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Bladder cancer, predominantly urothelial carcinoma, is a global health issue with
increasing incidences and mortality. It poses significant diagnostic and
therapeutic challenges due to its molecular heterogeneity and the limitations
of current detection methods. Extracellular vesicles (EVs), including exosomes,
play a crucial role in intercellular communication and have emerged as potential
biomarkers and therapeutic agents in bladder cancer. This review focuses on the
multifaceted roles of EVs in bladder cancer biology, their potential as diagnostic
biomarkers, and their use in therapeutic strategies. We discuss how EVs reflect
molecular subtypes of bladder cancer, participate in metabolic reprogramming
and angiogenesis, and modulate cellular behavior. The review also highlights the
advances in proteomic analysis of urinary and tissue-exudative EVs, identifying
specific proteins and RNAs that could serve as non-invasive diagnostic markers.
Furthermore, we explore the innovative use of EVs as natural nanocarriers for
drug delivery in bladder cancer treatment, demonstrating their potential to
enhance the efficacy of chemotherapy and selectively target cancer cells. The
integration of EV-based diagnostics with traditional methods could lead to more
personalized and effective bladder cancer management, emphasizing the need
for further research and clinical validation.
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1 Introduction

Bladder cancer, predominantly characterized by urothelial
carcinoma, stands as a significant global health concern due to its
increasing incidence and mortality rates. The Global Cancer
Statistics 2018 report ranked it as the 12th most frequently
diagnosed cancer globally, with an annual estimate of 549,000
new cases and nearly 200,000 fatalities (1). In 2024, an estimated
83,190 new cases of urinary bladder cancer and 16,840 deaths were
projected to occur in the United States (2). The disease poses a
considerable burden on healthcare systems, not only due to its
prevalence but also because of the complexity in diagnosis and
treatment, which often involves a multidisciplinary approach (3).

Bladder cancer, divided into non-muscle-invasive (NMIBC)
and muscle-invasive (MIBC), presents distinct diagnostic and
therapeutic challenges. MIBC, which accounts for 25% of cases at
diagnosis, carries a worse prognosis due to its invasiveness and
metastatic potential (4). Despite progress, managing bladder cancer
remains challenging, with bacillus Calmette-Guérin (BCG) often
failing in NMIBC and MIBC necessitating aggressive treatments
that affect quality of life (5, 6). The diagnosis of bladder cancer
typically involves a combination of cystoscopy, urinary cytology,
and imaging studies, which aid in staging and assessing the extent of
the disease. However, the sensitivity and specificity of these
diagnostic modalities are not infallible, leading to a continuous
search for more accurate biomarkers and diagnostic tools (7). The
heterogeneity of bladder cancer and the variability in molecular
characterization of tumors underscore the complexity of the
disease, demanding a tailored approach to therapy that takes into
account the specific molecular signatures and histological subtypes
of individual tumors (8). This complexity, coupled with the need
for improved early detection and personalized treatment
strategies, presents the current challenges in the field of bladder
cancer management.

The tumor microenvironment (TME) is a complex ecosystem
composed of cancer cells, immune cells, fibroblasts, and a variety of
extracellular matrix components. This microenvironment plays a
pivotal role in tumor initiation, progression, and metastasis. In
bladder cancer, the tumor microenvironment is shaped by various
immune cells, including tumor-infiltrating lymphocytes and
suppressive populations like myeloid-derived suppressor cells and
regulatory T cells, which can either enhance or dampen antitumor
immune responses. These immune components play a pivotal role
in disease progression and response to immunotherapies (9).
Among the various components of the TME, extracellular vesicles
(EVs) have emerged as critical mediators of intercellular
communication in cancer biology (10). EVs are membrane-bound
vesicles that can transport a variety of biomolecules, such as
proteins, lipids, mRNA, and miRNA, between cells, thereby
modulating the functions of recipient cells and influencing tumor
biology. EVs are typically categorized into three primary subtypes
based on their biogenesis mechanisms: exosomes, shed
microvesicles, and apoptotic bodies. Each subtype reflects distinct
mechanisms of formation and release, contributing to their diverse
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roles in cellular communication and immune modulation (11). In
the context of bladder cancer, EVs have been implicated in various
processes, including the promotion of tumor growth, angiogenesis,
immune evasion, and the development of therapeutic resistance.
The specific roles of EVs in bladder cancer suggest that they may
serve as potential biomarkers for disease progression and
therapeutic targets for novel treatment strategies. For instance,
studies have shown that bladder cancer-derived EVs can carry
tumor-specific markers, which could be harnessed for non-
invasive diagnostics (12). Furthermore, the ability of EVs to
deliver therapeutic agents selectively to tumor sites makes them
an attractive platform for drug delivery systems (13).

This review aims to dissect the complex roles of EVs and assess
their viability as diagnostic and therapeutic modalities in bladder
cancer. Gaining insights into the mechanisms underlying EVs’
influence on bladder cancer biology is essential for devising
cutting-edge strategies with the potential to transform patient
care and propel forward the domain of bladder cancer therapeutics.

2 Extracellular vesicles in bladder
cancer biology

The molecular heterogeneity of bladder cancer is captured
within EVs, which are increasingly recognized for their role in
reflecting the disease’s distinct molecular subtypes. These vesicles
offer insights into the metabolic reprogramming and angiogenesis
within the tumor microenvironment, as well as their capacity to
modulate the behavior of recipient cells (Figure 1).

2.1 Molecular subtype reflection and
communication

The molecular heterogeneity of bladder cancer is increasingly
recognized as a critical factor influencing patient outcomes. EVs,
particularly small extracellular vesicles (sEVs), have emerged as
important mediators that reflect the molecular subtypes of bladder
cancer, which are pivotal for prognosis and therapeutic response.
Recent advancements have identified distinct mRNA-based
molecular subtypes within bladder cancer, including luminal-
papillary (LumP), luminal-nonspecified (LumNS), luminal-
unstable (LumU), Stroma-rich, basal/squamous (Ba/Sq), and
neuroendocrine-like (NE-like) (14). These subtypes exhibit
unique EV cargo profiles that align with their biological
behaviors. The stroma-rich subtype is characterized by marked
stromal infiltration and activation of cancer-associated fibroblasts
(CAFs). TGFP is a central factor in CAF activation, promoting
stromal remodeling and immunosuppression by inducing the
differentiation of fibroblasts into a pro-tumorigenic phenotype.
Ringuette Goulet C et al. elucidated the mechanism by which
bladder cancer cells release exosomes containing TGFp, which
directly induce the differentiation of healthy fibroblasts into CAFs
through SMAD pathway activation, highlighting exosomes as novel
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FIGURE 1
Extracellular vesicle-derived bladder cancer biomarkers in urine and blood

modulators of stromal cell differentiation and key contributors to
the tumor microenvironment (15). Slabakova E et al. highlights the
critical role of non-coding RNAs, particularly miRNAs, in the NE-
like differentiation of prostate cancer, with exosomes serving as key
mediators of these molecular changes (16). Similar to prostate
cancer, the NE-like subtype of bladder cancer exhibits analogous
molecular traits, with exosomes holding potential to capture these
distinct molecular signatures.

The reflection of these molecular subtypes in sEVs is significant
because it suggests that SEVs can serve as non-invasive biomarkers
that mirror the molecular landscape of bladder cancer (17). This
discovery is particularly relevant for liquid biopsy strategies, which
aim to provide real-time molecular profiling of cancer through
minimally invasive means. The concordance between the molecular
subtype classification of formalin fixed paraffin embedded (FFPE)
tumor tissues and their derived sEVs underscores the potential of
sEVs in personalized medicine and precision oncology.

2.2 Metabolic reprogramming and
angiogenesis

EVs facilitate metabolic reprogramming within the TME,
particularly in the context of angiogenesis (18). In nutrient-
deprived TMEs, bladder cancer cells are known to secrete
glutamine fructose-6-phosphate transaminase 1 (GFAT1) via sEVs.
This secretion reprograms glucose metabolism in endothelial cells
(ECs), increasing the flux through the hexosamine biosynthesis
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pathway and enhancing O-linked N-acetylglucosamine (O-
GlcNAc)ylation (19). This metabolic symbiosis between bladder
cancer cells and ECs is crucial for promoting angiogenesis, which is
a critical process in tumor growth and progression.

The modulation of metabolic pathways by EVs is not limited to
glucose metabolism. EVs also participate in the reprogramming of
lipid metabolism, which is essential for tumor growth and survival
(20). For instance, EV's can transfer lipids and lipoproteins between
cells, thereby influencing the lipid composition of recipient cells and
potentially modulating their signaling pathways and metabolic
activities (21). Additionally, EVs can carry metabolic enzymes
and transporters that directly participate in metabolic reactions,
further highlighting their role in metabolic reprogramming (22).

EVs play a critical role in tumor angiogenesis by transferring
bioactive cargoes such as proteins, miRNAs, and IncRNAs to
endothelial cells, promoting proliferation, migration, and tube
formation (23). Tumor-derived EVs enhance angiogenesis
through direct interactions with endothelial cells and via non-
tumor cells like fibroblasts and macrophages (24, 25). EVs from
cancer-associated fibroblasts (CAFs) and tumor-associated
macrophages (TAMs) also contribute to angiogenesis by
activating signaling pathways such as VEGF/VEGFR, JAK/
STAT3, and Hippo. Li X et al. (19) highlighted that bladder
cancer-derived sEVs carrying glutamine-fructose-6-phosphate
aminotransferase 1 (GFAT1) enhance tumor angiogenesis by
reprogramming glucose metabolism in endothelial cells through
the hexosamine biosynthesis pathway (HBP), leading to increased
O-GlcNAcylation.
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Understanding the metabolic reprogramming mediated by EV's
provides a new perspective on the complex interplay between
cancer cells and their microenvironment. Targeting the metabolic
pathways modulated by EVs could offer a novel therapeutic strategy
for disrupting the pro-angiogenic activities within the TME, thereby
inhibiting tumor growth and metastasis (26).

2.3 Modulation of cellular behavior

sEVs are increasingly recognized for their ability to modulate
the behavior of recipient cells within the TME. This modulation is
crucial in the context of bladder cancer, where sEVs from non-stem
cancer cells (NSCCs) have been shown to significantly alter the
properties of cancer stem cells (CSCs) (27). Specifically, these EV's
can enhance the chemoresistance, aggressiveness, and self-renewal
capabilities of CSCs, which are key determinants of tumor
recurrence and therapeutic failure (28).

The interaction between NSCCs and CSCs through EVs is a
critical communication mechanism that promotes disease
progression and the acquisition of chemoresistance in bladder
cancer (26). This finding challenges the traditional view of EVs as
mere bystanders in cancer biology, positioning them instead as active
participants in the complex cellular interactions that drive cancer
progression (29). The ability of EVs to transfer functional proteins
and RNAs between cells suggests a mechanism by which the TME
can be reprogrammed to support tumor survival and resistance to
therapy. Recent research has highlighted the role of exosomal long
noncoding RNAs (IncRNAs) in modulating the TME, particularly in
the context of lymphatic metastasis. Chen et al. (30) revealed that
exosome-derived IncRNA ELNATI1 promotes lymphangiogenesis
and lymph node metastasis in bladder cancer through
SUMOylation-dependent pathways, underscoring the potential of
targeting exosomal IncRNAs for therapeutic intervention in
aggressive bladder cancer subtypes. Song et al. (31) provided a
comprehensive analysis of the role of bladder cancer-derived
exosomal KRT6B in cancer progression. It reveals that KRT6B,
associated with epithelial-mesenchymal transition (EMT) and
immune response, could serve as a significant prognostic marker
and therapeutic target in bladder cancer.

Moreover, the modulation of CSC properties by NSCC-derived
EVs is not limited to chemoresistance. EVs have also been implicated in
the regulation of CSC plasticity, which is the ability of these cells to
switch between stem-like and non-stem-like states, thereby
contributing to tumor heterogeneity and adaptive responses to
therapy (32). Chen Yang et al. (33) discovered that exosome-derived
circTRPSI in bladder cancer promotes tumor aggressiveness and CD8
+ T cell exhaustion. This circRNA sponges miR-141-3p, modulating
GLS1-mediated glutamine metabolism and intracellular ROS balance.
The precise molecular mechanisms underlying these effects are still
being elucidated, but it is clear that EVs play a multifaceted role in the
TME, influencing both cellular behavior and the broader tumor
microenvironment (34).
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3 Diagnostic and prognostic potential
of urinary and serum extracellular
vesicles

3.1 Diagnostic potential of urinary and
serum extracellular vesicles in bladder
cancer

Non-invasive detection of bladder cancer using urinary and
serum EVs has gained significant attention due to their accessibility
and their ability to reflect the molecular landscape of the TME.
Urinary EVs, which are nano-sized vesicles secreted by various cells
including bladder cancer cells, can be isolated from urine samples and
carry a cargo of proteins, nucleic acids, and lipids that can serve as
biomarkers for bladder cancer. Recent studies have identified
multiple EV-based biomarkers with clinical relevance and their
diagnostic performance parameters are systematically summarized
in Table 1. The non-invasive nature of urine collection makes urinary
EVs an attractive source for diagnostic biomarkers. Additionally,
serum EVs also hold significant potential as biomarkers for bladder
cancer, offering a promising avenue for diagnosis (Figure 2).

3.2 Proteomic analysis and identification of
specific biomarkers

Proteomic analysis of urinary EVs has identified specific
proteins that are differentially expressed in bladder cancer
patients compared to healthy controls. Lin et al. (35) utilized
MALDI-TOF spectrometry to analyze urinary exosomes and
identified alpha 1-antitrypsin and H2B1K as potential diagnostic
and prognostic biomarkers for urothelial carcinoma. C. L. Chen
et al. (36) identified 107 differentially expressed proteins as potential
noninvasive biomarkers, among which TACSTD2 showed
significant association with bladder cancer and was validated as a
promising diagnostic marker. A study by E. Tomiyama et al. (37)
employed proteomic analysis of urinary and tissue-exudative EVs to
uncover potential biomarkers for bladder cancer, revealing that a
combination of these analyses could selectively detect cancer-
specific EVs. The research identified six urinary EV proteins that
were significantly elevated in bladder cancer patients, with HSP90,
SDC1, and MARCKS being the most upregulated. Additionally, the
study by Welton et al. identified 353 proteins in bladder cancer-
derived exosomes, including members of the ESCRT family, heat
shock proteins (hsp70, hsp90), cytoskeletal elements, and a wide
array of transmembrane proteins (38).

3.3 MicroRNAs as biomarkers

MicroRNAs (miRNAs), small non-coding RNAs that play
crucial roles in gene regulation, have emerged as potential
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TABLE 1 Summary of diagnostic biomarkers in bladder cancer using EVs.

10.3389/fonc.2025.1554819

Biomarker = Biomarker Source Gender (M/ Technique Sensitivity = Specificity = Reference
Type Name F Ratio) Used (%) (%)
Protein alpha 1- Urine 67.34 1.93 MALDI- 62.70 87.59 (35)
antitrypsin +11.35 TOF spectrometry
histone H2B1K
TACSTD2 Urine 66.88 2.33 LC-MRM/MS 73.60 76.50 (36)
+ 1265 Elisa
HSP90 Urine 71 (31-87) | 2.64 SRM/ 82.50 70.00 (37)
SDC1 MRM analysis 82.50 63.30
MARCKS 60.50 80.00
HSP70 Urine N/A N/A Western blotting, N/A N/A (38)
HSP90 flotation on linear
Basigin sucrose gradients,
Galectin-3 flow cytometry
5T4
CD44
CD73
miRNA miR-4644 Serum 62.10 3.75 miRNA N/A N/A (39)
+4.02 microarray analysis
miR21-5p Urine 70.5 4.14 NanoSight™ 75.00 95.80 (40)
miR155-5p (47-91) particle tracking
miR15a-5p analysis,
miR132-3p Microarray analysis
miR31-5p for miRNAs
miR-375 Urine 79.5 + 17.00 RNA isolation and N/A N/A (41)
miR-146a 10.30 4.33 microarray
66.94 detection,
+11.62 Reverse
transcription and
real-time qPCR
miR-93-5p Urine 62.25 1.00 quantitative 74.10 90.20 (42)
miR-516a-5p +291 reverse- 72.90 89.90
transcription
polymerase
chain
reaction assay
miR-451a Urine 72.37 0.28 exoRNeasy kit, N/A N/A (43)
miR-486-5p + 8.68 miRNeasy
kit
IncRNA PCAT-1 Serum N/A N/A Nanoparticle N/A N/A (44)
UBC-1 tracking, Western
SNHG16 blotting, RNA
extraction
and reverse
ANRIL Urine 55.84 N/A Exosomal RNA 46.67 87.50 (45)
PCAT-1 +11.96 isolation, 43.33 87.50
Quantitative real-
time PCR analysis
MALAT1 Urine N/A N/A TEM, Western 72.10 84.60 (46)
PCAT-1 blotting analysis, 72.10 81.70
SPRY4-IT1 nanoparticle 66.30 76.90
tracking analysis
(NTA),
flow cytometry
PTENP1 Serum 67.0 +9.8 2.57 TEM, Western 65.40 84.20 (47)

blots, RNA
isolation,
quantitative real-
time PCR
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Extracellular vesicles in bladder cancer biology.

biomarkers for bladder cancer diagnosis. Certain miRNAs have
been identified as potential biomarkers due to their increased
presence in urinary EVs from patients with bladder cancer.
Matsuzaki et al. identified five miRNAs (miR155-5p, miR15a-5p,
miR21-5p, miR132-3p, and miR31-5p) in urinary EVs, with miR-
21-5p showing considerable sensitivity (75%) and specificity (98%)
for bladder cancer diagnosis (40). These miRNAs could be
particularly useful in early disease diagnosis, even in cases with
false-negative cytology results. Andreu et al. (41) conducted a study
in which they isolated urinary EVs from both healthy individuals
and patients with low or high-grade bladder cancer. They analyzed
the protein and microRNA (miRNA) profiles of these EVs and
discovered that miR-375 and miR-146a serve as significant
diagnostic biomarkers for high-grade and low-grade bladder
cancer, respectively. This finding underscores the promising
potential of these markers in the field of precision diagnostics. H.
Lin et al. (42) identified urinary exosomal miRNAs, particularly
miR-93-5p and miR-516a-5p, as potential non-invasive biomarkers
for diagnosing bladder cancer, with miR-93-5p showing a
significant increase in muscle-invasive bladder cancer. The
research also revealed that miR-93-5p promotes bladder cancer
cell proliferation, invasion, and migration by targeting and
suppressing the tumor suppressor gene BTG2. O. Stromme et al.
(43) investigated differentially expressed extracellular vesicle-
contained microRNAs in urine and serum before and after
transurethral resection of bladder tumors, identifying miR-451a
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and miR-486-5p as potential biomarkers for recurrence-free
survival in patients with stage T1 bladder cancer. L. Yan et al.
(39) identified miR-4644 as an upregulated microRNA in plasma
exosomes of bladder cancer patients, which promoted cancer
progression by targeting UBIADI.

3.4 Long non-coding RNAs as emerging
biomarkers

Long non-coding RNAs (IncRNAs) have also been implicated
in bladder cancer biology. Specific IncRNAs, such as PCAT-1, UBC-
1, and SNHGI6, have been found to be significantly increased in the
serum of bladder cancer patients, suggesting their potential as
diagnostic markers (44). M. Abbastabar et al. (45) investigated the
potential of urinary exosomal IncRNAs PVT-1, ANRIL, and PCAT-
1 as diagnostic biomarkers for bladder cancer, finding significantly
higher expression of ANRIL and PCAT-1 in bladder cancer patients
compared to healthy controls. The diagnostic accuracy of these
IncRNAs, as measured by the area under the ROC curve (AUC),
indicates their potential utility in distinguishing bladder cancer
from healthy individuals. Y. Zhan et al. (46) developed a urinary
exosome-derived IncRNA panel consisting of MALAT1, PCAT-1,
and SPRY4-IT1 for diagnosing bladder cancer, demonstrating high
diagnostic accuracy compared to urine cytology. Additionally, the
upregulation of PCAT-1 and MALAT1 was associated with poor
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recurrence-free survival in non-muscle-invasive bladder cancer,
indicating the potential of these IncRNAs as prognostic factors. R.
Zheng et al. (47) identified exosomal long non-coding RNA
PTENP1 as a potential biomarker for bladder cancer,
demonstrating that it is downregulated in cancer tissues and
plasma exosomes, and that it can suppress bladder cancer
progression by competitively binding to microRNA-17 and
modulating PTEN expression. The study suggests that exosomal
PTENPI from normal cells can be transferred to bladder cancer
cells, reducing their malignant behavior both in vitro and in vivo.

3.5 EV biomarkers for prognosis, and
prediction of therapeutic response

EV biomarkers have shown potential in predicting patient
outcomes and survival rates in bladder cancer. Specific EV-
associated proteins and miRNAs can indicate disease severity and
progression. For instance, a study by Lin et al. identified alpha-1
antitrypsin and H2BIK as prognostic biomarkers in bladder cancer,
associated with higher grade tumors and potentially poorer
outcomes (35). Additionally, miRNAs such as miR-21-5p have
been found to correlate with disease stage and aggressiveness,
providing insights into patient prognosis (40). Moreover, certain
EV biomarkers have been associated with tumor aggressiveness and
patient survival outcomes, underscoring their importance in
prognostic evaluations (48).

The predictive power of EV biomarkers extends to assessing
responses to chemotherapy and immunotherapy. Changes in EV
cargo before and after treatment can indicate whether a treatment is
effective. A study by Hiltbrunner et al. demonstrated that urinary
exosomes from bladder cancer patients retained a cancer phenotype
even after complete pathological downstaging, suggesting their role
in predicting therapeutic response and potential recurrence (49).
This finding underscores the importance of EVs in personalizing
treatment strategies and monitoring treatment efficacy.

3.6 Comparative analysis of EV biomarkers
with traditional diagnostic methods

Comparative analyses between EV biomarkers and traditional
diagnostic methods, such as cystoscopy and urinary cytology, have
demonstrated the potential superiority of EV-based biomarkers in
terms of sensitivity and specificity for bladder cancer detection. EV's
can provide molecular insights that are not accessible through
conventional methods, offering a more comprehensive
understanding of the disease state. Moreover, the non-invasive
nature of EV biomarker detection makes them particularly
attractive for routine monitoring and repeated assessments, which
are often required in the management of bladder cancer.

However, despite the advantages of EV biomarkers, there are
challenges to their implementation in clinical diagnostics. The
isolation and analysis of EVs require standardized procedures to
ensure reproducibility and comparability of results. Current
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methods, such as ultracentrifugation and immunoaffinity-based
separation, can be labor-intensive and may not yield pure EV
populations due to the presence of soluble proteins and other
contaminants. Furthermore, the functional roles of many EV
biomarkers in bladder cancer are yet to be fully elucidated. While
traditional diagnostic methods like cystoscopy provide direct
visualization of tumors, EV biomarkers offer a molecular insight
that complements these techniques, potentially increasing the
sensitivity of cytology, especially for low-grade tumors that are
less likely to exfoliate cells. The integration of EV biomarkers with
existing diagnostic methods could lead to a more personalized and
precise approach to bladder cancer management.

4 Therapeutic strategies utilizing
extracellular vesicles

EVs have emerged as natural nanocarriers for drug delivery in
bladder cancer treatment due to their unique biological properties.
The lipid bilayer of EV's allows for the encapsulation and protection
of therapeutic agents, including small molecule drugs, siRNAs,
miRNAs, and proteins. This feature is particularly advantageous
as it enables the delivery of a wide range of therapeutics that are
otherwise challenging to administer due to their susceptibility to
degradation or rapid clearance from the body (50-52). Recent
studies have demonstrated the potential of EVs to carry
chemotherapeutic agents, such as doxorubicin, resulting in
significant tumor volume reduction and prolonged survival in
preclinical models (52).

Among the emerging therapeutic markers, miRNAs and targeted
signaling pathways stand out as the most robust candidates based on
mechanistic depth and preclinical validation. In bladder cancer
therapeutics, the innovative utilization of EVs has been exemplified
by studies targeting key oncogenic pathways. Cai et al. (53) illuminated
the role of exosome-transmitted microRNA-133b (miR-133b) in
inhibiting bladder cancer proliferation. They discovered that miR-
133b, which is downregulated in bladder cancer, could be packaged
into exosomes to mediate communication between tumor cells, thereby
affecting their proliferation and apoptosis. The study revealed that
exosomal miR-133b significantly reduced the viability and increased
apoptosis in bladder cancer cells by upregulating dual-specificity
protein phosphatase 1 (DUSP1), a key regulator of cell proliferation
and apoptosis. This finding suggests that exosomal miR-133b could
serve as a novel therapeutic agent by modulating intracellular
communication and suppressing bladder cancer growth. Li et al. (54)
explored the suppressive role of exosomal miR-375-3p in bladder
cancer via the Wnt/B-catenin pathway. They reported that miR-375-
3p, another downregulated miRNA in BC, directly targets Frizzled-8
(FZD8), a key receptor in the Wnt signaling pathway. By inhibiting
FZD8, miR-375-3p blocks the Wnt/B-catenin pathway, leading to the
suppression of BC cell proliferation and metastasis, and the promotion
of apoptosis. The study demonstrated that miR-375-3p overexpression
in a T24 xenograft mouse model resulted in reduced tumor volume and
Ki67 proliferation index, indicating its potential as a therapeutic
strategy for bladder cancer.
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Artificial circular RNAs (acircRNAs) targeting B-catenin and
NF-xB represent a novel but less validated approach. Zhou et al.
(55) recently reported on the development of acircRNAs delivered
via exosomes for bladder cancer gene therapy. These acircRNAs,
designed to target P-catenin and NF-xB, were effectively
encapsulated into exosomes using a CD63-HuR fusion protein,
leading to suppressed proliferation and enhanced apoptosis in
bladder cancer cells. This approach demonstrates the promise of
exosome-mediated gene therapy in treating bladder cancer by
specifically targeting key oncogenic pathways.

PLK-1 siRNA delivered via exosomes exemplifies the potential
of RNAi-based therapies. K. A. Greco et al. (56) found that bladder
cancer cells internalize more exosomes than normal urothelial cells,
and that exosomes can effectively deliver PLK-1 siRNA, leading to
gene silencing and reduced cell proliferation. PLK-1’s essential role
in mitosis and its overexpression in aggressive subtypes make it a
compelling target for combination therapies.

For NMIBC, tumor-derived microparticles (T-MPs) may offer
immediate clinical utility. X. Jin et al. (57) demonstrated that pre-
instillation of T-MPs could enhance the efficacy of intravesical
chemotherapy in NMIBC by increasing drug retention and
promoting drug entry into cancer cell nuclei through a lysosomal
pathway. The findings suggest that T-MPs could serve as a potent
sensitizer to augment NMIBC chemotherapy with significant
clinical benefits.

These studies underscore the therapeutic potential of EVs-based
strategies in bladder cancer.

5 Challenges and future directions

EVs are heterogeneous in nature, which poses a significant
challenge in their isolation (58). Traditional methods for EV
isolation, such as ultracentrifugation, may not be sufficient to
separate all subpopulations effectively. Moreover, the overlap in size
and density between exosomes and microvesicles complicates their
distinction. Advanced techniques like acoustic purification and
acoustofluidic separation are emerging but require further validation
and standardization (59). A recent study presented the synthesis of
magnetic 3D ordered macroporous zeolitic imidazolate framework-8
(magMZIE-8) for efficient isolation of urinary exosomes, which,
combined with LC-MS/MS and machine learning algorithms,
showed potential as a reliable diagnostic tool for early-stage bladder
cancer. The magMZIF-8 material enables rapid and high-purity
exosome isolation, facilitating the detection of differential metabolites
that can accurately differentiate and predict bladder cancer (60).

The characterization of EVs is another technical challenge due
to their diverse molecular content, which includes proteins, nucleic
acids, and lipids. The need for sensitive and specific detection
methods is crucial, as the cargo of EVs can be stabilized and
protected from extracellular conditions, making them attractive
for diagnostic purposes. However, the heterogeneity of EVs makes it
difficult to standardize characterization methods (61).
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The transition from bench to bedside is hampered by the lack of
standardized protocols and the need for more robust clinical
validation. The potential of EVs as minimally invasive liquid
biopsies has accelerated research, but there is a need to validate
potential biomarkers in physiologically relevant biofluids.
Additionally, the economic impact of bladder cancer necessitates
effective intervention strategies and resource allocation, which are
currently limited by the challenges in EV analysis.

The heterogeneity of EVs and the variety of methods used for
their isolation and characterization highlight the urgent need for
standardized protocols in bladder cancer research. The
International Society for Extracellular Vesicles (ISEV) has made
recommendations for the nomenclature and isolation of EVs, which
is a step towards standardization (62). However, more work is
needed to establish universally accepted protocols that can be
applied across different research settings and clinical trials. Future
research should focus on the development of multi-biomarker
panels for bladder cancer. Encapsulated miRNA in EVs may
boost tumor invasiveness and the dissemination of metastatic
cells through intercellular communication, making them
promising candidates for multi-biomarker panels (63). Clinical
trials are essential for the validation of EV-based biomarkers and
therapeutic strategies. There is a need for more robust clinical
studies to establish the efficacy of EV-based diagnostics and
therapeutics in bladder cancer management.

6 Conclusions

In conclusion, EVs offer a multifaceted approach to bladder
cancer management, serving as both biomarkers for diagnosis,
prognosis, and therapeutic response prediction, and as
therapeutic agents for drug delivery. The ability of EVs to carry
specific cargo, including proteins, nucleic acids, and lipids, positions
them as promising tools in liquid biopsies and personalized
oncology. However, the heterogeneity of EVs and the lack of
standardized isolation and characterization methods present
challenges that must be addressed through further research and
clinical trials. The development of multi-biomarker panels and the
integration of EV-based diagnostics with traditional methods could
lead to more precise and personalized bladder cancer management
strategies. As the field advances, the focus should be on establishing
universally accepted protocols and conducting large-scale clinical
studies to validate the efficacy of EV-based diagnostics and
therapeutics, ultimately aiming to improve patient outcomes and
reduce the global burden of bladder cancer.
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