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Urinary tract infections (UTIs) are among the most common bacterial infections worldwide and are particularly prevalent in
women. Recurrent UTIs significantly diminish quality of life due to their symptoms and frequent relapses. Patients often ex-
perience immediate relapse following slightly strenuous activities or intense psychological stress. In this review, we explore
why infections persist despite the advent of various treatments and suggest strategies to manage recurrent cystitis by targeting
the mechanisms of adhesion and infection. Vitamin D levels and the expression of neutrophil gelatinase-associated lipocalin
are linked to the recurrence of UTIs. During a UTI, bacteria employ adhesins to invade the urinary tract, adhere to urothelial
cells, and then penetrate these cells, where they rapidly multiply to establish intracellular bacterial communities. Bacteria can
also form quiescent intracellular reservoirs that escape immune responses and antibiotic treatments, leading to recurrence un-
der certain conditions. The surface proteins of bacteria and D-mannose are crucial in the adhesion of bacteria to the urotheli-
um. Understanding these processes provides valuable insights into potential therapeutic approaches that focus on preventing
bacterial attachment and cluster formation. By disrupting the ability of bacteria to adhere to and form clusters on cells, we can
better manage recurrent UTIs and improve patient outcomes.
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INTRODUCTION

Urinary tract infections (UTTs) are among the most common
bacterial infections worldwide and are more likely to occur in
women than in men. By the age of 24, at least one-third of wom-

en will have experienced a UTI, and nearly half of all women
will have had one or more UTTI episodes in their lifetime [1].
UTIs typically manifest with urinary dysfunction symptoms
such as dysuria, increased urinary frequency, and urgency; all of
which can adversely affect quality of life. Recurrent UTIs (rU-
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TIs) are characterized by the reoccurrence of an acute bacterial
infection caused by the same pathogen. An rUTT is defined as
experiencing 2 or more episodes within 6 months or 3 or more
episodes within a year [2, 3]. rUTIs are categorized into relapses,
where symptoms return due to the same organism not being
completely eradicated after appropriate treatment, and reinfec-
tions, where symptoms are caused by a new microbial infection
following the complete clearance of the original microbe. How-
ever, clinically distinguishing between these 2 scenarios is chal-
lenging [4].

Uncomplicated UTIs refer to those that occur in the urinary
tract of a healthy host without any structural or functional ab-
normalities. Recurrent uncomplicated UTTs, often caused by
the same bacteria, are most commonly seen in young women.
Currently, urine culture is considered the gold standard for di-
agnosing recurrent uncomplicated UTIs, with additional clini-
cal judgment based on positive results from dipstick tests and
microscopy. Typically, the clinical diagnosis of a UTI episode is
made based on symptoms such as dysuria, frequency, urgency,
hematuria, and back pain. When symptoms are present, treat-
ment is initiated, and a UTI is confirmed by culture 2 weeks
posttreatment. If the infection persists, further treatment is ad-
ministered. For diagnosing UTIs in patients, a urine culture is
indicated when the number of colony-forming units per millili-
ter (CFU/mL) of urine is 100 or greater. In cases where ana-
tomical abnormalities are suspected, various diagnostic tech-
niques, including imaging studies, are employed to manage re-
current UTIs [5, 6].

The concept of defining a UTT based on urine bacterial counts
was first introduced by Kass in 1957 [7]. Traditionally, a UTI has
been characterized by the presence of typical acute symptoms
and a urine culture with 1x10° CFU/mL or more. However,
this definition may prevent the diagnosis of cystitis in many pa-
tients, particularly those with infections that present with lower
bacterial counts. In 1982, Stamm et al. suggested that a lower
threshold of 1x 10> CFU/mL of urine should be considered ap-
propriate for the diagnosis of simple and recurrent UTIs [8].
Furthermore, when standard test results are negative, alternative
diagnostic methods such as next-generation sequencing, deep
metagenomic sequencing, pooled antibiotic susceptibility test-
ing, and expanded quantitative urine culture may be utilized [9].

rUTIs pose serious problems for clinical management and
can severely impact patient quality of life. Although most UTIs
are attributed to extracellular bacteria, emerging research has
highlighted the significance of intracellular bacterial communi-
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ties (IBCs) in the persistence of rUTIs. Bacteria gain entry to
the bladder via the urethra and adhere to the luminal surface of
bladder epithelial cells by expressing type 1 pili. Once these
pathogens invade the bladder, they establish biofilm-like IBCs
that are not completely eradicated, thus contributing to recur-
rent episodes. The bacteria that have attached themselves to the
bladder wall then invade the urothelium to form IBCs. An IBC
represents a transient bacterial state that persists until the bac-
teria disperse and are released from the host cells. Bacteria ca-
pable of forming IBCs can evade phagocytosis by neutrophils
and can cause reinfection by infiltrating deeper into the urothe-
lium. These IBCs can survive within host cells, shielded from
the effects of antibiotics and immune responses, and they pos-
sess distinctive characteristics that facilitate the recurrence of
infection. A deeper understanding of IBC formation dynamics
and their role in rUTIs is essential for advancing our compre-
hension of UTI pathogenesis [10-12].

The identification and characterization of IBCs are critical for
tackling the complexities of rUTIs. Recent advances in micros-
copy, molecular biology, and diagnostic imaging have equipped
researchers with sophisticated tools that allow for the visualiza-
tion and detailed study of IBCs in unprecedented detail [13].

We reviewed existing studies and compiled the latest research
findings on the role of IBCs in rUTTs. Additionally, we evaluat-
ed the potential of detecting IBCs as a diagnostic marker. The
insights gained from this comprehensive review suggest inno-
vative strategies for the more accurate and timely identification
of rUTI cases. Ultimately, a deeper understanding of IBCs in
the context of rUTIs could pave the way for targeted therapeu-
tic interventions and preventive measures, thereby improving
the clinical management of this challenging condition.

RECURRENT URINARY TRACT INFECTIONS

Pathophysiology of Recurrence

In women, the urethra is situated closer to the anus than in
men, and the microbiome is in closer proximity to the urethra.
This anatomical arrangement facilitates the transfer of patho-
gens, such as uropathogenic Escherichia coli (UPEC), from the
tecal reservoir to the bladder and renal pelvis. The female ure-
thra is also shorter than its male counterpart, which allows
pathogens to reach the bladder more easily [14, 15]. Women
are at a higher risk of rUTTs due to a variety of factors, includ-
ing sexual activity, changes associated with urogenital aging,
pelvic organ prolapse, menopause, and pregnancy [16].
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E. coli is the predominant pathogen found in the urine sam-
ples of patients with UTIs [17]. This is attributed to the specific
adhesin protein PapG, which is located at the distal tip of the P
pilus of UPEC and readily binds to kidney epithelial cells. Ad-
ditionally, type 1 pili can attach to uroplakin on the surface of
urothelial cells in the bladder [18]. Understanding the mecha-
nism of UPEC persistence is crucial for managing rUTIs. In a
mouse model, F17-like and type 1 pili were demonstrated to fa-
cilitate intestinal colonization and adherence to epithelial cells
along the colonic crypts. Furthermore, the mannoside M4284,
a potent inhibitor of FimH, significantly reduced the incidence
of rUTIs [19]. When UPEC initiates an infection, the urinary
tract’s immune response is also involved. Uromodulin, pro-
duced by the urothelium, impedes UPEC adherence. Cathelici-
din disrupts bacterial membranes, leading to lysis. Pentraxin 3
hinders uropathogens and enhances their phagocytosis. The in-
flammasome, activated by Toll-like receptors (TLRs), produces
proinflammatory cytokines [18]. UPEC is a bacterial species
frequently implicated in UTIs. Its ability to form biofilm-like
structures, known as IBCs, is facilitated by a polysaccharide
matrix that is encased within a uroplakin covering [20] (Fig. 1).

rUTIs are closely associated with antibiotic resistance. It is
crucial to understand that the overuse or misuse of antibiotics
can contribute to the development of antibiotic resistance, mak-
ing it difficult to treat infections. All isolates of E. coli have been
reported to be resistant to ampicillin, cefazolin, ceftazidime,
ceftriaxone, and cefepime. These antibiotics, which belong to
different classes, exhibit widespread resistance, posing a signifi-
cant challenge for the effective treatment of UTIs [21]. High
levels of antibiotic resistance have also been observed in urine
cultures from various laboratories, including resistance to trim-
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ethoprim-sulfamethoxazole (50%), ciprofloxacin (38.2%), levo-
floxacin (36.7%), and norfloxacin (36.5%) [22]. In patients with
rUTIs, the increased global use of antibiotics, prolonged use of
prophylactic antibiotics, and the use of multiple different antibi-
otics can lead to the development of further resistance.

INTRACELLULAR BACTERIAL COMMUNITIES

Formation and Characteristics

IBCs and quiescent intracellular reservoirs (QIRs) are mecha-
nisms that contribute to the recurrence of UTIs and the evolu-
tion of antibiotic resistance. The P pili and type 1 pili of UPEC
can attach to uroplakin la on the urothelial tissue and subse-
quently invade cyclic AMP-dependent Rab27b/CD63-positive
vesicles [23]. These endocytic mechanisms lead to the rear-
rangement of the host cytoskeleton. Upon attachment to the
plasma membrane, Rho GTPases, tyrosine kinases, phos-
phoinositide-3-kinase, and focal adhesion kinases are activated
[24]. Murine cystitis models have shown that the innate im-
mune response is mediated by TLR4 in response to the activa-
tion of nuclear factor kappa B and the subsequent secretion of
cytokines [25]. Once UPEC is internalized by the host cell, it
rapidly replicates and forms a cytosolic developmental stage
known as an IBC, which exhibits antibiotic resistance. Auto-
transporter antigen 43 is a protein present in certain E. coli
strains that facilitates cell aggregation and biofilm formation
[26].

UPEC in IBCs may be released from the host cell, reinitiating
the cycle of infection that leads to rUTIs. Alternatively, UPEC
can establish a QIR by becoming encapsulated in LAMP-1 (lys-
osome-associated membrane protein-1)-positive endosomes
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Fig. 1. Factors that inhibit uropathogenic Escherichia coli infection in urothelial cells. PTX3, pentraxin 3; TLR, Toll-like receptor.
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Fig. 2. Formation of intracellular bacterial communities (IBCs)
by uropathogenic Escherichia coli and their cycle of recurrence
in the urinary tract. QIR, quiescent intracellular reservoir.

[12]. These dormant bacteria neither replicate nor provoke an
immune response [27]. QIRs have been identified in asymp-
tomatic patients with rUTIs [28].

In summary, bacteria can invade the urinary tract by utilizing
various adhesins to adhere to urothelial cells. Once attached,
they can invade these cells and rapidly replicate to form IBCs.
These bacterial clusters may either be exfoliated and expelled in
the urine or undergo filamentation to evade engulfment by neu-
trophils and facilitate reinvasion of the urothelium. Alternative-
ly, bacteria may form QIRs to survive immune defenses or anti-
biotic treatment, leading to recurrence in certain environments

(Fig. 2).

Role of IBCs in UTI Recurrence: Mechanisms of Survival and
Persistence

Intracellular UPEC undergoes multiple stages of the develop-
mental cycle—invasion, IBC formation, IBC maturation, and
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QIR formation — which contribute to rUTIs [24]. Following
invasion, UPEC rapidly replicates for up to 8 hours, forming a
rod shape. This significant increase in the number of infectious
bacteria within the bladder facilitates UPEC spread and persis-
tence. In the intermediate stage, these rod-shaped bacteria be-
come densely packed, forming biofilm-like IBCs that are resis-
tant to antibiotics. The transition from IBCs to QIRs represents
a mechanism by which some bacteria establish a persistent in-
fection. The ability to enter a dormant state enables bacteria to
withstand adverse conditions, such as antibiotic exposure or an
activated immune response. Since bacteria in a quiescent state
neither actively replicate nor provoke inflammation, they can
evade host defenses [24].

In 2021, Sharma et al. [29] reported the dynamic persistence
of IBCs based on a human bladder-chip model of UTL They
created a bladder-chip infection model through the coculture
of endothelial cells with an epithelial cell line. A significant ob-
servation was that antibiotic treatment did not guarantee the
complete eradication of bacteria within IBCs; in some cases,
bacterial elimination was either delayed or did not occur at all.
This study indicates that IBCs can persist and potentially lead
to the reseeding of infection sites, even after antibiotics have
been administered. Adherence to prescribed antibiotic regi-
mens is particularly critical in the context of IBCs, as these
communities can quickly reestablish infection sites in the blad-
der when doses are missed. Therefore, ensuring strict compli-
ance with antibiotic therapy is essential for effectively tackling
bacterial infections and preventing their recurrence or dissemi-
nation [29].

PREDICTION OF RECURRENT CYSTITIS

Trends in Predicting Recurrent Cystitis

rUTIs require repeated antibiotic treatment and preventive
therapy. However, prolonged antibiotic use can lead to in-
creased resistance, potentially resulting in UTI recurrence due
to treatment failure. To prevent recurrent cystitis, it is crucial to
anticipate a patient’s resistance and susceptibility patterns. A
retrospective study that analyzed gram-negative uropathogens
isolated from the urine of patients with recurrent, uncomplicat-
ed cystitis found significant resistance to earlier-generation
cephalosporins, trimethoprim-sulfamethoxazole, and fluoro-
quinolones. However, these pathogens remained susceptible to
nitrofurantoin. Consequently, prior urine culture can be instru-
mental in optimizing empirical antibiotic prescriptions for pa-
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tients with recurrent cystitis [30].

Additionally, rUTIs can be influenced by a range of patient-
specific factors; thus, employing a machine learning model may
enhance the prediction of rUTIs. A well-validated machine
learning model has the potential to significantly improve the
accuracy of forecasting rUTIs, particularly those caused by a
single uropathogen, such as E. coli. The dataset utilized for de-
veloping this predictive model encompasses both patient and
bacterial characteristics. Patient factors comprise medical histo-
ry, clinical symptoms, and results from laboratory tests. Bacte-
rial factors, on the other hand, include antibiotic resistance pat-
terns, bacterial phylogeny, and the presence of virulence genes.
By integrating these factors, the model can assist physicians in
implementing preventative strategies for rUTIs [31].

Several studies have revealed that serum biomarkers may be
instrumental in predicting and preventing rUTIs. Serum cyto-
kine analysis in mice with acute bacterial cystitis has shown
that the expression of cyclooxygenase-2 during an acute UTT is
significant [32]. Furthermore, premenopausal women with rU-
TIs exhibit notably lower average serum vitamin D levels than
controls, implying an association between rUTIs and vitamin D
deficiency [33].

Research has been conducted to predict rUTIs through the
analysis of urinary biomarkers. Neutrophil gelatinase-associat-
ed lipocalin (NGAL) is expressed in damaged kidneys, the liver,
and epithelial cells within inflammatory and infectious envi-
ronments. It is upregulated in the urothelium and kidneys of
patients with UTTs. Furthermore, some patients with rUTIs ex-
hibit a relative local deficiency in urinary NGAL production,
rendering them more susceptible to UTIs [34-36].

Other Substances Related to Bacteria Adhesion and
Biofilm Formation

Bacteria can enter the bladder via the urethra and proliferate by
adhering to the urothelium or to implanted foreign bodies,
which are shielded by a biofilm [37]. Additionally, they can in-
filtrate the urothelium and establish IBCs, resulting in chronic
infections. These bacterial aggregates can complicate detection
and treatment. Therefore, it is important to identify and elimi-
nate potential IBCs.

Biofilm formation by bacteria offers a defense against assaults
from the immune system and antifungal drugs by secreting an
extracellular matrix. Mitogen-activated protein (MAP) kinases
and phosphatases are crucial in the signaling pathways that
control cell wall composition, extracellular matrix production,
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adhesion, and biofilm formation in Aspergillus fumigatus. The
absence of MAP kinases and phosphatases leads to reduced at-
tachment and biofilm formation [38].

In Streptococcus parasanguinis FW213, the cell surface pro-
tein BapAl is essential for bacterial adhesion and biofilm for-
mation due to its role in intercellular interactions. Mutating
BapALl reduced dental biofilm development in an in vitro tooth
model and diminished bacterial autoaggregation [39].

Staphylococcus epidermidis strains HB and K28 strongly ad-
here to immobilized fibrinogen, facilitated by the expression of
the surface protein Fbe. Mutations in the Fbe gene can signifi-
cantly impact the attachment capability of these strains [40].

D-mannose inhibits the adhesion and invasion of E. coli in
patients with rUTTs, preventing the formation of quiescent bac-
terial reservoirs [41]. Bacteria that enter the urinary tract can
cause infections. The urinary mucosa is coated with proteins
that impede bacterial attachment. D-mannose, a monosaccha-
ride, is readily absorbed and excreted through the urinary tract.
It is structurally similar to the binding sites of glycoprotein re-
ceptors on urothelial cells, allowing it to competitively inhibit
the attachment of E. coli to these cells. At a concentration of ap-
proximately 4 mg/mL, D-mannose can almost completely pre-
vent the attachment of type 1 bacterial fimbriae to urothelial
cells. Furthermore, D-mannose can inhibit bacterial invasion of
urothelial cells and biofilm formation at low concentrations.
Despite a significant loss of dosage before reaching the urine,
D-mannose facilitates bacterial elimination and helps in pre-
venting infection. Nonantibiotic approaches, such as D-man-
nose, are increasingly being considered for UTI treatment due
to the side effects and antibiotic resistance associated with anti-
biotic therapy.

CONCLUSIONS

Why does cystitis recur immediately after the onset of fatigue?
Patients with recurrent cystitis often report an immediate re-
turn of symptoms when they engage in even mildly strenuous
activities or experience significant psychological stress. They
seek an explanation. How should urologists respond? This re-
view presents evidence that may elucidate the reasons for UTI
recurrence. Most E. coli internalized by urothelial cells are rap-
idly expelled through exocytosis. However, some bacteria evade
this defense and initiate a cytosolic phase known as IBC forma-
tion. As IBCs develop, often near the host cell nuclei, bacteria at
the periphery of the community revert to a rod shape and dis-
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perse, while others transform into long filaments that extend
from the infected cell. E. coli employs multiple strategies to alter
the host’s immune response to infection. To establish and main-
tain colonization, uropathogens must overcome the innate and
adaptive immune defenses of the host. This process involves the
upregulation of various cytokines and chemokines. Changes in
the components of the host immune system can affect suscepti-
bility to infection and its outcomes. E. coli can also infect the
basal epithelium, forming a QIR. In this state, E. coli can persist
for months, enclosed in a membrane and exhibiting antibiotic
resistance, even without bacterial replication. This reservoir is a
key factor in the recurrence of UTTs, particularly in women [23,
42].

Given that much of our understanding of the lifecycle of E.
coli in UTTs comes from studies in murine models, there is a
need for further research to fully comprehend this host-patho-
gen interaction in humans.
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