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Abstract

Bladder cancer worldwide has seen a sharp rise, making it a significant global health
concern. Recurrence monitoring is the main concern in treating the disease, and drug
resistance follows suit. Treatment options include first-line medications, adjuvant therapy
with BCG (Bacillus Calmette–Guérin) instillations, and combination therapies targeting the
PD-1/PD-L1 axis. It has varying 5-year relative survival rates depending on the stage at
diagnosis. Despite initial treatment success, resistance often develops, leading to relapse.
Resistant to standard treatment is often due to immune landscape changes that are con-
trolled by the most aberrant genes in bladder cancer, which also have a hold in the immune
environment of the bladder. Dysregulation of FGFR3 (Fibroblast Growth Factor Receptor
3) in bladder cancer contributes to cell proliferation and metastasis. Simultaneously, the
alterations in EGFR (Epidermal Growth Factor Receptor) regulation are linked to cell migra-
tion and resistance to treatment. FGFR3 in non-muscle invasive bladder cancer and EGFR
in muscle-invasive bladder cancer are central elements in triggering various signaling
pathways that contribute to chemoresistance. Concentrating the roles of both genes within
the bladder tumour, they present opportunities not only as therapeutic targets but also as
potential points of resistance and monitoring for recurrence. Exploring FGFR3 and EGFR to
enhance treatment efficacy when combined with ICIs and developing markers into reliable
diagnostic tools for recurrence, ultimately aiming for improved patient well-being, is the
key aspect we propose to target from this narrative.

Keywords: bladder cancer; global health; immunotherapy; chemoresistance; recurrence
markers; FGFR3; EGFR

1. Introduction
Bladder cancer is highly prevalent and growing in the present and will expand in the

future. The Global Cancer Observatory (GLOBOCAN) 2022 report showed that bladder
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cancer ranked 9th in incidence, with an estimated 614,298 new bladder cancer cases, making
it a significant global health concern. In terms of mortality, bladder cancer was ranked at
13th place with 220,596 deaths worldwide [1]. According to the projections to 2040, cancer
mortality (16.3 million deaths) and incidence (29.5 million new cases) will significantly rise,
with bladder cancer expected to constitute 3% of diagnoses, particularly in developing
countries. In India, it is the 9th most prevalent cancer, accounting for about 3% of new
cases [2]. World Bladder Cancer Patient Coalition, however, has the statistics reported with
64 countries worldwide as 1.9 million people living with bladder cancer as of 2025 and over
600,000 people diagnosed in these countries annually, pointing out the lack of awareness
and early diagnosis [3]. It is conditionally diverse, and the primary risk factor of bladder
cancer is tobacco use, responsible for around 50% of its incidence [4]. Tobacco smoke causes
cancer not only through direct DNA damage but also by suppressing the immune system,
enabling cancer progression beyond its direct genotoxic effects [5,6]. Chemical exposure,
particularly aromatic amines and polycyclic aromatic hydrocarbons, increases the incidence
of bladder cancer [7]. Although both genders pose a risk, men are more vulnerable than
women, with the likelihood rising as one gets older. The chances of developing bladder
cancer were also increased by persistent bladder inflammation, due to frequent infections
(such as cystitis and interstitial cystitis), bladder stones, or extended use of catheters [8].

Bladder cancer is classified as MIBC (muscle-invasive bladder cancer) and NMIBC
(non-muscle invasive bladder cancer), and based on cellular differentiation, the tumour
is classified as high/advanced, intermediate, and low grade, providing significant detail
about the aggressiveness and metastasis of bladder cancer [9]. It is composed of various
histological types, such as urothelial-, squamous cell-, adeno-, small cell-carcinomas, and
sarcoma. Among them, urothelial carcinoma is the most prevalent bladder cancer, constitut-
ing 90% of the cases. The histological types of bladder cancer have unique clinical behaviour
and treatment considerations [10]. The high recurrence rates and drug resistance are the
significant challenges associated with bladder cancer treatment [11]. Drug treatments and
BCG (Bacillus Calmette–Guérin) installation are the treatment options for NMIBC [12]. In
recent years, ICIs (immune checkpoint inhibitors) have developed as a prospective therapy
option for bladder cancer. ICIs target ICM (immune checkpoint molecules), regulatory
proteins that maintain self-tolerance and prevent autoimmune reactions [13]. Tumour
cells escape immunologic surveillance by escaping the ICM. ICIs block the inhibitory sig-
nals, which enable the immune system to combat tumour cells [14]. The success of ICIs
targeting the PD-1 (Programmed Death receptor 1)/PD-L1 (Programmed Death Ligand
1) axis in bladder cancer has additionally begun, exploring the co-stimulatory and co-
inhibitory pathways.

The co-inhibitory molecules hinder the immune system, whereas the co-stimulatory
molecules activate the immune system. The widely studied co-inhibitory molecules are
PD-1, Cytotoxic-T Lymphocyte Antigen 4 (CTLA-4), T cell immunoglobulin and mucin-
containing molecule 3 (TIM-3), lymphocyte activation gene 3 (LAG-3), and V-domain
immunoglobulin (Ig) suppressor of T-cell activation (VISTA). Likewise, the co-stimulatory
molecules such as CD28, ICOS, 4-1BB, OX40, and have a significant part in activating
T-cell proliferation in the immune TME [5,6], especially in bladder cancer, as they have
a suppressive microenvironment that inhibits T cell activation and function. Stimulat-
ing co-stimulatory receptors can counteract this suppression by enhancing T-cell effector
functions, promoting memory T-cell development for long-term surveillance and overcom-
ing T-cell exhaustion when combined with checkpoint inhibitors (e.g., anti-PD-1/PD-L1).
But they have a narrow therapy window due to the risk of systemic inflammation and
liver toxicity [15,16].
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The progression of tumours by inhibiting the immune system in the bladder is signifi-
cantly impacted by the dysregulation of two key genes, Fibroblast Growth Factor Receptor
3 (FGFR3) and Epidermal Growth Factor Receptor (EGFR) [17,18]. FGFR3 mutations are
commonly observed in bladder cancer, and their aberrations lead to changes in cytokine
production, which create an immunosuppressive microenvironment, hindering immune
cell function and promoting tumour survival [19,20]. Dysregulation in EGFR signaling in
bladder cancer expression leads to epithelial–mesenchymal transition that facilitates the
migration and cancer cell invasion. Also, the interaction of EGFR with various immune
cells will reduce ICI activity; this has been associated with elevated EGFR signaling, which
in turn suppresses the immune environment. The tumour’s immune landscape is influ-
enced by interactions between the pathways and the ICM, which play a significant role in
treatment outcomes and improved recurrence monitoring [20].

Therefore, this review will focus on the potential of the most dysregulated genes in
bladder cancer based on tumour grades, FGFR3 and EGFR, which have an impact on the
immune axis and are prime targets for manipulating the immune mechanism in bladder
TME for overcoming evasion, monitoring resistance and recurrence.

2. Immunotherapies for Bladder Cancer Treatment
2.1. BCG Immunotherapy

In the early 20th century, BCG was developed from the Mycobacterium bovis family,
and its instillation acts as a cornerstone immunotherapy for NMIBC. BCG immunotherapy
in bladder cancer works by activating the immune system. Initially, the urothelial cells
are infected with BCG so that it is attached to the tumour cells via the extracellular ma-
trix glycoprotein fibronectin, where it is subsequently internalised. BCG internalisation
activates the innate immunity, which stimulates the activation of the reticuloendothelial
system. The activation triggers the release of pro-inflammatory cytokines (interleukin-2,
tumour necrosis factor-alpha, and interferon-gamma), which result in the activation of
immune cells (T cells, macrophages, and natural killer cells). The activated immune cells
attack and destroy bladder cancer cells through cytotoxic effects, creating an environment
hostile to tumour recurrence. BCG therapy boosts adaptive immunity by activation of T
cells and formation of memory T cells, thereby preventing recurrence [21,22]. Certain ad-
verse events/complications are associated with the BCG immunotherapy, such as Reiter’s
syndrome, parotid gland infection, enterocutaneous fistula, pleural effusion, and Poncet’s
disease [23]. Despite the success rates, tumours adapt to evade the immune response, and
hence a significant subset of patients become unresponsive to BCG therapy.

BCG unresponsive patients develop a suppressive microenvironment characterised
by increased regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), im-
munosuppressive cytokines, reduced MHC expression, fibronectin downregulation, and
PD-1-mediated T-cell exhaustion, which collectively impair effective anti-tumour immunity
which is illustrated in Figure 1 [24–26].

Nearly 30% to 50% patients are BCG unresponsive, which follows standard ther-
apy of radical cystectomy [9]. However, tumour grade plays a critical role in outcomes
post-BCG. Patients with high-grade tumours, particularly T1 lesions and carcinoma in
situ (CIS), have a significantly worse prognosis if recurrence occurs after BCG therapy
compared to those with low-grade papillary tumours [27]. Although many patients re-
main recurrence-free at one year, up to 75% experience recurrence within five years, and
a portion progresses to muscle-invasive disease, which dramatically affects survival [28].
While salvage intravesical chemotherapy, immunotherapy, and novel therapies are being
studied, none have demonstrated durable responses in truly BCG-unresponsive high-grade
cases [29]. Addressing BCG unresponsiveness requires alternative strategies, including
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combination therapies (e.g., PD-1/PD-L1 axis targeted by ICIs), novel intravesical agents,
or systemic therapies. However, underlying mechanisms of resistance can guide person-
alised treatment approaches with other drug combinations to improve outcomes in BCG-
unresponsive patients [25].

 

Figure 1. Mechanism of BCG inside the bladder after instillation (created in BioRender. M, A. (2025)
https://BioRender.com/joph89f, accessed on 9 April 2026).

2.2. Co-Inhibitory and Co-Stimulating Signaling Therapies

Co-inhibitory molecules are key regulators of immune responses, which maintain
immune tolerance by suppressing immune cell activation. The co-inhibitory signaling
molecules are crucial for preventing autoimmunity, but tumours evade immune detec-
tion using the co-inhibitory signaling molecules. The immune balance is achieved by
modulating these pathways through activation and inhibition, thereby promoting anti-
tumour immunity while minimising adverse events. In bladder cancer, the upregulation
of co-inhibitory molecules enables tumour cells to escape immune surveillance, making
them a critical target for immunotherapy [30]. Its immune system evasion is mediated
by pathways like CTLA-4, PD-1/PD-L1. The co-inhibitory receptor PD-1 is expressed
on activated T cells. The ligands of the receptor [PD-L1, PD-L2] are overexpressed in
tumour cells. The interaction of PD-1 and PD-L1 inhibits T-cell activation and induces
immune tolerance [31]. CTLA-4 is a leukocyte differentiation antigen and a transmembrane
receptor expressed on T cells. It binds with the antigen-presenting cells (APC), where it
downregulates T-cell activation. CTLA-4 is another mechanism by which tumours inhibit
immune responses [32].

Clinical trials of the PD-1/PD-L1 axis targeted by ICIs have proved efficacy in
metastatic urothelial carcinoma therapy, cisplatin-ineligible locally advanced or metastatic
cases, and neoadjuvant settings for MIBC. Approved ICIs for the treatment of bladder can-
cer include Atezolizumab, Avelumab, Durvalumab, Nivolumab, and Pembrolizumab [32].
However, in many cases, the patients develop resistance to the therapy. CTLA-4 inhibitors
like ipilimumab, often studied in combination with other ICIs, have shown limited success
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in bladder cancer, potentially due to differing expression patterns and mechanisms of
action [33]. Emerging Co-Inhibitory Targets like LAG-3, TIM-3, and VISTA have shown
promise. Where LAG-3 co-expression with PD-1 correlates with poor prognosis, and dual
blockade has demonstrated efficacy in early studies [34,35]. TIM-3 and VISTA also suppress
T cell responses, and their inhibition, particularly in combination with PD-1 blockade, has
shown potential in preclinical models [36,37].

Figure 2 illustrates the molecular mechanisms that govern T-cell inhibition and stimu-
lation through interactions between T cells and antigen-presenting cells (APCs). On the left
side, under T-cell inhibition, binding of PD-1 on T cells with PD-L1/PD-L2 on APCs, along
with CTLA-4 binding to CD80/CD86, leads to inhibitory signaling that deactivates the T
cell, suppressing its immune response. This is often exploited by tumour cells to evade
immune attack. On the right side, under T-cell stimulation, immune checkpoint inhibitors
(represented by color highlighted antibodies) block the PD-1/PD-L1 and CTLA-4/CD80/86
interactions, thereby lifting the inhibitory signals. This allows the T-cell receptor and co-
stimulatory molecules like CD28 to activate the T cell, enhancing its immune activity
against targets such as cancer cells. The image gives a contrast on how immune checkpoints
suppress T-cell activity and how their blockade can strengthen immune responses.

 

Figure 2. Co-inhibitory signaling and co-stimulatory signaling pathways in TME (created in BioRen-
der. M, A. (2025) https://BioRender.com/qzdfdlb, accessed on 9 April 2026).

Co-stimulatory signaling molecules regulate and enhance the activation and prolifera-
tion of immune cells, particularly T cells, making them vital targets for immunotherapy
as depicted in Figure 2 [38]. CD28 and 4-1BB (CD137) are the important co-stimulatory
receptors present on T cells; they bind to their ligands CD80, CD37L respectively, present
on APC. This binding activates the T cell and promotes its proliferation and cytokine
production [39]. Activation of 4-1BB also improves immunotherapy outcomes by rein-
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forcing T cell responses, especially in bladder cancer treatment [40,41]. Similar activity of
co-stimulatory molecule OX40, also known as CD134, which is upregulated upon T-cell
activation, binds to its ligand in APCs, enhancing T-cell survival, memory formation, and
cytokine production, thus automatically improving the immune responses [42]. Newer
targets like GITR and ICOS boost T cell activation and counteract tumour suppression [41].
FGFR3 (and by extension EGFR) in bladder cancer mainly upregulate co-inhibitory signals
like PD-1 and CTLA-4 on T cells; sometimes PD-L1 on tumour cells in other contexts, while
suppressing co-stimulatory conditions. Direct regulation of prototypical co-stimulatory
receptors (e.g., CD28/B7, OX40/OX40L) has not been documented in these studies. How-
ever, by reducing antigen presentation (MHC I/II), chemokines and adhesion molecules,
FGFR3/EGFR signaling prevents effective engagement of T-cell co-stimulatory pathways.
The net effect is immune evasion: tumours harbouring FGFR3 or EGFR alterations show
fewer CD8+ T cells and rely on exhausted T-cell phenotypes [43].

2.3. Combination Therapies

In immunotherapy, combining the co-stimulatory and co-inhibitory receptors will be
a promising strategy for the treatment of bladder cancer. The combination approach, as
tabulated in Table 1, ICIs based on co-inhibitory antagonists and co-stimulatory agonists, is
to overcome the immune evasion mechanisms employed by tumours and to enhance the
capacity of the immune system for effective identification of the cancer cells. In bladder
cancer, these approaches aim to shift the balance from an immunosuppressive environment
toward one that promotes immune activation and effective tumour eradication. PD-1/PD-
L1 inhibitors, along with CTLA-4 inhibitors, such as nivolumab and ipilimumab, have
shown effective responses in urothelial carcinoma, but toxicity remains a challenge [33].
Apart from ICIs that are listed in Table 1, other combinations are experimented for the
different stages of bladder cancer treatments, Sasanlimab of phase 3 randomised clinical
trial (CREST trial) on combination with BCG for BCG naïve/unresponsive for high risk
NMIBC has shown efficacy in the cohort by high Event Free Survival (EFS) giving favorable
prognosis in this condition [44].

Table 1. Immune checkpoint inhibitors involved in co-inhibitory, co-stimulatory combination therapies.

S. No ICIs Target Site Mechanism of Action References

1 Pembrolizumab PD-1
Pembrolizumab is a highly selective monoclonal antibody against

PD-1. The drug can disrupt the engagement of PD-1 with its ligands
and hinder inhibitory signals in T cells.

[45]

2 Nivolumab PD-1 Nivolumab is a fully human monoclonal antibody blocking PD-1
and thereby enhancing anti-tumour immune mechanisms. [46]

3 Atezolizumab PD-L1

By blocking the PD-L1/PD-1 immune checkpoint, atezolizumab
reduces immunosuppressive signals found within the TME and,

consequently, increases T-cell-mediated immunity against
the tumour.

[47]

4 Durvalumab PD-L1
Durvalumab is a high-affinity human immunoglobulin G1 kappa

monoclonal antibody that blocks the interaction of PD-L1 with PD-1
and CD80.

[48]

5 Avelumab PD-L1
Avelumab is a fully human IgG1 monoclonal antibody ICI that

binds to PD-L1 on tumour cells, blocking its interaction with PD-1
and B7-1 receptors on T-lymphocytes.

[49]

6 Ipilimumab CTLA-4

Ipilimumab is a recombinant, fully human monoclonal antibody
that binds to and blocks human cytotoxic T lymphocyte-associated

antigen 4 (CTLA-4). Blocking CTLA-4 results in T-cell activation,
proliferation, and lymphocyte infiltration into organ tissues and

tumours, which leads to tumour cell death.

[50]

7 Nivolumab
and Ipilimumab

PD-1/PD-L1and
CTLA-4 inhibitors

PD-1/PD-L1 inhibitors in combination with CTLA-4 inhibitors, such
as nivolumab and ipilimumab, have shown durable responses in

metastatic urothelial carcinoma.
[33]
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2.4. Current Clinical Therapy Landscape

The current clinical landscape in bladder cancer involves chemotherapies and im-
munotherapies, which avoid cystectomy and ensure tumour stage-wise treatment in an
effective, patient-friendly way. First-line treatment for NMIBC and intermediate, high-risk
NMIBC generally involves BCG as adjuvant therapy besides resection of the tumour, which
is the practising scenario, but when it proves to be ineffective, there are other treatment
strategies that are followed [51]. According to Balar et al. 2021, the multicentric clinical
trial has experimented and proved that the NMIBC category of bladder tumour has the
immunotherapy choice of pembrolizumab, which is FDA-approved and treats high-risk
BCG unresponsive patients (KEYNOTE-057) [52]. The patient cohort of Ta or T1/CIS stages
of NMIBC high risk was confirmed to be BCG unresponsive and were ineligible for radical
cystectomy, or did not want the procedure. The cohort responded well to pembrolizumab
and showed anti-tumour and lesser toxicity for the drug [52].

Imfinzi, also known as durvalumab, is the FDA-approved combination drug with
gemcitabine and cisplatin currently prescribed with these neoadjuvants for MIBC patients
after radical cystectomy, with a follow-up of another dose of durvalumab standalone. This
is the only FDA-approved preoperative immunotherapy for MIBC [53].

In the metastatic setting, the combination of enfortumab vedotin and pembrolizumab
was approved by the FDA on 15 December 2023, for patients with locally advanced or
metastatic urothelial carcinoma, based on results from the EV-302/KEYNOTE-A39 trial
involving 886 patients without prior systemic therapy for advanced disease. Notably,
this combination represents the first first-line regimen in decades to demonstrate superior
efficacy compared to standard platinum-based chemotherapy [54].

FGFR-targeted therapy with erdafitinib (Balversa) has been approved by the FDA for
adult patients with locally advanced or metastatic urothelial carcinoma harbouring FGFR3
alterations, following disease progression on one or more prior lines of systemic therapy,
including prior PD-(L)1 inhibitor therapy where applicable. Erdafitinib remains the only
approved targeted therapy for urothelial carcinoma to date. Currently, FGFR inhibitors
are primarily used in the second-line setting, particularly in patients who have progressed
after or are ineligible for immune checkpoint inhibitor therapy [55,56].

3. Mechanism of Resistance Formation
Figure 3 illustrates that resistance to ICIs can arise from both intrinsic and extrinsic

factors within the tumour and its surrounding environment. Intrinsic factors are related to
the tumour cells themselves and include oncogenic mutations and dysregulation that can
alter signaling pathways, defects in antigen presentation that prevent immune recognition,
a low mutational burden with few neoantigens to trigger an immune response, tumour cell
de-differentiation leading to the loss of MHC-I expression, and T-cell exhaustion, where
immune cells lose their ability to effectively attack the tumour. On the other hand, extrinsic
factors involve the TME and include the presence of immunosuppressive cells that inhibit
immune activity, the production of cytokines and chemokines that modulate immune
responses, immune exclusion which prevents immune cells from infiltrating the tumour,
epigenetic changes in gene expression alteration that do not change the DNA sequence,
and metabolic reprogramming that supports tumour growth and suppresses immune cell
function. Because of these multifaceted resistance mechanisms, combination therapies are
often explored to overcome these barriers and enhance the efficacy of ICIs.

https://doi.org/10.3390/immuno6020036

https://doi.org/10.3390/immuno6020036


Immuno 2026, 6, 36 8 of 25

Figure 3. The resistance mechanism by immune checkpoint inhibitors in the TME of the immune axis
(created in BioRender. M, A. (2026) https://BioRender.com/ukzv2m0, accessed on 9 April 2026).

Development of resistance to CTLA-4 inhibitors and PD-1/PD-L1 inhibitors in bladder
cancer patients involves intrinsic and extrinsic factors. Tumour cells employ various
intrinsic mechanisms to evade immune detection and resist immunotherapy. Tumours
with mutations in genes involved in antigen presentation, such as those in the major
histocompatibility complex (MHC) class I pathway, are less likely to be recognised by T cells,
leading to resistance to ICIs [57]. Tumours with low mutational burden or few neoantigens
are less likely to elicit a robust T-cell response, contributing to primary resistance [58,59].

Intrinsically, bladder tumours exhibit high mutational burdens and frequent alter-
ations in pathways such as p53, PI3K/AKT, DNA repair, and chromatin remodelling,
which influence immune visibility and responsiveness (Cancer Genome Atlas, 2014) [60].
Additionally, tumours overproduce prostaglandin E2 (PGE2) via the COX2/mPGES1
pathway, which suppresses antigen presentation, impairs dendritic cell maturation, and
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promotes the recruitment of immunosuppressive myeloid cells [61]. Bladder cancer is
also characterised by the aberrant production of hyaluronan, which contributes to tumour
growth and immune evasion by interacting with CD44 on immune cells and modulating
inflammatory signaling [62].

Extrinsically, the TME becomes highly immunosuppressive, populated by regulatory
T cells (Tregs), MDSCs, tumour-associated macrophages (TAMs), and tolerogenic dendritic
cells (tDCs). These immune cells express PD-L1 and secrete inhibitory cytokines such as
IL-10, TGF-β, and IL-6, which blunt T cell responses and promote immune tolerance [63].
MDSCs, which accumulate in both peripheral blood and tumour sites of bladder cancer
patients, suppress CD4+ and CD8+ T cells and can differentiate into immunosuppressive
PD-L1+ macrophages or dendritic cells. Similarly, TAMs adopt an M2-like phenotype,
supporting angiogenesis, tumour invasion, and directly suppressing cytotoxic T cells [64].
tDCs, influenced by tumour-secreted IL-10 and PGE2, fail to mature and instead promote
Treg induction through PD-L1/PD-1 signaling. Tregs themselves are abundant in bladder
tumours and contribute to immunosuppression via the expression of FOXP3, CTLA-4, and
IL-10, effectively silencing effector T cell responses [65].

Figure 4 illustrates the complex immune microenvironment of bladder tumours and
the diverse mechanisms they use to evade immune recognition. In the upper section, it
shows how various immune and stromal cells, such as regulatory T cells (Tregs), MDSCs,
cancer-associated fibroblasts (CAFs), immature dendritic cells (DCs), and neutrophils,
interact with CD8+ and CD4+ T cells to suppress anti-tumour responses within the tumour
milieu. The lower section outlines five distinct strategies by which bladder tumours
avoid immune detection: (a) low immunogenicity due to loss of MHC, adhesion, and co-
stimulatory molecules; (b) presentation of tumour antigens in the absence of co-stimulation,
leading to T cell tolerance; (c) antigenic modulation through antibody-induced antigen
degradation and selection of immune-resistant variants; (d) tumour-induced immune
suppression via secretion of inhibitory cytokines like TGF-β and IL-10, which promote
Treg activation; and (e) creation of an immune-privileged site through physical barriers.
Together, these processes allow bladder tumours to escape immune surveillance and
resist immunotherapy.

T-cell exhaustion is characterised by the expression of numerous inhibitory receptors
and decreases T-cell efficacy, which can result from prolonged exposure to tumour antigens.
The ISCs and metabolites further reduce the effective immune response. PD-1/PD-L1
inhibitors combined with other treatments, such as targeting TGFβ or employing epige-
netic therapies, may enhance the efficacy of ICB by overcoming some of these resistance
mechanisms [66]. Rosenberg et al. (2016) and Sharma et al. (2016) state that the evolution
of ICI therapies in bladder cancer is due to the approval of several PD-1/PD-L1 inhibitors
for metastatic/advanced bladder cancer stages, as demonstrated based on the clinical
outcomes such as response, survival without progression, and overall survival [46,47].
However, a few patients do not respond well to these therapies and acquire resistance.
Recent research studies are focused on the development of next-generation ICIs, combining
ICIs with other treatments, and identifying biomarkers for personalised therapy [16].

The TME plays a critical role in modulating the immune response and promoting
resistance to ICIs. The infiltration of immune suppressive cells, such as regulatory T cells
(Tregs), macrophages, and MDSCs, creates an immunosuppressive TME that hampers
the efficacy of ICIs. The TME can secrete cytokines and chemokines that inhibit T-cell
activation and proliferation, such as TGF-β and IL-10, further promoting immune evasion.
The spatial arrangement of immune cells within the TME can also influence treatment
outcomes. For instance, the exclusion of CD8+ T cells from the tumour core is associated
with poor response to ICIs [67–69].
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Figure 4. Mechanism of immune evasion by bladder cancer immune microenvironment (created in
BioRender. M, A. (2025) https://BioRender.com/joph89f, accessed on 9 April 2026).

Epigenetic changes, such as DNA methylation and histone modification, can downreg-
ulate the expression of tumour antigens and immune-related genes, reducing the efficacy
of ICIs. Tumour cells can metabolically reprogram to deprive T cells of essential nutrients,
such as glucose and amino acids, impairing their function and promoting resistance. CTLA-
4 inhibitors, such as ipilimumab, work by blocking the interaction between CTLA-4 and
its ligands, CD80 and CD86, enhancing T-cell activation. However, resistance to CTLA-4
inhibitors can occur by upregulating other immune checkpoints, such as PD-1, to com-
pensate for CTLA-4 inhibition. The TME can remain immunosuppressive despite CTLA-4
inhibition, limiting the efficacy of the treatment [70–72].

4. FGFR3 Signaling Pathway
FGFRs are single-pass transmembrane proteins that consist of three domains—ECD

(extracellular domain), TMD (transmembrane domain), and TKD (tyrosine kinase intra-
cellular domain). The FGFR family comprise four transmembrane receptors, FGFR 1-4.
These receptors are critical for the normal physiological functions, such as the development
of embryos and the regulation of angiogenesis in adults. The transmembrane receptors

https://doi.org/10.3390/immuno6020036

https://BioRender.com/joph89f
https://doi.org/10.3390/immuno6020036


Immuno 2026, 6, 36 11 of 25

are expressed in various types of cells, and they regulate cell proliferation, survival and
migration [73]. FGFR3 signaling pathways are complex and involve multiple downstream
effectors that regulate various cellular processes.

When FGFs (typically FGF1, FGF9, etc.) bind to FGFR3, often in the presence of
heparin sulfate proteoglycans (co-factors), the receptor undergoes dimerisation (pairs with
another FGFR3). The dimerised receptors activate each other’s intracellular tyrosine kinase
domains through auto-phosphorylation, adding phosphate groups to specific tyrosine
residues. Phosphorylated FGFR3 recruits and activates multiple downstream signaling
pathways, promoting cell proliferation and differentiation. This cascade involves activation
of RAS to RAF (including A-Raf, B-Raf, Raf-1) followed by MEK1/2 to ERK1/2, which
then enters the nucleus to regulate gene expression, Supports cell survival and metabolism
by phosphorylating and activating AKT.This involves activation of STAT transcription
factors, especially STAT1 and STAT3, which modulate genes related to inflammation and
immune evasion. The mechanism of FGFR3 activation illustrated in Figure 5 represents the
fibroblast FGF ligands binding with the extracellular domain of the FGFR3 receptor. The
binding leads to the dimerisation of FGFR3, which in turn undergoes auto-phosphorylation
on specific tyrosine residues within its intracellular domain. The phosphorylation event
resulted in the activation of downstream signaling pathways [74]. Upon activation, FGFR3
initiates cascades involving the mitogen-activated protein kinase (MAPK) pathway and
phosphoinositide 3-kinase (PI3K)/Akt signaling [75], which are essential in mediating cell
survival, differentiation and proliferation.

Figure 5. FGFR3 signaling pathway (created in BioRender. M, A. (2025) https://BioRender.com/
yxpnw22, accessed on 9 April 2026).
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4.1. FGFR3 Aberrations in Bladder Cancer

FGFR3, a critical player in bladder cancer pathogenesis, has mutations of approxi-
mately 75% in low-grade NMIBC, including point mutations and gene fusions [75]. The
most common mutation is S249C, which accounts for 63% of reported mutations, followed
by Y375C. Both mutations account for more than 80% of all the detected mutations [76].
In addition to point mutations, FGFR3 gene fusions are critical in bladder cancer. The
FGFR3-TACC3 fusion is one of the most studied, where the FGFR3 kinase domain fuses
with the TACC3 gene, leading to continuous receptor activation. The FGFR3 fusion is
linked with a poorer prognosis compared to low-grade tumours [77]. FGFR3 mutations
frequently do not co exist with other carcinogenic mutations, including those in TP53 and
RB1, suggesting a distinct tumour growth pathway. The main effect of the FGFR3 alter-
ations is ligand-independent receptor dimerisation, which sets off subsequent signaling
cascades that support cell survival and proliferation [78].

Mutations in FGFR3 signaling pathways have a multifaceted role in bladder cancer,
involving tumourigenesis and modulation of the immune landscape, modifying the activity
of infiltration by immune cells into the microenvironment of tumour cells. FGFR3 mutations
alter the cytokine profiles, creating an immunosuppressive environment, and impede the
effectiveness of anti-tumour immune responses [79,80]. Also, pERK and pERBB3, which are
repeatedly activated in FGFR3-driven cells following anti-FGFR treatment, can be overcome
by pan-ERBB receptor blockade. This also suggests that combination treatment with both
inhibitors is more effective for treating FGFR3-fusion driven bladder cancers [80].

4.2. FGFR3 Inhibitors in Bladder Cancer

The FGFR3 dysregulation impacts the expression of ICM, potentially affecting the effi-
cacy of ICIs. Understanding the interactions is critical for the novel treatment approaches
by combining FGFR-targeted therapies with ICIs [81]. Moreover, the interaction between
FGFR3 and other tyrosine kinase receptors (TKRs) can complicate treatment strategies.
For example, resistance mechanisms have been identified where continuous exposure
to FGFR inhibitors leads to upregulation of alternative TKRs, such as ERBB3 [80]. This
highlights the necessity for combination therapies where multiple pathways can be tar-
geted simultaneously for overcoming resistance and improving the treatment efficacy.
Ascione et al. 2023 clearly state that the FGFR3 targeted therapy is based on TKIs, and they
are categorised as selective and multi-targeting TKIs based on the mechanism of action and
are tabulated in Table 2 [17]. Selective TKIs target only the FGFR kinase domain, whereas
multi-targeting TKIs have non-specific inhibitors that exhibit affinity towards multiple
additional receptors.

Table 2. FGFR3 inhibitors in bladder cancer treatment.

S. No Inhibitor Molecules Type Mechanism of Action References

1 Dovitinib Multi-targeting TKIs

Dovitinib is a multi-targeted TKI targeting
vascular endothelial growth factor receptor

(VEGFR), platelet-derived growth factor
receptor (PDGFR), and FGFR1-3.

[82,83]

2 Derazantinib Multi-targeting TKIs
Derazantinib is a multi-kinase inhibitor, active

against FGFR1-3, colony-stimulating factor
receptor 1 (CSF1R) and VEGFR2.

[84]

3 Erdafitinib Selective TKIs

Erdafitinib is selective for the FGFR kinase. It is
currently used for treating patients with locally

advanced or metastatic urothelial carcinoma,
with FGFR2 or FGFR3 genetic aberrations.

[85]
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Table 2. Cont.

S. No Inhibitor Molecules Type Mechanism of Action References

4 Rogaratinib Selective TKIs
Rogaratinib is an FGFR inhibitor that reversibly

occupies the ATP-binding pocket. The
compound inhibits FGFR1-4.

[86]

5 Pemigatinib Selective TKIs Pemigatinib is a selective and reversible
ATP-competitive FGFR1-3 inhibitor. [87]

6 Infigratinib Selective TKIs
Infigratinib is a selective FGFR1-3 inhibitor. In

bladder cancer, infigratinib suppressed cell
proliferation in cell lines overexpressing FGFR3.

[88]

7 Futibatinib Selective TKIs
Futibatinib is an irreversible FGFR1-4 inhibitor,

which demonstrated anti-tumour activity in
bladder cancer with FGFR3 fusions.

[89]

5. EGFR Signaling Pathway and Its Aberrations in Bladder Cancer
EGFR is a receptor tyrosine kinase (RTK) consisting of three domains—ligand binding

ECD, TMD, and TKD. The EGFR family consists of four receptors, EGFR 1-4, also termed
ErbB 1-4. Like FGFR3, EGFR, upon binding of its ligands, undergoes dimerisation and
autophosphorylation, which results in the activation of the downstream signaling cascade
that controls multiple cellular responses [18].

Figure 6 illustrates the dual role of EGFR signaling in cancer progression and immune
regulation. On the left, it shows how EGFR (ErbB1-4) receptors dimerise and autophos-
phorylate upon ligand binding, activating downstream pathways such as JAK/STAT,
RAS/AKT, and PI3K/AKT that promote tumour cell proliferation, survival, migration, and
differentiation. On the right, it depicts how activating mutations in EGFR also contribute
to immune evasion by altering the TME: NCK1 and PLCγ pathways stimulate CCL2 to
activate regulatory T cells (Tregs), JAK2 signaling promotes secretion of immunosuppres-
sive cytokines like IL-6, IL-8, IL-10, and VEGF, which inhibit dendritic cells, RAS signaling
promotes M2 macrophage polarisation via EGF, and PI3K/NFκB/IRF1 signaling drives
CCL10 expression, which inhibits CD8+ T cell activity. Together, these mechanisms enhance
both tumour growth and suppression of anti-tumour immunity. EGFR, particularly in
urothelial carcinoma, is overexpressed in MIBC and is frequently dysregulated in blad-
der cancer. Higher EGFR levels may act as a diagnostic indicator for advanced cancer
stages [90]. It is also related to advanced tumour stages, correlating with poor patient
prognosis [91]. It is reported that EGFR overexpression occurs in a significant percentage
of MIBC cases, ranging from 27% to 74% [18]. Studies have shown that a subset of MIBC
tumours, particularly those with a basal-like phenotype, exhibit high expression, which
leads to EGFR pathway activation and are sensitive to anti-EGFR therapies. These basal
cell markers can be used as a point in monitoring recurrence [92].

EGFR signaling participates in several biological functions, including cell migration,
differentiation, survival, and proliferation for bladder cancer [93]. The activation of the
EGFR is associated with enhanced tumour growth and metastasis, which can be a focus
for therapeutic intervention [90]. One point where the expression of EGFR is influenced
is by long noncoding RNAs (EGFR-AS1). These noncoding RNAs accelerate the growth
of bladder cancer by accelerating EGFR mRNA, therefore increasing its expression, and
facilitating the tumour invasion and metastasis. Like FGFR3, EGFR has a role in bladder
cancer that is further complicated by its interaction with other TKRs. In a significant portion
of bladder tumours, the co-expression of HER2 and EGFR has been observed, indicating
potential synergistic effects on tumour progression [94].
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Figure 6. EGFR signaling pathways (created in BioRender. M, A. (2025) https://BioRender.com/t3r4
lza, accessed on 9 April 2026).

Mutational effects in the EGFR gene are relatively rare in bladder cancer, though
the overexpression of EGFR is observed in many patients. The oncogenic effects are
mainly due to dysregulated signaling rather than genetic alterations [95]. The effectiveness
of anti-EGFR treatments (small molecule inhibitors, monoclonal antibodies) has been
investigated in clinical trials. The anti-EGFR treatments have shown varying degrees of
success, particularly in MIBC. They may enhance the effects of chemotherapy, but resistance
to the therapies poses the main challenge. However, this resistance to therapy can be
controlled by combination strategies that target multiple pathways simultaneously [96].

Role of EGFR Inhibitors in Bladder Cancer’s Immune Landscape

EGFR signaling influences immune cell infiltration and activity within the TME by
cytokines secreted by vascular endothelial cells or by tumour cells (in which EGFR is
highly expressed, especially in bladder cancer) that can activate EGFR signaling pathways,
promoting tumour cell proliferation and migration while simultaneously altering responses
to the immune environment [97]. ICM expression is linked to EGFR activation, where
this interaction brings about an immunosuppressive environment, making the tumour cell
avoid immune identification. Targeting both pathways may improve treatment outcomes
due to the reciprocation between immune checkpoints and EGFR signaling [98]. It is
also crucial to remember that EGFR inhibition can boost T-cell infiltration and activity
against tumours by blocking EGFR signaling. This can restore anti-tumour immunity by
lowering immunosuppressive factors in the TME [99]. Therefore, combination therapies
that incorporate both anti-EGFR and ICIs have a great deal of potential. The EGFR inhibitors
that can be used in conjunction with ICIs are shown in Table 3. This can be started as
research on how these combinations support current EGFR inhibitor treatments from the
standpoint of comprehending immune landscapes in bladder cancer.
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Table 3. EGFR inhibitors in bladder cancer treatment.

S. No Inhibitor Molecules Type Mechanism of Action References

1 Cetuximab Anti-EGFR monoclonal
antibody

Cetuximab inhibits EGFR activation by
binding to its extracellular domain,

preventing ligand binding.
[100]

2 Erlotinib EGFR TKI
Erlotinib blocks the intracellular kinase

domain of EGFR, inhibiting downstream
signaling pathways.

[101]

3 Gefitinib EGFR TKI Gefitinib suppressed EGFR signaling and
inhibited phosphorylation of ERK and Akt. [102]

4 Afatinib and
Dacomitinib

Second-generation
EGFR TKIs

which irreversibly inhibit EGFR and related
receptors (HER2, HER4), have shown

anti-tumour effects and synergism with
radiation in preclinical models.

[28]

5 Dibromopropamidine
Dihydrochloride EGFR TKI

Identified as a new EGFR inhibitor, it
showed high cytotoxicity and effectively

inhibited EGFR kinase activity, promoting
apoptosis in bladder cancer cells. This

compound also demonstrated significant
tumour growth suppression in vivo.

[103]

6
Patritumab
deruxtecan

(HER3-DXd)

HER3-targeted
antibody-drug

conjugate

Binds with high specificity to HER3 on the
surface of cancer cells. Once bound to

HER3, the antibody–receptor complex is
internalised into the cancer cell via

receptor-mediated endocytosis.

[104]

7 Trastuzumab Monoclonal antibody

It targets the HER2/neu receptor (ERBB2).
It binds to the extracellular domain IV of

HER2, inhibiting dimerisation and
downstream signaling, resulting in reduced

cell proliferation and promoting
antibody-dependent cellular

cytotoxicity (ADCC).

[105]

6. The Activity of Both FGFR3 and EGFR in the TME Affecting PD1
and PDL1 Axis of Bladder Cancer

Figure 7 illustrates the convergence of EGFR and FGFR3 signaling pathways within
the TME, emphasising their shared downstream effects on cellular behaviour. Upon ligand
binding, EGFR and FGFR3 undergo dimerisation and activate a cascade involving adaptor
proteins like SHC, GRB2, and SOS, which subsequently activate Ras. Ras signaling leads
to the activation of TPL2 and the RAF family kinases (Raf1, B-Raf, A-Raf), followed by
MEK1/2, and ultimately ERK1/2. Activated ERK1/2 translocates into the nucleus, where
it phosphorylates a wide array of transcription factors, including ELK1, AP1, STAT1, c-
Myc, and CREB. These transcription factors regulate the expression of genes involved in
critical processes such as cytokine production, apoptosis, migration, proliferation, and
differentiation. The diagram highlights how both FGFR3 and EGFR activate a shared
MAPK/ERK pathway, underlining their overlapping roles in tumour progression and
potential as combined therapeutic targets.
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Figure 7. Role of FGFR3 and EGFR signaling pathways in bladder TME affecting immune axis
(created in BioRender. M, A. (2025) https://BioRender.com/8bxbruy, accessed on 9 April 2026).

FGFR3 mutations have a higher prevalence in bladder cancer, altering the TME, sup-
pressing the immune response, thereby hindering the activity of ICIs [106]. Immune evasion
by bladder tumour cells occurs when FGFR3 activation can result in increased expression
of PD-L1. On the contrary, EGFR signaling has been found to restrain the sensitivity of
bladder cancer cells that are driven by FGFR3 to inhibitors of FGFR, thus establishing
a cycle acting upon complicated immune responses [81]. Activation of EGFR promotes
tumour proliferation and survival, leading to a repressed immune microenvironment that
reduces T-cell activity and confers resistance to ICIs [18]. Dual targeting of FGFR3 and
EGFR was presented in Figure 7 as a therapeutic strategy to bypass resistance mechanisms
and ameliorate responses to immunotherapy, which will be a potential option for therapy.

FGFR3 activation is associated with T-cell exclusion, overexpression of co-inhibitory
checkpoints including PD-1 and CTLA-4, and suppression of MHC expression and IFN-γ
signaling, which leads to impaired antigen presentation and cytotoxic T-cell recruitment.
There is a growing body of evidence suggesting that ERBB2 (HER2) may cooperate in
this immune modulation since it forms heterodimers with ERBB3 and EGFR, potentiating
downstream MAPK and PI3K signaling. The latter two are implicated in immune escape
pathways through modulation of PD-L1 and suppression of IFN-mediated responses [107].

6.1. FGFR3 and EGFR Resistance Mechanisms

In bladder cancer, EGFR signaling is associated with low immune infiltration and re-
sistance to immune checkpoint blockade. Although EGFR is highly expressed in the
FGFR3-fusion lines SW780 and RT4, its role may become supportive by cooperating
with ERBB2/ERBB3 to sustain the MAPK signaling that inhibits antigen presentation
machinery and chemokine-mediated T-cell recruitment [106]. Thus, the interplay between
FGFR3, EGFR, and ERBB2/3 not only promotes resistance to targeted therapy but may
also contribute toward an immunologically “cold” TME-a notion supporting the rationale
for the combination of tyrosine kinase inhibitors with immune checkpoint inhibitors in
FGFR3/ERBB-driven bladder cancer [108]. By blocking both pathways, it might be possible
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to lower PD-L1 levels and make it easier for T cells to get into tumours, which would make
ICIs work better [109,110]. Furthermore, comprehending the molecular mechanisms that
govern this interaction is ideal for developing combination therapies capable of effectively
altering the immune landscape in bladder cancer [111]. The synergistic activity of FGFR3
and EGFR profoundly affects the immune milieu in bladder cancer, modulating PD-1/PD-
L1 interactions and creating avenues for innovative therapeutic approaches to augment
immunotherapy effectiveness [112,113].

6.2. FGFR3 and EGFR as Therapy Targets

Erdafitinib, a FGFR3 inhibitor, has revolutionised treatment options of FGFR3-altered
bladder tumours, particularly in patients with the stage of NMIBC, even though there is
a response rate of suboptimal efficacy [114,115]. Combining FGFR inhibitors with ICIs
may improve therapeutic outcomes by modulating the TME and enhancing anti-tumour
immunity [116]. EGFR is a target in muscle-invasive bladder cancer; several anti-EGFR
monoclonal antibodies and TKIs are currently under investigation.

FGFR3 and EGFR play central and interconnected roles in mediating therapeutic
resistance through on-target mutations, compensatory signaling, and adaptive cellular re-
programming. FGFR3-driven tumours develop resistance to FGFR inhibitors via secondary
gatekeeper mutations that impair drug binding while preserving kinase activity, as well
as through bypass activation of alternative receptor tyrosine kinases, particularly EGFR
and ERBB family members. Inhibition of FGFR3 disrupts negative feedback loops, leading
to compensatory upregulation of EGFR signaling and reactivation of key downstream
pathways such as MAPK/ERK and PI3K/AKT, thereby sustaining tumour proliferation
despite targeted therapy [117]. Conversely, EGFR-targeted therapies are limited by both
on-target resistance, including secondary kinase domain mutations such as T790M and
C797S, which reduce inhibitor binding and restore receptor activity, and off-target mecha-
nisms, including activation of parallel pathways, downstream signaling reactivation, and
phenotypic transitions such as epithelial–mesenchymal transition (EMT) [118]. The drug
trials that are approved by FDA for bladder cancer is mentioned below in Table 4, which
are dependent on FGFR3 and EGFR mutations of bladder tumors.

Table 4. Clinical trials that have succeeded and are ongoing with FGFR3 and EGFR targeting drugs
for Urothelial carcinoma.

Drug/Trial Population Study Type Response
Rate (ORR)

Survival
Outcomes Biomarkers/Selection Key

Toxicities/Notes Ref.

Pemigatinib
(FIGHT-201)

Metastatic UC
(FGFR3
altered)

Phase II 17.8–23.3%
PFS: 4.0–4.3
months; OS:

6.8–8.9 months

FGFR3
mutations/fusions;

resistance mutations
(V555M, N540K)

Diarrhoea, hyper-
phosphatemia,

stomatitis
[119]

Erdafitinib
(Real-world)

FGFR2/3-
altered UC

Real-world
cohort ~40%

PFS: 2.8
months; OS:
6.6 months

FGFR3 alterations;
heterogeneity

(~26% discordance)

Dose reduction
(38%), inter-

ruptions (50%)
[120]

Infigratinib
(BGJ398)

FGFR3-altered
advanced UC Clinical trial 25.4% (DCR

64.2%) Not specified FGFR3 altered
tumours

Hyperpho-
sphatemia, fatigue,

and higher
creatinine

[121]

Dovitinib
BCG-

unresponsive
NMIBC

Phase II CR: 8% (33%
subgroup)

Limited
efficacy

FGFR3 muta-
tion/overexpression

High grade
3–4 toxicity [122]

Apalutamide
(NCT05521698) NMIBC Phase I

randomised Not reported Not reported

EGFR mRNA
expression; AR
status; FGFR3

exploratory analysis

Evaluates EGFR
modulation;

includes immune
TME profiling and

CD8+ T-cell analysis

[123]
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7. Targeting the FGFR3-EGFR in the Immune Axis for Bladder Cancer
FGFR3 and EGFR significantly influence the TME and therapeutic resistance in bladder

cancer, highlighting their roles in resistance to both targeted and immune therapies. FGFR3
mutations are highly prevalent in non-invasive low-grade tumours, promoting proliferation
through ligand-independent receptor activation. These mutations often modulate the
immune microenvironment, fostering immunosuppressive conditions that hinder anti-
tumour responses.

Resistive FGFR3 alterations of NMIBC to FGFR inhibitors highlight the intervention
of alternative pathways, such as upregulated ERBB2/3 signaling. The cooperation between
FGFR3 and ICM has PD-L1 expression, which highlights the potential for combined FGFR-
targeted and ICI therapies. Overexpression of EGFR is observed in high-grade bladder
tumours with aggressive disease and recurrence. Here, anti-EGFR therapies combined with
ICIs, when there is chemoresistance and immunosuppression, can also be compelling in
moving forward to better joined drug strategies [124].

Similarly, EGFR overexpression has been associated with heightened PD-L1 expres-
sion, contributing to immune escape and resistance to ICIs. These findings highlight their
utility in stratifying patients for personalised treatment strategies. FGFR3 mutations are
associated with higher recurrence rates in NMIBC but lose predictive value in more ad-
vanced stages [125]. Conversely, EGFR overexpression is associated with higher recurrence
rates and poor prognosis. In NMIBC, EGFR expression is often observed. While EGFR is
expressed in normal urothelium, overexpression in NMIBC, particularly in advanced cases,
is associated with biological aggressiveness and a poorer prognosis [92].

Likewise, co-activation of FGFR3 and EGFR complicates therapeutic responses, as
their combined activity affects the PD-1/PD-L1 axis in a stronger sense. This interac-
tion creates the opportunity for developing a dual-targeting point to overcome resis-
tance formation and enhance immunotherapy outcomes. Blocking both pathways may
reduce PD-L1 expression, increase T-cell infiltration, and improve ICI efficacy. FGFR3
and EGFR also serve as potential biomarkers for monitoring recurrence and predicting
therapeutic responses [76].

Resistance to targeted therapies in bladder cancer is frequently driven by compen-
satory signaling mechanisms. FGFR3-driven tumours can acquire resistance to FGFR
inhibitors through secondary kinase mutations and activation of alternative signaling path-
ways, including PI3K–mTOR alterations. Notably, activation of the EGFR/ERBB receptor
family has been identified as a key bypass mechanism that restores downstream prolifera-
tive signaling. For instance, Facchinetti et al. 2023, demonstrated that resistance to the FGFR
inhibitor erdafitinib can be mediated by EGFR activation, and that combined inhibition
using erdafitinib and gefitinib can overcome this resistance [126]. In addition to targeted
therapy resistance, FGFR3 alterations are also associated with reduced efficacy of immune
checkpoint blockade (ICB). Also, Noeraparast et al. 2024, reported that FGFR3-mutant
metastatic urothelial carcinoma exhibits a T-cell-depleted tumour microenvironment, con-
tributing to diminished responses to immunotherapy [106]. Similarly, Weickhardt et al.
2022, showed that adaptive activation of ERBB3, a member of the EGFR family, limits
FGFR inhibitor efficacy, while dual targeting of FGFR3 and ERBB3 enhances therapeutic
response in preclinical models [80]. At the molecular level, FGFR3 and EGFR signaling
pathways converge on shared downstream cascades, particularly the MAPK/ERK and
PI3K/AKT pathways, providing a mechanistic basis for cross-resistance and supporting
combination therapeutic strategies. Ouyang et al. 2023, demonstrated that mutant FGFR3
enhances serine synthesis, thereby activating PI3K/AKT signaling in tumour-associated
macrophages, highlighting its role in modulating the tumour microenvironment [127]. In
parallel, Wang et al. 2021, showed that EGFR activates the MEK/ERK/c-Jun axis, reg-
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ulating downstream targets such as PD-L1 in bladder cancer cells [128]. Consistently,
Komura et al. 2023, described FGFR signaling as engaging canonical RAS–MAPK and
PI3K–AKT pathways, further supporting the convergence of FGFR3 and EGFR signaling in
bladder cancer progression and therapeutic resistance [129].

8. Conclusions
From the review, an in-depth understanding of FGFR3 and EGFR functions in the

TME can be gained in the clinical trial scenarios. Bladder cancer remains a major clinical
challenge due to its high rates of recurrence, chemoresistance, and limited response to
immunotherapy, largely driven by a dynamic tumour microenvironment. This review
highlights the critical roles of FGFR3 and EGFR in regulating tumour progression, immune
evasion, and therapeutic resistance. FGFR3 alterations and EGFR overexpression contribute
not only to oncogenic signaling but also to the development of an immunosuppressive
microenvironment, characterised by reduced antigen presentation, T-cell exclusion, and
increased immune checkpoint activity.

Both genes exhibit significant signaling convergence, activating shared pathways such
as MAPK/ERK and PI3K/AKT, which promote tumour survival and enable compensatory
resistance mechanisms. Crosstalk between FGFR3 and EGFR further amplifies resistance to
targeted therapies and immune checkpoint inhibitors. Collectively, these findings support
a unified model of resistance centred on FGFR3–EGFR signaling within the immune axis.
Targeting these pathways in combination with immunotherapy represents a promising
strategy for a more personalised and effective therapeutic approach in bladder cancer.
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