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Urinary tract infections (UTls) are primarily caused by uropathogenic Escherichia coli (UPEC), which
frequently lead to recurrent infections. These bacteria utilize several strategies to establish infection
in the host; in particular, virulence factors such as fimbriae and o-hemolysin facilitate persistent
infection, evade host immune responses, and minimize antibiotic exposure. To date, antibiotics have
been the primary treatment for UTIs. However, an increasing emphasis has been placed on the need
for UTI vaccines, with mucosal vaccine products now available in several countries. Additionally,
vaccines targeting intracellular UPEC, utilizing adjuvants, are currently under development.
Understanding the pathogenic mechanisms of uropathogens has enabled the development of new
treatment approaches, paving the way for next-generation preventive and therapeutic methods that
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could effectively manage recurrent UTls in the future.
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HIGHLIGHTS

Uropathogenic Escherichia coli (UPEC) uses fimbriae and o-hemolysin to establish infection, persist, evade immunity, and resist
antibiotics. (2) Understanding pathogenic mechanisms has led to innovative urinary tract infection therapies. Noval vaccines target

intracellular UPEC, using advanced adjuvants for better efficacy.

INTRODUCTION

Urinary tract infections (UTls) are the second most
common bacterial infection in humans, with a 2019 re—
port indicating approximately 405 million cases and
267,000 deaths worldwide [1]. In terms of gender, the
incidence rate is reported to be about 35 times higher in

women aged 16-35 compared to men [2]. Around half

of all women experience a UTI at least once in their life—
time [3], and in the United States, UTls are associated
with an estimated 2.9 million Emergency Department
visits and 3.5 million outpatient consultations annually
[4,5]. Despite treatment with antibiotics, UTls are known
to recur frequently, with many cases recurring within 6
months of treatment. Recurrent cystitis is diagnosed

when it occurs at least twice within 6 months or at least
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3 times within 1 year [6-8]. Additionally, up to 25% of
patients presenting with UTI at clinics are estimated to
have a history of prior UTI [9]. Given that UTls pose a
significant threat to human health and life expectancy,
thorough research into their pathogenesis is crucial for
developing appropriate treatment strategies.

Various studies investigating the causes of recurrent
cystitis have found that persistent pathogen infection is
a major factor contributing to recurrent UTls. Previous
studies have reported that in 50% of patients with re-
current UTls, the same bacterial strain responsible for
the initial infection is involved in recurrence, and this
bacterium can survive in the bladder for up to 3 years
[6,8,10]. Notably, studies using animal models have
shown that the formation of intracellular bacterial com-
munities (IBCs) is a form of persistent infection, and
IBCs have also been observed in the tissues of patients
with recurrent cystitis [11,12]. In addition to the virulence
factors of pathogens, the failure of protective immune
cells against infected host epithelial cells plays a key role
in triggering recurrent cystitis [13]. A deeper under-
standing of host-pathogen interactions will contribute to
a more comprehensive understanding of UTls and ulti-
mately play an important role in preventing recurrent in—
fections in patients. Particularly for patients experiencing
recurrent cystitis, careful use of antibiotics is necessary,
making the design of therapeutics based on pathoge-
nicity crucial. Such approaches could help prevent the
progression of UTls to urosepsis and address the issue
of antibiotic resistance, marking significant progress in

treatment.

DEVELOPMENT OF PERSISTENT
INFECTION BY UPEC

Uropathogenic Escherichia coli (UPEC) is responsible
for over 80% of UTls in patients without underlying
health conditions [9]. In cases of complicated UTls, this
proportion decreases to 65%, yet UPEC remains the
predominant pathogen. Other major bacteria known to

cause UTls include Klebsiella pneumoniae, Proteus mi—
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rabilis, Staphylococcus species, group B Streptococcus,
and Pseudomonas aeruginosa [14]. In UPEC-induced
UTls, adhesive fimbriae serve as the most crucial viru-
lence factor. Additionally, metal ion acquisition systems
that allow UPEC to survive in nutrient-poor environments
such as urine are also vital, and most UPEC strains con—
tain the relevant genes for these systems [15]. Among
the various virulence factors secreted by UPEC, hemo—
lysin plays an important role in establishing persistent
infection [16,17]. Upon invasion of the human urinary
tract, UPEC first interacts with the urothelial cells, sub-
sequently encountering components of the innate im-
mune response, including macrophages, neutrophils,
and other immune cells that provide antimicrobial de—
fense [18]. There is a need for a detailed discussion on
how UPEC overcomes this sequence of host defense
mechanisms to establish persistent infections, ultimately
leading to recurrent cystitis. By elucidating the pathoge—
nicity of persistent infections, this section aims to ex—
plore vaccine design and utilization strategies to address
and prevent these infections effectively.

1. The Role of Adhesive Fimbriae in UPEC's

Infection Mechanism

In most cases, UPEC approaches the urethra as fecal
contaminants, eventually leading to bladder infection.
During this process, UPEC must ascend the urethra to
reach the bladder, although it is typically washed away
by the periodic flow of urine. However, the type 1 fim-
briae expressed on the surface of UPEC prevents this
expulsion. Specifically, type 1 fimbriae bind strongly to
the terminal mannosylated uroplakins, enabling UPEC
not only to resist the initial clearance by urination but
also to form colonies on the urothelial cells [19]. Once
adhered, UPEC proliferates rapidly in the bladder, and
when its concentration in urine exceeds 1 x 10° CFU
(colony forming unit)/mL, it is clinically diagnosed as a
UTI [20,21].

Fimbriae are proteinaceous extracellular fibers located
on the bacterial membrane, formed via the chaper—

one-usher pilus (CUP) system. E. coli can encode up to
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15 different types of CUP gene clusters, and the adhe-
sive subunit at the tip of the fimbriae exhibits specificity
for binding to extracellular surface molecules such as
uroplakin on urothelial cells. The most extensively stud-
ied CUP fimbriae operon is fim, which encodes type 1
fimbriae. This fim operon is found in most UPEC iso-
lates, and the adhesive subunit of type 1 fimbriae, FimH,
binds to mannosylated glycoproteins, especially uro-
plakin, which are abundant on the bladder urothelial sur-
face, allowing UPEC to establish itself in the bladder [19].
The significantly lower bacterial loads observed in in—
fected bladders with UPEC strains lacking FimH suggest
that FimH is crucial for establishing infection [22].
Among other CUP fimbriae, P fimbriae have been re—
ported to directly contribute to kidney infections, sug—
gesting that different types of fimbriae are associated
with infections in specific organs [23]. This is likely due
to the enhanced ability of specific fimbriae to adhere to
particular epithelial cell types expressed in each organ.
Given the significant role of FimH in UTls, several vac—

cines under development use FimH as an antigen.

2. UPEC Invasion of Bladder Epithelial Cells and
IBC Formation

After attaching to bladder epithelial cells (BECs) via
FimH, a significant portion of UPEC remains on the cell
surface to proliferate, while some invade the interior of
the BECs. Unlike Salmonella, Yersinia, and Shigella,
which have a high capacity for invasion through the use
of a type Il secretion system, UPEC does not possess
this system and therefore does not induce host cell
plasma membrane ruffling or manipulate intracellular
signaling through effector molecules. Instead, UPEC hi-
jacks the recycling process of RAB27b" fusiform vesi-
cles, which are necessary for BEC volume regulation, to
gain entry into the host cells [24,25]. Once inside the
BECs, UPEC can persist, reducing its exposure to antibi—
otics like ciprofloxacin, trimethoprim-sulfamethoxazole,
and gentamicin, thereby facilitating recurrent infections
[26-28].

Once internalized, UPEC can form and expand into
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IBCs within the host cytoplasm. In many cases, this
process begins from a single bacterium that undergoes
clonal expansion, resulting in bacterial clusters protruding
into the bladder lumen, forming structures known as
"pods" [11]. UPEC within IBCs often undergoes morpho-
logical changes, typically adopting an elongated filamen—
tous shape, which aids in escaping from the host cell
and facilitates the infection of adjacent cells [11,29]. No—
tably, IBCs have been directly observed in desquamated
epithelial cells from human bladder biopsy samples and
urine [12,30]. The ability of intracellular UPEC to shield
itself from antibiotics poses a significant challenge in
eradicating persistent UPEC infections in patients with
recurrent bladder infections. This makes it a critical issue
in developing effective therapeutic strategies aimed at

eliminating these persistent infections.

3. QIR as a Form of Persistent Infection

Studies on UTls have revealed the existence of quies—
cent intracellular reservoirs (QIRs), which refer to clus-
ters of UPEC encased in vesicles that persist within su-
perficial epithelial cells for several weeks after epithelial
exfoliation and regeneration have occurred. These QIRs
remain dormant but can lead to recurrent infections if
the epithelial cells become damaged [26]. However, the
exact conditions under which UPEC transitions from a
QIR state to an IBC are still unclear.

Intriguingly, one study demonstrated that when uro-
thelial cells infected with UPEC were treated with sapo—
nin, the total number of bacteria, both intracellular and
extracellular, increased dramatically, and pod-like bacte—
rial inclusions formed within the cells [31]. This finding
suggests that the transition from QIR to IBC may require
environmental stimuli such as reactive oxygen species
stress from neutrophils, the release of alarmins due to
neighboring host cell death, abrupt changes in intracel—
lular ion concentrations triggered by ion channel activa—
tion, or dysbiosis within the bladder’s microbial environ—-
ment. These insights provide important clues into the
mechanisms by which UPEC transitions from a dormant

QIR state to an active IBC, further contributing to our
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understanding of recurrent UTls and offering potential

targets for therapeutic interventions.

4. Correlation Between UPEC's @—Hemolysin and
UTI Severity

Although genomic analyses of UPEC have shown that
it is difficult to distinctly separate uropathogenic from
non-uropathogenic strains [32], the common toxins and
their roles have been well studied. UPEC is known to
secrete a variety of toxins during pathogenic infection
[33,34], among which soluble toxins like a-hemolysin
play a critical role. Several clinical studies have indicated
that 40%-58% of UPEC isolates have the ability to se-
crete hemolysin, which is strongly correlated with UTI
severity [35-39]. Interestingly, one clinical study reported
that 37.6% of UPEC isolates from patients experiencing
their first UTI expressed the hlyA gene which encodes
a-hemolysin, whereas this proportion increased to
48.2% in patients with recurrent UTls [40]. This sug—
gests that a-hemolysin is closely associated with the
severity of UTls and may play a significant role in recur-

rent infections.

5. Role of a—Hemolysin and Its Function in Early
UTI Inflammatory Responses

Alpha-hemolysin is secreted via the type | secretion
system and has been shown to induce rapid cell death
in urothelial cells during the early stages of infection
[34,41-43]. When UPEC secretes large amounts of he-
molysin during the initial stages of infection, it forms
channel-like structures on the cell surface, causing he-
molysis and cytotoxicity, although this requires relatively
high concentrations of hemolysin [18,44]. The plasma
membrane appears to be a relatively favorable target for
o-hemolysin compared to the vesicle membrane for
several reasons. Firstly, the plasma membrane of host
cells, composed of a lipid bilayer, maintains higher cho-
lesterol levels and lower phosphatidylserine levels com-
pared to vesicle membranes [45]. Additionally, the plas-
ma membrane is wider and flatter with lower curvature

than vesicle membranes, making it more favorable for
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channel formation by hemolysin [45]. Recent studies
have reported that a receptor known as receptor A-dis—
integrin and metalloprotease 10 (ADAM10) may act as a
scaffold for hemolysin channel formation, supporting the
idea that external factors can influence this process [46].
This suggests that hemolysin secreted by UPEC may
form channels differently on the plasma membrane ver-
sus vesicle membranes.

Generally, a-hemolysin promotes damage to infected
urothelial cells by inducing cytotoxicity, which leads to
exfoliation of the bladder epithelium through caspase-1/
caspase-4-dependent pyroptosis [34,41-43]. The role of
a-hemolysin effectively explains the acute inflammation
observed during the early stages of bacterial cystitis.
Hemolysin expression and secretion are not random but
are tightly regulated by environmental conditions. In fact,
the CpxRA stress response system regulates the ex—
pression of hlyA. During the early inflammatory phase,
hlyA expression is upregulated, while its expression is
controlled as inflammation subsides, promoting bacterial
persistence and recurrence of infection [42]. This regu-
latory mechanism highlights how UPEC strategically
uses a-hemolysin to initiate acute inflammation, while
also ensuring its survival and the potential for recurrent
infections through careful modulation of hemolysin ex—

pression.

6. Induction of Persistent Infection via

a—Hemolysin

The bladder, as an organ that stores urine, expands
several times its size when filled compared to when it is
empty. To accommodate this increase in volume, BECs
require surface area expansion, which is facilitated by
Rab27b" fusiform vesicles that fuse with the apical side
of the bladder epithelium with the assistance of VAMPS/
Endobrevin [25,47]. When UPEC causes an infection, it
hijacks this pathway to infiltrate the cells, remaining en—
closed within Rab27b" vesicles after entering BECs. Al-
though most of the UPEC is expelled from cells and
cleared through urination due to the host's defense

mechanisms, UPEC aided by hemolysin manages to es—
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cape from Rab27b" vesicles into the cytoplasm [16].
Once in the cytoplasm, UPEC can establish a persistent
infection. However, the host cell counters this by en-
gaging the autophagy pathway, encapsulating UPEC in
vesicles and ultimately attempting to inhibit bacterial
proliferation and kill the pathogen through lysosomal
vesicles. Despite this, many UPEC cells remain trapped
within the LAMP1" lysosomal vesicles and fail to escape
from the Rab27b" vesicles.

The persistence of UPEC within human BECs is close—
ly associated with its ability to survive long-term inside
LAMP1" lysosomal vesicles. Normally, lysosomal vesi—
cles contain a variety of enzymes that require an acidic
environment to be fully activated. However, it has been
observed that vesicles in BECs infected by UPEC often
maintain a neutral pH [16]. This suggests that UPEC
possesses the pathological capability to actively modu-
late the host cell environment, preventing the acidifica—
tion of LAMP1" lysosomes [16].

Phagosome acidification is facilitated by the V-ATPase
proton pump, which resides on specific vesicle mem-
branes. This pump is trafficked to the phagosome,
where it fuses with the phagosome membrane and ac—
tivates to acidify the compartment, creating optimal
conditions for enzyme activity [48,49]. Typically, V-AT-
Pase moves along microtubules to reach the necessary
vesicles [60-52]. However, UPEC that escapes from
RAB27b" vesicles into the cytoplasm secretes a-hemo-
lysin, which disrupts microtubules [16]. Infections with
a-hemolysin-deficient UPEC mutants did not result in
microtubule disruption when BECs were infected.

Further evidence of the importance of microtubule in—
tegrity came from experiments where colchicine, a mi—
crotubule-disrupting agent, was used to treat epithelial
cells infected with these mutant strains. The treatment
led to microtubule disassembly, significantly increasing
the bacterial burden of intracellular UPEC [16]. This indi—
cates that vesicle trafficking, including the movement of
V-ATPase, is crucial for controlling UPEC infection. By
disrupting microtubules, a-hemolysin prevents the deliv—

ery of V-ATPase to phagosomes, thereby inhibiting acid-
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ification and enabling UPEC to survive longer within host
cells. This demonstrates the critical role that vesicle
movement and microtubule integrity play in UPEC infec-
tion and highlights how UPEC's manipulation of the host
cell’'s trafficking machinery contributes to its ability to
evade host defenses and sustain persistent infection.
Although the exact mechanism by which a-hemolysin
induces microtubule disruption in host cells is not fully
understood, there are reports suggesting that hemolysin
may degrade paxillin, indirectly leading to the disassem-—
bly of the cytoskeletal structure [43,53,54]. Paxillin is
known to regulate actin cytoskeleton reorganization and
plays an essential role in cell adhesion, spreading, and
migration. When microtubules are disrupted, the acidifi-
cation of vesicles containing UPEC is halted, causing the
phagolysosome to maintain a neutral environment con—
ducive to UPEC survival, thereby creating an optimal
setting for UPEC to establish long-term persistent infec—
tions. This strategy is similar to the tactics employed by
other pathogenic bacteria, such as Salmonella and My—
cobacteria, which prevent lysosomal acidification through

effector molecules that block lysosomal fusion [65-57].

7. Calcium Dependent Activity of a—Hemolysin
Although the exact reason for UPEC's inability to es-
cape from LAMP1" phagolysosomal vesicles remains
unclear, it is hypothesized that the heterogeneous calci—
um concentration within the vesicles might play a role.
a-hemolysin requires calcium for maintaining high activi-
ty, as its RTX domain contains 6 calcium binding sites
that enable its biological activation when bound to calci—
um [68]. Interestingly, the calcium concentrations differ
between the host cell, vesicles, and the cytoplasm, and
even between early and late endosomes [569]. The early
endosome maintains calcium levels similar to those out-
side the cell, allowing hemolysin secreted by UPEC to
increase its membrane-lytic activity with the aid of cal-
cium. However, as the vesicle matures into a late endo—
some, calcium levels decrease drastically, which may
hinder the complete formation of the hemolysin active

complex. Therefore, the difference in calcium concen—
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tration between Rab27b" vesicles and lysosomal vesicles
may act as a key factor in regulating UPEC's ability to
escape from vesicles, influencing the success of per—

sistent infection.

8. Multifaceted Role of @—Hemolysin and UPEC’s
Intracellular Survival Strategy

It is widely recognized that hemolysin secretion by
UPEC is primarily associated with the lysis of host cells.
However, it is notable that in infections caused by Liste—
ria monocytogenes, which secretes large amounts of
hemolysin known as Listeriolysin O, host cells do not
immediately undergo lytic death. Instead, these host
cells harbor a cytosolic stage of L. monocytogenes for
extended periods without plasma membrane rupture.
While UPEC's a-hemolysin plays a critical role in causing
lytic damage to the plasma membrane, the homeostasis
of the host cell membrane is also a crucial determinant
of when membrane lysis is initiated. Though UPEC's
mechanism does not exactly mirror that of L. monocy-
togenes, a-hemolysin secreted by UPEC significantly
impacts the persistence of infection within the host. The
toxin's influence on host cell integrity and its ability to
sustain persistent infections highlights the complexity of
UPEC’s pathogenic strategies.

UPEC continues to secrete hemolysin while maintain—
ing a persistent life cycle within BECs, and the signaling
events triggered by this hemolysin inside host cells play
a crucial role in understanding hemolysin-mediated
pathogenicity. Numerous studies have investigated
these signaling mechanisms [60,61]. Alpha-hemolysin is
particularly important during UPEC's persistent infection,
as it disrupts the cellular signaling pathways of urothelial
cells in a highly sophisticated manner.

One of the major advantages UPEC gains upon enter—
ing host cells is that BECs not only provide a suitable
environment for UPEC survival but also offer a sanctuary
from innate immune cells, such as macrophages and
neutrophils, which are activated during the initial stages
of infection. Additionally, UPEC minimizes its exposure to

antibiotics taken by UTI patients, buying time to resume
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its infection cycle after antibiotic treatment has ceased.
During this period, UPEC uses a-hemolysin to sustain
persistent infection within the cells, with the toxin play-
ing a complex and multifaceted role in ensuring UPEC's
survival and long-term persistence. a-hemolysin thus
contributes not only to immune evasion and bacterial
persistence but also to the complex interactions be-
tween UPEC and the host's cellular machinery, reinforc—
ing its pivotal role in the chronicity of UTls.

In summary, UPEC causes UTls and possesses the
ability to induce persistent infections within BECs
through various strategies (Fig. 1). UPEC initially attaches
to the bladder epithelium using adhesion factors like
FimH and demonstrates the ability to invade host cells.
However, to establish a persistent infection, UPEC em—
ploys virulence factors, with o-hemolysin playing a key
role by disrupting cellular signaling and degrading the
cytoskeleton's microtubules. This creates an environ—
ment where UPEC can survive in a neutral pH, allowing
it to persist within host cells for extended periods and

become a major cause of recurrent UTls.

TREATMENT STRATEGIES FOR UTIS

Antibiotics are essential in the treatment of all types of
UTls. However, with the increasing incidence of antibi—
otic resistance, often linked to frequent prescriptions,
accurate diagnosis is crucial to avoid unnecessary antibi—
otic use in conditions such as interstitial cystitis, bladder
pain syndrome, and asymptomatic bacteriuria. Along
with the efforts of clinicians to ensure precise diagnoses
and careful prescriptions, several vaccines for UTI treat—
ment have recently been developed, and various others
are currently under research. Traditionally, developed
vaccines have used uropathogens as antigens, but more
recent vaccines target the pathogenic mechanisms of
UTls. Examining this vaccine development process from
an immunological perspective and discussing the es—
sential elements that future vaccines should incorporate

will be of significant importance.
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Fig. 1. Pathomechanisms of uropathogenic Escherichia coli infection and persistence in bacterial cystitis. UPKs, uroplakins;
IBC, intracellular bacterial community; PMN, polymorphonuclear neutrophil; QIR, quiescent intracellular reservoir.

1. Effective Mucosal Vaccines for Recurrent UTls

Although vaccines lack the direct ability to kill patho-
gens like antibiotics, they play a crucial role in preventing
infections by activating the body's adaptive immune re-
sponse. The antibodies produced through vaccination are
a key component of humoral immunity, primarily target—
ing surface antigens of uropathogens. A representative
vaccine in this category is ExPEC9V, which is designed
to recognize conjugate polysaccharides characterized by
O-antigens. ExPEC9OV is an improved version of Ex-
PEC4V, which was shown to reduce the recurrent UTI in
women in a phase 1b clinical trial [62,63]. EXPECOV is
currently in clinical trials (VAC52416BAC3001) involving
18,556 elderly individuals who have a history of UTls.
This randomized, double-blind, multicenter study is cur-
rently attracting significant interest regarding its results.
Antibodies targeting O-antigens exert their protective
effect by binding to the pathogen's surface, physically
preventing the bacteria from adhering to the urothelial
cells.

Previous UTI vaccines were administered via injection,
which were effective in generating antigen-specific IgG,

but their efficacy in protection against UPEC challenge

66

was not sufficiently high. This is because UTls primarily
occur on the mucosal surface covering the bladder epi—
thelium, and injectable vaccines are less effective at
stimulating mucosal immunity [64,65]. Therefore, gener—
ating an effective mucosal adaptive immune response is
crucial, requiring the production of antibodies optimized
for the mucosal surfaces infected by uropathogens to
ensure protective effects. To achieve this, immunoglob—
ulin A (IgA) secreted by B cells must undergo dimeriza-
tion and glycosylation, then bind to the secretory com-
ponent, which allows its secretion through the epithelial
cells to the mucosa. However, IgG, which is predomi-
nantly produced by injectable vaccines, does not bind to
the secretory component, resulting in low concentrations
at the mucosal surface, where its activity is also inhibit—
ed by various proteins. In contrast, secretory IgA (slgA)
secreted onto the mucosal surface interacts with uro—
pathogen antigens, trapping the pathogens and prevent-
ing direct contact with the mucosal surface, providing an
"immune exclusion” effect.

Additionally, pathogens that enter epithelial vesicles
can be transported back into the bladder lumen via

plgR21 or eliminated through antibody-dependent cellu-
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lar cytotoxicity, which destroys locally infected cells, thus
protecting the bladder epithelium [64,66,67]. Designing
UTI vaccines that leverage slgA represents an effective
strategy for preventing UTls in advance.

All 3 currently developed UTI vaccines—Uro-Vaxom,
Uromune, and Urovac—share a common goal of en-
hancing mucosal immunity. These vaccines have
demonstrated clinical efficacy through randomized con-
trolled trials, with proven effectiveness particularly in re—
current cystitis [68,69]. Each vaccine is designed using
uropathogenic bacteria as antigens. Uro-Vaxom consists
of bacterial lysates from 18 strains of uropathogenic
bacteria and is administered orally. Urovac contains 10
heat-inactivated uropathogenic strains, delivered via
vaginal suppository, while Uromune uses 4 strains ad-
ministered sublingually. Uro-Vaxom (OM-89) is known to
stimulate the gut-associated lymphoid tissue to induce
an adaptive immune response [70]. In contrast, Uromune
stimulates the nasopharynx-associated lymphoid tissue
to trigger an adaptive immune response [71]. Clinical
studies have reported that Uro-Vaxom reduces the inci—
dence of recurrent UTls; however, its vaccine efficacy is
debatable depending on the clinical trial, possibly due to
the antigen tolerance associated with the gut [70,72]. On
the other hand, Uromune has been reported to be ef-
fective for recurrent UTls [71,73,74]. Although these
vaccines have generally been effective in reducing the
risk of recurrence, some still face the challenge of re—
quiring long-term administration to maximize their effi-

ciency.

2. Vaccine Development Targeting Pathogenic

Factors

UTI vaccines developed so far have utilized a mixture
of various pathogens as antigens. While this strategy
has been effective for antiviral vaccines, bacteria have
more proteins and complex glycosylation structures than
viruses, making the use of whole pathogens less effi—
cient. As a result, recent UTI vaccine research has fo—
cused on the development of subunit vaccines that

leverage adaptive immunity by targeting specific anti—
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gens. These antigens are selected for their direct in—
volvement in pathogenicity or their optimization as T-cell
epitopes. Since UTI vaccines primarily target bacterial
pathogens, antigens such as FimH, O-antigens, a-he-
molysin, siderophores, and various outer membrane re—
ceptors are chosen as targets.

Notably, a vaccine targeting FimC and FimH of E. coli
recently demonstrated safety and immunogenicity in
phase 1a-1b clinical trials, with reports showing a robust
FimH-specific antibody response that lasted for 12
months. Furthermore, patients who received 4 doses
exhibited a significant reduction in recurrent UTI epi—
sodes [75]. HIVA, a key factor for UPEC in establishing
persistent infections within the bladder, is considered a
promising target for vaccines aimed at preventing recur—
rent UTls. A vaccine that induces antibodies and cyto—
toxic T cells targeting HIYA could effectively inhibit UP-
EC's cytotoxic activity in the early stages of infection and
prevent the long-term survival of UPEC within BECs.

However, a subunit vaccine targeting FimH alone may
be ineffective against pathogens other than UPEC.
Therefore, the potential for developing multivalent vac—
cines that include antigens from multiple uropathogens,
such as O-antigens from different bacterial species or
shared virulence factors like fimbriae or siderophores, is

essential for creating a future universal UTI vaccine.

3. Vaccine Development Strategies to Prevent
Recurrent UTls Caused by Persistent
Infections

While 75% of UTI patients respond effectively to anti—
biotic treatment, raising questions about the necessity of

UTI vaccine development, the remaining 25% suffer

from recurrent UTls and are in urgent need of additional

therapies to complement existing antibiotic protocols.

Although sIgA may have a preventive effect, its thera-

peutic efficacy could be limited. This is because recur—

rent cystitis is often caused by uropathogens residing
inside urothelial cells in the form of IBCs or QIRs, lead-
ing to persistent infections. Therefore, effective treat-

ment for recurrent cystitis requires targeting intracellular
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pathogens through cellular immunity, particularly by acti-
vating CD8" T cells. When infected urothelial cells pres—
ent uropathogen antigens via major histocompatibility
complex class | molecules, activated CD8" T cells can
recognize these antigens and directly eliminate the in—
fected cells. This cell-mediated killing by CD8" T cells is
facilitated by the release of granzyme and perforin,
which induce apoptosis in the infected cells. The dying
cells, along with the bacteria within them, are subse-
quently cleared by surrounding macrophages.

The generation of CD8" T cells is a complex process.
In addition to interleukin-2, which is essential for T-cell
survival, the initial activation of CD8" T cells requires cy—
tokines such as interferon (IFN)-y and tumor necrosis
factor-a, secreted by CD4" Th1 cells. These cytokines,
additionally, promote the production of bactericidal nitric
oxide (NO) via inducible NO synthase in macrophages at
the infection site, enhancing bacterial killing. Therefore,
the activation of CD4" Th1 cells is necessary. However,
in recurrent bladder infections, the immune response is
predominantly skewed toward a Th2 response [76]. One
reason for this shift is that during recurrent bladder in—
fections, superficial urothelial cells undergo exfoliation,
and a Th2 immune response is primarily activated to aid
in tissue recovery [76-78]. When BECs are infected with
UPEC, a distinct subset of CD301b"OX40L" dendritic
cells in bladder mucosa is responsible for preferentially
activating TH2 cells in iliac lymph node [76,77]. In this
context, immunization using the Th1-inducing vaccine
adjuvant CpG-ODN has been shown to induce a signifi-
cant increase in Th1 (CD3"CD4'IFN-y) cells in the blad-
der, as demonstrated in mouse models [77]. The Th1
immune response activates macrophages and CD8" T
cells through IFN-y, enabling the elimination of intracel-
lular bacteria and infected cells, making it critical for
combating persistent bacterial infections. This finding
underscores the critical role these immune cells play in

eliminating bacteria that remain latent within BECs.

4. Infection Defense Strategies Beyond Vaccines
Vaccine development has limitations because of sev-
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eral issues. UTls are particularly challenging due to the
persistence of IBCs and QIRs, which could potentially
reactivate even after vaccination. Assessing the vac-
cine's efficacy over extended periods would require rig—
orous longitudinal studies. The vaccine's efficacy may
vary across different age groups, especially considering
that UTIs have high incidence rates in older adults and
women. The immunosenescence observed in elderly
populations may reduce vaccine efficacy, necessitating
age-specific dosage adjustments or booster doses to
maintain immunity. Therefore, researchers are trying to
develop alternative treatment methods based on UPEC’s
infection mechanisms using various compounds. Patho—
logically, UPEC infections occur through interactions be—
tween fimbriae and uroplakin. Thus, compounds that
block this interaction could be used as therapeutics to
prevent bacterial adhesion to urothelial cells and promote
their clearance via urine. Natural products like D-man-
nose and proanthocyanidins, found in cranberry extracts,
have been studied for their ability to block FimH, a key
component in UPEC adhesion. The American Urological
Association, the European Association of Urology, and
various European organizations have evaluated the use
of cranberry and D-mannose for preventing and treating
UTls, finding their benefits to be minimal [79].

Since D-mannose has relatively low affinity for FimH,
a modified compound called mannoside has been de—
veloped, which binds to FimH with a 10°-fold higher af-
finity. Its effectiveness has been demonstrated in animal
models, and it is currently undergoing clinical trials [80].
However, while these treatment strategies are effective
in preventing UPEC attachment to urothelial cells, they
have limitations in addressing bacteria that have already
invaded host cells. Currently, no therapies exist that can
directly control persistent UPEC infections.

Interestingly, UPEC has been shown to promote per-
sistent infection in BECs by inducing microtubule disrup—
tion [16]. Animal studies have indicated that using pacli-
taxel, an anticancer drug, to inhibit microtubule collapse
can reduce persistent infections [16). Although paclitaxel

is known to cause side effects such as rash, hives, itch—
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ing, and swelling when used as a cancer therapy [81],
intravesical administration of the drug in UTI patients is
expected to result in fewer side effects, making it a po—
tentially effective treatment for persistent bladder infec-

tions.

CONCLUSIONS

Patients with rUTIs often undergo long-term antibiotic
treatments, which can lead to side effects such as tox—
icity in major organs and the development of antibiotic
resistance. Therefore, to effectively prevent and treat
recurrent UTls, it is essential to understand the mecha-
nisms of persistent infections and develop new thera-
peutic approaches. By studying the pathological mecha-
nisms of host-pathogen interactions, we can
systematically identify the pathogenic factors that con-
tribute to persistent infections and develop targeted
drugs that could significantly reduce the incidence of
recurrent cystitis. Moreover, vaccine strategies that not
only induce the production of neutralizing antibodies but
also activate CD8" T cells could be highly effective in
addressing intracellular persistent infections. If these
next-generation therapies are used in combination with
antibiotics, they could create a synergistic effect, offer-

ing a new breakthrough in overcoming recurrent cystitis.
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