylogroups A and B1, which are
traditionally considered commensal strains of the intestinal microbiota. These groups
generally lack the complex virulence gene repertoires required to establish infection in an
otherwise healthy urinary tract. However, they can become opportunistic pathogens under
specific conditions, particularly in patients with compromised host defences or structural
abnormalities of the urinary tract. Their involvement in UTIs is often associated with the
gathering of mobile genetic elements, such as plasmids carrying multidrug-resistant genes.
In this context, their pathogenicity is driven less by intrinsic virulence and more by their
ability to survive antibiotic pressure and persist in vulnerable hosts [54-56].

Closely related to these groups is phylogroup C, which shares many genetic features
with B1 and is similarly considered to have low baseline virulence, as shown by a Mash-
based analysis of 10,667 E. coli genomes from GenBank. Strains in this group are not
typically primary uropathogens but may contribute to infections in complicated clinical
scenarios, such as catheter-associated UTIs or infections in immunocompromised individ-
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uals. Like A and B1, their clinical relevance is increasing due to their capacity to acquire
resistance determinants, enabling persistence and treatment failure despite limited inherent
pathogenicity [55,57,58].

Moving toward intermediate virulence, phylogroup E represents a less well-
characterized lineage that exhibits features of both commensal and pathogenic strains.
Although not as extensively studied, some E strains have been found to carry virulence-
associated genes and to participate in extraintestinal infections, including UTIs. Their
pathogenic potential appears variable and context-dependent, suggesting that they may
act as opportunistic pathogens with the possibility to evolve toward increased viru-
lence [55,59-61].

A more recently recognized group, phylogroup G, remains incompletely understood
but is gaining attention in molecular epidemiology studies. Early evidence suggests that
some strains within this group possess traits associated with extraintestinal adaptation,
including virulence and survival mechanisms relevant to urinary tract colonization. Partic-
ularly, STc117 lineages have multiple virulence-associated determinants characteristic of
extraintestinal pathogenic E. coli. (ExPEC) and have demonstrated pathogenicity in murine
sepsis models. In addition, many ST117 isolates exhibit multidrug resistance, frequently
associated with CTX-M-type extended-spectrum {3-lactamases, although resistance profiles
may vary across isolates [59,62].

At the higher end of the virulence spectrum lies phylogroup D, which represents a well-
established source of extraintestinal pathogenic E. coli (EXPEC), accounting for 8.6-31.3% of
uropathogenic isolates across different geographic regions [63]. Strains in this group have
a more complex set of virulence factors compared to commensal phylogroups, including
adhesins, toxins, and iron acquisition systems. In many studies comparing UTI isolates
to fecal flora, phylogroup D (along with B2) showed significantly higher representation
among clinical isolates, while commensal strains predominantly belonged to phylogroup
A [64]. These characteristics help with the colonization of the urinary tract, evasion of
host immune responses, and tissue damage. While generally less virulent than B2 strains,
phylogroup D organisms are nonetheless significant contributors to both uncomplicated
and complicated UTIs. As seen in one large study, B2 strains averaged 10.1 virulence genes
per isolate, while phylogroup D had lower average scores [59,64].

Closely related to the most virulent lineage is phylogroup E, which has emerged as an
important and concerning group in recent years. Phylogroup F shares many characteristics
with B2 strains, including the presence of multiple virulence-associated genes, but is also
frequently associated with multidrug resistance [59]. This combination of high virulence
and resistance makes F strains particularly problematic in clinical settings, especially in re-
current and treatment-resistant infections. Urovirulence is most often observed in B2/F/D
group strains and represents a multigenic process involving numerous combinations of
genes and specific alleles with epistatic interactions [65]. As such, phylogroup F represents
a hybrid that combines both intrinsic virulence and adaptive resistance mechanisms [55,59].

Phylogroup B2 constitutes the principal reservoir of UPEC and carries the highest
average virulence factor gene burden (10.1 genes/isolate) among all phylogroups, as
seen in Figure 1 [59]. It consistently predominates across diverse geographic regions and
clinical settings, accounting for 64.8% of UPEC isolates in Taiwan, 77.7% of pyelonephritis
isolates in Korea, 46.1% of complicated UTI isolates in Malaysia, and 30% of UTI isolates
in Ethiopia [59,66-68]. B2 strains are highly specialized for extraintestinal infection and
are characterized by a dense accumulation of pathogenicity islands encoding a wide array
of virulence factors. These include adhesins such as P fimbriae, toxins like a-hemolysin,
and sophisticated iron acquisition systems that allow survival in the nutrient-limited
environment of the urinary tract [59,64,68]. In addition, B2 strains are capable of developing
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intracellular bacterial communities and biofilms, contributing to persistence and recurrence
of infection. Their evolutionary adaptation makes them the most efficient and aggressive
UTI pathogens [69].

Predominantly commensal / Increasing extraintestinal /
opportunistic uropathogenic adaptation
Al/B1/C E/G D/FiB2
Lower baseline virulence Intermediate / variable Higher urovirulence
Predominantly commensal Context-dependent Extraintestinal adaptation
or opportunistic pathogenic potential
Adhesins = toxins
Pathogenicity may increase Some lineages carry iron acquisition
through acquired resistance ExPEC-associated traits persistence mechanisms
Phylogroup alone does not determine pathogenicity; urovirulence is a multigenic trait.

Figure 1. Molecular classification of Escherichia coli phylogroups according to uropathogenic potential.

5. Clinical Classification

The current clinical classification of UTIs has evolved significantly, with both the Euro-
pean Association of Urology (EAU) and the Infectious Diseases Society of America (IDSA)
2025 guidelines now focusing on whether infection is localized, that is, uncomplicated,
versus systemic, also known as complicated, rather than traditional host-based risk factors
alone [70,71].

The 2025 IDSA guidelines represent a paradigm shift in UTI classification:

Uncomplicated UTI (uUTI): An infection that appears confined to the bladder on initial
evaluation, without systemic signs of illness. Importantly, patients with underlying urologic
abnormalities (benign prostatic hypertrophy, cystocele), diabetes, or immunocompromise
are not automatically classified as complicated if they appear to have bladder-confined
infection and are not systemically ill. By this classification, both men and women can have
uncomplicated UTI, though antibiotic choice and duration may differ [71].

Complicated UTI (cUTI): An infection with systemic signs of illness that can include
fever and bacteremia, evidence of renal parenchymal involvement with costovertebral
angle tenderness, prostatic abscess, or subsequent discovery of upper urinary tract obstruc-
tion [71].

The EAU Urological Infections Guidelines Panel has proposed aligning classifications
as localized versus systemic, with risk factors for treatment failure considered separately
for both categories [70,71]. The differences between the two categories are summarized in
Figure 2: patients with complicated UTI characteristically have pain higher in the urinary
tract, together with systemic features such as fever.

Lower urinary tract infections, particularly acute uncomplicated cystitis, are described
by a well-defined constellation of localized urinary symptoms that reflects the inflammation
of the bladder mucosa. Clinically, patients usually present with dysuria, described as a
burning sensation during urination, accompanied by increased urinary frequency and
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urgency due to the irritation of the bladder. Suprapubic discomfort or pain is also commonly
reported, reflecting underlying bladder inflammation. In some cases, hematuria may
be observed; it can range from microscopic to gross, reflecting mucosal irritation and
inflammation [72]. New-onset dysuria and frequency represent the most specific symptom
pattern for UTI diagnosis [72].

LOCALISED / BLADDER-CONFINED SYSTEMIC / UPPER-TRACT

+ Dysuria * Fever
* Frequency * Flank pain
+* Urgency * CVA tenderness
* Suprapubic discomfort * Possible bacteremia
No systemic illness Possible renal involvement

Host and urinary-tract risk factors are assessed separately

Figure 2. Clinical classification of urinary tract infections.

An upper urinary tract infection, or pyelonephritis, involves the renal parenchyma
and pelvis.

Acute pyelonephritis is a severe UTI involving the renal parenchyma and pelvis, with
the potential to cause sepsis, septic shock, and death. The estimated annual incidence is
459,000 to 1,138,000 cases in the United States and 10.5 to 25.9 million cases globally [73].

In pregnant individuals, the American College of Obstetricians and Gynecolo-
gists (ACOG) recommends that pyelonephritis should be suspected in the presence of
fever > 38.0 °C and urine studies suggesting UTI, with additional symptoms of upper
genitourinary tract infection such as flank pain or costovertebral angle tenderness, which
support the diagnosis [74]. In patients presenting with flank pain or costovertebral angle
tenderness, with or without fever, a positive urinalysis demonstrating pyuria, bacteri-
uria, or both supports a presumptive diagnosis of acute pyelonephritis, irrespective of
the presence of lower urinary tract symptoms [73]. The clinical presentation is notably
heterogeneous. The classic manifestation involves the acute onset of systemic inflammatory
features, including fever, chills, and malaise, accompanied by lower urinary tract symptoms
such as urinary frequency, urgency, and dysuria. However, atypical presentations are not
uncommon; up to 20% of patients may lack bladder symptoms, and a subset may present
without fever. The severity of illness spans a broad clinical spectrum, ranging from mild
flank discomfort with low-grade fever to severe systemic involvement, including sepsis
and septic shock [73].

The 2025 guidelines explicitly state that patients with underlying urologic abnor-
malities, which could include benign prostatic hypertrophy and/or cystocele, diabetes,
or immunocompromise, are not automatically classified as having complicated UTI [71].
Where infection is localized to the bladder and the patient is not systemically ill, the episode
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is considered uncomplicated. The new definition moves us away from the traditional
definition, which classified UTI as complicated based on the presence of any host factor
that might increase risk of treatment failure [75].

An international consensus statement has identified key risk factors associated with
the development of urinary tract infections, as well as with increased disease severity
and a higher likelihood of treatment failure. Foremost among these is the presence of a
urethral catheter, which represents the most significant predisposing factor. Additional
important contributors include structural abnormalities of the urinary tract that impair
effective urinary drainage, as well as the presence of urolithiasis, both of which facilitate
bacterial persistence and complicate clinical management [76,77].

Structural and functional abnormalities of the urinary tract undermine intrinsic host
defence mechanisms through multiple pathophysiological processes [77]. A central fac-
tor is the impairment of mechanical clearance, as continuous urine flow constitutes a
critical defence against microbial colonization. Conditions associated with obstruction
or with urinary stasis facilitate bacterial persistence and proliferation within the urinary
tract [77]. Experimental evidence further supports this mechanism, demonstrating that
transurethrally introduced bacteria are rapidly cleared from a physiologically normal
bladder, whereas the presence of urethral obstruction predisposes to ascending infection,
resulting in cystitis, pyelonephritis, and, in severe cases, bacteremia [77-79].

Recurrent UTI (rUTI) is defined as >2 UTIs within 6 months or >3 UTIs within
12 months, with at least one episode being culture-positive to confirm infectious etiology.
Over 50% of adult women experience at least one UTI in their lifetime, and nearly one-
quarter will experience recurrent UTI [71].

In a large cohort study of 374,171 women with index uncomplicated UTI, 14.5%
developed recurrent UTI [80]. Risk factors associated with recurrent urinary tract infections
encompass a range of demographic, clinical, and microbiological variables. Age represents
a significant determinant, with both younger women between 18 and 27 years and elderly
individuals over >78 years demonstrating an increased susceptibility to recurrence [80,81].
Microbiological factors, including a positive urine culture at the time of the index UTI
and infection with antibiotic-resistant organisms, are associated with a higher rate of
recurrences. Premenopausal women, sexual intercourse >3 times weekly, spermicide
use, new or multiple sex partners, and a UTI before age 15 are all known risk factors. In
postmenopausal women, risk is primarily increased by the lower estrogen levels [81].

As described in Section 3.5, the intracellular bacterial communities and quiescent
intracellular reservoirs that underlie recurrence form in distinct urothelial compartments;
the clinical consequences of this persistence are considered here (Figure 3).

Direct clinical and histopathological evidence supports the persistence of bacteria
within the human bladder wall in patients with recurrent urinary tract infections [47].
Studies have demonstrated that viable bacteria can be isolated from bladder tissue of
postmenopausal women with rUTlIs, often showing a diverse range of bacterial species
rather than a single dominant pathogen [48]. Histopathological analyses further reveal
pronounced inflammatory and structural changes, including tissue edema, disruption of
normal urothelial architecture, and infiltration by immune cells, particularly lymphocytes
and plasma B cells, which indicates a chronic inflammatory response [47]. At the microbio-
logical level, strains associated with recurrent infections have shown a significantly greater
intracellular bacterial burden compared with sporadic infections, suggesting enhanced
capacity for intracellular survival and persistence [47,82].
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Figure 3. Intracellular persistence as a mechanism of recurrent UPEC infections.

Another problem that a clinician is confronted with is distinguishing asymptomatic
bacteriuria (ASB) from symptomatic UTI. The clinical spectrum ranges from ASB to symp-
tomatic UTI to urosepsis. In older adults, the critical distinction lies in the presence or
absence of localizing urinary symptoms [83]. In older adults, the diagnosis of symptomatic
UTl s primarily clinical and requires the exclusion of alternative causes. Patients presenting
with at least two of the following features meet the diagnostic criteria: fever, worsening
urinary urgency or frequency, acute dysuria, suprapubic tenderness, or costovertebral
angle pain or tenderness [71]. Microbiological confirmation is carried out using a positive
urine culture demonstrating >10° CFU/mL with no more than two uropathogens, in
combination with the presence of pyuria, thereby supporting the diagnosis [71,83].

The prevalence of ASB can vary considerably across different populations, reflecting
underlying host factors and exposure risks. It is quite uncommon in healthy premenopausal
women, with reported rates ranging from 1 to 5%, but rises in pregnant women from ap-
proximately 2 to 10% [84]. A significant rise is observed in older women (>65 years), among
whom prevalence exceeds 15%. Even higher rates are documented in institutionalized pop-
ulations, with up to 50% of residents in long-term care facilities affected. Notably, in patients
who have urinary catheters, bacteriuria becomes common with prolonged catheterization,
proving the strong association between device use and microbial colonization [84,85].

Distinguishing ASB from symptomatic UTI matters clinically, because treating ASB
is harmful in most populations. Multiple studies demonstrate that treating ASB in low-
risk populations provides no benefit and causes harm [84,86]. Evidence from prospective
randomized trials indicates no reduction in the incidence of subsequent symptomatic
urinary tract infections between treated and untreated individuals, as also shown in Figure 4.
Similarly, no mortality benefit has been observed; a prospective study involving 358 older
adults reported no significant effect on survival. Moreover, treatment is associated with
an increased risk of adverse events, including dermatologic reactions, candidiasis, and
gastrointestinal disturbances such as diarrhea [86]. Importantly, inappropriate antimicrobial
use contributes to the development of antimicrobial resistance and increases the risk of
Clostridioides difficile infection [87].
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Figure 4. Clinical consequences of antimicrobial treatment for asymptomatic bacteriuria.

6. Diagnostic Methods in Urinary Tract Infections

The diagnosis of UTI integrates clinical presentation, urinalysis (dipstick and mi-
croscopy), and urine culture, while imaging is reserved for specific indications. The
diagnostic approach varies by patient population and clinical context.

From the clinical point of view, the probability of cystitis exceeds 90% in women
presenting with dysuria and frequency without vaginal discharge or irritation. Dysuria is
also common with urethritis or vaginitis, but cystitis is more likely when symptoms are
sudden or severe in onset and vaginal irritation/discharge are absent [72].

Laboratory testing is an essential part of diagnostic testing. Dipstick testing de-
tects leukocyte esterase and nitrites [88]. Nitrite testing is unreliable, however, as not all
uropathogens such as Enterococcus, Pseudomonas, and Staphylococcus saprophyticus produce
nitrites [88]. Additionally, pyuria may be absent in early infection or in immunocompro-
mised states, such as neutropenia. False-positive pyuria is also common in older adults,
particularly in the presence of non-infectious lower urinary tract symptoms [88]. In older
patients, dipstick testing demonstrates high sensitivity (~90%) but poor specificity (~56%)
for bacteriuria, limiting its utility in confirming UTI [89].

The next step is urine microscopy, which evaluates for pyuria (>5 WBC/high-power
field) and bacteriuria. In young children and infants, the combination of dipstick and
microscopy has been reported to achieve a sensitivity of 99.8% with a specificity of 70% [90];
comparable combined estimates in adults are lower and less consistent. Pyuria alone is
likely the best marker in terms of negative predictive value, though methods for detection
have not been standardized [91].

The gold standard of today remains the urine culture for the diagnosis of urinary tract
infection and for guiding the selection of targeted antimicrobial therapy through susceptibil-
ity testing. Diagnostic thresholds vary according to clinical context and specimen collection
methods. Traditionally, a threshold of >10° CFU/mL has been used for symptomatic
patients; however, lower cutoffs (10*~10° CFU/mL) are increasingly accepted in many lab-
oratories, particularly in specific populations or with optimized collection techniques [91].
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Importantly, in symptomatic individuals, the presence of as few as 102 CFU/mL of a single
uropathogen may be clinically significant and indicative of true infection [92].

In the UTI diagnostic routine, imaging is not indicated for uncomplicated UTI or
uncomplicated pyelonephritis. It comes between ultrasound and computer tomography,
which is used in complicated situations. CT findings in pyelonephritis include renal
swelling, perinephric fluid, hydronephrosis, and focal areas of decreased enhancement. CT
has a detection rate of 84% compared to 40% for ultrasound in acute pyelonephritis [93].

7. Therapeutic Management of Uncomplicated and Complicated Urinary
Tract Infections

First-line empiric therapy for uncomplicated cystitis includes nitrofurantoin for 5 days,
trimethoprim/sulfamethoxazole for 3 days, or fosfomycin as a single dose, all with com-
parable efficacy [94,95]. The IDSA /ESCMID international clinical practice guidelines also
recommend pivmecillinam, at 400 mg twice daily for 3-7 days, as a first-line agent where
available [96]. Men presenting with UTI symptoms should always undergo urine culture
with susceptibility testing, and prostatic involvement should be considered in every case,
since it changes both agent selection and treatment duration. Where infection is reliably
confined to the bladder and prostatitis has been excluded, trimethoprim/sulfamethoxazole
or trimethoprim are appropriate first-line options. Nitrofurantoin may be used only in this
setting because, as it does not achieve therapeutic concentrations in prostatic tissue, it is un-
suitable whenever prostatic involvement is suspected or has not been excluded. When pro-
statitis is present, an agent with adequate prostatic penetration, such as a fluoroquinolone
or trimethoprim/sulfamethoxazole, is required, and a longer course is needed [92].

But in the case of a complicated UTI, the situation is completely different. The In-
fectious Diseases Society of America recommends a structured four-step approach to
guide empiric antibiotic selection. This includes assessment of illness severity; individual
risk factors for antimicrobial resistance, such as recent antibiotic exposure; whether there
was any prior infection with resistant organisms; and whether the patient has any drug
allergies or potential drug interactions. Renal function should be checked, and local an-
timicrobial therapy should be incorporated using the antibiogram [71]. A distinction must
also be drawn between patients with and without sepsis. Thus, for complicated urinary
tract infections without sepsis, the standard therapy typically includes broad-spectrum
agents such as third- or fourth-generation cephalosporins, piperacillin-tazobactam, or
fluoroquinolones [71]. Carbapenems and newer antimicrobial agents including ceftolozane—
tazobactam, ceftazidime-avibactam, cefiderocol, and plazomicin should be reserved only
for cases involving suspected or confirmed multidrug-resistant organisms [97]. In contrast,
for cUTIs presenting with sepsis, empiric treatment must ensure adequate and timely cov-
erage due to the increased risk of adverse outcomes. Recommended options include third-
or fourth-generation cephalosporins, piperacillin-tazobactam, fluoroquinolones, and car-
bapenems, with the latter considered first-line in this setting given the critical importance
of avoiding inadequate initial therapy [71,98].

8. Emerging Therapeutic Trends in Urinary Tract Infections: Molecular
and Clinical Perspectives

Emerging therapeutic trends in UTT management reflect a shift toward microbiome-
centred approaches, novel antimicrobial agents with unique mechanisms, non-antibiotic
prevention strategies, and immunoprophylaxis, caused by rising antimicrobial resistance
and the need for antimicrobial stewardship [99].

Research into novel antimicrobial agents has produced encouraging results. Gepoti-
dacin is a first-in-class triazaacenaphthylene antibiotic that is FDA-approved for uncompli-
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cated UTI in females > 12 years. Its mechanism involves dual inhibition of DNA gyrase
and topoisomerase IV through a distinct binding site, requiring mutations in both enzymes
for resistance to develop—a feature that may preserve long-term effectiveness [100,101].
Pivmecillinam, FDA-approved for uncomplicated UTI in women >18 years, has been
used extensively in Scandinavia for decades with minimal resistance development and
low collateral damage to the microbiome. It selectively binds penicillin-binding protein 2
and is effective against most Enterobacterales [96,100]. Third, cefiderocol is a siderophore
cephalosporin approved for complicated UTI and hospital-acquired pneumonia; it exploits
bacterial iron transport systems to penetrate the outer membrane of Gram-negative bacteria,
including carbapenem-resistant organisms [99].

Non-antibiotic prevention strategies aim at enhancing the protective urogenital micro-
biome rather than solely eradicating pathogens. For example, methenamine is converted to
formaldehyde in acidic urine, providing bacteriostatic activity. In a multicentre, open-label,
randomized non-inferiority trial conducted in secondary care, methenamine hippurate
was non-inferior to daily low-dose antibiotic prophylaxis in adult women with recurrent
UTI [102]. A subsequent triple-blind, placebo-controlled trial in women aged 70 years
and older recruited from general practice reported a reduction of approximately 25% in
antibiotic-treated UTI episodes during treatment, although the incidence of UTI rose after
discontinuation [103]. D-mannose is a monosaccharide long thought to inhibit bacterial
adherence to uroepithelial cells by binding the FimH adhesin, and it has been widely
recommended on that mechanistic basis. However, a recent randomized placebo-controlled
trial found no significant benefit of D-mannose over placebo for preventing recurrent UTI
in primary care [104].

Immunoprophylactic approaches represent a promising frontier in recurrent
UTI prevention.

Currently, OM-89 (Uro-Vaxom) is an oral immunostimulant composed of lyophilized
lysates from multiple strains of Escherichia coli, used for the prophylaxis of recurrent urinary
tract infections through modulation of host immune responses. A systematic review found
OM-89 reduced UTI recurrence, with the maximal effect at 3 months post-treatment [105].

Also, there is MV140 (Uromune), a sublingual polybacterial vaccine that consists of
heat-inactivated whole-cell preparations of common uropathogens, including Escherichia
coli, Klebsiella pneumoniae, Proteus vulgaris, and Enterococcus faecalis, and it is used as an
immunoprophylactic agent to reduce the incidence of recurrent urinary tract infections.
Studies in frail elderly patients demonstrated a 7- to 40-fold reduction in UTI episodes
following a 3-month course [106]. A retrospective study showed UTI episodes decreased
from 3.73 to 0.98 per year (p < 0.001) [107].

Bacteriophage therapy could be an alternative for multidrug-resistant UTIs. Current
evidence for bacteriophage therapy in UTIs remains limited but promising. A broad
systematic review of phage therapy in difficult-to-treat infections identified 59 clinical
studies, of which only seven addressed urological indications. Across all indications, clinical
improvement was reported in 79% of patients and bacterial eradication in 87%, with adverse
events in 7% of phage-treated patients compared with 15% of controls [108]. These figures
should be interpreted with caution, since 58% of patients received concomitant antibiotics,
which makes the independent contribution of phage therapy difficult to establish [108]. A
subsequent systematic review restricted to urological indications, which evaluated these
seven studies together with a further 38 reports, reached broadly similar conclusions;
reported routes of administration include intravesical, oral, and intrarectal delivery [109].

The LBP-EC01 (ELIMINATE Trial) is a CRISPR-Cas3-enhanced bacteriophage cocktail
that is under investigation for uncomplicated UTI caused by E. coli. This represents the first
interventional study of a genetically enhanced phage cocktail, designed to maximize bacte-

https://doi.org/10.3390/ijms27188108


https://doi.org/10.3390/ijms27188108

Int. J. Mol. Sci. 2026, 27, 8108

15 of 22

ricidal properties and host range [110]. Phage-based therapies, particularly phage cocktails,
have demonstrated efficacy in reducing UPEC colonization in experimental mouse models
of bladder and kidney infection. In experimental models, bacteriophages have also been
shown to inhibit biofilm formation and reduce bacterial adherence to uroepithelial cells,
indicating a potential role in disrupting key virulence mechanisms [111,112].

Intravesical therapies have been a cornerstone of local treatment of UTIs. They provide
localized, high-concentration treatment with minimal systemic absorption. For example,
a systematic review and meta-analysis demonstrated that intravesical aminoglycoside
therapy is associated with a substantial reduction in UTI recurrence [113]. In that analysis,
the mean number of UTI episodes decreased from 4.8 to 1.0 during treatment [113]. In a sep-
arate cohort, a decline in antimicrobial resistance rates among uropathogens was observed,
from 78% to 23% [114]. In a prospective single-centre study, intravesical gentamicin was
not associated with detectable systemic absorption, and no clinically significant adverse
effects were attributed to the treatment, although minor local effects have been reported in
comparable series [115]. Treatment success rates of approximately 80% have been reported
in a systematic review of intravesical aminoglycoside therapy [116]. A summary of these
strategies is shown in Figure 5.

OM-89 / MV140

RCT evidence

Non-inferior to
antibiotic prophylaxis

Placebo-controlled RCT

No significant
preventive benefit

Clinical evidence

Reduced recurrence
reported

BACTERIOPHAGES

Limited clinical evidence

Promising;
efficacy remains uncertain

INTRAVESICAL
AMINOGLYCOSIDES

SR [ meta-analysis

Fewer recurrences in
selected patients

Figure 5. Emerging and adjunctive strategies for recurrent urinary tract infections.

Research in this field remains dynamic and rapidly evolving, with ongoing investi-
gations expected to yield novel diagnostic and therapeutic strategies. In particular, the
integration of artificial intelligence is anticipated to play an increasingly transformative
role, facilitating advanced data analysis, predictive modelling, and the development of
personalized, precision-based approaches to disease management.

9. Conclusions and Future Directions

Urinary tract infections represent a complex and evolving clinical entity, now un-
derstood not merely as isolated microbial invasion but as a multifactorial process involv-
ing microbial dysbiosis, host—pathogen interactions, and environmental influences. The
high rates of uropathogenic Escherichia coli, particularly virulent phylogroups such as
B2, underscore the importance of specific virulence mechanisms including adhesion, in-
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tracellular bacterial community formation, and biofilm development in persistence and
recurrence. Concurrently, the increasing prevalence of multidrug-resistant organisms,
especially among ESKAPE pathogens, poses a significant global challenge, complicating
treatment and highlighting the urgent need for effective antimicrobial stewardship and
novel therapeutic strategies.

Advances in diagnostic approaches and updated clinical classifications have improved
the precision of UTI management, emphasizing disease localization and clinical severity
rather than traditional host-based definitions. Emerging therapies, including immuno-
prophylaxis, bacteriophage-based interventions, intravesical treatments, and microbiome-
modulating strategies, offer promising alternatives to conventional antibiotics, particularly
in the context of recurrent and resistant infections.

Future research should focus on integrating molecular insights with clinical practice,
with particular emphasis on personalized medicine approaches. The application of artificial
intelligence to large-scale microbiological and clinical datasets is expected to enhance
predictive diagnostics, optimize treatment selection, and guide antimicrobial stewardship.
Ultimately, a multidisciplinary and precision-based approach will be essential to address
the growing burden and complexity of UTIs.
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