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Abstract: Bladder cancer (BC) remains a clinical challenge due to its complex etiology and
high incidence, especially in developed populations. This article presents a broad analysis
of the latest advances in BC treatment, offering a new perspective on the growing role of in-
novative therapies that are effectively changing the standards of oncological care. Focusing
on targeted therapy, immunotherapy, antibody—drug conjugates, and breakthrough gene
therapies, the paper shows how modern approaches can counteract resistance mechanisms
and improve treatment efficacy while limiting toxicity for patients. Progress in the field of
immune therapies, including checkpoint inhibitors, offers hope for significant improvement
in the outcomes of patients with advanced forms of cancer, and the concept of targeted
therapy tailored to the molecular characteristics of the tumor indicates the potential of
personalized oncology. Gene and photodynamic therapies, in turn, offer new possibilities
for precise action on cancer cells, minimizing the side effects of traditional methods. The
article presents innovative therapeutic strategies and results of the latest clinical trials,
showing the prospects for the development of BC treatment and highlighting the key
challenges facing oncology.

Keywords: bladder cancer; innovative treatment; immunotherapy; targeted therapy; gene
therapy; antibody—drug conjugates; photodynamic

1. Introduction

Bladder cancer (BC) is a common malignancy of the genitourinary system, especially
in Western countries, where it accounts for 5-10% of cancers in men, with peak incidence
in those over 70 years of age [1]. In 2022, BC ranked ninth globally, with 613,799 new
cases—76.7% in men and 23.3% in women [2]. The highest incidence rates occur in Southern
and Northern Europe, with Spain and the Netherlands leading among men and women,
respectively [3]. Europe reported the highest 5-year prevalence (154.4%), followed by Asia
and North America [4]. Rising incidence in high-income countries is offset by declining
mortality due to earlier detection and improved treatment [5]. Key risk factors include
smoking, occupational carcinogen exposure, and arsenic in drinking water [6]. Although
the COVID-19 pandemic caused temporary disruptions in cancer care, its long-term impact
remains uncertain [3]. Mortality is falling in high-HDI countries but rising in some regions,
possibly due to disparities in prevention and healthcare access [7,8].
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1.1. Major Risk Factors for Developing Bladder Cancer
1.1.1. Sex

Bladder cancer is diagnosed about four times more often in men than in women, with
higher male mortality largely attributed to smoking. Male smokers have a greater relative
risk of death than female smokers (3.0 vs. 2.4). In countries with high female smoking rates,
such as Lebanon, incidence in women is also elevated. Other male-specific risk factors
include occupational exposure, alcohol, and red meat. Smoking accelerates onset in both
sexes by about six years [9,10].

1.1.2. Age

Bladder cancer mainly affects older adults—about 90% of U.S. cases occur in those over
55, and 80% in those over 65. The average age at diagnosis is 73, higher than for most cancers
(65-70), indicating a need for prolonged exposure to mutagens for carcinogenesis [11,12].

1.1.3. Smoking Tobacco Products

Smoking is the main risk factor for bladder cancer, causing 50-65% of cases and
increasing risk 3—4 times. Tobacco carcinogens induce genetic mutations via DNA adducts,
often leading to cancer after a latency of ~30 years. Quitting smoking reduces the risk by
~40% within 1-4 years, with near-baseline risk after 20 years. Cigarette smokers face the
highest risk due to deeper inhalation and higher combustion temperatures [13,14].

1.1.4. Obesity

Obesity and pre-obesity are notable risk factors for bladder cancer. A meta-analysis of
15 cohort studies found a 7% increased risk with pre-obesity and 10% with obesity. Each
5 kg/m? rise in BMI raises the risk by 4.2%, regardless of other factors like smoking or
diet. While the exact mechanism is unclear, obesity may promote tumorigenesis through
increased insulin and IGF-I levels, influencing cell growth and survival [15,16].

1.1.5. Pathogens

In parts of Sub-Saharan Africa, Schistosoma haematobium infection causes over half of
bladder cancer cases. Schistosomiasis, the second most serious tropical disease after malaria,
raises cancer risk significantly. In endemic areas, squamous cell carcinoma predominates,
with diagnosis often between ages 40—49. Men are affected 4-5 times more often, likely due
to occupational exposure [17-19].

1.1.6. Genetics

Many authors indicate a correlation between the occurrence of bladder cancer in a
family and increased risk of developing this cancer in subsequent family members. Selected
genetic mutations associated with this risk are presented in Table 1, along with their brief
characteristics.

Table 1. Genetic mutations associated with bladder cancer risk and their brief description.

Mutation Name

Brief Description Reference

Lynch Syndrome

Lynch syndrome, especially with EPCAM/MSH2 mutations,
increases bladder cancer risk by 7.5 times (RR: 7.48; 95% CIL:
3.70-15.13; p < 0.01). These tumors are typically high-grade but
non-invasive. Early, targeted screening is recommended,
particularly for patients under 65 with a personal or family history
of Lynch-related cancers.

[20]
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Table 1. Cont.

Mutation Name

Brief Description Reference

Mutation in the BRCA1 and
BRCAZ2 genes

BRCA mutations, primarily linked to breast and ovarian cancer,
may also influence bladder cancer risk, particularly in European
populations. In Poland, the BRCA2 C5972T variant was identified
in about 5% of bladder cancer cases. Although no strong [21]
association was confirmed, its higher frequency suggests a possible
role that warrants further investigation and may support broader
genetic testing in selected patient groups.

Genome-wide association studies (GWASs) have identified genetic
risk loci such as GSTM1, UGT1A, rs10936599, and rs907611, which
may increase bladder cancer susceptibility, particularly in

Genome-wide analysis (GWAS)  individuals with a family history. These findings suggest shared [22]

genetic and environmental influences. Further validation and
functional studies are needed to clarify their role and support
improved risk prediction and early detection strategies.

Mutations in the FGFR3 and tumor development and progression. FGFR3 may also serve as a
TERT genes

FGFR3 and TERT mutations are common in bladder cancer,
particularly in less aggressive forms, and are associated with early
. . cve [23,24]
therapeutic target. Incorporating TERT and FGFR3 testing into
clinical practice could enhance early detection, prognostication, and
support personalized treatment approaches.

TP53 and TP63 gene variants, such as rs1042522 and rs710521, have
been linked to increased risk of bladder cancer, especially
aggressive forms like MIBC. While common TP53 variants like

TP53 and TP63 mutations Arg72Pro show limited association in white Europeans, SNPs in [25]

TP63 and SERPINB5 may be relevant. Larger genome-wide studies
are needed to identify reliable genetic markers beyond current
candidate gene findings.

Mutations in DNA repair
pathway genes,
including PALB2

In the Polish population, rare PALB2 mutations (509_510delGA,
172_175delTTGT) have been identified in some bladder cancer
cases. Although uncommon, they may contribute to risk in
individuals with a family history, possibly through impaired DNA
repair. Further studies are needed to determine whether PALB2
testing could help identify high-risk patients.

[26]

1.1.7. Occupational Diseases

Around 20% of bladder cancer cases are linked to occupational exposure to chemicals,
especially in industries like dye, paint, petrochemical, and metal processing. Male printing
machine operators show significantly higher risk, independent of smoking. In women, no
significant link was found after adjusting for exposure and smoking [27].

1.1.8. Genetics—Environment Interaction

Genetic—environmental interactions, particularly involving carcinogens like tobacco
smoke or arsenic, significantly influence bladder cancer risk. Slow acetylators (NAT2
polymorphism) show higher susceptibility, especially heavy smokers (up to 3 x risk) [28,29].
Similar risks apply to occupational exposure and use of hair dyes in women with slow NAT2
variants [30,31]. The absence of GSTM1, key in detoxification, also raises the risk, notably
with high environmental exposure [32,33]. Lesseur et al. found increased bladder cancer
risk in those with specific genotypes (e.g., AQP3, GST) and high arsenic exposure [34].
Variants in the MnSOD, COMT, and NQO1 genes combined with smoking or PAH exposure
further elevated risk, particularly with the MnSOD Val/Ala genotype [35,36].



Uro 2025, 5,11

4 of 46

100

90

80

70

60

50

40

30

20

10

1.1.9. Eating Habits and Physical Activity

Diet and physical activity also influence bladder cancer risk. A diet rich in fruits
and vegetables, especially citrus and cruciferous types like broccoli, has a protective effect
(RR 0.84; 95% CI 0.77-0.91) [37,38]. Regular black tea consumption was also linked to
reduced risk (RR 0.79; 95% CI 0.59-0.99) [39]. Dairy intake, particularly skimmed and
fermented milk, was associated with lower risk (RR 0.84; 95% CI 0.72-0.97), whereas whole
milk increased it (RR 2.23; 95% CI 1.45-3.00) [40]. While red meat showed no strong link,
processed meats raised the risk (RR 1.22; 95% CI 1.04-1.43) [41]. Supplementation with
vitamins A, E, and D correlated with reduced risk (RR 0.82 for A and E; RR 0.75; 95% CI
0.65-0.87 for D) [42-44], and selenium also showed protective effects (RR 0.61; 95% CI
0.42-0.87) [45]. Surprisingly, antioxidant supplements increased bladder cancer risk by 52%
(RR 1.52; 95% CI 1.06-2.17) [46].

Higher levels of physical activity are linked to a significantly reduced risk of bladder
cancer (RR 0.86; 95% CI 0.77-0.95), independent of BMI or smoking status [47]. On a cellular
level, physical activity supports defense mechanisms by modifying carcinogen activity,
enhancing DNA repair, and boosting antioxidant defenses [48,49].

1.1.10. The Role of the Microbiome

The urinary tract microbiome, once thought sterile, influences immune responses and
may contribute to bladder cancer via chronic inflammation and the activation of pathways
like TLRs, JAK-STAT3, NF-«B, and PI3K-Akt-mTOR [50,51]. E. coli infections may promote
carcinogenesis by activating NF-«B and inhibiting apoptosis [52]. Age-related microbiome
shifts may increase infection risk and cancer susceptibility [53,54].

1.2. Types and Subtypes of Bladder Cancer

Below is Figure 1 showing the frequency of the types of bladder cancer worldwide in
a bar chart.

_ I
urothelial cancer squamous cell adenocarcinoma  small cell carcinoma sarcoma
carcinoma

Figure 1. The incidence of different types of bladder cancer. Urothelial cancer accounts for the
majority of cases (91%), while the other types occur much less frequently: squamous cell carcinoma
(4%), adenocarcinoma (2%), sarcoma (1.5%), and small cell carcinoma (<1.5%).
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Bladder cancer includes several histological types, with urothelial carcinoma being the
most common (~91%). It is classified into invasive (MIBCa) and non-invasive (NMIBCa)
forms, with the former carrying higher metastatic risk. Squamous cell carcinoma (~4%)
is linked to Schistosoma haematobium and is highly aggressive. Adenocarcinoma (~2%)
is associated with congenital anomalies. Rare types include sarcomas (~1.5%), typically
in younger patients, and small cell carcinoma (<1.5%), which is aggressive and requires
intensive treatment [54].

2. Materials and Methods

The aim of this review was to present the dynamically evolving directions in the
treatment of bladder cancer, which in recent years have significantly expanded therapeutic
options in oncology. Particular attention was given to modern methods that go beyond
traditional approaches, offering new perspectives for more effective and targeted therapies.

This article provides a comprehensive synthesis of recent innovations in bladder
cancer treatment, with a special emphasis on emerging therapeutic strategies that have
the potential to transform clinical practice. By integrating findings from the past sev-
eral years, this review contributes a current and forward-looking perspective on bladder
cancer management—highlighting both clinical advances and promising directions in
translational research.

The analysis included studies on innovative methods of bladder cancer treatment
published over the past seven years, starting from 2018, with the exception of works
describing standard approaches, where articles published as early as 2000 were considered.
The review focused on modern therapeutic approaches such as immunotherapy, targeted
therapies, antibody-drug conjugates, gene therapies, and photodynamic therapies. Given
the rapid development of novel oncological treatments, particular emphasis was placed on
clinical trials in advanced phases (II-1V) as well as meta-analyses and systematic reviews
that reliably discussed innovations in bladder cancer therapy. In the case of preclinical
studies, only those that significantly contributed to the development of future therapeutic
strategies were included.

The exclusion criteria comprised studies that did not directly relate to bladder cancer or
focused exclusively on traditional surgical techniques and chemotherapy without offering
novel perspectives. Also excluded were studies with a narrow scope, those focusing solely
on palliative or long-term care, as well as speculative articles lacking empirical support.
The time-based criterion also led to the exclusion of articles published before 2018, except
for those addressing the foundations of standard treatment modalities.

The literature search was conducted using three major databases: PubMed, Scopus,
and Web of Science. PubMed, as one of the most widely used sources for biomedical
literature and clinical studies, was utilized to identify up-to-date systematic reviews and
primary research. Scopus provided access to a broad array of publications describing
innovative therapies and experimental treatment strategies, while Web of Science was used
to identify cutting-edge studies in oncology and biomedicine.

The search was based on a set of precisely selected keywords, including “Bladder
cancer”, “Innovative treatment”, “Immunotherapy”, “Targeted therapy”, “Gene therapy”,
“ Antibody-drug conjugates”, “Photodynamic therapy”, “Microbiome and bladder cancer”,
and “Side effects in bladder cancer treatment”. The selection of keywords aimed to capture
the most relevant and recent studies on modern treatment methods for bladder cancer.
Throughout the review process, particular care was taken to ensure that the analysis
reflected the latest clinical research findings and the current state of scientific knowledge.
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In the course of the literature analysis, the effectiveness and limitations of the studied
methods were evaluated, with a focus on their potential benefits for patients and their
applicability in setting new treatment standards. This article adds value by integrating
recent advances and identifying therapeutic trends that go beyond traditional treatment,
thus offering a comprehensive overview of cutting-edge strategies that are shaping the
future of bladder cancer care.

3. Results

3.1. Current Treatment Standards
3.1.1. Localized Immunotherapeutic and Chemotherapeutic Approaches

Bacillus Calmette-Guérin (BCG) immunotherapy is the standard treatment for patients
with intermediate- to high-risk non-muscle-invasive bladder cancer (NMIBC). Originally
developed as a vaccine against tuberculosis, BCG has potent immunostimulatory effects
against cancer. When administered intravesically, BCG activates a complex immune re-
sponse, including dendritic cells, macrophages, NK cells, and T lymphocytes, triggering
the production of cytokines that support the fight against the tumor. Treatment usually
begins with a six-week induction course, followed by maintenance therapy for up to three
years, which significantly reduces the risk of relapse and disease progression. BCG is also
preferred for cancers containing carcinoma in situ (CIS), where it effectively delays the
need for more invasive methods. Despite potential side effects such as irritant symptoms
and mycobacterial infections, BCG remains the gold standard treatment for NMIBC, with
promising studies to further improve this immunotherapy [55].

On 16 December 2022, the FDA authorized the use of nadofaragene firadenovec-vncg
(Adstiladrin), marking it as the first gene therapy utilizing adenoviral vectors approved for
adults with high-risk NMIBC and carcinoma in situ who did not respond to BCG treatment.
The treatment’s effectiveness was confirmed in the CS-003 clinical trial, which included
98 participants receiving intravesical administration every three months. A complete
response was observed in 51% of patients after three months (95% CI: 40.7-61.3%), with
46% of those maintaining this response for at least a year. The median duration of response
was 9.7 months, ranging from 3 to over 52 months [56].

Nogapendekin alfa inbakicept-pmln (NAI) is an immunotherapy for patients with
NMIBC who do not respond to BCG treatment. Due to the limited effectiveness and side
effects of BCG, alternative therapies are urgently needed. NAI is a recombinant fusion
protein that combines a targeting domain binding to tumor cells with a modified cytokine
that stimulates a local immune response. This dual mechanism enables both precision
targeting and immune activation. In a phase II clinical trial, NAI achieved a 45% complete
response rate in patients with carcinoma in situ unresponsive to BCG, outperforming other
second-line therapies. It was well tolerated, with mostly mild side effects. NAI, alone or
in combination with BCG, represents a promising bladder-sparing option, particularly for
patients ineligible for radical cystectomy [57].

Intravesical gemcitabine and docetaxel (Gem/Doce) is a promising bladder-sparing
option for high-risk NMIBC, particularly amid BCG shortages. In a study of 138 patients,
including 9 with focal micropapillary urothelial carcinoma (MPUC), 24-month high-grade
recurrence-free survival was 89% for MPUC and 80% for conventional urothelial carcinoma,
with no significant difference. None of the MPUC patients progressed, required cystectomy,
or died. Recurrent cases responded well to salvage valrubicin and docetaxel (Val/Doce),
suggesting that sequential therapy may be effective in select patients. These results support
Gem/Doce as a viable option, though further prospective studies are needed [58].
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Given the limitations of systemic pembrolizumab, particularly its toxicity profile
and limited durable responses in BCG-unresponsive, this phase I study (NCT02808143)
explored an alternative delivery method via the bladder. Nine patients received intravesical
pembrolizumab at doses of 1 or 2 mg/kg alongside standard BCG instillations. The
median recurrence-free survival reached 6.2 months, with only 22% of participants free
from recurrence at one year. Most treatment-related adverse events were low grade and
localized to the urinary tract, with only one immune-mediated fatal event (myasthenia
gravis) observed at the higher dose. Notably, pembrolizumab was undetectable in systemic
circulation, indicating localized drug activity. Immune monitoring via urine and spatial
transcriptomic analysis of tumor tissue revealed enhanced immune engagement within the
bladder microenvironment in patients with delayed recurrence. These preliminary findings
support the feasibility and potential benefit of bladder-directed checkpoint inhibition,
meriting further clinical investigation [59].

3.1.2. Surgical Approach

Transurethral resection of bladder tumor (TURBT) is the fundamental diagnostic and
therapeutic approach for non-muscle-invasive bladder cancer (stages Ta, T1). Its quality
significantly affects oncological outcomes, as incomplete tumor removal increases the risk
of recurrence and progression. A key quality marker is the presence of detrusor muscle in
the resected specimen, ensuring accurate staging. Its absence is linked to worse five-year
survival, while its presence reduces recurrence rates. For high-grade T1 tumors, repeat
resection (reTURBT) is recommended to confirm staging and remove residual disease.
Urological guidelines (EAU, NICE, NCCN, AUA) underline the importance of complete
resection and reTURBT in high-grade cases to improve outcomes [60].

In advanced bladder cancer, radical cystectomy (RC) and robot-assisted radical cystec-
tomy (RARC) are the main treatment options. While RC remains the standard, RARC offers
benefits like reduced blood loss and fewer transfusions. Both techniques yield comparable
oncological results, including overall and recurrence-free survival. Despite longer operative
time, RARC provides better surgical visualization and hemostasis. However, complication
rates and health-related quality of life (HRQOL) at 30 and 90 days post-op are similar,
indicating a comparable safety and quality of life profile [61].

Partial cystectomy (PC) is an operation that involves removing the tumor along with a
margin of healthy tissue, leaving the remaining part of the bladder intact. This procedure
is used in selected patients with bladder cancer, especially when the tumor is single, well
located, and confined to one part of the bladder. The goal of PC is to preserve bladder
function and avoid more radical procedures, which can significantly affect the quality
of life of patients, especially younger ones, for whom complete removal of the bladder
(radical cystectomy) would involve significant changes in daily functioning. However, PC
is more invasive than endoscopic methods because it requires opening the abdomen. This
prolongs the operation, increases the risk of complications such as infections, and prolongs
hospitalization and recovery. Although the procedure aims to remove all cancer cells,
there is a risk of recurrence or progression of the cancer, which means that patients require
regular and long-term follow-up after surgery. Despite the greater surgical challenges,
PC can be an effective option for patients who wish to preserve bladder function and
have a good prognosis for complete recovery. Regular follow-up examinations, such as
cystoscopy and imaging studies, are essential to monitor disease recurrence and enable
prompt intervention if needed. It is important to note that a rigorous follow-up protocol is
equally crucial after radical cystectomy, not only in bladder-preserving approaches [62].
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3.1.3. Chemotherapeutic Approach

Neoadjuvant chemotherapy (NAC) is the standard approach for patients with muscle-
invasive bladder cancer (MIBC) who are eligible for cisplatin-based treatment. Adminis-
tered before radical cystectomy, NAC—most commonly in the form of gemcitabine and
cisplatin over four cycles—reduces tumor size, facilitates surgical resection, and targets
micrometastases. This strategy significantly improves both overall survival and event-free
survival, decreasing the risk of recurrence and progression [63].

Adjuvant chemotherapy (AC), provided after cystectomy, is recommended for patients
with high-risk features such as lymph node involvement (pN+). Its goal is to eliminate
residual microscopic disease and prevent relapse. While AC improves survival compared
to no chemotherapy (5-year OS: 42.6% vs. 37.8%), its efficacy appears slightly lower than
NAC (5-year OS: 48.3%). Despite its benefits, AC is used less frequently, which may stem
from fewer supporting studies, lack of consensus on indications, and limited eligibility
among older or comorbid patients [64].

The VESPER (GETUG-AFU VO05) trial was a randomized phase III study compar-
ing two perioperative chemotherapy regimens—dose-dense MVAC (dd-MVAC) and
gemcitabine—cisplatin (GC)—in patients with MIBC. Among 493 enrolled patients, most
(88%) received neoadjuvant chemotherapy. While the trial did not meet its primary end-
point in the entire cohort (3-year PFS: 64% for dd-MVAC vs. 56% for GC; p = 0.066),
dd-MVAC significantly improved 3-year PFS in the neoadjuvant group (66% vs. 56%;
HR = 0.70; p = 0.025). dd-MVAC also led to better local tumor control and longer time
to progression, despite comparable complete response rates. Although dd-MVAC was
associated with higher rates of hematologic and gastrointestinal toxicity, it did not increase
postoperative complications. The study suggests that dd-MVAC is a feasible and more
effective neoadjuvant option for fit patients with MIBC, and it may become the preferred
regimen pending overall survival data [65].

The NIAGARA trial (NCT03732677), a phase III randomized study, assessed the
efficacy of adding durvalumab to standard neoadjuvant gemcitabine—cisplatin chemother-
apy in cisplatin-eligible patients with MIBC. Patients received either chemotherapy alone
followed by radical cystectomy or perioperative durvalumab—administered during neoad-
juvant treatment and continued postoperatively for eight cycles. At 24 months, event-free
survival was significantly improved in the durvalumab group (67.8% vs. 59.8%; HR = 0.68;
p <0.001), as was overall survival (82.2% vs. 75.2%; HR = 0.75; p = 0.01). Grade 3—4 adverse
events occurred at similar rates in both groups (~41%), and radical cystectomy completion
rates remained high (88.0% vs. 83.2%). These results support perioperative durvalumab as
a new standard approach in MIBC treatment [66].

The CheckMate 274 trial (NCT02632409) was a phase III, randomized, double-blind
study assessing the efficacy of adjuvant nivolumab in patients with high-risk MIBC after
radical surgery. Participants were randomized to receive either nivolumab (240 mg every
two weeks for up to one year) or placebo. Prior neoadjuvant cisplatin-based chemotherapy
was allowed. The results showed a notable extension of disease-free survival (DFS) in the
nivolumab group compared to placebo—20.8 vs. 10.8 months in the overall population
(HR = 0.70; p < 0.001). Among patients with PD-L1 expression >1%, the benefit was even
more significant (HR = 0.55; p < 0.001). Nivolumab also improved distant recurrence-free
survival (22.9 vs. 13.7 months; HR = 0.72). Grade >3 treatment-related adverse events
occurred in 17.9% of the nivolumab group versus 7.2% in the placebo group, with two fatal
cases of pneumonitis. These findings suggest that adjuvant nivolumab provides a clinically
meaningful benefit in reducing recurrence risk after surgery, especially in PD-L1 positive
patients [67].
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The AMBASSADOR (A031501) study was a phase III randomized clinical trial as-
sessing adjuvant pembrolizumab in patients with high-risk MIBC after radical surgery.
Participants were randomized to receive pembrolizumab (200 mg every 3 weeks for up to
one year) or observation. The primary outcomes were disease-free survival (DFS) and over-
all survival (OS). At a median follow-up of nearly 45 months, pembrolizumab significantly
improved DFS compared to observation (29.6 vs. 14.2 months; HR = 0.73; 95% Cl, 0.59-0.90;
p = 0.0027). The benefit was observed regardless of PD-L1 expression, prior neoadjuvant
chemotherapy, or disease location. Interim analysis of OS showed no significant differ-
ence (HR = 0.98; 95% CI, 0.76-1.26), possibly due to crossover to immunotherapy in the
observation group. Grade > 3 adverse events were more frequent with pembrolizumab
(50.7% vs. 31.6%), though no unexpected safety concerns emerged. These findings sup-
port the use of adjuvant checkpoint inhibition in improving DFES for select patients with
high-risk MIBC, which is consistent with the results from previous studies using similar
immunotherapies [68].

3.1.4. Radiotherapy Approach

Radiotherapy (RT) is an important alternative in the treatment of bladder cancer and is
gaining importance as an option for patients eligible for radical treatment, in addition to RC.
In patients with clinically positive lymph nodes (cN+ MO0), radiotherapy can be used in a
radical form (RadRT) as an option that allows for bladder preservation. Studies have shown
that patients undergoing RadRT have comparable overall survival (OS) and progression-
free survival (PFS) to those who underwent cystectomy. Radiotherapy regimens used
in patients with advanced disease may include irradiation of both the bladder itself and
the surrounding lymph nodes, which allows for tailoring the treatment to the individual
patient’s situation. Radiotherapy also offers the possibility of using radiosensitizers such as
gemcitabine or mitomycin, which increase the effectiveness of the therapy by enhancing
the tumor response. Current data suggest that in selected cases, RadRT may be an effective
treatment option in patients for whom bladder preservation is a priority [69].

3.1.5. Trimodal Therapy

Trimodal therapy (TMT) is an effective bladder-preserving treatment option for se-
lected patients with muscle-invasive bladder cancer (MIBC). It combines three components:
radical transurethral resection of the bladder tumor (TURB), radiotherapy, and radiosensi-
tizing chemotherapy (e.g., cisplatin or mitomycin C with 5-fluorouracil). TMT is considered
an alternative to radical cystectomy, especially for older patients or those with comor-
bidities. Two treatment schedules are used: split-course (with interim evaluation) and
continuous-course (with post-treatment evaluation). When properly selected—patients
with good bladder function, cT2 tumors, no hydronephrosis—TMT shows outcomes com-
parable to cystectomy, with complete response rates of 60-80% and 5-year disease-specific
survival of 60-70%. Importantly, TMT helps preserve bladder function and quality of
life, with about 75% of patients maintaining normal bladder control. In the case of re-
currence, salvage cystectomy remains an option. Current research explores combining
TMT with immunotherapy (e.g., PD-1/PD-L1 inhibitors), which may further improve out-
comes. For carefully selected patients, TMT is becoming an increasingly viable treatment
alternative [70].

3.1.6. Mitomycin C (MMC) Approach

Mitomycin C (MMC) is a widely used intravesical chemotherapeutic agent for non-
muscle-invasive bladder cancer (NMIBC), with a well-established mechanism of DNA
crosslinking and limited systemic absorption. Despite its effectiveness, recurrence rates
remain high, prompting strategies to optimize its delivery. These include increasing the
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dose to 40 mg, alkalizing urine, restricting fluids, and extending dwell time—measures
that significantly improve recurrence-free survival. Advanced delivery methods such
as chemohyperthermia (C-HT) and electromotive drug administration (EMDA) further
enhance MMC penetration and efficacy, especially in high-risk patients. Maintenance
therapy with MMC may also reduce recurrence, though data are mixed. Combination
regimens—particularly with gemcitabine—show promise, while combinations with BCG
have not proven superior, except when EMDA is used. Emerging research into drug
resistance mechanisms (e.g., MDR1 expression, 31-integrin activity, HSPs) aims to enable
more personalized treatment. When applied in optimized or combination protocols, MMC
remains a key tool in the effective management of NMIBC [71].

3.2. The Distinction Between Non—-Muscle-Invasive and Muscle-Invasive Bladder
Cancer Treatments

Treatment strategies for bladder cancer differ significantly depending on whether the
disease is classified as non—-muscle-invasive (NMIBC) or muscle-invasive (MIBC).

NMIBC is typically managed with organ-sparing, localized therapies, including intrav-
esical treatments such as Bacillus Calmette-Guérin (BCG) and chemotherapy agents like
mitomycin C, gemcitabine, and docetaxel. Gene therapy (e.g., nadofaragene firadenovec)
and novel immunotherapeutics like nogapendekin alfa inbakicept are emerging options for
BCG-unresponsive cases. Surgery is limited to transurethral resection of bladder tumor
(TURBT), often followed by re-TURBT for staging and complete resection.

In contrast, MIBC requires more aggressive, systemic treatment. The standard of
care includes neoadjuvant cisplatin-based chemotherapy followed by radical cystectomy
or trimodal therapy (TURBT + chemoradiation) for bladder preservation. Adjuvant im-
munotherapies, such as nivolumab or pembrolizumab, improve disease-free survival post-
cystectomy in high-risk patients. Radiotherapy, sometimes combined with radiosensitizers,
offers a bladder-preserving alternative in select cases.

In summary, NMIBC focuses on bladder preservation through localized treatment,
while MIBC management involves multimodal systemic therapies and radical surgery,
reflecting the more aggressive nature of invasive disease [55-71].

3.3. Potential Side Effects of Traditional Treatments

For non-muscle-invasive bladder cancer (NMIBC), intravesical BCG remains the
gold standard but can cause local irritative symptoms (e.g., dysuria, frequency) and, less
commonly, systemic complications such as mycobacterial infections. Newer agents like
nadofaragene firadenovec have shown a favorable safety profile, with most adverse effects
being mild and localized. Nogapendekin alfa inbakicept was also well tolerated, with
low-grade immune-related effects. Intravesical gemcitabine/docetaxel and mitomycin C
(MMC) are generally well tolerated, though MMC can cause chemical cystitis, and advanced
delivery methods (e.g., chemohyperthermia, EMDA) may increase local irritation. Systemic
toxicity is rare due to limited drug absorption.

For muscle-invasive bladder cancer (MIBC), treatment-related toxicity is more signifi-
cant. Neoadjuvant and adjuvant cisplatin-based chemotherapy frequently causes hemato-
logic (anemia, neutropenia) and gastrointestinal toxicities (nausea, vomiting, mucositis).
In the VESPER trial, dd-MVAC led to higher toxicity compared to gemcitabine—cisplatin,
though without increased postoperative complications. Immune checkpoint inhibitors
(e.g., nivolumab, pembrolizumab) used in the adjuvant setting may induce immune-related
adverse events, including pneumonitis, fatigue, and endocrinopathies. In AMBASSADOR,
grade > 3 AEs occurred in over 50% of patients receiving pembrolizumab.
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Radiotherapy, particularly in trimodal therapy (TMT), can cause local side effects such
as cystitis, proctitis, and fatigue, while combining with radiosensitizing chemotherapy
increases the risk of hematologic and gastrointestinal toxicity. However, modern techniques
have improved tolerability.

Overall, localized treatments for NMIBC have mostly manageable local toxicities,
while systemic therapies for MIBC pose higher risks of serious adverse events, requiring
careful patient selection and monitoring [55-71].

3.4. Types of Innovative Therapies and Latest Research in BC Treatment

In recent years, there has been significant progress in the field of BC treatment, fo-
cusing on the development of innovative therapies that can increase the effectiveness of
treatment and improve patient prognosis. New approaches include targeted therapies,
immunotherapy, and gene therapies, which aim not only to destroy cancer cells but also
to inhibit the mechanisms that promote their growth and metastasis. In the following
section, we will discuss the most important innovative therapies and the results of the latest
research that shape the future of BC treatment and may be a significant step towards more
personalized and effective cancer care.

3.4.1. Immunotherapy
New Prognostic or Predictive Biomarkers and Immune Checkpoint Inhibitors (ICIs)

Programmed death-ligand 1 (PD-L1) is a transmembrane protein belonging to the im-
munoglobulin superfamily, playing a central role in the regulation of immune responses. Its
expression on cancer cells allows them to evade immune surveillance by binding to the PD-
1 receptor on T lymphocytes, thereby inhibiting their activity and enabling tumor immune
escape, which facilitates cancer progression. In recent years, PD-L1 has become a crucial
therapeutic target in oncology, particularly with the emergence of immune checkpoint in-
hibitors (ICIs), such as monoclonal antibodies targeting PD-1/PD-L1. These therapies have
revolutionized the treatment of advanced bladder cancer, particularly in patients ineligible
for cisplatin-based chemotherapy. In 2017, the FDA approved atezolizumab and pem-
brolizumab for patients with locally advanced or metastatic urothelial carcinoma, based on
studies showing moderate objective response rates and durable clinical benefit, regardless
of PD-L1 expression, although responses were more frequent in PD-L1 high-expressing
tumors [72].

The development of immunotherapy has also expanded the search for predictive
biomarkers. Circulating tumor DNA (ctDNA) has emerged as a promising non-invasive
tool. One study demonstrated that changes in variant allele frequency (VAF) in ctDNA after
six weeks of anti-PD-L1 therapy correlated with clinical outcomes—patients with reduced
VAF had longer progression-free survival (PFS) and overall survival (OS), suggesting
that ctDNA dynamics could help identify non-responders and inform early treatment
adjustments [73].

Equally critical is the precise assessment of PD-L1 expression in tumor tissues. The
Ventana PD-L1 (SP263) assay has been validated for this purpose, demonstrating high
analytical precision and reproducibility. In the CD-ON-MEDI4736-1108 trial, durvalumab
showed durable responses across both PD-L1 high and low expressers, with greater efficacy
in the former, underlining the assay’s value in treatment selection [74]. Further evidence
comes from the PURE-01 study, where neoadjuvant pembrolizumab significantly improved
event-free survival (EFS) in muscle-invasive bladder cancer (MIBC) patients with high
PD-L1 expression—~89.8% in those with high combined positive score (CPS) versus 59.7%
in those with low CPS (p = 0.0013) [75].
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Additionally, the phase III KEYNOTE-361 trial reinforced the role of PD-L1 CPS
and tumor mutational burden (TMB) as predictive biomarkers. Patients with high TMB
(>175 mutations/exome) and high CPS (>10) experienced better PFS, OS, and objective
response rates (ORRs) with pembrolizumab, either alone or with chemotherapy. These
findings underscore the value of combining PD-L1 and TMB in stratifying patients for
immunotherapy and enhancing treatment personalization [76].

Among ICIs, those targeting PD-1, PD-L1, and CTLA-4 have become pivotal in
MIBC treatment, particularly in advanced or metastatic stages. Pembrolizumab and ate-
zolizumab are now standard options in this setting. Another promising checkpoint target
is lymphocyte-activation gene 3 (LAG-3). The elevated expression of LAG-3 on stromal
immune cells has been associated with reduced OS and disease-free survival in MIBC, as
well as poor response to adjuvant chemotherapy. Tumors with high LAG-3+ cell infiltration
exhibit an immunosuppressive microenvironment enriched with cytokines and other check-
points and are linked to CD8+ T cell dysfunction. LAG-3 expression correlates with luminal
and basal molecular subtypes, reduced frequency of FGFR3 mutations, and enhanced EGFR
pathway activation. Thus, LAG-3 may serve both as a prognostic biomarker and a potential
therapeutic target, although further prospective studies are required to confirm its clinical
relevance [77].

The efficacy of checkpoint inhibition was further demonstrated in the phase III
JAVELIN Bladder 100 trial, where maintenance therapy with avelumab after platinum-
based chemotherapy significantly improved OS and PFS compared to best supportive care
(BSC) alone (HR for OS: 0.63-0.79). In this study involving 700 patients with advanced
urothelial cancer (UC), avelumab was generally well tolerated, though grade > 3 adverse
events were reported in 43—62% of cases. These results established avelumab maintenance
as a new standard of care in advanced UC and emphasized the growing impact of ICIs in
modern uro-oncology [78].

New Bladder Cancer-Specific Antigens

Sialylated tumor-derived IgG (SIA-CIgG) has been identified as a promising bladder
cancer-specific antigen with minimal expression in healthy tissues. Studies have shown that
CAR-T cells targeting SIA-CIgG effectively kill bladder cancer cells, and their cytotoxicity
is dependent on the expression level of this antigen. Compared to HER2-targeted CAR-Ts,
SIA-CIgG CAR-Ts demonstrate milder tumor cell lysis and improved functional durability,
making them a potentially safer therapeutic option. Furthermore, the combination of
SIA-CIgG CAR-Ts with the histone deacetylase inhibitor (HDACi), vorinostat, significantly
increases the ability of CAR-Ts to kill tumor cells, suggesting the benefits of combination
therapy [79]. Nectin-4, a protein widely expressed in conventional urothelial cancer (UC),
is a promising therapeutic target for the antibody—drug conjugate enfortumab-vedotin (EV).
Studies have shown that 87% of non-muscle-invasive and 58% of musculoskeletal cancer
samples expressed nectin-4. The highest expression was observed in non-muscle-invasive
papillary carcinomas (97%) and in situ carcinomas (87.5%). However, nectin-4 expression
is variable in other morphological variants of bladder cancer. Low or absent expression
occurs in small cell carcinomas (0%) and sarcomatoid carcinomas (10%). RNA analyses have
shown that these tumor variants often express other molecular targets, such as trop2, the
target of sacituzumab-govitecan, and HER2 /ERBB2, the target of trastuzumab-deruxtecan.
Nectin-4 remains a key specific antigen for many types of bladder cancer, but testing its
expression in less common UC variants may help personalize therapy. In cases of low
nectin-4 expression, alternative molecular targets should be considered and treatment
should be adjusted accordingly. These results underscore the importance of nectin-4 in
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developing new therapies for bladder cancer and indicate the need for further studies on
antigens specific to this tumor [80].

Personalization of Immune Therapy- New Immunological Strategies

The tumor mutational profile, including parameters such as dAMMR (deficient Mis-
match Repair) and MSI-H (Microsatellite Instability-High), provides key prognostic and
predictive information in bladder cancer immunotherapy. A 2024 systematic review ex-
amined the prevalence of dMMR and MSI-H in bladder cancer (BC) and upper urinary
tract cancer (UTUC). The results showed that AMMR occurred in 2.3% of BC patients and
8.95% of UTUC patients, whereas MSI-H was detected in 2.11% of BC patients and 8.36% of
UTUC patients. The prevalence of MSI-H was higher in localized tumors (5.26% in BC and
18.04% in UTUC) than in metastatic tumors (0.86% in BC and 4.96% in UTUC). In metastatic
UC, dMMR/MSI-H patients treated with checkpoint inhibitors (ICIs) had a response rate of
64.7%, compared with 11.1% in patients treated with chemotherapy. These results suggest
that dIMMR and MSI-H may play a key role in predicting the efficacy of immunotherapy
and supporting the personalization of treatment. Particularly in metastatic bladder cancer,
these biomarkers may also indicate resistance to cisplatin-based chemotherapy, highlight-
ing their importance in individualizing therapy [81]. In another study, long non-coding
RNAs (IncRNAs) associated with necroptosis were identified as prognostic biomarkers
supporting the personalization of immunotherapy in urothelial bladder cancer (BLCA).
The developed IncRNA model showed high performance in predicting patient prognosis,
with accuracy for 1-, 3-, and 5-year survival (AUC 0.707, 0.679, and 0.675, respectively).
Analyses revealed differences in the tumor microenvironment, allowing for the division
into “cold” and “hot” tumors. “Hot” tumors, characterized by higher immune activity,
were more sensitive to immunotherapy, which increased their chances of effective response
to immunological drugs. On the other hand, “cold” tumors, with lower immune activity, re-
quired the use of alternative therapeutic strategies. These results emphasize the importance
of IncRNAs in identifying tumor characteristics and tailoring treatment to specific patient
needs. Personalization of therapy based on these biomarkers can significantly improve the
efficacy of bladder cancer treatment [82].

Cancer vaccines are a promising strategy for treating bladder cancer, which aim to
stimulate the immune system to recognize and destroy cancer cells. Among the different
approaches used to develop such vaccines are peptide vaccines, which use specific peptides
derived from tumor antigens, such as MAGE-A3 or NY-ESO-1, which induce a T cell
response against cancer cells. Another solution is dendritic cell-based vaccines, which load
these cells with tumor antigens, which allows them to present these antigens to T cells and
lead to their activation. DNA and RNA vaccines are gaining particular attention because
they introduce genetic material encoding tumor antigens directly into the patient’s cells.
This leads to the expression of antigens that stimulate the immune system. Viral vaccines,
which use modified viruses as vectors to deliver genes encoding tumor antigens, work in
a similar way. These methods are attractive because of their ability to quickly induce an
immune response and their ease of production. mRNA-based vaccines are particularly
promising and have gained increasing interest in recent years due to their successful use in
other types of cancer. Despite promising results, challenges in the development of cancer
vaccines include identifying appropriate tumor antigens, developing effective delivery
methods, and overcoming immunosuppression mechanisms in the tumor microenviron-
ment. Additionally, combining cancer vaccines with other forms of immunotherapy, such
as checkpoint inhibitors, opens new possibilities to increase treatment efficacy and improve
clinical outcomes in patients with bladder cancer. The development of this technology and
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clinical trials conducted in this field hold promise for more effective therapies for patients
with this tumor [83].

CAR-T Therapy

CAR-T therapy (Chimeric Antigen Receptor T cell therapy) is one of the most advanced
approaches in cancer immunotherapy, offering a unique opportunity to precisely destroy
cancer cells. The basis of this method is the genetic modification of the patient’s T lympho-
cytes to express a chimeric antigen receptor (CAR), which allows them to recognize specific
antigens on the surface of cancer cells. Once introduced into the patient’s body, CAR-T
cells not only identify and destroy cancer cells, but can also create immunological memory,
making this therapy a potential tool for preventing relapses. One of the breakthroughs
in the development of CAR-T therapy in the treatment of bladder cancer is targeting the
specific antigens mentioned in the previous subsections, such as Nectin-4 and SIA-CIgG.
These antigens, due to their high expression in cancer cells and low presence in healthy
tissues, are ideal targets for this therapy. Studies indicate that targeting these antigens can
significantly increase the effectiveness of treatment and reduce the risk of relapses due to
the ability of CAR-T cells to maintain immunological memory. This ability of the immune
system to “remember” allows for long-term protection against disease progression, which is
one of the main goals in the therapy of solid tumors. A novel approach in CAR-T therapy in
the treatment of bladder cancer is the use of a mutated TIGIT co-receptor, targeting prostate
stem cell antigen (PSCA). TIGIT has been modified to increase its affinity for the CD155
protein, which allows CAR-T cells to function more effectively in the immunosuppressive
tumor microenvironment. Additionally, the use of CD28 activation signals in the CAR-T
construct further enhances their effectiveness. Preclinical studies have shown that CAR-T
cells targeting PSCA demonstrate higher production of cytokines, such as IFN-y, and
greater cytotoxic efficiency compared to traditional CAR-T constructs. In in vivo models,
these cells were more effective in reducing the bioluminescent tumor signal, confirming
their potential in the treatment of bladder cancer [84].

Despite promising results, CAR-T therapy in bladder cancer faces significant chal-
lenges. One of the main limitations is the immunosuppressive tumor microenvironment,
which impairs the efficacy of T lymphocytes. Factors such as TGF-f3 cytokines inhibit the
immune response, while others, such as IL-2 and IL-12, can support CAR-T activity, open-
ing new therapeutic possibilities. Additionally, CAR-T therapy is associated with the risk of
serious adverse events, such as cytokine release syndrome (CRS) or neurotoxicity (ICANS),
which requires further research to develop strategies to minimize these complications [85].

3.4.2. Innovations in Targeted Therapies
Innovations in Targeted Therapies

FGFR3 (fibroblast growth factor receptor 3) is a key predictive biomarker for targeted
therapy in bladder cancer, especially in advanced urothelial cancer (UC). The most common
FGEFR3 alterations are activating mutations, such as S249C and R248C, and gene fusions,
including FGFR3-TACC3, which lead to constitutive activation of the receptors, driving
tumor cell proliferation and disease progression [86-88]. FGFR3 alterations are more
common in the luminal-papillary subtype of UC, which allows for the selection of patients
for targeted therapy [89,90]. PD-L1 expression is found in approximately 20-30% of bladder
cancer cases. Higher levels of PD-L1 expression are associated with more advanced disease
stages and higher mortality, suggesting that PD-L1 has prognostic value and may be used
as a biomarker in targeted therapies [91].
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HER?2, also known as ErbB2, is one of the human epidermal growth factor receptor
(HER/ErbB) family members that plays a key role in regulating cell proliferation, tumor
growth, and therapy resistance [92,93]. HER?2 is distinguished by its ability to signal in a
ligand-independent manner. Studies have shown that HER2 amplification, mutations, and
overexpression occur in approximately 20-30% of patients with bladder cancer, making
this receptor a significant therapeutic target [94].

Mutations in the TERT promoter (mainly C228T and C250T) are the most common
somatic abnormalities in bladder cancer, occurring in 60-80% of cases, regardless of the
stage of disease. The high sensitivity and specificity of TERT promoter mutations in urine
samples make them promising markers for monitoring bladder cancer recurrence and early
detection of cancer [95].

RB1 (Retinoblastoma 1) is a tumor suppressor gene that plays a key role as a negative
regulator of the cell cycle. Its inactivation is associated with the carcinogenesis process in
many cancers, including bladder cancer. Loss of RB1 expression has been independently
associated with poor prognosis in muscle-invasive bladder cancer, including lower overall
survival rates and a higher risk of recurrence after cystectomy [96,97]. TP53, a key tumor
suppressor gene, is one of the most frequently mutated genes in bladder cancer (BLCA).
Mutations in TP53 occur in nearly 50% of patients with BLCA, and functional inactivation of
the gene occurs in as many as 76% of samples. TP53 is particularly associated with advanced
stages of the disease, such as muscle-invasive bladder cancer (MIBC) and metastatic bladder
cancer, and with poor prognosis in these cases [98].

MIB-1 is a monoclonal antibody directed against the Ki-67 protein, which is expressed
in the active cell cycle phases (G1, S, G2, M), but not in the GO (resting) phase. This makes
it a sensitive indicator of tumor proliferative activity. High MIB-1 values are associated
with a more aggressive phenotype of bladder cancer. Studies indicate that its expression is
correlated with a higher risk of relapse and progression of the disease [99].

VEGF (vascular endothelial growth factor) plays a key role in the process of angiogen-
esis. It is essential for the growth and metastasis of tumors, including BC. Angiogenesis
enables the delivery of nutrients and oxygen to rapidly growing tumors through a network
of new blood vessels. In BC, increased VEGF expression is associated with an aggressive
course of the disease, a higher risk of relapse, and metastasis [100,101].

MUTYH encodes the enzyme DNA glycosylase involved in the repair of oxidative
DNA damage. It is a key enzyme responsible for the excision of adenines in aberrant
pairs with 8-oxo-7,8-dihydroguanine, which helps maintain genome integrity. Oxidative
DNA damage is common in cancers with high levels of oxidative stress, such as bladder
cancer [102].

Personalization of Therapy Based on Tumor Molecular Profile

Targeted therapies represent a promising advance in bladder cancer treatment, em-
phasizing the importance of personalized approaches tailored to the molecular profile of
individual tumors. Recent studies have identified distinct molecular subtypes of bladder
cancer, characterized by unique genomic, transcriptomic, and proteomic alterations that
influence disease progression and response to treatment. The integration of validated
biomarker panels with clinical and epidemiologic data enables precise risk stratification
and identification of patients who may benefit from targeted therapies. By interfering
with key molecular pathways, such as FGFR3, p53, or angiogenesis regulators, targeted
therapies allow for the inhibition of cancer progression at critical points. This approach
personalizes the treatment, increasing its effectiveness and adapting it to specific biological
features of the tumor [103].
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Inhibitors of Specific Signaling Pathways

In a phase II cohort study, erdafitinib, an oral FGFR kinase inhibitor, was evaluated in
patients with intermediate-risk non-invasive bladder cancer (IR NMIBC) with FGFR3/2
alterations. The study included 18 patients who had all tumors removed except for a
marker tumor. Patients received erdafitinib at 6 mg daily for 28-day cycles, with follow-
up cystoscopy after 3 months. Interestingly, after a median follow-up of 10 months, the
complete response (CR) rate was 83.3%, and 11.1% of patients had a partial response
(PR). The median time to response was 1.15 months, and the median duration of response
(DOR) was 12.8 months. The most common side effects were hyperphosphatemia (100%),
diarrhea (83.3%), and dry skin (50%). Importantly, there were no deaths in the study.
Erdafitinib demonstrated high efficacy and safety profile in patients with IR NMIBC
with FGFR mutations, representing a breakthrough in the treatment of patients with this
mutation [104].

Rogaratinib, an oral FGFR1-4 inhibitor, has demonstrated promising efficacy and
safety profile in the treatment of locally advanced or metastatic urothelial cancer (UC) with
the overexpression of FGFR1/3 mRNA. In the phase Il FORT-1 study (NCT03410693), its
efficacy was compared with chemotherapy in patients previously treated with platinum-
based chemotherapy. Rogaratinib achieved an objective response rate (ORR) of 20.7%, with
a median overall survival (OS) of 8.3 months, which was comparable to chemotherapy
(ORR 19.3%, OS 9.8 months). Exploratory analysis suggests that patients with FGFR3 DNA
mutations and FGFR1/3 mRNA overexpression may have a better response to rogaratinib
(ORR 52.4% vs. 26.7% for chemotherapy). Rogaratinib was well tolerated, with the most
common adverse events including diarrhea, hyperphosphatemia, and fatigue. Grade 3
or higher events occurred in 43% of patients but were mostly manageable. There were
no rogaratinib-related deaths. Although phase II results did not support progression to
phase III in the population selected solely based on FGFR1/3 mRNA overexpression, the
analysis suggests that combining FGFR3 mutation and mRNA expression analysis may
better identify patients who would benefit most from therapy. Rogaratinib represents a
potential alternative for patients with chemotherapy-refractory UC, which requires further
study in well-defined subgroups [105].

Pemigatinib, a selective oral FGFR1-3 inhibitor, has antitumor activity in urothelial
cancer (UC) with FGFR3 mutations or rearrangements. In the phase II FIGHT-201 study; it
achieved an objective response rate (ORR) of 17.8% with the continuous regimen and 23.3%
with the intermittent regimen, with a median duration of response (DOR) of 6.2 months
and a median progression-free survival (PFS) of 4.0-4.3 months. The best results were
achieved in patients with S249C, R248C, and G370C mutations (ORR up to 29%), whereas
efficacy was lower with FGFR3 fusions (17%). Pemigatinib was generally well tolerated; the
most common adverse events were diarrhea (44.6%), alopecia, stomatitis, and hyperphos-
phatemia (42.7% each), and more severe events such as stomatitis (8.8%) and anemia (8.1%)
were rare. Resistance mechanisms included secondary FGFR3 mutations (e.g., V555M /L
and N540K/S), and concomitant alterations in PI3K pathway genes (e.g., TSC1) correlated
with poorer treatment response. Pemigatinib represents an important therapeutic option for
previously treated patients with FGFR3-altered UC, especially in the context of molecular
profiling, which highlights the importance of further studies on combination therapies and
the optimization of predictive biomarkers [106].

Everolimus and Temsirolimus, first-generation mTOR inhibitors, are being studied
for the treatment of bladder cancer. They act by inhibiting mTORC1, which leads to the
inhibition of cell proliferation and angiogenesis. Everolimus shows moderate efficacy,
especially in patients with mutations in the TSC1 or PIK3CA genes, but is accompanied by
significant toxicity, including insulin resistance, pneumonia, and hyperlipidemia. Studies
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have shown that genetic analysis can help identify patients most responsive to therapy.
Temsirolimus shows similar efficacy, with favorable outcomes in 48.9% of patients in clinical
trials. However, as many as 94% of patients experienced adverse events, 53% of which were
severe. Efficacy was higher in patients with TSC1 mutations. As can be seen, both drugs
have encountered limitations related to toxicity and efficacy in monotherapy. Currently,
studies are focusing on combination therapy with other signaling pathway inhibitors,
which may improve treatment efficacy [107].

The PI3K/Akt/mTOR pathway, which is implicated in UC cell proliferation and
invasion, represents a promising therapeutic target. Alterations in the PIK3CA gene occur
in 25% of UC cases, but studies of mTOR and PI3K inhibitors to date have shown modest
efficacy, suggesting a need to identify specific molecular changes that may sensitize tumors
to these therapies. Buparlisib (BKM120) is an oral PI3K inhibitor that is being tested
in a phase II trial in patients with metastatic UC refractory to platinum chemotherapy.
Although the trial did not meet its primary endpoint (8-week progression-free survival
(PFS) of 54%), one patient with a TSC1 mutation achieved a durable partial response (PR) at
15.9 months. Retrospective analyses have shown that buparlisib inhibits mTOR signaling
in TSC1-mutated tumors, which may explain its efficacy in some patients. Toxicity was
significant, with common adverse events including hyperglycemia, fatigue, and mood
disorders. The results suggest that mutations in TSC1 may be associated with sensitivity
to buparlisib, although the lack of clear predictive evidence limits its use. Buparlisib
has shown limited efficacy in UC, but the results suggest the potential value of selective
therapy in molecularly defined patient subgroups. Future studies of more specific PI3K
inhibitors and combination therapies are needed to improve treatment efficacy in this
clinically challenging patient population [108].

Bevacizumab, a humanized monoclonal antibody against VEGF-A, inhibits angiogen-
esis, a key process in tumor growth and progression. In bladder cancer, blocking VEGF-A
has been used to reduce tumor perfusion, inhibit tumor growth, and improve the efficacy of
chemotherapy. However, in a phase III trial (CALGB 90601), the addition of bevacizumab
to standard chemotherapy with gemcitabine and cisplatin did not improve overall survival,
although it did slightly prolong progression-free survival (by 1.3 months), which was
considered clinically insignificant. Bevacizumab was also associated with adverse events,
including hypertension and proteinuria. Despite previous promising results, bevacizumab
has not changed the standard of care for bladder cancer, and its use requires further in-
vestigation of biomarkers that identify patients who are most likely to benefit from this
therapy [109].

The JAVELIN Medley VEGEF trial evaluated avelumab (PD-L1 inhibitor) and axitinib
(VEGER inhibitor) in patients with advanced urothelial cancer who were ineligible for
cisplatin-based chemotherapy. The objective response rate (ORR) was 10%, with partial
responses in two patients. The median progression-free survival (PFS) was 2.3 months
and overall survival (OS) was 21.2 months. A higher percentage of CD8+ tumor cells was
associated with better outcomes, suggesting a potential role for immunomodulation. The
safety profile was consistent with previous studies, although 50% of patients experienced
serious adverse events, including hypertension and fatigue, and the therapy was associated
with two deaths. The therapy showed limited efficacy in this group of patients but may be
an option for cisplatin-ineligible patients, requiring further study to optimize its use [110].

A study published in 2024 presented the role of the HER?2 receptor (erbB2) and its
ERBB?2 signaling pathway in cancer treatment and HER2-targeted therapy, which has revo-
lutionized the treatment of breast cancer and is used in other types of cancers—including
BC. HER? plays a key role in cancer progression, and its overexpression and amplifica-
tion are associated with an aggressive course of the disease. Depending on the type of
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cancer, HER2 changes affect prognosis differently, justifying the use of different targeted
therapies. HER?2 is currently a therapeutic target in several types of cancer, and tyrosine
kinase inhibitors such as lapatinib and tucatinib and ADCs such as trastuzumab emtansine
(T-DM1) and trastuzumab deruxtecan (T-DXd) have shown clinical efficacy. However,
different cancers require different approaches due to different patterns of HER2 expression.
The challenge in this therapy is treatment resistance—acquired and primary resistance to
anti-HER2 drugs, which is the result of mechanisms such as the activation of alternative
signaling pathways, the aberrant expression of HER ligands, and changes in the tumor
microenvironment [111].

Development of Technologies Related to Targeted Therapy

Bladder cancer, especially non-muscle-invasive bladder cancer (NMIBC), remains a
therapeutic challenge due to its high rates of recurrence and progression. CRISPR/Cas9
technology, which allows for precise genome editing, offers new treatment options by
targeting the DAD1 gene, which is responsible for anti-apoptotic regulation and is over-
expressed in bladder cancer cells. Preclinical studies have shown that silencing DAD1
with CRISPR/Cas9 leads to apoptosis of cancer cells, reducing tumor growth in in vitro
and in vivo models. By using innovative carriers such as fluorinated polymers PLLF, it is
possible to effectively deliver the CRISPR/Cas9 system via intravesical instillation, which
ensures better penetration of the bladder mucosa and reduces side effects. Preclinical
results demonstrate the high efficacy and biocompatibility of this technology, which opens
new possibilities for the treatment of bladder cancer, although it requires further clinical
validation. CRISPR/Cas9 offers a highly precise and flexible gene editing approach that
may contribute to future therapeutic strategies for treatment-resistant bladder cancer [112].

The multi-omics system, including technologies such as genomics, transcriptomics
and proteomics, significantly supports the development of targeted therapies in BC. It
enables the identification of biomarkers, such as the multidimensional PD-L1 regulatory
index (PMRI), which allows for the prediction of the response to immunotherapy and
the selection of personalized treatment. Multi-omics also allows for the understanding of
molecular mechanisms of cancer, including the regulation of PD-L1 by signaling pathways
and epigenetic modifications, which opens the way to new targeted therapies, e.g., using
valrubicin or cobicistat. The integration of different data layers supports more accurate
classification of tumors and real-time monitoring of treatment, improving patient prognosis.
Thus, multi-omics becomes a key tool in the personalization of BC therapy [113].

Artificial intelligence (Al) plays a key role in BC treatment by using advanced ma-
chine learning algorithms to analyze molecular and clinical data. The AIGS (Artificial
Intelligence-Derived Gene Signature) consensus gene signature (AIGS) was developed
using 10 machine learning algorithms and 76 models that accurately predicted prognosis,
relapse, and response to immunotherapy and chemotherapy in eight independent patient
cohorts. AIGS proved to be more effective and stable compared to traditional clinical
features and other published models. Patients with low AIGS scores responded better
to immunotherapy, while patients with high AIGS scores could be candidates for new
molecular therapies. Al multi-omics analysis also identified gene mutations and copy
number changes associated with AIGS, contributing to a better understanding of tumor
biology and further development of precision therapies [114].

3.4.3. Antibody-Drug Conjugates (ADCs)
ADC Mechanism of Action

Antibody—-drug conjugates (ADCs) are a new therapeutic option that combines a
tumor antigen-specific antibody with an anticancer drug via an appropriate linker [115].
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The mechanism of action of ADCs begins with the recognition of the target antigen, which
should be highly expressed only in tumor cells, minimizing toxicity in normal tissues [116].
The ADC-antigen complex is then internalized by the tumor cell via endocytosis [117].

Inside the cell, in the lysosomal environment characterized by low pH and the presence
of proteases, the linker is cleaved. Cleavable linkers, such as those unstable at low pH,
release the cytotoxic drug under appropriate conditions, allowing its activity. In contrast,
non-cleavable linkers require lysosomal degradation to release their cargo [116].

The released cytotoxic drug exerts its antitumor effects through various mechanisms.
For example, auristatins block tubulin assembly, causing cell cycle arrest in the G2/M
phase. Maytansinoids, such as trastuzumab emtansine (T-DM1), also act by disrupting
tubulin function. DNA-damaging agents, such as calicheamicin and duocarmycin, bind
to the minor groove of DNA, leading to the disruption of replication and transcription.
Modern ADCs use human monoclonal antibodies, which minimize immune responses,
as well as more advanced linkers and highly potent cytotoxic drugs [118]. As a result,
ADCs have become a promising tool in cancer treatment, offering new therapeutic options,
especially in cases where traditional methods have failed [115].

Examples of ADC Use in Bladder Cancer

Enfortumab vedotin (EV) is an innovative antibody—drug conjugate (ADC) that con-
sists of an antibody targeting Nectin-4 and a microtubule inhibitor. It is the first ADC
approved by the FDA for the treatment of patients with advanced urothelial cancer (mUC),
based on the results of a phase II clinical trial [119]. Nectin-4, a type 1 transmembrane
protein, is a member of the immunoglobulin-related adhesion molecule family, which
plays a key role in cell-cell adhesion processes [120]. Nectin-4 is exceptionally highly
expressed in urothelial cancers, distinguishing it from other cancers and healthy tissues,
while contributing to cancer cell growth and proliferation. Enfortumab vedotin is designed
to bind to Nectin-4 with exceptionally high affinity. Once bound, the ADC is internalized
by the tumor cells and the cytotoxic payload, monomethyl auristatin E (MMAE), is released.
MMAE acts as a microtubule inhibitor, disrupting their function, leading to the inhibition
of cell division and ultimately to tumor cell death [121]. On 18 December 2019, the FDA
granted accelerated approval for enfortumab vedotin-ejfv (EV, trade name: PADCEV) for
the treatment of patients with locally advanced or metastatic urothelial cancer who have
previously received a PD-1 or PD-L1 inhibitor and platinum-based chemotherapy. The
decision was based on the results of the EV-201 study, which showed a 44% response rate
at a dose of 1.25 mg/kg in 28-day cycles, with a median duration of response of 7.6 months.
The most commonly reported grade 3—4 adverse events included fatigue, peripheral neu-
ropathy, and rash, and 73% of patients experienced high-grade adverse events. EV is
an antibody—drug conjugate (ADC) targeting Nectin-4. It uses an antibody to transport
the toxic compound MMAE into Nectin-4-expressing cancer cells, causing them to die.
Importantly, the FDA does not recommend EV in patients with severe hepatic impairment.
Preliminary studies have shown that EV has significant efficacy and an acceptable risk
profile [122].

It is worth noting that on 15 December 2023, the FDA granted traditional approval
for the combination of enfortumab vedotin-ejfv (EV) in combination with pembrolizumab
(Pembro) for the treatment of locally advanced or metastatic urothelial cancer (la/mUC).
The decision was based on the results of the EV-302/KEYNOTE-A39 trial, which com-
pared the efficacy and safety of EV + Pembro with cisplatin or carboplatin plus gemc-
itabine (Plat + Gem) in 886 patients with previously untreated la/mUC. The trial results
showed a significant advantage of EV + Pembro over Plat + Gem in terms of OS and PFS.
The median PFS was 12.5 months for EV + Pembro versus 6.3 months for Plat + Gem
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(HR = 0.450; p < 0.0001). The median OS was also significantly longer for EV + Pembro at
31.5 months versus 16.1 months for Plat + Gem (HR = 0.468; p < 0.0001). The safety profile of
EV + Pembro was consistent with previous observations from the EV-103/KEYNOTE-869
study, which evaluated the combination in cisplatin-ineligible patients with la/mUC. Tra-
ditional approval was based on clear PFS and OS benefits and an acceptable safety profile
of EV + Pembro, which represents a new option for patients with advanced urothelial
cancer [123].

Sacituzumab govitecan (SG) was an innovative ADC therapy directed against the
TROP2 antigen, which is highly expressed in many epithelial malignancies, including
urothelial carcinoma (UC) [124]. SG combines the antibody with SN-38, an active metabolite
of irinotecan, which acts as a potent cytotoxic drug [125]. In the TROPHY-U-01 study, SG
achieved an objective response rate (ORR) of 27% and a median progression-free survival
(PES) of 5.4 months, with a median overall survival (OS) of 10.5 months. The most common
adverse events included neutropenia, leukopenia, and anemia, with an acceptable toxicity
profile [126]. The TROPiCS-04 trial evaluated the efficacy of sacituzumab govitecan (SG) in
patients with advanced urothelial carcinoma after failure of platinum-based chemotherapy
and immune checkpoint inhibitor therapy. In this randomized phase III study, SG was
compared with the physician’s choice of chemotherapy (TPC: paclitaxel, docetaxel, or
vinflunine). SG demonstrated a higher objective response rate (ORR: 23% vs. 14%); it
did not result in a significant improvement in overall survival (OS: 10.3 vs. 9.0 months;
p = 0.087) or progression-free survival (PFS: 4.2 vs. 3.6 months). Additionally, there was a
higher incidence of severe adverse events, particularly neutropenia and fatal infections,
especially among patients who did not receive G-CSF prophylaxis. Due to the lack of
therapeutic superiority and the unfavorable safety profile, sacituzumab govitecan was
withdrawn from use in the treatment of bladder cancer [127,128].

The CheckMate 901 trial was a phase III, randomized, open-label study evaluat-
ing the addition of nivolumab to standard cisplatin—-gemcitabine chemotherapy in the
first-line treatment of patients with unresectable or metastatic urothelial carcinoma who
were eligible for cisplatin. The combination significantly improved overall survival com-
pared to chemotherapy alone (median OS: 21.7 vs. 18.9 months; HR 0.75; p = 0.017) and
yielded higher overall (58% vs. 43%) and complete response rates (22% vs. 12%). While
antibody-drug conjugates (ADCs), such as enfortumab vedotin, have shown even more
pronounced efficacy in other studies, CheckMate 901 remains a relevant option, particularly
in settings where access to ADCs is limited or cost-prohibitive. The manageable toxicity
profile and fixed treatment duration of the chemoimmunotherapy regimen further support
its clinical utility in a globally diverse patient population [129].

Trastuzumab emtansine (T-DM1) is an advanced ADC therapy that combines the
HER2-targeting antibody trastuzumab with emtansine (DM1), a potent microtubule in-
hibitor. The overexpression of HER2, usually resulting from gene amplification, is an
important therapeutic target in urothelial cancer (UC), particularly because it is low in
normal urothelium and increases with disease progression [130,131]. In preclinical stud-
ies, T-DM1 has shown superior efficacy in inhibiting the growth of UC cells with high
HER?2 expression compared with trastuzumab alone [132]. Two phase II clinical trials
(NCT02999672, NCT02675829) are currently evaluating the efficacy of T-DM1 in patients
with HER2-positive UC. In one study, T-DM1 doses ranged from 2.4 mg/kg every week
to 3.6 mg/kg every three weeks, with treatment continuing until disease progression or
toxicity. Although data in UC are limited, these studies are designed to confirm the po-
tential of T-DM1 in treating UC, based on its promising results in other HER2-positive
tumors [114]. Vicinium (Oportuzumab monatox, OM) is a recombinant fusion protein
that combines a humanized single-chain antibody against EpCAM with Pseudomonas
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exotoxin A. EpCAM, highly expressed in epithelial tumors, including urothelial carcinoma
(UC), allows Vicinium to block protein synthesis and induce tumor cell death [133,134]. In
phase I studies, Vicinium demonstrated good tolerability and antitumor activity, warranting
further study [135]. In phase II studies, 46 patients with BCG-refractory non-muscle-muscle-
invasive bladder cancer (NMIBC) had a complete response of 39-41% at 3 months, and 16%
remained disease-free [136]. These studies confirmed the efficacy and safety of Vicinium in
second-line treatment of NMIBC, with mild side effects, mainly bladder irritation. Despite
promising results, Vicinium was not approved by the FDA due to insufficient data. The
phase III VISTA study (NCT02449239) investigated efficacy in BCG-refractory NMIBC,
achieving a 3-month response rate of 40% and a median duration of response of 9.4 months.
The 2-year OS was 96% [95% CI] for the study group. Combination therapy studies, such
as Vicinium with durvalumab (NCT03258593), are also ongoing to assess the safety and
efficacy of therapy in UC without muscle invasion [118].

Tisotumab vedotin (TV) is the first ADC directed against tissue factor (TF), expressed
on the surface of cancer cells [137]. TV consists of a human monoclonal antibody specific
for TF linked to the microtubule inhibitor MMAE via a protease-cleavable valine-citrulline
linker. TF, a transmembrane glycoprotein, plays a key role in tumor growth, metastasis,
and angiogenesis, and its expression in urothelial cancer (UC) reaches 77.6%. High levels
of TF are associated with disease-specific survival, risk of progression, and efficacy of
adjuvant chemotherapy [138]. In 2019, de Bono et al. conducted a phase I/1I clinical trial
involving 174 patients, including 17 with bladder cancer. The safety and tolerability of TV
were assessed in the dose escalation phase (0.3 mg/kg and 1.5 mg/kg) and dose expansion
phase (2.0 mg/kg). Observations included the frequency of adverse events, including
serious and infusion-related adverse events. In the dose expansion phase, 26.7% of bladder
cancer patients achieved an objective response to treatment according to RECIST 1.1 criteria.
Although the study was not focused on the assessment of the therapeutic effect, TV showed
promising antitumor activity in a broad spectrum of solid tumors, including UC, which
justifies further clinical studies [139].

3.4.4. Gene Therapies
Examples of Innovative Gene Therapies

Nadofaragene firadenovec-vncg (Adstiladrin) is a novel, non-replicating adenoviral
vector-based gene therapy for the treatment of adult patients with high-risk NMIBC who
do not respond to BCG. It is used in cases of CIS with or without papillary tumors. The
therapy works by delivering the gene encoding interferon alpha-2b (IFN«-2b) directly to
bladder epithelial cells, resulting in the secretion of IFNx-2b. The therapeutic effects include
cytotoxic, antiangiogenic, and immunomodulatory effects, which enhance the immune
response and increase the immunogenicity of tumor cells. Phase III clinical trials have
shown that more than half of patients achieved a complete response after three months
of therapy, and efficacy was maintained in some of them for a year or more. The safety
profile of the drug is also extremely favorable, with few adverse events, mainly local and
mild, and a low risk of systemic toxicity. The introduction of this therapy gives patients
the opportunity to avoid radical cystectomy, which contributes to the improvement of the
quality of life, while maintaining full bladder function [140,141]. In the study presented by
Chinese researchers, a novel approach to BC therapy was presented by creating artificial
circular RNA (acircRNA), which uses aptamers to specifically silence signaling pathways
associated with oncogenic transcription factors, such as 3-catenin and NF-kB—transcription
factors crucial for the development and progression of BC. Unlike traditional RNA-based
methods, circular RNA is more stable and effective in inhibiting carcinogens. In the study,
acircRNA consisting of three functional units (aptamers) was created, which specifically
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bind and inhibit (3-catenin and NF-«B. The effectiveness of acircRNA was tested on bladder
cancer cell lines (T24 and 5637). The results showed that acircRNA effectively reduced
the expression of oncogenic genes such as c-myc and cyclin D1 (related to 3-catenin) and
Bcl-XL and TRAF1 (related to NF-«B). In vitro studies showed that acircRNA reduced
cancer cell proliferation, increased apoptosis, and inhibited cancer cell migration. To deliver
acircRNA to target cells, the researchers used exosomes with the fusion protein CD63-HuR,
which facilitated the loading of acircRNA into exosomes and their delivery to cancer cells.
Exosomes containing acircRNA were more effective in inhibiting (3-catenin and NF-«kB than
the traditional CRISPR-dCas9-KRAB system, making them a potentially more effective
therapeutic tool. The findings suggest that acircRNA may be a promising, innovative
treatment strategy for bladder cancer [142].

Polyethyleneimine (PEI) is a promising cationic polymer used in the delivery of nu-
cleic acids to cancer cells, making it an important tool in the development of gene therapy
for the treatment of bladder cancer. Due to its ability to form polyplex complexes, PEI
facilitates the transport of genetic material across cell membranes, offering a potential
alternative to viral therapies. In the treatment of cancers such as BC, PEI has demonstrated
the ability to effectively deliver therapeutic genes that can induce cytotoxic responses,
e.g., by expressing tumor suppressor genes (e.g., p53) or antiangiogenic genes (e.g., sFLT-1)
that inhibit tumor growth. However, PEI is associated with certain clinical limitations, such
as toxicity resulting from its high cationic charge and limited biodegradability. In order to
improve biocompatibility and increase clinical efficacy, innovative formulations of PEI are
being developed, including combinations with biodegradable links or modifications to the
polymer structure. Studies of PEI delivery by direct injection into the bladder tumor suggest
that local administration may reduce systemic toxicity while increasing antitumor efficacy.
With these advances, PEI has the potential to become a versatile tool in gene therapy
for bladder cancer, with the potential to significantly improve treatment outcomes while
reducing adverse events [143]. CG0070 is an oncolytic adenovirus designed to selectively
replicate and kill Rb pathway-defective tumor cells (retinoblastoma). It acts by directly
killing tumor cells and stimulating the immune system. It has been used intravesically to
treat non-muscle-invasive bladder cancer (NMIBC), particularly in patients who are unre-
sponsive to Bacillus Calmette-Guérin (BCG). In the BONDO003 (phase III) study, CG0070
achieved an overall response rate of 76%, with 74% of patients maintaining a response for
at least 6 months. The therapy was well tolerated, with mild adverse events such as bladder
spasms (20%) and urinary frequency (16%). When combined with pembrolizumab in the
COREOQ01 (phase II) trial, the overall response rate was 85%. CG0070 offers an effective
alternative for patients who do not respond to standard therapies, with low toxicity and
bladder-sparing potential. Due to promising results, it has been granted Breakthrough
Therapy Designation by the FDA [144]. EG-70 (detalimogen voraplasmid) is an investiga-
tional, nonviral gene therapy designed to locally stimulate an antitumor immune response
in high-risk non-muscle-invasive bladder cancer (NMIBC) that is unresponsive to Bacillus
Calmette-Guérin (BCG). The therapy aims to provide durable efficacy while limiting the
risk of systemic toxicity resulting from immunostimulation. In preclinical studies, EG-70
has demonstrated the ability to significantly remodel the tumor microenvironment from an
immunosuppressive to a proinflammatory one. In a murine bladder cancer model, EG-70
administration reduced myeloid cell counts and IL-4 levels, while increasing NK and T cell
counts and proinflammatory cytokines. This led to effective tumor clearance and improved
survival, with durable protection against tumor recurrence. T cells played a key role in
the mechanism of action. In the phase 1/2 LEGEND clinical trial (NCT04752722), EG-70
was administered intravesically to patients with high-risk NMIBC and carcinoma in situ
(CIS). The therapy was well tolerated at all dose levels, with a complete response rate of
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73%. These results support the efficacy of EG-70 in stimulating a local immune response,
enabling effective treatment of NMIBC with minimal side effects. EG-70 is a promising
treatment for bladder cancer that is unresponsive to standard therapies [145].

BC-819 is an innovative gene therapy based on a double-stranded DNA plasmid that
contains the A subunit of diphtheria toxin (dtA) under the control of the H19 promoter. The
mechanism of action of BC-819 is based on the selective activation of dtA toxin synthesis in
cancer cells that express high H19 gene activity. The H19 gene, a key factor in this process,
is highly active in many human cancers, including bladder cancer, while its expression is
virtually undetectable in healthy tissues. As a result, BC-819 targets cancer cells, selectively
inhibiting protein synthesis and causing their death, while minimizing the impact on
healthy tissues. The safety and efficacy of BC-819 were assessed in a phase I/1I study in
patients with non-muscle-invasive bladder cancer (NMIBC) who were unresponsive to
standard BCG therapy. The results showed promising results: 22% of patients (4 out of
18) showed tumor marker ablation, and five out of nine patients who received a month of
maintenance therapy had a DFS (disease-free survival) exceeding 35 weeks. Importantly,
no serious treatment-related adverse events (DLT) were reported. Although the results
of the initial studies are encouraging, further studies are needed to confirm the efficacy
and safety of BC-819 in this group of patients and to introduce the therapy as a potential
treatment option for H19-expressing NMIBC [146].

Potential Limitations and Side Effects of Gene Therapies

We still have to deal with many limitations or side effects in the aspect of gene therapies.
In the case of acircRNA, in vivo studies are necessary to confirm the efficacy also in this
field [142]. In turn, when it comes to PEI, a major obstacle is toxicity resulting from the
high cationic charge and limited biodegradability, which may play a major role in the era
of climate change [144]. In the case of CG0070, further studies are needed to investigate the
long-term efficacy of this therapy [144]. EG-70 faces a similar problem as, in this case, it is
also necessary to collect data that will include aspects of long-term efficacy [145]. The least
studied therapy of all mentioned is undoubtedly BC-819, which requires further work in
terms of both confirmation of efficacy and safety [146].

3.4.5. Photodynamic Therapy

Photodynamic therapy (PDT) is a promising treatment method for BC, based on
the use of a photosensitizer that selectively accumulates in cancer cells. Activated by
light of an appropriate wavelength, the photosensitizer generates reactive oxygen species
(ROS), which leads to cancer cell damage and death. PDT has the potential to be used in
neoadjuvant and adjuvant treatment of bladder cancer, potentially reducing recurrence
and increasing the effectiveness of local control. Photosensitizers used in PDT, such as
5-ALA, hypericin, and chlorophyllin, differ in their mechanism of action and selectivity for
cancer cells, which allows for more precise treatment. Animal models and in vitro studies
indicate that combining PDT with other therapies, such as intravesical chemotherapy or
targeted therapy, can improve treatment outcomes. Clinical studies suggest that PDT may
be an effective option for treating recurrent BC, but further technological refinement is
needed to reduce side effects and optimize therapeutic regimens for wider clinical use [147].
Particularly great interest is observed in the area of photodynamic diagnostics (PDD) and
PDT with 5-aminolevulinic acid (5-ALA). These are advanced methods of BC treatment and
detection, especially useful for detecting superficial and flat tumors such as CIS, which are
difficult to see with conventional cystoscopy. In PDT, 5-ALA combined with an appropriate
wavelength of light generates ROS, which destroys tumor cells by damaging mitochondria
and inducing apoptosis. For better light penetration, red light is most often used in
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PDT. This procedure is minimally invasive and can be performed repeatedly without
damaging the bladder, making it a safe adjunct to BC treatment, especially in patients at
high risk of relapse. Clinical use of 5-ALA-PDT may replace aggressive treatments such as
chemotherapy or BCG therapy, which are associated with a higher risk of complications.
5-ALA-PDT is able to effectively control CIS and other flat lesions without causing systemic
side effects. Studies are ongoing to improve the formulation of 5-ALA, which may further
increase its efficacy. The future of 5-ALA-PDT in NMIBC therapy seems promising, offering
a safer and more effective alternative in the diagnosis, treatment, and monitoring of bladder
cancer [148].

3.5. Nanomedicine
3.5.1. Nanomedicine in Photodynamic Therapy

Nanotechnology-assisted photodynamic therapy (PDT) is a promising method for
treating bladder cancer, combining the use of a photosensitizer, light of an appropriate
wavelength, and oxygen to generate reactive oxygen species that destroy cancer cells. The
innovative use of nanoparticles such as MnO; significantly increases the efficacy of this
therapy, overcoming the problem of tumor hypoxia by providing additional oxygen to their
environment. Nanotechnology also allows for precise delivery of photosensitizers to tumor
tissue, minimizing damage to healthy tissues and reducing systemic toxicity thanks to the
controlled release of active substances. Moreover, the synergistic action of ROS supported
by advanced light targeting systems improves the therapeutic efficacy of PDT, making it
more effective compared to traditional treatment methods [149].

Numerous studies have been conducted to overcome the limitations of PDT in the
treatment of BC. In one such study, Yan et al. created nanoparticles containing 5-ALA and
evaluated their phototoxic potential against T24 bladder cancer cells in laboratory studies.
The nanoparticle base was a copolymer of caprolactone, polyethylene glycol, and lactide,
prepared by ring-opening copolymerization. The process of loading 5-aminolevulinic
acid into the nanoparticles was carried out using the nanoprecipitation technique. MTT
cytotoxicity assay showed that nanoparticles with 5-ALA had a higher level of toxicity
towards cancer cells compared to free 5-ALA alone. Moreover, the inhibition effect of
cancer cell growth was more than twice as high using 5-ALA nanoformulation compared
to the drug alone. These results suggest that the modification of 5-aminolevulinic acid
using nanotechnology enhances the efficacy of PDT [150]. Current photosensitizers have
limitations, such as low selectivity, poor absorption bandwidth, limited bioavailability,
and insufficient efficiency. They also lack the ability to co-deliver chemotherapeutic drugs
and induce photothermal effects. In response to these challenges, Lin et al. developed
a multifunctional nanoporphyrin (PNP) platform encapsulated with the ligand PLZ4,
which enables simultaneous photodynamic, photothermal, and targeted chemotherapy
diagnostics and therapy. PLZ4 specifically binds to integrin av33, which is expressed
on invasive transitional cell bladder cancer cells. The PNP platform with doxorubicin
(DOX) showed high cytotoxicity against bladder cancer cells after irradiation, increasing
cell damage such as edema and membrane degradation. In mouse models of bladder
cancer, the intravesical application of PNP-DOX effectively delivered the drug to cancer
cells and inhibited tumor growth, with minimal side effects. The study showed that PNP
therapy was more effective than 5-ALA alone, offering better selectivity, slower drug
release, and longer systemic duration of action [151,152]. A study published in September
2024 developed an innovative approach to PDT of bladder cancer using X-ray activated
nanotransducers that combines diagnostics and therapy. The main technology is based on
lanthanide nanomaterials that emit light simultaneously in the visible and near-infrared
(NIR-II) range, which allows real-time monitoring and imaging. Nanotransducers, enriched
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with a peptide targeting cancer cells, were administered to the bladder of mice with cancer.
X-ray radiation excites photosensitizers in the nanomaterials, which generates ROS that
destroy cancer cells and stimulates an immune response. Studies have shown that the
use of fractionated PDT with nanotransducers leads to the inhibition of tumor growth,
reduced recurrence, and improved survival rates. With NIR-II imaging, it is possible to
track therapy and adjust radiation doses in response to tumor status. This nanotechnology-
based strategy offers a promising, non-invasive solution that may support the diagnosis
and monitoring of bladder cancer, while eliminating the need for biopsy and increasing
treatment efficacy [153].

3.5.2. Nanomedicine in Gene Therapies

In bladder cancer therapy, one approach to reducing gene expression is the use of RNA
interference (RNAi), where siRNA and shRNA have been particularly effective in limiting
cancer cell proliferation and invasion and reversing their drug resistance. In response to
these challenges [154]. Liang et al. in 2021 [155] attempted to design a chitosan-hyaluronic
acid dialdehyde nanoparticle (NP) (CS-HAD NP) as a carrier for siRNA targeting the BCL-2
gene, which is a gene responsible for tumor development. Hyaluronic acid (HAD) was
prepared using a mixture of water and ethanol and then conjugated with chitosan amino
groups to form nanoparticles of 100-120 nm in size. These CS-HAD NPs are capable of
selectively transporting siRNA to cancer cells overexpressing the CD44 protein. The siRNA
was placed in the nanoparticle core with an efficiency of 95%, which ensures its delivery
efficiency. Studies conducted both at the cellular level (in vitro) and in mice (in vivo)
showed that siRNA@CS-HAD NPs significantly reduced the viability of T24 cancer cells
and increased the levels of cleaved PARP, suggesting that the system effectively silences
cancer genes. The nanoparticles also showed compatibility with blood, without affecting
red blood cells. When administered to mice with T24 tumors, they inhibited their growth
significantly more than the use of naked siRNA or nanoparticles without hyaluronic acid.
Thanks to this innovative approach, the siRNA@CS-HAD NP system has the potential to
treat breast cancer with high expression of the CD44 protein [155]. ncRNAs, or non-coding
RNAs, play important regulatory roles in organisms, controlling processes such as cell
differentiation, proliferation, and migration. MicroRNAs (miRs), which are short ncRNA
segments, silence genes by binding to specific regions of mRNA (3’-UTR), which results in
the inhibition of their translation. There are two main groups of miRs: tumor suppressors
(inhibiting tumor development) and oncogenic miRs, so-called oncomiRs, promoting its
growth. The abnormal expression of miRs is associated with various solid tumors. For
example, miR-34a acts as a tumor suppressor, limiting the proliferation, migration, and
metastasis of cancer cells. It has been shown that miR-34a reduces the expression of CD44 on
the surface of cancer cells and increases their susceptibility to drugs. Shahidi et al. created
silica nanoparticles (c((RGDfK)-MSN NPs) that can deliver miR-34a and siRNA (siPD-L1) to
bladder cancer cells. PD-L1 is a protein that helps cancer avoid T cell attack. The use of a
PD-1/PD-L1 inhibitor increases the effectiveness of treatment, and the delivery of miR-34a
and siPD-L1 to cells reduces the expression of PD-L1 and CD44, which results in higher
apoptosis of cancer cells. In vitro and in vivo studies have shown that c(RGDfK)-MSN NPs
were stable in blood and effectively delivered cargo to cells. In an acidic environment (pH
5.4), miR-34a and siPD-L1 were released, and the nanoparticles showed high selectivity for
T24 cancer cells, reducing their migration and invasion by 55% and 45%, respectively. Tests
on mice have shown that these nanoparticles effectively inhibit tumor growth, making them
a promising tool in cancer therapy [154,156]. KDM6A is a key regulator of bladder cancer
progression, and its mutation promotes immune escape of tumor cells and reduces immune
cell infiltration. KDM6A promotes ARHGDIB expression, which inhibits Racl and limits
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tumor metastasis. The described study involved the delivery of KDM6A-mRNA using
mucoadhesive nanostructures, which increased the exposure of mRNA to the tumor site
and prolonged its delivery. Higher expression of KDM6A significantly reduced metastasis,
and nanostructures with mRNA showed synergistic effects with other clinically used
drugs [157-159].

3.5.3. Nanomedicine in Immunotherapy

Terdn-Navarro and colleagues created the GNP-LLO91-99 nano-vaccine by combining
gold glycoside (GNP) molecules with peptides 91-99 of the bacterial toxin listeriolysin O
(LLO). The nano-vaccine effectively counteracted the immunosuppression characteristic of
bladder cancer by stimulating the immune system. It increased the number of cytotoxic T
lymphocytes and dendritic cells (DCs) present in the tumor, while reducing the number
of regulatory T cells (T reg) and myeloid-derived suppressor cells (MDSC), which are
responsible for inhibiting the immune response [160]. The main advantage of nanoparticles
is their extremely small size, which, with their outstanding transport efficiency, allows for
precise targeting of selected sites or cells, enhancing the immune response and limiting
adverse effects (irAEs) [161]. It is also important to note that nanoparticles can be targeted
not only to cancer cells, but also to matrix metalloproteinases (MMPs) or lysoxidase (LOX)
present in the tumor microenvironment (TME), which allows for dual recognition. In addi-
tion, nanoparticles can induce immunogenic cell death (ICD) and trigger threat-associated
molecular patterns (DAMPs), which support the maturation of dendritic cells (DCs) and
enable the conversion of M2 macrophages to M1 macrophages in the TME. Combining
nanoparticles with immunotherapeutic drugs allows for faster delivery to tumors and si-
multaneous acceleration of their elimination from the bloodstream, which reduces systemic
exposure while maintaining adequate stimulation in the TME [162]. BCG nanoformu-
lations, or Bacillus Calmette-Guérin vaccines on a nanoscale, offer a modern approach
to bladder cancer immunotherapy. By using lipid, polymer and magnetic nanocarriers,
nano-BCG enables precise delivery of the vaccine to cancer cells, increasing its effectiveness
and minimizing side effects. These advanced carriers improve bioavailability and allow for
prolonged release of the substance, which enhances the immune response. When combined
with chemotherapeutics, nano-BCG shows synergistic effects—not only intensifying the
destruction of cancer cells but also reducing the systemic toxicity of the therapy. Although
the research remains at the experimental stage, nano-BCG has enormous clinical potential,
offering more effective and more tolerable treatment for bladder cancer [163]. In 2021,
Zhou et al. designed a novel system for the simultaneous delivery of different drugs to
cancer tissues in breast cancer therapy. The main goal of this approach was to weaken the
influence of the tumor microenvironment, which inhibits the activity of immune system
cells, and to enhance the effect of checkpoint inhibitors. To this end, scientists created
macrophage-derived exosome-mimicking nanovesicles (EMVs) that precisely deliver a
CD73 inhibitor (AB680) and a monoclonal antibody (aPDL1). Both in vitro and in vivo stud-
ies confirmed the high stability and biological safety of this therapy, as well as the effective
targeting of delivery to breast cancer cells. The blockade of CD73 reduced the production
of extracellular adenosine, while the inhibition of PD-L1 expression prevented cancer cells
from evading the immune response. The combined therapy increased the activation and
infiltration of cytotoxic T lymphocytes, resulting in the inhibition of tumor growth and
prolonged survival in mouse models [164]. In 2024, Chinese scientists developed a novel
theranostic nanotransformer (CTMF NP) designed specifically for bladder cancer therapy.
Due to the dynamic metal-polyphenol coating activated by the tumor microenvironment
(TME), this nanotransformer exhibits high bioadhesiveness, which enables precise, local,
and long-lasting anticancer effects. This nanotransformer uses zero-background 19 F-MRI
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technology and photoacoustic imaging, which enables precise monitoring and control of
the therapy. Additionally, the coating enhances oxidative stress in cancer cells by depleting
glutathione (GSH) and generating ROS, which leads to structural damage and mitochon-
drial dysfunction of cancer cells. This technology also enables the induction of ICD, which
increases the body’s immune response. CTMF NP offers a promising strategy for synergistic
anticancer therapy by combining photothermal, chemical, and immunological effects in
one system [165].

As a new approach to bladder cancer treatment, urease-powered nanobots have
been developed, which demonstrate greater therapeutic efficacy compared to traditional
intravesical drug delivery methods. Due to their self-propulsion, these nanobots move
better in urine, which facilitates their diffusion and increases their accumulation at the
tumor site. In a mouse model, it was shown that silica-based nanobots, radioactively
labeled (131 I), effectively reached the tumor, which enabled precise radionuclide therapy
(RNT) and reduced tumor size by about 90%. The nanobots showed the ability to penetrate
the tumor and to be retained in the tumor tissue, as demonstrated by PET-CT imaging and
scattered light microscopy. It was also found that nanobots, acting at low doses, achieve
high therapeutic efficacy, making them a promising tool in the treatment of bladder cancer
in clinical settings [166].

3.5.4. Nanomedicine in Targeted Therapy

iRNA delivery systems such as lipid and viral carriers are widely used, but their
limitation is the frequent cytotoxicity in humans. In response to this problem, Chen et al.
designed an innovative system based on Mg(ll)-catechin nanogenes, which enables precise
delivery of EIF5A2 siRNA. In the conducted studies, both on T24 cell lines and in xeno-
geneic models, the Mg(I)-catechin/siEIF5A2 complex significantly inhibited the growth of
bladder cancer. These self-assembled nanoparticles, distinguished by high biocompatibility,
showed selective activity against bladder cancer cells and strong synergistic anticancer
properties. The results of the study introduce a novel way of designing nanoparticles, using
natural anticancer substances to increase the effectiveness of therapy [167]. Maria et al.
used a patented poly(beta-aminoester) polymer as a siRNA carrier and tested it on two
bladder cancer cell lines. This nanoparticle contained a C32 pBAE backbone, in which the
final oligopeptides were 50% arginine and 50% lysine, and a bromelain protein shell, which
enabled efficient crossing of mucus barriers. After the application of siRNA encapsulated
in these nanoparticles, a significant decrease in the viability of bladder cancer cells was
observed. However, the efficacy of paclitaxel (PTX) was significantly higher than that of
siRNA NPs. Additionally, the simultaneous use of both anticancer drugs did not show a
synergistic effect, suggesting that these siRNA NPs are not able to improve the resistance
of bladder cancer cells to PTX [168]. AIB1 was initially identified as a gene overexpressed
in many cancers. Later studies showed its expression in urothelial bladder cancers, mak-
ing it a new, independent prognostic marker for patient survival. Wei et al. developed
ACC/CalP6 nanoparticles (NPACC/Cal--P6) to deliver siRNA directed against AIB1. The
new nanoparticle was characterized by the absence of cytotoxicity. In both in vitro and
in vivo studies, the ACC/CalP6/siRNA complex effectively inhibited cell proliferation,
induced apoptosis, and downregulated the expression of PI3K/Akt pathway [169]. Table 2
below presents a comparison between innovative therapies and existing standard treat-
ments (e.g., chemotherapy, immunotherapy, targeted therapy), clarifying their impact on
clinical practice and patient outcomes.
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Table 2. Summary of differences between recent methodologies in bladder cancer.

Type of Method Clinical Outcomes Side Effects Reference
Surgical approach The clinical outcomes of the described In TURBT, the main concern is [60-62]
(Current Standard) bladder cancer treatments indicate incomplete tumor removal, which
high effectiveness of TURBT, increases the risk of recurrence and
particularly when the detrusor muscle  disease progression. In the case of
is present in the sample, reducing the radical cystectomy (RC) and
risk of recurrence and improving robot-assisted radical cystectomy
five-year survival. ReTURBT in T1 (RARC), complications within 30 and
tumors enhances staging accuracy and 90 days are similar, although RC is
treatment outcomes. Radical associated with greater blood loss
cystectomy (RC) and robot-assisted and a higher need for transfusions,
radical cystectomy (RARC) show while RARC offers better hemostasis
comparable oncological results, with and surgical field visualization but
RARC offering reduced blood loss and requires longer operative time.
better surgical field visualization, Partial cystectomy (PC) is more
despite a longer operative time. Partial invasive than TURBT, involving
cystectomy (PC) preserves bladder abdominal incision, which prolongs
function and is effective in selected surgery and recovery time and
patients, but carries a higher risk of increases the risk of infections.
recurrence and requires regular Additionally, PC carries a higher
follow-up. likelihood of cancer recurrence,
necessitating long-term follow-up.
Chemotherapeutic In neoadjuvant chemotherapy, the Both as neoadjuvant (preoperative) [63,64]
approach (Current standard treatment regimen includes  and adjuvant (postoperative) therapy,
Standard) gemcitabine and cisplatin, causes side effects typical of systemic

administered every three weeks in four
cycles, with the goal of maximizing the
antitumor effect before surgery.
Studies have shown that the use of
neoadjuvant chemotherapy before
cystectomy increases overall survival
and event-free survival. Adjuvant
chemotherapy, on the other hand, is
used in patients at high risk of cancer
recurrence, with the aim of destroying
any residual cancer cells that may have
remained after surgery. Analyses show
that the 5-year overall survival in the
AC group is 42.6%, which is
significantly higher than the 37.8%
observed in patients without
chemotherapy, but lower than the
48.3% in patients who received
neoadjuvant chemotherapy.

therapies, such as weakness, nausea,
damage to the kidneys, hearing,
and immunity.




Uro 2025, 5,11

29 of 46

Table 2. Cont.

Type of Method

Clinical Outcomes

Side Effects

Reference

Radiotherapy
approach
(Current Standard)

In patients with clinically positive
lymph nodes (cN+ M0), radiotherapy
can be used in a radical form (RadRT)

as an alternative that allows for
bladder preservation. Studies indicate
that patients undergoing RadRT
achieve similar outcomes in terms of
overall survival (OS) and
progression-free survival (PFS)
compared to those who undergo
cystectomy. The effectiveness of
radiotherapy can be further enhanced
by using radiosensitizers such as
gemcitabine or mitomycin, which
strengthen the tumor’s response
to treatment.

Side effects of radiotherapy for
bladder cancer may include fatigue,
which manifests as persistent
physical and mental exhaustion that
is not relieved by rest. Hematuria, or
blood in the urine, can also occur,
ranging from mild to more severe
cases requiring medical intervention.
Additionally, long-term damage to
the bladder and surrounding tissues
is possible, leading to complications
such as reduced bladder capacity,
urinary dysfunction, and, in some
cases, fibrosis of adjacent organs,
which can impact overall quality
of life.

[69]

Immunotherapeutic
approach
(Current Standard)

Bacillus Calmette—-Guérin (BCG) is the
standard treatment for patients with
non-muscle-invasive bladder cancer

(NMIBC) at intermediate and high risk.

It is also the preferred approach for
tumors containing carcinoma in situ
(CIS). Through intravesical
administration, BCG triggers a
complex immune response involving
dendritic cells, macrophages, natural
killer (NK) cells, and T lymphocytes,
effectively aiding in tumor eradication
in many patients.

BCG immunotherapy commonly
causes irritative symptoms like
increased urinary frequency and
hematuria. In rare instances, a
mycobacterial infection may develop,
necessitating specialized
medical intervention.

[55]

Trimodal therapy
(TMT)
(Current Standard)

Trimodal therapy (TMT) for bladder
cancer, which combines maximal
tumor debulking via transurethral
resection of bladder tumor (TURBT)
with chemoradiotherapy, has
demonstrated promising clinical
outcomes. According to prospective
RTOG studies, the five-year overall
survival (OS) rate is 57%, while the
disease-specific survival rate reaches
71%. A significant advantage of TMT
is the preservation of bladder function,
with 79% of survivors reporting
satisfaction with their urinary function,
significantly improving their quality of
life. Additionally, 75% of patients rated
their bladder function as normal after
TMT, based on urodynamic tests and
questionnaires, highlighting the
functional benefits of this approach.
These outcomes underscore TMT as a
viable alternative to radical cystectomy,
particularly for patients seeking
bladder preservation.

Despite its benefits, TMT is
associated with potential side effects,
primarily related to
chemoradiotherapy. Common
adverse effects include bladder
irritation, urinary frequency, dysuria,
and fatigue, which are typical of
cisplatin-based chemoradiotherapy.
Additionally, radiation therapy can
lead to long-term bladder
dysfunction in some patients, such as
reduced bladder capacity or
increased urinary urgency. Strict
monitoring through cystoscopy and
urine cytology is essential to detect
recurrence early, as disease
progression may necessitate radical
cystectomy. While TMT offers
significant advantages in bladder
preservation and quality of life,
careful patient selection and
management of side effects are
crucial to optimizing outcomes.

[71]
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Type of Method Clinical Outcomes Side Effects Reference
New prognostic and A reduction in VAF in ctDNA after 6 Side effects included an acceptable [72,73]
predictive biomarkers weeks of anti-PD-L1 therapy was toxicity profile for atezolizumab and
(New Approach) associated with improved PFSand OS.  pembrolizumab, cytokine release
In the CD-ON-MEDI4736-1108 trial, syndrome (CRS) and neurotoxicity
durvalumab demonstrated durable (ICANS) in CAR-T therapy, and
clinical responses, particularly in grade > 3 adverse events in 43-62%
patients with high PD-L1 expression. of patients treated with avelumab.
In the PURE-01 study, pembrolizumab
as neoadjuvant therapy before RC in
patients with MIBC provided better
EFS in individuals with high PD-L1
CPS (89.8% vs. 59.7%; p = 0.0013). In
the KEYNOTE-361 trial, high TMB
(>175 mutations/exome) and PD-L1
CPS (>10) correlated with improved
PES, OS, and ORR, especially in
patients with both parameters at
high levels.
New Bladder Studies have shown that SIA-CIgG is a The analyzed articles did not [77,78]
Cancer-Specific promising bladder cancer-specific mention any significant side effects,
Antigens antigen with minimal expressionin ~ which may suggest a potentially safe

(New Approach) healthy tissues. CAR-T cells targeting
SIA-ClIgG effectively destroy cancer
cells, and their cytotoxicity depends on
the antigen expression level.
Compared to HER2-targeted CAR-T
cells, SIA-CIgG CAR-T cells
demonstrated milder tumor cell lysis
and better functional durability, while
the combination with vorinostat
significantly increased therapeutic
effectiveness. Nectin-4, another
antigen widely expressed in urothelial
cancer, was found in 87% of
non-muscle-invasive and 58% of
muscle-invasive bladder cancer cases,
with the highest expression observed
in non-muscle-invasive papillary
carcinomas (97%) and in situ
carcinomas (87.5%). Low or absent
expression was noted in small cell
carcinomas (0%) and sarcomatoid
carcinomas (10%). In these cases,
alternative molecular targets like Trop2
or HER2/ERBB2 were often present.
The results confirm the importance of
Nectin-4 as a key therapeutic target,
though alternative options should be
considered in cases of low expression.

therapeutic profile.
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Type of Method

Clinical Outcomes

Side Effects Reference

Personalization of
Immune Therapy
(New Approach)

The tumor mutational profile,
including dMMR and MSI-H, provides
important prognostic and predictive
information in bladder cancer
immunotherapy. Studies have shown
that dAMMR occurs in 2.3% of BC
patients and 8.95% of UTUC patients,
while MSI-H is present in 2.11% and
8.36%, respectively. The prevalence of
MSI-H is higher in localized tumors
than in metastatic ones. In metastatic
urothelial cancer, patients with
dMMR/MSI-H treated with ICIs
achieved a 64.7% response rate,
compared to 11.1% in those treated
with chemotherapy, suggesting their
role in predicting immunotherapy
effectiveness and cisplatin resistance.
Further research identified
necroptosis-related IncRNAs as
prognostic biomarkers, with prediction
accuracy for 1-, 3-, and 5-year survival
at AUC 0.707, 0.679, and 0.675,
respectively. The analysis divided
tumors into “hot”, with high immune
activity and better response to
immunotherapy, and “cold”, requiring
alternative strategies. These findings
highlight the importance of dMMR,
MSI-H, and IncRNAs in personalizing
bladder cancer treatment.

In the context of personalized [79,80]

bladder cancer immunotherapy, no

significant information regarding

side effects has been reported. The

focus is primarily on the role of
biomarkers such as dMMR, MSI-H,
and IncRNA in predicting treatment
efficacy and tailoring therapy to the
tumor microenvironment.

CAR-T Therapy
(New Approach)

CAR-T therapy in bladder cancer has
shown promising clinical outcomes,
particularly when targeting specific

antigens like Nectin-4, SIA-CIgG, and
PSCA. These therapies demonstrate

enhanced efficacy in destroying cancer
cells and reducing tumor burden, as
evidenced by decreased
bioluminescent tumor signals in
preclinical models. The use of
modified TIGIT co-receptors and CD28
activation signals further improves
CAR-T cell functionality, leading to
increased cytokine production (e.g.,
IFN-y) and cytotoxic efficiency.
Additionally, CAR-T cells’ ability to
create immunological memory offers
long-term protection against disease
progression, potentially reducing
relapse rates.

The main serious adverse events [80,81]
include cytokine release syndrome
(CRS) and immune effector
cell-associated neurotoxicity
syndrome (ICANS). These side
effects pose significant safety
challenges for the therapy and
require further research to develop
strategies to minimize
these complications.
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Use of immune
checkpoint inhibitors
(ICIs)

(New Approach)

Immune checkpoint inhibitors (ICls)
have significantly improved outcomes
in the treatment of muscle-invasive
bladder cancer (MIBC) and advanced
urothelial cancer (UC). Targeting
receptors like PD-1, PD-L1, and
CTLA-4 has enhanced T lymphocyte
activation, leading to better antitumor
responses. The phase 3 JAVELIN
Bladder 100 study demonstrated that
avelumab maintenance therapy,
combined with best supportive care
(BSC), significantly improved overall
survival (OS) and progression-free
survival (PFS) in patients with
advanced UC who did not progress
after platinum-based chemotherapy
(HR for OS: 0.63-0.79). Additionally,
LAG-3 has emerged as a promising
target, with high expression associated
with poorer survival outcomes and
reduced efficacy of adjuvant
chemotherapy. LAG-3+ expression
correlates with immunosuppressive
tumor microenvironments and CD8+ T
cell dysfunction, making it a potential
biomarker for targeted therapies
and immunotherapy.

While ICIs like avelumab are
generally well tolerated, they are
associated with adverse events. In
the JAVELIN Bladder 100 study,
grade > 3 adverse events occurred in
43-62% of patients, highlighting the
need for careful monitoring and
management of side effects.
Common side effects of ICIs include
immune-related adverse events
(irAEs) such as fatigue, skin rash,
colitis, hepatitis, and
endocrinopathies. The
immunosuppressive nature of the
tumor microenvironment, including
factors like LAG-3, may also
contribute to resistance and reduced
efficacy of ICIs, underscoring the
importance of further research to
optimize therapeutic strategies and
minimize complications.

[82,83]

Targeted therapies
(New Approach)

Targeted therapies have significantly
advanced the treatment of bladder
cancer, particularly through the
inhibition of key molecular pathways
such as FGFR3, HER2, and
PI3K/Akt/mTOR. Erdafitinib, an
FGER kinase inhibitor, demonstrated a
complete response (CR) rate of 83.3%
and a partial response (PR) rate of
11.1% in patients with
intermediate-risk non-muscle-invasive
bladder cancer (NMIBC) harboring
FGFR3/2 alterations, with a median
duration of response (DOR) of 12.8
months. Rogaratinib, another FGFR1-4
inhibitor, achieved an objective
response rate (ORR) of 20.7% in
advanced urothelial cancer (UC), with
comparable efficacy to chemotherapy.
Pemigatinib, a selective FGFR1-3
inhibitor, showed an ORR of
17.8-23.3% in UC patients with FGFR3
mutations, particularly in those with
5249C, R248C, and G370C mutations.
mTOR inhibitors like everolimus and
temsirolimus have shown moderate
efficacy, especially in patients with
TSC1 or PIK3CA mutations,

Targeted therapies, while effective,
are often associated with significant
side effects. Erdafitinib commonly
causes hyperphosphatemia (100%),
diarrhea (83.3%), and dry skin (50%).
Rogaratinib is linked to diarrhea,
hyperphosphatemia, and fatigue,
with grade 3 or higher adverse
events occurring in 43% of patients.
Pemigatinib frequently results in
diarrhea (44.6%), alopecia, stomatitis,
and hyperphosphatemia (42.7%),
with rare severe events like stomatitis
(8.8%) and anemia (8.1%). mTOR
inhibitors, such as everolimus and
temsirolimus, are associated with
insulin resistance, pneumonia,
hyperlipidemia, and severe adverse
events in 53% of patients.
Bevacizumab can cause hypertension
and proteinuria, while the
combination of avelumab and
axitinib led to serious adverse events
in 50% of patients, including
hypertension, fatigue, and two
therapy-related deaths. These side
effects highlight the need for careful
patient monitoring and the

[86-114]
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though their use is limited by
significant toxicity. Bevacizumab, an
anti-VEGF therapy, did not improve
overall survival in combination with
chemotherapy but slightly prolonged
progression-free survival (PFS) by 1.3
months. The JAVELIN Medley VEGF
trial combining avelumab (PD-L1
inhibitor) and axitinib (VEGFR
inhibitor) in cisplatin-ineligible
patients achieved an ORR of 10% and a
median overall survival (OS) of 21.2
months, though with notable toxicity.
HER2-targeted therapies, including
tyrosine kinase inhibitors and
antibody-drug conjugates (ADCs),
have shown promise in
HER2-overexpressing bladder cancer,
though resistance remains a challenge.
CRISPR/Cas9 technology, targeting
genes like DAD1, has demonstrated
preclinical efficacy in inducing cancer
cell apoptosis, offering a potential
breakthrough for NMIBC treatment.
Multi-omics and Al-driven approaches
are further enhancing personalized
therapy by identifying predictive
biomarkers and optimizing
treatment strategies.

development of strategies to mitigate
toxicity while maintaining
therapeutic efficacy.

Antibody-drug
conjugates (ADCs)
(New Approach)

Antibody-drug conjugates (ADCs)
have emerged as a transformative
therapeutic option in bladder cancer,
particularly for advanced or refractory
cases. Enfortumab vedotin (EV),
targeting Nectin-4, has shown
remarkable efficacy in advanced
urothelial cancer (mUC). In the EV-201
study, EV achieved a 44% response rate
with a median duration of response
(DOR) of 7.6 months. The combination
of EV with pembrolizumab (Pembro)
in the EV-302/KEYNOTE-A39 trial
demonstrated even more impressive
results, with a median progression-free
survival (PFS) of 12.5 months and a
median overall survival (OS) of 31.5
months, significantly outperforming
traditional chemotherapy (PFS: 6.3
months; OS: 16.1 months).
Sacituzumab govitecan (SG), targeting
TROP2, achieved an objective response
rate (ORR) of 27% and a median OS of
10.5 months in the TROPHY-U-01
study. Trastuzumab emtansine
(T-DM1), targeting HER2, has shown

Despite their efficacy, ADCs are
associated with notable side effects.
Enfortumab vedotin (EV) commonly
causes fatigue, peripheral
neuropathy, and rash, with 73% of
patients experiencing high-grade
adverse events. Sacituzumab
govitecan (SG) is linked to
neutropenia, leukopenia, and anemia,
though its toxicity profile is generally
manageable. Trastuzumab emtansine
(T-DM1) is associated with
thrombocytopenia, elevated liver
enzymes, and neuropathy,
particularly in HER2-positive cancers.
Vicinium primarily causes mild
bladder irritation, with no severe
toxicity reported in clinical trials.
Tisotumab vedotin (TV) has been
associated with infusion-related
reactions and serious adverse events
in some patients, though these were
manageable in clinical studies. These
side effects underscore the need for
careful patient monitoring and
management to balance therapeutic

[115-139]
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promising preclinical efficacy in
HER2-positive urothelial cancer (UC),
with ongoing phase II trials evaluating
its clinical potential. Vicinium
(Oportuzumab monatox), targeting
EpCAM, demonstrated a complete
response rate of 39-41% at 3 months in
BCG-refractory non-muscle-invasive
bladder cancer (NMIBC), with a
median duration of response of 9.4
months in the phase III VISTA study.
Tisotumab vedotin (TV), targeting
tissue factor (TF), showed a 26.7%
objective response rate in bladder
cancer patients in a phase I/1I trial,
highlighting its potential in UC
treatment. These ADCs offer
significant clinical benefits, particularly
in patients with limited
treatment options.

efficacy with tolerability.

Gene therapies
(New Approach)

Gene therapies have shown significant
promise in the treatment of bladder
cancer, particularly for patients with

high-risk non-muscle-invasive bladder

cancer (NMIBC) who are unresponsive
to standard therapies like Bacillus
Calmette-Guérin (BCG).
Nadofaragene firadenovec-vncg
(Adstiladrin), an adenoviral
vector-based gene therapy delivering
interferon alpha-2b (IFN«-2b),
achieved a complete response rate of
over 50% at three months in phase III
trials, with some patients maintaining
efficacy for over a year. This therapy
offers a bladder-preserving alternative
to radical cystectomy, significantly
improving patients’ quality of life.
CGO0070, an oncolytic adenovirus,
demonstrated an overall response rate
of 76% in the BONDO0O03 phase III trial,
with 74% of patients maintaining a
response for at least six months. When
combined with pembrolizumab in the
COREOQO01 trial, the response rate
increased to 85%, highlighting its
potential as an effective and well
tolerated option for BCG-unresponsive
NMIBC. EG-70, a nonviral gene
therapy, achieved a complete response
rate of 73% in the phase 1/2 LEGEND
trial, with evidence of remodeling the
tumor microenvironment to promote
antitumor immunity. BC-819,

While gene therapies are generally
well tolerated, they are not without
side effects. Nadofaragene
firadenovec-vncg primarily causes
local and mild adverse events, such
as bladder irritation, with a low risk
of systemic toxicity. CG0070 is
associated with mild adverse events,
including bladder spasms (20%) and
urinary frequency (16%), making it a
safe option for most patients. EG-70
has shown minimal systemic toxicity,
with most side effects being localized
to the bladder, though long-term
safety data are still being collected.
BC-819 has not reported serious
treatment-related adverse events in
initial studies, but further research is
needed to confirm its safety profile.
Despite these encouraging results,
challenges remain, such as the
toxicity of polyethyleneimine (PEI)
due to its high cationic charge and
limited biodegradability, which may
limit its clinical application.
Additionally, the long-term efficacy
and safety of therapies like CG0070,
EG-70, and BC-819 require further
investigation to fully establish their
role in bladder cancer treatment.
Overall, while gene therapies offer
significant potential, ongoing
research is essential to optimize their
safety and efficacy.

[141-146]
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a plasmid-based therapy targeting the
H19 gene, showed promising results in
a phase I/1I study, with 22% of
patients achieving tumor marker
ablation and 55% of patients on
maintenance therapy experiencing
disease-free survival exceeding 35
weeks. These therapies represent
innovative approaches to bladder
cancer treatment, offering durable
responses and bladder preservation.

Photodynamic therapy (PDT) has
shown promising results in the
treatment of non-muscle-invasive
bladder cancer (NMIBC), particularly
for patients resistant to BCG therapy.
In a phase 1b study using the
photosensitizer TLD-1433, two out of
three patients treated with the
therapeutic dose (0.70 mg/cm?)
achieved complete remission (CR)
without disease recurrence for 18
months. The remaining patients
experienced disease recurrence but
without progression. PDT with
5-aminolevulinic acid (5-ALA) has also
demonstrated efficacy in controlling
carcinoma in situ (CIS) and other flat
lesions, offering a minimally invasive
alternative to aggressive treatments
like chemotherapy or BCG therapy.
The use of green laser light
(penetration depth of 1.5 mm) in PDT
has helped avoid complications related
to damage to the detrusor muscle,
which was a concern with earlier
therapies using red light. Overall, PDT
shows potential as a
bladder-preserving treatment,
reducing recurrence rates and
improving local control in NMIBC.

Photodynamic
therapy
(New Approach)

PDT is generally well tolerated, with
adverse effects primarily limited to
mild to moderate lower urinary tract
symptoms, such as bladder spasms,
urinary frequency, and urge
incontinence, which typically resolve
within 90-180 days. No serious
adverse events (grade > 3) or
photosensitivity were reported in
clinical studies. However, challenges
remain, such as the risk of thermal
burns at high light power (e.g., 2.5
W) and the potential for muscle
damage with longer wavelengths
(e.g., 693 nm). The limited residence
time of photosensitizers (1-2 h) after
intravesical administration can also
affect their diffusion into tumor cells,
potentially reducing efficacy. Further
optimization of therapy parameters
and the development of more
selective photosensitizers are needed
to minimize side effects and
improve outcomes.

[147,148]

3.6. Parameters or Indices That May Impact Prognosis and Patient Eligibility for Various

Treatment Options

A growing body of evidence emphasizes the importance of individual patient

characteristics—beyond tumor type and stage—in determining prognosis and selecting
optimal treatment strategies for bladder cancer (BC). A recent systematic review and meta-
analysis assessed risk factors for chronic kidney disease (CKD) in patients undergoing
radical cystectomy (RC) and their impact on survival outcomes. The analysis identified
several clinical parameters significantly associated with long-term decline in renal function
following RC, including advanced age, low baseline renal function, high Charlson Comor-
bidity Index (CCI), diabetes, hypertension, postoperative hydronephrosis, ureteroenteric
and bowel strictures, and locally advanced disease. Notably, preoperative hydronephrosis,
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perioperative chemotherapy, and type of urinary diversion did not significantly affect
renal function. Moreover, a higher stage of CKD was independently associated with worse
metastasis-free survival, cancer-specific survival, and overall survival after RC. These
findings highlight that renal function, comorbidities, and overall health status are crucial
factors in both risk stratification and therapeutic decision-making in BC patients. Given the
high costs and strict qualification criteria of modern therapies, including immunotherapy
and targeted treatments, integrating these clinical parameters into patient assessment is
essential for tailoring treatment and optimizing outcomes [170].

The study published in 2023 emphasizes the prognostic value of functional status,
as assessed by the Barthel Index (BI), in patients undergoing radical cystectomy (RC) for
bladder cancer (BCa). Patients with impaired ability to perform activities of daily living
(BI <€ 90) demonstrated significantly worse oncologic outcomes—including higher rates
of disease recurrence, cancer-specific mortality, and overall mortality—compared to those
with higher functional independence (BI 95-100). Furthermore, individuals with lower BI
were less likely to receive intravesical adjuvant therapy and more likely to undergo simpler
urinary diversion procedures. Given that many modern and costly treatment options for
BCa have strict eligibility criteria, these findings highlight that treatment decisions should
not be based solely on tumor aggressiveness or histological type. The overall health status
and comorbidities of the patient play a critical role in determining therapeutic suitability.
Incorporating functional assessment tools such as the Bl into clinical practice may improve
patient risk stratification and guide more personalized treatment planning [171].

The study published by R Ben-David assessed the prognostic value of circulating
tumor DNA (ctDNA) in patients with bladder cancer (BC) undergoing radical cystectomy
(RC). Detectable ctDNA before surgery was associated with a higher risk of lymph node
involvement, locally advanced disease, and significantly worse recurrence-free survival
(RFS), regardless of clinical stage or use of neoadjuvant therapy. Furthermore, the presence
of ctDNA in the minimal residual disease window after RC emerged as a strong predictor
of disease recurrence. These findings highlight the growing importance of precise biological
markers in selecting candidates for complex and high-cost therapies such as neoadjuvant,
adjuvant, or immunotherapy. Given the resource-intensive nature of these treatments,
decision-making should go beyond tumor characteristics like type or aggressiveness. In-
stead, a comprehensive assessment including the patient’s general condition, comorbidities,
and molecular indicators such as ctDNA status is essential. Incorporating such parameters
into clinical practice may improve treatment stratification and enable more personalized,
effective management of bladder cancer [172].

3.7. Limitations, Clinical Challenges, and Future Perspectives Regarding Innovative Therapies for
BC Treatment

The systemic immune-inflammation index (SII) shows promise as a prognostic
biomarker in BC, but its clinical application remains limited. Elevated preoperative SII is
associated with more advanced disease and poorer survival outcomes; however, the lack
of standardized cut-off values, potential influence of unrelated inflammatory conditions,
and insufficient external validation restrict its current utility. In light of the high costs
and strict eligibility criteria of innovative therapies, there is a growing need for reliable
and accessible indicators to guide treatment selection. While SII alone may lack speci-
ficity, it could complement existing risk models and help identify high-risk patients more
accurately—particularly those who may benefit from targeted therapies such as immune
checkpoint inhibitors [173].

Although research into the urinary microbiome (urobiome) in BCa has identified po-
tential diagnostic markers—particularly Porphyromonas and P. somerae in men over 50—the
clinical application of these findings remains limited. Key challenges include the lack of
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standardized urine collection methods, low microbial biomass, and a high risk of contami-
nation, all of which can compromise data reliability. Clinically, while the urobiome shows
promise as a non-invasive biomarker for risk stratification, its utility has yet to be validated
in large, independent cohorts. This is especially important given the strict eligibility criteria
and high costs of advanced therapies like immunotherapy. Looking ahead, the urobiome
may support personalized treatment strategies in BC by helping to identify high-risk pa-
tients or predict treatment response. However, its role is currently experimental and further
research is essential before integration into routine clinical practice [174].

Modern therapies for bladder cancer—such as nanomedicine, immunotherapy, gene
therapies—offer promising potential but still face significant limitations. Key challenges
include tumor heterogeneity, treatment resistance, low drug bioavailability, and the lack
of standardized diagnostic methods (e.g., in urobiome analysis, exosome profiling, and
radiomics). Nanocarriers and RNA-based therapies require further optimization in terms
of safety, stability, and selectivity. While immunotherapies are effective, they may pro-
voke strong immune reactions. Physical approaches like hyperthermia remain limited
to localized lesions. The development of personalized therapies based on molecular and
imaging data also demands harmonized procedures and clinical validation. To integrate
these innovative strategies into routine clinical practice, further research, larger patient
cohorts, and effective combination with existing treatment protocols are essential [175].

4. Conclusions

Recent advancements in bladder cancer treatment have led to significant changes
in therapeutic standards, particularly regarding targeted therapies and immunotherapy.
The emergence of new agents such as nadofaragene firadenovec, nogapendekin alfa inbakicept,
and both systemic and intravesical immunotherapies (e.g., pembrolizumab, durvalumab,
nivolumab) has substantially expanded the range of treatment options, especially for
patients unresponsive to conventional BCG therapy.

Current clinical data support the effectiveness of combination strategies such as
chemoimmunotherapy (CheckMate 901), adjuvant immunotherapy (CheckMate 274, AM-
BASSADOR), and perioperative checkpoint inhibitor use (NJAGARA). Simultaneously,
molecular research and the development of predictive biomarkers—including PD-L1 expres-
sion, FGFR3 mutations, and MSI-H/dMMR status—are enabling increasingly personalized
treatment selection based on individual tumor characteristics.

Targeted therapies, such as FGFR inhibitors (erdafitinib, rogaratinib, pemigatinib),
next-generation agents (e.g., CAR-T cells directed at SIA-CIgG and Nectin-4), and ex-
perimental applications of CRISPR/Cas9, represent a dynamic direction in oncological
innovation.

Despite significant progress, numerous challenges remain, including therapy accessi-
bility, treatment costs, immune-related adverse effects, and the need for further biomarker
validation. Therefore, ongoing translational research and large-scale, randomized clinical
trials are essential to solidify the role of these novel therapeutic approaches.

In light of current evidence, bladder cancer treatment is moving toward an increasingly
individualized model, grounded in molecular diagnostics and the integration of targeted
and immune-based therapies. This approach holds great promise for improving prognosis
and quality of life for patients affected by this difficult-to-treat malignancy.
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