Front. Biosci. (Landmark Ed) 2026; 31(5): 47606
https://doi.org/10.31083/FBL47606

Landmark

Review

Decoding Immune Mechanisms in BCG-unresponsive Non-muscle
Invasive Bladder Cancer

Mohamad Abou Chakra:*®, Igor Duquesne®®, Michael A O’Donnell!

I Department of Urology, University of lowa Health Care, lowa City, IA 52242, USA
2Department of Urology, Henri Mondor University Hospitals, Assistance Publique-Hopitaux de Paris, 94000 Créteil, France
*Correspondence: mabouchakra@uiowa.edu (Mohamad Abou Chakra)

Academic Editor: Amancio Carnero Moya

Submitted: 23 October 2025 Revised: 13 January 2026 ~ Accepted: 21 January 2026  Published: 30 April 2026

Abstract

Non-muscle-invasive bladder cancer (NMIBC) accounts for roughly 75% of all bladder cancer cases. For patients with intermediate-
and high-risk disease, intravesical Bacillus Calmette-Guérin (BCG) remains the standard treatment, yet it fails in up to 40% of cases.
While radical cystectomy is the most effective salvage option, it carries significant morbidity and long-term quality-of-life consequences,
highlighting the urgent need for bladder-sparing alternatives. Advancing such therapies requires a deep understanding of the immuno-
logic mechanisms within the tumor microenvironment (TME). This review offers a concise overview of the immunologic mechanisms
underlying BCG therapy, along with a detailed examination of the multifactorial immune evasion mechanisms that contribute to its fail-
ure in NMIBC. Within the TME, ten principal mechanisms of immune suppression have been identified. These include the activity of
myeloid-derived suppressor cells, tumor-associated macrophages, regulatory T cells, and tolerogenic dendritic cells, as well as signaling
pathways such as programmed cell death protein 1/programmed death-ligand 1 (PD-1/PD-L1), the natural killer group 2A/human leuko-
cyte antigen-E (NKG2A/HLA-E) checkpoint, and the release of immunomodulatory molecules within the TME. Further contributors to
immune evasion include cluster of differentiation 6/activated leukocyte cell adhesion molecule (CD6-ALCAM) signaling, effector T cell
exhaustion, and cancer-associated fibroblasts. Collectively, these mechanisms disrupt antigen presentation, suppress cytotoxic immune
responses, and facilitate tumor progression, ultimately undermining the efficacy of BCG therapy. In parallel, we highlight emerging in-
travesical immunotherapies for BCG-unresponsive NMIBC with carcinoma in situ, including nadofaragene firadenovec (Adstiladrin), no-
gapendekin alfa inbakicept-pmln (Anktiva), cretostimogene grenadenorepvec (CG0070), and detalimogene voraplasmid (EG-70). These
agents employ diverse platforms, including gene therapy, cytokine stimulation, oncolytic virotherapy, and plasmid-based immune acti-
vation, to enhance antitumor responses. While early and late-phase clinical trials have shown promising response rates and favorable
safety profiles for these novel agents, direct comparisons remain limited due to the reliance on single-arm study designs. The lack of
comparative data, coupled with the absence of predictive biomarkers of response, complicates treatment selection. Our review under-
scores that developing effective therapies for BCG-unresponsive disease will require combination strategies targeting multiple immune
escape mechanisms that shape immune dynamics within the TME.

Keywords: non muscle invasive bladder cancer; urinary bladder neoplasms; Bacillus Calmette-Guérin; BCG unresponsive disease;
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1. Introduction

Bladder cancer is the ninth most common malignancy
worldwide, with approximately 75% of cases classified as
non-muscle-invasive bladder cancer (NMIBC), for which
intravesical therapy remains a cornerstone of treatment.
According to major urological guidelines, patients with
intermediate- and high-risk NMIBC should receive intrav-
esical Bacillus Calmette-Guérin (BCG) as induction ther-
apy for six weeks, followed by maintenance for up to one
to three years [1,2]. However, BCG fails in up to 40% of
cases [3], and the only guideline-endorsed option in this set-
ting remains radical cystectomy (RC) [1,2], a major surgi-
cal procedure associated with a complication rate exceed-
ing 60% within 90 days, including major complications
in over 15% of cases [4]. For patients who are unfit for
or decline surgery, bladder-sparing therapy (BST) offers a

viable alternative without compromising survival. Recent
data show no significant difference in overall survival (HR:
1.40, p = 0.4) or cancer-specific survival (HR: 0.88, p =
0.9) between BST and early RC in highly selected BCG-
unresponsive NMIBC [5]. BST options include intravesical
chemotherapy, gene therapy, such as nadofaragene firade-
novec, and cytokine-based immunotherapy, including no-
gapendekin alfa inbakicept-pmln, an interleukin-15 (IL-15)
superagonist. Each of these modalities has demonstrated
clinical efficacy in the management of BCG-unresponsive
disease [6].

For over four decades, BCG has remained the cor-
nerstone of intravesical therapy for NMIBC, primarily at-
tributed to its ability to elicit robust local innate and adap-
tive immune responses within the tumor microenvironment
(TME). However, recent insights have significantly broad-
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ened our understanding of its mechanism of action. BCG
can be internalized by urothelial carcinoma cells, enabling
them to acquire antigen-presenting capabilities, modulate
Programmed Death-Ligand 1 (PD-L1) expression on both
tumor and immune cells, and orchestrate a reshaping of the
local immune landscape [7]. Additional evidence suggests
that prolonged BCG exposure may lead to sustained stim-
ulation of cytotoxic CD8™ T cells, ultimately driving them
toward an exhausted or anergic state and facilitating tumor
immune escape [8].

Despite its long-standing clinical use, the immuno-
logical interplay between BCG and the TME remains
incompletely understood. These insights have inspired
the development of novel therapeutic strategies for BCG-
unresponsive disease. For example, the rationale for us-
ing immune checkpoint inhibitors stems from the observa-
tion that PD-L1 is frequently overexpressed in tumors resis-
tant to BCG [7]. Similarly, nogapendekin alfa inbakicept-
pmln, a recombinant IL-15 superagonist designed to acti-
vate and expand NK and CD8T T cells within the TME,
has shown promise in this setting, particularly when com-
bined with BCG to enhance antitumor immunity [9]. Inter-
estingly, recent data suggest that BCG rechallenge in pa-
tients with BCG-unresponsive NMIBC may yield accept-
able outcomes, which is unexpected given the prior fail-
ure of BCG therapy [10]. This paradox may reflect the
intricate and dynamic immunological mechanisms at play
within TME, or alternatively, highlight the heterogeneity
of BCG-unresponsive disease, characterized by distinct im-
mune signatures.

A deeper understanding of immune mechanisms in
NMIBC not only facilitates the development of novel ther-
apeutics but also improves the ability to predict treatment
response. Systemic inflammatory markers, such as the
neutrophil-to-lymphocyte ratio have been investigated as
potential predictors of BCG efficacy, reflecting underlying
immune activity [11]. Additionally, urinary cytokine pro-
files may serve as non-invasive biomarkers of immune ac-
tivation and therapeutic response in NMIBC [12].

The immune landscape of NMIBC is multifaceted,
shaped by factors such as field cancerization and hetero-
geneous tumor lineage characteristics, which may precede
intravesical therapy and influence treatment response [7]. A
thorough understanding of the TME is essential for advanc-
ing the clinical management of NMIBC. In this review, we
synthesize key immune mechanisms implicated in NMIBC,
revisit BCG-induced immunologic responses previously
characterized by our team [ 7], and examine pathways of im-
mune evasion that contribute to BCG-unresponsive disease.
We also highlight emerging immunotherapeutic strategies
and their mechanisms of action that are either approved
or currently under regulatory evaluation for patients with
BCG-unresponsive NMIBC.

2. Literature Review

2.1 Definitions and Terminology of BCG Failure in
NMIBC

Historically, failure of intravesical BCG therapy
in NMIBC has been described using heterogeneous
terms, including BCG-refractory, BCG-relapsing, and
BCG-exposed. These terms broadly refer to persistent
high-grade disease despite BCG, recurrence after an initial
response, or prior BCG exposure without meeting failure
criteria, respectively, but their inconsistent application has
limited comparability across studies [13].

To harmonize patient classification and better iden-
tify tumors unlikely to respond to additional BCG, contem-
porary guidelines from the U.S. Food and Drug Adminis-
tration (FDA), American Urological Association (AUA),
and European Association of Urology (EAU) have adopted
the unified category of BCG-unresponsive NMIBC. Un-
der the FDA definition, BCG-unresponsive disease en-
compasses persistent high-grade T1 disease at the first
post-treatment assessment (typically performed approxi-
mately three months after BCG initiation), recurrence of
carcinoma in situ (CIS) within 12 months, or recurrence
of high-grade Ta or T1 disease within six months, despite
adequate BCG exposure. Adequate therapy is defined as
completion of at least five of six induction instillations, in
combination with either a minimum of two of three mainte-
nance doses or at least two of six re-induction instillations
[14].

Accordingly, this review focuses primarily on patients
with BCG-unresponsive NMIBC, with legacy terminology
referenced only when discussing historical studies con-
ducted prior to standardization.

2.2 BCG-induced Immune Cascade Overview
2.2.1 Innate Immunity Post BCG Instillations

BCG instillation initiates a potent innate immune
response marked by the recruitment and activation of
macrophages, neutrophils, natural killer (NK) cells, and
dendritic cells (DCs). Macrophage polarization is central to
the immunologic outcome: M1 macrophages promote anti-
tumor activity through pro-inflammatory cytokine release
and direct tumoricidal effects, whereas M2 macrophages
facilitate immune evasion and tumor progression via im-
munosuppressive signaling. The dynamic interchange be-
tween M1 and M2 phenotypes is regulated by cytokines and
interactions with regulatory T cells (Tregs) within the TME.
Neutrophils contribute to tumor cell death through the re-
lease of tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) and tumor necrosis factor-alpha (TNF-q),
and further amplify immune responses by activating NK
cells, T cells, and macrophages via secretion of cytokines.
BCG-activated NK cells (CD37/CD56™) mediate direct cy-
totoxicity against tumor cells through the release of perforin
and interferon-gamma (IFN-v), which promotes the recruit-
ment and differentiation of CD8T T cells. NK cells also en-
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Fig. 1. Brief description of innate immune response following BCG instillation. (A) Macrophages exhibit a dual role in the bladder

Role of Dendritic cells

tumor microenvironment, with their antitumor or pro-tumorigenic effects largely dependent on their polarization state. M2 macrophages
promote immune evasion and tumor progression, while M1 macrophages support antitumor immunity. (B) Neutrophils contribute to
tumor cell death through the release of TRAIL and TNF-a, and further enhance immune activation by stimulating T cells, NK cells,
and macrophages through the secretion of various cytokines. (C) BCG-activated NK cells (CD3/CD56™) exert direct cytotoxicity on
tumor cells via perforin release and indirectly promote CD8™ T-cell activation through IFN-v secretion. NK cells also upregulate MHC
class I expression on tumor cells, rendering them more vulnerable to CD8™ T-cell-mediated cytotoxicity. (D) Dendritic cells serve as an
important link between innate and adaptive immunity by activating NK cells and presenting antigens to CD8" T cells. BCG enhances
DC survival via NF-xB-mediated anti-apoptotic pathways. The influence of DCs on CD4™ T-cell differentiation remains unclear and
may require additional signals beyond cytokine profiles. BCG, Bacillus Calmette-Guérin; NK cells, Natural killer cells; TRAIL, Tumor
necrosis factor-related apoptosis-inducing ligand; TLRs, Toll-like receptors; IL, Interleukin; TNF-a, Tumor necrosis factor alpha; IFN-
«, Interferon-alpha; IFN-+, Interferon gamma; MHC-I, Major histocompatibility complex class I; DCs, dendritic cells; Thl, type 1 T
helper; Th2, type 2 T helper; PRRs, Pattern recognition receptors; CD, Cluster of differentiation.

hance CD8T T-cell responses by upregulating major histo- 2.2.2 Adaptive Immunity Post BCG Instillations
compatibility complex class I (MHC-I) expression on tumor

cells, increasing their susceptibility to cytotoxic killing. The adaptive immune response to BCG therapy in-
DCs serve as a critical link between innate and adaptive  volves the coordinated activation of multiple immune cell
immunity by activating NK cells and presenting tumor anti-  subsets, including CD4" and CD8™ T cells, Tregs, gamma
gens to CD8™ T cells, and they sustain CD8% T-cell func-  delta T cells (6 T cells), and B cells. Thl-polarized CD4*
tion through interleukin-12 (IL-12) secretion. BCG fur- T cells play a central role in initiating antitumor immunity,
ther promotes DCs survival via nuclear factor kappa-light- while CD8% cytotoxic T cells contribute to direct tumor

chain-enhancer of activated B cells (NF-xB), dependent  cell lysis. Tregs, characterized by FOXP3 and CD25 ex-
anti-apoptotic pathways, although its role in CD4* T-cell  pression, suppress CD8* T-cell activity and are enriched in

differentiation remains incompletely understood [7]. BCG-refractory tumors, potentially contributing to immune

Fig. 1 summarizes the key components and interac-  escape. 7§ T cells represent a distinct T-cell subset that dif-
tions involved in the innate immune response following  fers structurally and functionally from conventional T cells.
BCG instillation. They recognize antigens independently of MHC molecules,

enhance DCs function, and secrete IFN-+, thereby support-
ing antitumor responses and improving BCG efficacy. B
cells may also exert a protective role within the TME, as
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Fig. 2. Brief description of adaptive immune response following BCG instillation. BCG therapy activates a range of innate immune

cells, including natural killer cells, macrophages, neutrophils, and dendritic cells. Dendritic cells function as key antigen-presenting cells,

driving CD4™ T-cell differentiation toward a Th1 phenotype and initiating IFN- secretion. IFN-y enhances tumor immunogenicity by

promoting apoptosis and increasing tumor antigen presentation, while v§ T cells contribute to immune activation. Although B cells

may produce anti-BCG antibodies, their role in adaptive immunity remains incompletely understood. BCG, Bacillus Calmette-Guérin;

Treg, regulatory T cell; IFN-v, Interferon-gamma; v§ T cells, Gamma delta T cells; Thl, type 1 T helper; Th2, type 2 T helper; IgG,

Immunoglobulin G. The dotted black arrow represents repeated stimulation of immune cells.

high B-cell infiltration has been associated with reduced re-
currence rates. However, the contribution of humoral im-
munity remains uncertain due to conflicting data regarding
the role of B cells in tumor response [7].

Fig. 2 summarizes the key cellular components and
interactions involved in the adaptive immune response fol-
lowing BCG instillation.

2.3 Mechanisms of Immune Evasion Contributing to BCG
Failure

2.3.1 Immunosuppressive Functions of Myeloid-Derived
Suppressor Cells

Myeloid-derived suppressor cells (MDSCs), which
are immature precursors of neutrophils and basophils, un-
dergo abnormal expansion in response to tumor-derived
signals that inhibit their differentiation. Unlike transient ex-
pansion during acute inflammation, cancer-associated MD-
SCs remain persistently activated and inhibit T-cell re-
sponses [15]. Beyond their immunosuppressive functions,
MDSCs contribute to tumor progression by enhancing an-

giogenesis, remodeling the extracellular matrix, and sup-
porting tumor growth [16]. Accordingly, bladder cancer
patients demonstrate increased circulating MDSCs and ro-
bust infiltration of these cells within tumor tissue [17]. In a
clinical study of NMIBC patients undergoing BCG therapy,
urine samples collected before and four hours after BCG
instillation revealed that a low T-cell to MDSC ratio (<1)
correlated with higher recurrence rates and a Th2-skewed
cytokine profile [18].

BCG has been shown to induce the production of
chemokines such as C-X-C motif chemokine ligand 8
(CXCLS8) and C-C motif chemokine ligand 22 (CCL22) by
urothelial cells, macrophages, and dendritic cells, thereby
promoting the recruitment of MDSCs to the tumor mi-
croenvironment [19]. Furthermore, combining BCG with
anti-PD-L1 therapy has been shown to reduce MDSC in-
filtration within the tumor, highlighting the complex dy-
namics of immune modulation in the TME [20]. Together,
these observations suggest that BCG’s capacity to reshape
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the TME through modulation of MDSC populations may
play an important role in determining its therapeutic effi-
cacy.

2.3.2 Immunosuppressive Functions of Tumor-associated
Macrophages

Tumor-associated macrophages (TAMs) play a cen-
tral role in tumor progression, particularly when polar-
ized toward the M2 phenotype. M2-TAMs suppress CD8™
T-cell activity through PD-L1 expression and the secre-
tion of immunosuppressive cytokines such as IL-10 and
TGF-f1, promoting regulatory T-cell recruitment. They
also remodel the extracellular matrix, secrete VEGF to
drive angiogenesis, and interact with cancer and endothe-
lial cells to form tumor microenvironment of metastasis
(TMEM) structures that facilitate metastatic dissemination
[21]. TGF-3 secreted by TAMs inhibits the activity of NK
cells, DCs, and effector T cells, while promoting the dif-
ferentiation of CD4™ T cells into a Th2 phenotype, further
enhancing immunosuppression [22].

There are four distinct subtypes of M2-TAMs, each
with unique phenotypic characteristics. Some subtypes
secrete epidermal growth factor (EGF), which activates
epidermal growth factor receptor (EGFR) signaling in tu-
mor cells, enhancing pseudopod formation and promoting
metastasis. Importantly, TAMs can facilitate DNA repair
in tumor cells following chemotherapy-induced damage,
thereby contributing to the development of drug resistance
[23]. TAMs originate from hematopoietic stem cells in the
bone marrow or from erythromyeloid progenitors in the
yolk sac and fetal liver, and their functional roles may vary
depending on their origin [24]. Clinically, a high density of
TAMs infiltrating the TME has been associated with poor
outcomes in patients with NMIBC undergoing BCG ther-
apy. In a study involving 71 patients with NMIBC, higher
TAM counts within tumors were associated with decreased
recurrence-free survival [25]. Another study involving 99
NMIBC patients showed that high TAM infiltration in the
tumor stroma was linked to a twofold increased risk of
BCG failure [26]. Additional data suggest that the pres-
ence of M2-polarized TAMs within the TME may compro-
mise the therapeutic effectiveness of BCG in NMIBC, with
their abundance being linked to tumor recurrence as demon-
strated by immunofluorescence-based profiling of M1 and
M2 macrophage subsets [27].

2.3.3 Immunosuppressive Functions of Regulatory T Cells

Regulatory T cells (Tregs) are immunosuppressive
CD4+CD25" lymphocytes that arise either as thymus-
derived natural Tregs or from naive CD4™ T cells in the
periphery. Their differentiation is driven by T-cell receptor
recognition of self-antigens presented by MHC molecules,
and they are characterized by high expression of the tran-
scription factor FOXP3 and dependence on IL-2 for sur-
vival [28].
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Tregs suppress antitumor immunity through multi-
ple complementary mechanisms, including secretion of
immunosuppressive cytokines such as TGF-g and IL-10,
which inhibit NK cells, DCs, effector T cells, and ¢
T cells [29]. They also induce apoptosis of antigen-
presenting cells (APC) via perforin and granzyme B release
and limit effector T-cell proliferation through competitive
consumption of IL-2 [30]. In addition, Tregs express im-
mune checkpoint molecules, including such as cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4) and lympho-
cyte activation gene-3 (LAG-3), which suppress APC ac-
tivation by engaging CD80/CD86. Treg-derived ATP is
converted to adenosine by CD39 and CD73, further sup-
pressing immune function through A2A receptor signaling
on T cells and Antigen-presenting cells (APCs) [29,30].
Although PD-1 is expressed on Tregs, its functional role
within the TME remains incompletely defined. Emerging
evidence suggests that PD-1 blockade may enhance Treg
suppressive activity, implicating PD-1 signaling as a po-
tential modulator of Treg-mediated immune suppression in
cancer [31].

In patients with NMIBC treated with intravesical
BCQG, increased intratumoral Treg infiltration has been as-
sociated with shorter recurrence-free survival, suggesting
a potential predictive role for Treg density in tumor re-
currence [25]. Consistently, elevated levels of PD-L17
Tregs were detected in urine during BCG therapy, indi-
cating that BCG may promote Treg recruitment and gen-
erate an alternative source of PD-L1-expressing cells that
could facilitate recurrence [32]. Histologic analyses of
BCG-unresponsive tumors further demonstrate dense Treg
infiltration in non-responding lesions [33].

2.3.4 Immunosuppressive Function Through the
PD-1/PD-L1 Pathway

The PD-1/PD-L1 axis represents a central im-
mune-regulatory pathway within the bladder cancer TME.
Tumor-mediated engagement of PD-1 on effector T cells by
PD-L1 suppresses T-cell activation and facilitates immune
evasion [34]. BCG therapy induces PD-L1 expression on
tumor cells and APCs, including macrophages and DCs,
through IL-6- and IL-10-mediated Signal Transducer and
Activator of Transcription 3 (STAT3), activation, as well as
toll-like receptor 4 (TLR4)-dependent extracellular signal-
regulated kinases (ERK) signaling [35]. In parallel, BCG
stimulates immune cells to release IFN-v, a cytokine known
to influence PD-L1 regulation through its interaction with
IFN-v receptors expressed on tumor cells. Collectively,
these mechanisms promote PD-1/PD-L1 interactions that
drive CD8T T-cell dysfunction and impair antitumor im-
munity [36].

In bladder cancer models, BCG increases PD-L1
expression on tumor cells, and its combination with
anti-PD-L1 therapy enhances both the number and func-
tion of CD8T T cells [20,37]. Clinically, PD-L1 expres-
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sion correlates with high-grade tumors, disease progression,
and BCG unresponsiveness [38,39]. Importantly, in a co-
hort of NMIBC patients identified as BCG-unresponsive,
tumor specimens collected before and after BCG instilla-
tions revealed PD-L1 overexpression. Interestingly, these
tumors also showed dense infiltration by CD8™ T cells, sug-
gesting that BCG may impair T cell function without af-
fecting their recruitment to the TME [40]. A recent study
analyzing tissue microarrays from 432 patients with BCG-
naive HR-NMIBC found that only 7% of patients had tu-
mors that expressed PD-L1. PD-L1 positivity was defined
as membranous staining in >5% of tumor-infiltrating im-
mune cells within the tumor area. Importantly, PD-L1 ex-
pression was not associated with treatment failure following
adequate BCG therapy. However, it was linked to more ag-
gressive clinical features, including higher-risk disease and
advanced tumor stage. A notable limitation of the study
was the use of a single antibody across all tumor samples,
which may not adequately capture microenvironmental het-
erogeneity or allow for nuanced analysis of PD-L1 expres-
sion in relation to effector immune cell populations [41].

2.3.5 Immunosuppressive Function Through Tolerogenic
Dendritic Cells

In high-grade bladder cancer tissues, the malignant
phenotype-associated glycan sialyl-Tn (STn), a tumor-
associated antigen, is markedly overexpressed. This over-
expression is associated with increased infiltration of DCs
within the TME, which exhibit an immature phenotype
characterized by low expression of MHC class II, CD80,
and CD86. These immature DCs demonstrate impaired
antigen-presenting capacity and fail to effectively activate
immune effector cells, thereby contributing to a diminished
antitumor immune response [42].

In a cohort of 94 bladder cancer patients treated with
intravesical BCG, primary tumors from patients who expe-
rienced disease recurrence exhibited reduced STn expres-
sion. Although STn may impair DC-mediated antitumor
immunity, it could potentially enhance BCG internaliza-
tion into tumor cells, supporting the hypothesis that BCG
may exert a direct cytotoxic effect on cancer cells. In cer-
tain cases, this direct cellular effect may compensate for,
or even surpass, the antitumor immune response elicited
by BCG therapy. However, these findings should be inter-
preted with caution due to the limited sample size and the
possibility that the observed outcomes may reflect a direct
tumoricidal effect of BCG, rather than an immune-mediated
mechanism, in a subset of cases [43].

2.3.6 Immunosuppressive Function Through the Release
of Immunomodulatory Molecules

One key mechanism in cancer progression is the up-
regulation of cyclooxygenase-2 (COX-2) within tumor tis-
sues, which enhances the inflammatory response through
increased production of prostaglandin E2 (PGE2), a pro-

tumorigenic molecule. PGE2 impairs the function of
APCs, promotes a Th2-skewed immune response, and con-
tributes to immunosuppression. Additionally, PGE2 exerts
paracrine effects within the TME by inducing angiogenesis,
primarily through the upregulation of VEGF secretion [44].

In a bladder cancer model, PGE2 has been shown to
be overproduced within the TME, leading to increased in-
filtration of MDSCs and inhibition of APC function, col-
lectively contributing to a weakened antitumor immune
response [45]. In vitro studies have shown that COX-2
inhibitors suppress bladder cancer cell proliferation in a
COX-2-dependent fashion. Additional data suggest that
COX-2 inhibitors may also exert antitumor effects through
mechanisms beyond PGE2 inhibition, including the direct
induction of cancer cell apoptosis [46]. Celecoxib was eval-
uated as an adjuvant therapy for bladder cancer in a ran-
domized clinical trial involving patients with intermediate-
or high-risk NMIBC, known as the BOXIT trial. Partici-
pants (n = 472) received standard-of-care treatment, BCG
induction and maintenance for high-risk disease, and mito-
mycin C induction for intermediate-risk disease, and were
randomized 1:1 to receive either celecoxib 200 mg twice
daily or placebo for two years. While recurrence-free rates
were similar between the two groups, time to recurrence in
patients with T1 tumors was longer in the celecoxib arm.
Despite comparable induction and maintenance protocols,
not all patients completed the full treatment course as in-
dicated. Furthermore, COX-2 expression levels in tumor
tissues were not assessed, which may have influenced the
observed outcomes [47]. As PGE2 primarily exerts its ef-
fects PGE2 receptor (EP), selective inhibition of these re-
ceptors may enhance antitumor strategies and offer a safer
alternative to celecoxib, particularly given the cardiovascu-
lar safety concerns associated with its use in elderly cancer
patients [46].

NANOG, a transcription factor essential for maintain-
ing stem cell pluripotency, may contribute to tumor pro-
gression when aberrantly expressed in the cytoplasm of can-
cer cells. This atypical localization has been implicated in
the upregulation of HDAC1 (Histone Deacetylase 1), an
epigenetic modifier known to repress immune-related gene
transcription. One consequence of this regulatory axis is the
suppression of CXCL10, a chemokine that plays a key role
in recruiting CD8™ cytotoxic T lymphocytes to the TME.
In patients with NMIBC receiving intravesical BCG ther-
apy, elevated expression of NANOG and/or HDACI is as-
sociated with unfavorable clinical outcomes, including re-
duced recurrence-free and progression-free survival. From
an immunological perspective, tumors co-expressing these
markers exhibit diminished infiltration of CD8T T cells and
a lower abundance of granzyme B cytotoxic cells, indica-
tive of a more immunosuppressive TME and compromised
anti-tumor immunity [48].
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2.3.7 Immunosuppressive Function Mediated Through the
NKG2A/HLA-E Immune Checkpoint Axis

Natural Killer Group 2A (NKG2A) is an inhibitory
receptor expressed on NK cells, CD8" T cells, and other
subsets of T cells. It forms a heterodimeric complex with
CD94, another membrane protein also found on immune
effector cells. This NKG2A/CD94 complex specifically in-
teracts with HLA-E, a non-classical MHC class I molecule
that is frequently overexpressed on cancer cells. The nature
of the peptide presented by HLA-E critically influences the
outcome of this interaction, potentially delivering either in-
hibitory or stimulatory signals to immune cells. Notably,
cancer cells may present peptides via HLA-E that engage
the NKG2A/CD94 receptor complex on cytotoxic immune
cells, such as NK cells and CD8™" T cells, leading to their
functional inhibition and contributing to immune evasion
[49,50]. Upon engagement, the intracellular immunorecep-
tor tyrosine-based inhibitory motifs (ITIMs) of NKG2A be-
come phosphorylated, leading to suppression of activating
signals from receptors such as NKG2D and the T-cell re-
ceptor (TCR), thereby inhibiting the cytotoxic activity of
effector immune cells [51]. However, the interaction be-
tween NKG2A and HLA-E within the TME is complex and
modulated by various factors. These include other HLA
molecules and cytokines such as [FN-v, which upregulates
both NKG2A and HLA-E, and IL-15, which specifically
enhances NKG2A expression. Additionally, CD4™ T cells
may interact with NKG2A via Qa-1, the murine homolog
of human HLA-E, leading to inhibition of NK cell activity
[49].

Recent studies have investigated the role of the
NKG2A/HLA-E axis in patients with NMIBC treated with
intravesical BCG. In BCG-unresponsive cases, tumors were
heavily infiltrated by NKG2A™ NK and T cells, and the
addition of autologous tumor organoids restored antitumor
activity, suggesting a potential therapeutic role for NKG2A
blockade in overcoming BCG failure [52].

Monalizumab is a humanized monoclonal antibody
that blocks NKG2A, thereby enhancing NK cell cytotoxic
function. It can be combined with cetuximab, an anti-
EGFR antibody, to promote antibody-dependent cellular
cytotoxicity (ADCC), or with durvalumab, an anti-PD-L1
antibody, to further boost NK and CD8" T cell-mediated
cytotoxicity. This therapeutic strategy has shown promis-
ing results in metastatic colorectal cancer and non-small cell
lung cancer [49,53], with potential for extension to NMIBC
and advanced bladder carcinoma.

2.3.8 Immune Suppression Mediated Through the
CD6-ALCAM Signaling Pathway

CD6 is a surface glycoprotein expressed on T lympho-
cytes, some NK cells, and subsets of B cells. It binds to
CD166, also known as activated leukocyte cell adhesion

molecule (ALCAM), which is expressed on tumor cells,
APCs, and endothelial cells. CD6 plays a key role in T
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cell activation, proliferation, and adhesion to APCs and
endothelial cells. Additionally, CD6 can modulate TCR-
mediated signaling and, under certain conditions, exert a
negative regulatory effect on T cell responses [54].

A study using single cell RNA sequencing of NMIBC
tumor in patients, both BCG-naive and BCG-unresponsive
disease, has revealed elevated expression of the CD6-
ALCAM immune-regulatory pathway prior to BCG ther-
apy. These findings suggest that pre-existing inflammatory
signaling within the TME may contribute to resistance to
BCG [55]. These findings suggest that inhibition of the
CD6-ALCAM axis may restore antitumor immunity and
represents a promising therapeutic strategy to overcome
BCG unresponsiveness.

In a separate study on T-cell lymphoma, intratumoral
injection of a CD6-targeted antibody-drug conjugate (CD6-
ADC) led to regression of subcutaneous nodules, demon-
strating potent antitumor activity through CD6-ALCAM
pathway inhibition [56]. These insights may inform future
in vitro and clinical investigations targeting CD6-ALCAM
signaling in BCG-unresponsive NMIBC.

2.3.9 Immune Suppression Mediated by Effector T Cell
Exhaustion

Chronic stimulation of CD8' T cells leads to func-
tional exhaustion, characterized by reduced cytotoxicity
and diminished secretion of TNF-«, granzyme B, and
IFN-v [57]. This exhausted state is marked by upregulation
of inhibitory receptors, including PD-1 and CTLA-4, which
are highly expressed in tumors from BCG-unresponsive
patients and in infiltrating CD8TPD-17 T cells [58]. In
bladder cancer, field cancerization may further exacer-
bate exhaustion by increasing tumor mutational burden and
neoantigen exposure, thereby sustaining immune activation
and promoting T-cell dysfunction [59].

Strandgaard et al. [60] performed a multiomics analy-
sis of urinary and tumor samples collected before and after
BCG therapy in a cohort of 156 patients with NMIBC. They
identified an immune activation signature following BCG
therapy, characterized predominantly by elevated levels of
IFN~-inducible chemokines, including CXCL9, CXCLI10,
and CXCLI11. Their findings also revealed that patients
with high-grade recurrences exhibited elevated urinary lev-
els of immunoinhibitory proteins (CD70, CD5, PD-1) and
significantly higher CD8% T cell exhaustion scores (p <
0.05), based on genetic profiling correlated with T cell ex-
haustion [60].

Collectively, these  findings  suggest that
BCG-unresponsive disease is characterized by a paradoxi-
cal immune landscape in which intense pro-inflammatory
signaling coexists with profound T-cell exhaustion fol-
lowing BCG stimulation. In contrast, durable responders
appear to harbor a more favorable baseline TME, defined
by lower CD4:CD8 and Th2:Th1 ratios [61].
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Table 1. Summary of clinical trials evaluating emerging immunomodulatory therapies in BCG-unresponsive disease.

CG9070 N-803 + BCG Nadofaragene Ir?travesical EG-70 .

Parameter (Cretostimogene) firadenovec (Detalimogene voraplasmid)

BOND-003 QUILT-3.032 NCT02773849 LEGEND
Trial phase I I 11 I

. . . . Non-viral plasmid-
Therapy type Oncolytic adenovirus IL-15 superagonist + BCG Adenoviral gene therapy .
based immunotherapy

Route Intravesical Intravesical Intravesical Intravesical
Sample size (CIS cohort) 112 84 103 26
CR (any time), (CIS cohort) 75% 71% 55% 71%
CR at 3 mo, (CIS cohort) 68% 55% 53% 67%
CR at 12 mo, (CIS cohort) 46% 45% 24% N/A
CR at 24 mo, (CIS cohort) 42% 37% 19% N/A
Grade >III TRAE 0% 2% 4% 0%

NMIBC, non-muscle-invasive bladder cancer; BCG, Bacillus Calmette-Guérin; CIS, carcinoma in situ; CR, complete response; TRAE,

treatment-related adverse event.

2.3.10 Immune Suppression Mediated by Cancer
Associated Fibroblasts

Cancer-associated fibroblasts (CAFs) in the bladder
cancer TME arise from resident fibroblasts activated by
tumor-derived factors, particularly TGF-g1 and insulin-
like growth factor 1 (IGF-1). Once activated, CAFs pro-
mote tumor growth by secreting interleukin-15 (IL-173)
and TGF-£1, remodeling the extracellular matrix (ECM)
to increase tissue stiffness, and facilitating invasion. CAFs
further drive disease progression by releasing monocyte
chemoattractant protein-1 (MCP-1/CCL2) and hepatocyte
growth factor (HGF), which enhance metastasis and modu-
late immune cell recruitment [62].

In addition, CAFs release extracellular vesicles (EVs)
that suppress CD8™ T cell proliferation and reduce the se-
cretion of key pro-inflammatory cytokines, including IFN-
v, IL-2, and TNF-q, thereby modulating the immune re-
sponse. These EVs also carry PD-L1, which interacts with
PD-1 receptors on CD8™ T cells, impairing their cytotoxic
function [63]. CAFs themselves can express PD-L1, fur-
ther contributing to immunosuppression through PD-1/PD-
L1 signaling [64].

Following BCG therapy, fibroblasts contribute to
granuloma formation and inflammatory signaling within
the TME, yet their direct modulation by BCG remains un-
studied, representing an important knowledge gap given
their role in immune evasion and therapeutic resistance
[65].

Figs. 3,4 summarize the key mechanisms of immune
evasion that contribute to BCG failure in patients with
NMIBC.

2.4 Integrated Immune Evasion Network in
BCG-unresponsive Disease

Rather than acting independently, the ten sug-
gested immune escape mechanisms identified in

BCG-unresponsive disease operate as an integrated
and self-reinforcing immune evasion network within
the TME. BCG-induced chemokine release promotes
the recruitment of suppressive myeloid cells, includ-
ing myeloid-derived suppressor cells and M2-polarized
tumor-associated macrophages, which in turn secrete
immunosuppressive cytokines and angiogenic factors that
impair antigen presentation and favor regulatory T-cell
accumulation. These suppressive immune circuits are
further reinforced by checkpoint signaling through the
PD-1/PD-L1 axis and alternative inhibitory pathways
such as NKG2A/HLA-E and CD6-ALCAM, which col-
lectively attenuate cytotoxic lymphocyte function despite
continued immune infiltration. In parallel, tumor- and
stromal-derived immunomodulatory mediators, including
PGE; and NANOG-HDACI1-dependent epigenetic repres-
sion of CXCL10, restrict effective immune cell recruitment
and polarization. Chronic antigen exposure within this
suppressive environment ultimately drives effector T-cell
exhaustion, while cancer-associated fibroblasts augment
immune exclusion through extracellular matrix remodeling
and PD-L1-mediated suppression. Together, these mech-
anisms form a hierarchical and interconnected network
(Fig. 5) that simultaneously impairs immune activation,
effector function, and immune persistence, providing a
biological explanation for BCG-unresponsive disease and
highlighting why targeting isolated pathways is unlikely to
yield durable responses.

2.5 Emerging Immunomodulatory Therapies for
BCG-unresponsive Disease

Our aim in this section is not to compare the effi-
cacy of emerging therapies for BCG-unresponsive disease
(Table 1). Rather, given that the available evidence is
derived from heterogeneous single-arm clinical trials, re-
sponse rates are presented descriptively to illustrate over-
all efficacy within the context of individual studies. These
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Fig. 3. Mechanisms of immune evasion contributing to BCG failure in NMIBC. (A) Immunosuppressive functions of MDSCs. BCG stim-
ulates the release of chemokines such as CXCL8 and CCL22 from urothelial cells, macrophages, and dendritic cells. These chemokines recruit
MDSCs to the tumor microenvironment, where they remain persistently activated and suppress T-cell responses, contributing to immune eva-
sion. (B) Immunosuppressive functions of TAMs. M2-polarized TAMs contribute to tumor progression by suppressing immune responses and
remodeling the extracellular matrix within the tumor microenvironment. These cells express PD-L1 and secrete immunosuppressive cytokines
such as IL-10 and TGF-/3, which inhibit effector immune cells and promote the recruitment of regulatory T cells. Additionally, they release pro-
angiogenic factors like VEGF, facilitating neovascularization and metastatic spread. TAMs also engage in direct interactions with cancer and
endothelial cells to form tumor microenvironment of metastasis (TMEM) structures, which support tumor cell dissemination. (C) Immunosup-
pressive functions of regulatory T cells. Tregs express CTLA-4, which binds to CD80/CD86 on APCs. This interaction inhibits APC activation
and reduces their ability to stimulate effector T cells. Tregs express high levels of CD25, the alpha chain of the IL-2 receptor. By consuming
IL-2, they deprive other T cells of this crucial growth factor, limiting their proliferation and survival. Tregs release ATP, which is enzymatically
converted to adenosine by CD39 and CD73. Adenosine binds to A2A receptors on T cells and APCs, suppressing their activation and cytokine
production. Tregs can induce apoptosis in APCs and effector T cells by releasing granzyme B and perforin. (D) Immunosuppressive functions
of PD-1/ PD-L1 pathway. BCG binds to TLR4 on tumor cells, activating the ERK signaling cascade and inducing PD-L1 overexpression. Con-
currently, BCG activates APCs, including macrophages and DCs, leading to the secretion of IL-6 and IL-10. These cytokines induce STAT3
phosphorylation, which subsequently enhances PD-L1 expression on APCs. BCG also stimulates immune cells to secrete IFN-v, which acts on
tumor cells via IFN-v receptors, contributing to additional PD-L1 expression. The cumulative effect of these pathways facilitates PD-1/PD-L1
interactions, leading to CD8T T cell dysfunction and impaired anti-tumor immune responses. (E) Immunosuppressive functions of tolerogenic
DCs. In high-grade bladder cancer tissue, the malignant phenotype-associated glycan STn is overexpressed. This overexpression correlates
with an increased presence of immature DCs in the tumor microenvironment, characterized by low expression of MHC-1I, CD80, and CDg86.
These immature DCs are functionally impaired in their ability to activate other immune cells, unlike mature DCs, thereby contributing to a re-
duced antitumor immune response. (F) Immunosuppressive activity mediated by the secretion of immunomodulatory molecules into the tumor
microenvironment. Increased PGE2 production in tumor microenvironment impairs APCs function, skews immunity toward a Th2 phenotype,
suppresses antitumor responses, and induces angiogenesis via VEGF secretion. In the bladder cancer TME, cytoplasmic NANOG expression in
cancer cells promotes transcription of HDACI, leading to downregulation of CXCL10, a chemokine critical for recruiting CD8% T cells. BCG,
Bacillus Calmette-Guérin; MDSCs, Myeloid-derived suppressor cells; CXCL8, C-X-C motif chemokine ligand 8; CCL22, C-C motif chemokine
ligand 22; DCs, Dendritic cells; TAM, Tumor-associated macrophages; VEGF, Vascular Endothelial Growth Factor; ECM, extracellular matrix;
PD-L1, Programmed death-ligand 1; IL, Interleukin; TGF-3, Transforming growth factor-beta; Tregs, regulatory T cells; CD, Cluster of differ-
entiation; CTLA-4, Cytotoxic T-Lymphocyte-Associated Protein 4; APCs, Antigen-presenting cells; MHC, Major Histocompatibility Complex;
PD-1, Programmed Death-1; TLR4, Toll-like receptor 4; STAT3, Signal transducer and activator of transcription 3; ERK, Extracellular signal-
regulated kinases; IFN-R, IFN receptor; IFN-v, Interferon-gamma; STn, Sialyl-Tn antigen (cancer-associated glycan); PGE2, prostaglandin E2;
Th2, type 2 T helper; HDACI1, Histone Deacetylase 1; NANOG, Nanog Homeobox (a transcription factor involved in stem cell pluripotency);
CXCL10, C-X-C Motif Chemokine Ligand 10; NK cells, Natural killer cells; CD8F T cells, Cluster of differentiation 8 positive T cells. Note
that the red horizontal line indicates functional blockade, and the ‘X’ symbols denote inhibition or cessation of the corresponding function.
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Fig. 4. Mechanisms of immune evasion contributing to BCG failure in NMIBC (continued). (A) Immunosuppressive signaling
via the NKG2A/HLA-E checkpoint axis. This involves the inhibitory receptor NKG2A, which is expressed on NK cells and CD8* T
cells. NKG2A forms a heterodimer with CD94 that binds to HLA-E, a non-classical MHC class I molecule frequently overexpressed on
cancer cells. Peptides presented by HLA-E modulate this interaction, triggering phosphorylation of the ITIMs within NKG2A, thereby
suppressing cytotoxic immune responses in the tumor microenvironment. (B) Immune suppression mediated through the CD6-ALCAM
signaling pathway. Immune suppression in bladder cancer may be mediated through the CD6-ALCAM signaling pathway, wherein
CD6™ T cells and NK cells interact with ALCAM-expressing tumor cells. This interaction modulates TCR signaling and may negatively
regulate T cell activation and proliferation within the tumor microenvironment. (C) Immune suppression mediated by effector T cell
exhaustion. Prolonged stimulation of CD8" T cells by tumor antigens leads to functional exhaustion, characterized by reduced cytokine
secretion and increased expression of inhibitory receptors on T cells, such as PD-1 and CTLA-4. (D) Immune suppression mediated
by cancer associated fibroblasts. CAFs within the tumor microenvironment promote tumor progression by remodeling the ECM and
secreting cytokines and growth factors that enhance cancer cell proliferation and metastasis. They also suppress CD8" T cell function
through the release of EVs carrying PD-L1 and by directly expressing PD-L1, leading to impaired cytotoxic activity and diminished
pro-inflammatory cytokine production. TCR, T Cell Receptor; NKG2A, Natural killer group 2A; NK cells, Natural killer cells; CD8™
T cells, Cluster of differentiation 8 positive T cells; CD, Cluster of differentiation; HLA-E, Human leukocyte antigen-E; MHC, Ma-
jor histocompatibility complex; ITIMs, Immunoreceptor tyrosine-based inhibitory motifs; ALCAM, Activated leukocyte cell adhesion
molecule; PD-1, Programmed cell death protein 1; CTLA-4, Cytotoxic T-lymphocyte-associated protein 4; CAF, Cancer-associated fi-
broblast; TGF-1, Transforming growth factor beta 1; IL-17, Interleukin-1 beta; ECM, Extracellular matrix; MCP-1/CCL2, Monocyte
chemoattractant protein-1/Chemokine (C-C motif) ligand 2; HGF, Hepatocyte growth factor; EV, Extracellular vesicle; IFN-v, Interferon
gamma; PD-L1, Programmed death-ligand 1; TNF-a, Tumor necrosis factor alpha. Note that the red horizontal line indicates functional
blockade, and the ‘X’ symbols denote inhibition or cessation of the corresponding function.

studies vary substantially in trial design, eligibility criteria,
endpoints, and duration of follow-up.

2.5.1 Intravesical Nadofaragene Firadenovec

Nadofaragene firadenovec (Adstiladrin) is an intrav-
esical gene therapy that employs a non-replicating ade-
noviral vector to deliver the human interferon alpha-2b
(IFNa2b) gene directly into urothelial cells. The formula-

10

tion includes Syn3, a surfactant that enhances viral uptake
and transgene delivery, resulting in localized production
of IFNa2b to stimulate anti-tumor immune responses [66].
IFNa2b promotes apoptosis in cancer cells by upregulat-
ing TRAIL (TNF-related apoptosis-inducing ligand), which
activates caspase-8 and caspase-10 through death receptor-
mediated signaling [67,68]. Within the TME, IFN«2b also
inhibits angiogenesis by suppressing the expression of ba-
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Fig. 5. Integrated immune evasion in BCG-unresponsive disease. This schematic illustrates how multiple immune escape mecha-
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cells, immune checkpoint and inhibitory signaling, soluble and epigenetic immunosuppression, and stromal-mediated immune exclu-
sion interact dynamically to undermine effective antitumor immunity. These pathways converge on shared functional outcomes, im-
paired antigen presentation, reduced cytotoxic immune activity, and loss of immune persistence, ultimately contributing to resistance to
BCG therapy. BCG, Bacillus Calmette-Guérin; NMIBC, non-muscle-invasive bladder cancer; TME, tumor microenvironment; MDSCs,
Myeloid-derived suppressor cells; M2-TAMs, M2-polarized tumor-associated macrophages; DCs, Dendritic cells; ECM, extracellular
matrix; PD-L1, Programmed death-ligand 1; NKG2A, Natural killer group 2A; HLA-E, Human leukocyte antigen E; CD6, Cluster of
differentiation 6; ALCAM (CD166), Activated leukocyte cell adhesion molecule; PGEs, Prostaglandin E2; VEGF, Vascular endothe-
lial growth factor; Tregs, regulatory T cells; PD-1, Programmed Death-1; EVs, Extracellular vesicles; HDAC1, Histone Deacetylase 1;
NANOG, Nanog Homeobox (a transcription factor involved in stem cell pluripotency); CXCL10, C-X-C Motif Chemokine Ligand 10.

sic fibroblast growth factor (bFGF) in cancer cells [69]. Be- The Phase III  multicenter clinical trial

yond its direct cytotoxic effects, [IFN« enhances the func-
tion of DCs and NK cells, increases MHC class I expres-
sion on tumor cells, and facilitates CD8% T cell-mediated
killing through improved antigen recognition. Since blad-
der cancer cells frequently downregulate MHC 1, the acti-
vation of NK cells by IFNa2b provides an additional and
potent mechanism of action for nadofaragene firadenovec
[70].
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(NCT02773849) evaluating the efficacy of intravesi-
cal nadofaragene firadenovec led to its FDA approval for
patients with high-risk BCG unresponsive disease with CIS
[71]. Patients received 75 mL of nadofaragene firadenovec
at a concentration of 3 x 10! viral particles/mL, adminis-
tered once every three months for up to 12 months, with
continued treatment permitted in the absence of high-grade
recurrence. A total of 103 patients with BCG-unresponsive
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CIS were included in the efficacy analysis. The complete
response (CR) rate at any time was 55%, with CR rates of
24% and 19% at 12 and 24 months, respectively. Grade
IIT treatment-related adverse events (TRAEs) occurred in
4% of patients, including approximately 3% with urinary
symptoms (urgency, incontinence, bladder spasms) and
1% with syncope or hypertension. No TRAEs exceeding
Grade III were reported [71,72].

2.5.2 Intravesical IL-15 Superagonist (Nogapendekin Alfa
Inbakicept-pmln)

Nogapendekin alfa inbakicept-pmln (Antkiva) (N-
803), also known as IL-15 superagonist or ALT-803, is a
cytokine complex composed of IL-15, the sushi domain
of the interleukin-15 receptor alpha (IL-15R«), and the Fc
portion of IgG1. This engineered fusion enhances the bi-
ological activity and half-life of IL-15, thereby amplify-
ing its anti-tumor effects through activation of CD8%" T
cells and NK cells [73]. IL-15 exerts its immunostimu-
latory effects by interacting with a receptor complex con-
sisting of IL-15Ra (CD25), IL-2R3 (CD122), and IL-2R~y
(CD132). Notably, N-803 mimics the physiological trans-
presentation of IL-15, allowing it to selectively stimulate
immune cells that express IL-2R 3+, such as NK cells and
CD8™ T cells, while bypassing IL-2Rc, which is highly
expressed on Tregs. This selective receptor engagement
minimizes Treg expansion and preserves anti-tumor im-
munity [74]. Recent evidence suggests that intravesical
BCG therapy induces trained immunity, a form of innate
immune memory that enhances responsiveness within the
TME. This trained response is more robust than that of
naive immune cells [75]. The synergistic potential of com-
bining BCG with N-803 lies in the ability of N-803 to fur-
ther amplify this trained immunity, potentially improving
the efficacy of intravesical immunotherapy for NMIBC.

In the phase II, open-label, multicenter QUILT 3.032
study, patients with BCG-unresponsive NMIBC with CIS
received intravesical therapy consisting of 400 pg of N-803
combined with 50 mg of BCG. Treatment was administered
once weekly for six weeks, followed by additional courses
once weekly for three weeks at months 4, 7, 10, 13, and
19. Among the CIS cohort (n = 84), the CR rate at any time
was 71%. CR rates at 12 and 24 months were 45% and 37%,
respectively. In a safety analysis of patients who received
intravesical N-803 monotherapy (n = 10), one patient expe-
rienced a Grade III TRAE (cerebrovascular accident). No
adverse events exceeding Grade III were reported [76].

2.5.3 Intravesical Cretostimogene Grenadenorepvec
(CG0070)

Cretostimogene grenadenorepvec also known as
CGO0070 is a tumor-selective oncolytic adenovirus designed
to target bladder cancer cells with dysregulated retinoblas-
toma (Rb) protein pathways. The virus selectively repli-
cates in these malignant cells, leading to direct tumor

12

cell lysis. This process releases tumor-associated anti-
gens, including neoantigens, into the local TME. Concur-
rently, the virus delivers a transgene encoding granulocyte-
macrophage colony-stimulating factor (GM-CSF), which is
synthesized by infected tumor cells. GM-CSF promotes
the recruitment and activation of APC, such as DCs and
macrophages, facilitating the uptake and presentation of
neoantigens to T lymphocytes [77,78]. This dual mecha-
nism, tumor destruction and immune stimulation, enhances
both local and systemic anti-tumor immune responses.

In the phase 111 BOND-003 trial, patients with BCG-
unresponsive NMIBC with CIS (n = 112) received intraves-
ical cretostimogene grenadenorepvec (CG0070) at a dose of
1 x 10'? viral particles. Treatment consisted of weekly in-
stillations for six weeks, followed by maintenance courses
of three weekly doses every three months during year one,
and every six months during year two. The CR rate at any
time was 75%, with estimated CR rates of 46% and 42% at
12 and 24 months, respectively. No grade IIIl TRAEs were
reported in the study [79].

2.5.4 Intravesical EG-70 (Detalimogene Voraplasmid)

EG-70 (detalimogene voraplasmid) is a non-viral
plasmid-based immunotherapy administered directly into
the bladder. Following instillation, the plasmid is primar-
ily internalized by bladder epithelial cells. Once inside,
the plasmid is transcribed, leading to the expression of
two key immunostimulatory components: IL-12, a cytokine
that promotes adaptive immune responses, and double-
stranded RNA (dsRNA) mimics, which activate retinoic
acid-inducible gene I (RIG-]), initiating innate immune sig-
naling pathways [80]. EG-70 comprises a plasmid, a dually
derivatized chitosan polymer that complexes with the plas-
mid, and a polyethylene glycol-polyglutamic acid coating
that surrounds the resulting complex [81].

In the phase Il LEGEND trial involving patients with
BCG-unresponsive CIS NMIBC (n = 26), EG-70 was ad-
ministered intravesically at a dose of 40 mg per treatment,
delivered in a 50 mL volume at a concentration of 0.8
mg/mL. The treatment schedule included four instillations
given during weeks 1, 2, 5, and 6 of a 12-week induction
cycle. Patients who remained free of disease progression
after this initial cycle were eligible to receive up to three
additional 12-week cycles of therapy. Preliminary results
demonstrated an overall CR rate of 71%, with CR rates of
67% at 3 months and 47% at 6 months. Notably, no TRAEs
of grade III or higher were reported [82].

Fig. 6 illustrates emerging immunomodulatory thera-
pies for BCG-unresponsive NMIBC, along with their pro-
posed mechanisms of action.

2.6 Conceptual Framework for Immune Evasion
Mechanisms Contributing to BCG-unresponsive Disease

Multiple immune escape mechanisms have been im-
plicated in resistance to intravesical BCG therapy, al-
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Fig. 6. Mechanisms of action of emerging immunomodulatory therapies for BCG unresponsive NMIBC. (A) Mechanism of action
of intravesical nadofaragene firadenovec: Following bladder instillation, the adenoviral vector utilizes Syn3, a surfactant, to facilitate
entry into urothelial cells. Once internalized, the vector delivers the IFNa2b gene to the nucleus, resulting in local overexpression of
interferon alpha-2b. IFNa2b binds to interferon receptors (IFNAR) on tumor cells, inducing the expression of TRAIL, which activates
caspase-8 and caspase-10, thereby triggering apoptosis. It also suppresses angiogenesis by downregulating bFGF expression in tumor
cells. Additionally, [IFNa2b enhances the function of DCs and NK cells, strengthening both innate and adaptive immune responses
to cancer. Furthermore, IFNa2b upregulates MHC class I molecules on tumor cells, increasing their immunogenicity and promoting
CD8™ T cell-mediated cytotoxicity. (B) Mechanism of action of intravesical IL-15 superagonist, N-803 (nogapendekin alfa inbakicept-
pmln; Anktiva). N-803 is a fusion cytokine complex that enhances IL-15 activity and stability by combining IL-15, the sushi domain
of IL-15Ra;, and the Fc portion of IgG1. It activates CDS8™ T cells and NK cells by mimicking the trans-presentation mechanism
of IL-15, specifically targeting these immune effector cells through their expression of the IL-2 receptor Sy complex (IL-2R37). (C)
Mechanism of action of intravesical Cretostimogene grenadenorepvec (CG0070). Cretostimogene grenadenorepvec selectively replicates
in bladder cancer cells with Rb pathway defects, causing tumor cell lysis and release of neoantigens into the tumor microenvironment.
Infected cells also produce GM-CSF, which recruits antigen-presenting cells to initiate a systemic anti-tumor immune response. This dual
mechanism enhances tumor cytotoxicity by promoting CD8™ T cell-mediated immune responses. (D) Mechanism of action of intravesical
EG-70 (detalimogene voraplasmid). EG-70 is a non-viral plasmid-based immunotherapy delivered intravesically, where it is taken up
by bladder epithelial cells, leading to the expression of interleukin-12 and double-stranded RNA mimics. These molecules activate
innate immune pathways via RIG-I and stimulate adaptive immunity by promoting CD8" T cell-mediated tumor clearance. NMIBC,
non-muscle invasive bladder cancer; IFNa2b, Interferon alpha-2b; Syn3, Surfactant used to enhance adenoviral transduction; IFNAR,
Interferon alpha and beta receptors; TRAIL, TNF-related apoptosis-inducing ligand; bFGF, Basic fibroblast growth factor; DCs, Dendritic
cells; NK cells, Natural killer cells; MHC class I, Major histocompatibility complex class I; CD8™" T cells, Cluster of differentiation 8
positive T cells; AR, Adenovirus receptor; IL-15, Interleukin-15; IL-15Rq, IL-15 receptor alpha; IL-2R 3, IL-2 receptor beta; IL-2R~y, IL-
2 receptor gamma; Fc, Fragment crystallizable; CG0070, cretostimogene grenadenorepvec; Rb, Retinoblastoma; GM-CSF, Granulocyte-
macrophage colony-stimulating factor; DCP, Derivatized chitosan polymers; PEG-PA, polyethylene glycol-polyglutamic acid; RIG-I,
retinoic acid-inducible gene I; EG-70, detalimogene voraplasmid. Note that the red solid arrows represent the direct cytotoxic effect on
cancer cells exerted by activated CD8" T cells, while the red dashed arrows indicate the delivery of genetic material into the nucleus.

The solid black arrows denote the impact on the target cell.

though the relative contribution of individual pathways cal or translational evidence, associations with reduced re-
varies among experimental and clinical studies. In this re- sponsiveness to BCG or adverse clinical outcomes, and rel-
view, we examine ten core immune evasion processes iden-  evance as established or emerging therapeutic targets in
tified through a comprehensive synthesis of the literature, =~ NMIBC.

prioritizing pathways supported by reproducible preclini-
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These mechanisms should not be considered isolated
or mutually exclusive. Rather, resistance to BCG reflects
a complex and interconnected immune landscape encom-
passing the proposed ten evasion processes. The frame-
work presented here is intended to provide a clinically
grounded and translationally relevant model for under-
standing BCG-unresponsive disease, rather than a defini-
tive or exhaustive mechanistic classification.

Notably, much of the literature linking immune dys-
regulation to BCG-unresponsive disease is based on obser-
vational clinical data or findings from preclinical experi-
mental models. Consequently, for many proposed path-
ways, the current evidence indicates correlation rather than
definitive causal relationships. While mechanistic stud-
ies in vitro and in vivo offer valuable insight and bi-
ological plausibility, their direct applicability to human
BCG-unresponsive disease has yet to be fully established.
Future prospective, biomarker-guided studies and interven-
tional trials will be critical to validate these pathways, de-
fine their relative contributions, and guide the rational de-
velopment of targeted therapeutic strategies.

2.7 Linking Immune Escape Pathways to Emerging
Immunomodulatory Therapies for BCG Unresponsive
Disease

As discussed above, BCG-unresponsive NMIBC re-
sults from the interplay of multiple immune evasion mech-
anisms that evolve across time and space within the TME.
Although emerging intravesical immunotherapies activate
antitumor immunity through diverse modalities, none cur-
rently addresses the full spectrum of resistance pathways,
accounting for both their observed efficacy and inherent
limitations.

Defects in antigen presentation and tolerogenic den-
dritic cell states (Fig. 3E) are most directly addressed by
cretostimogene grenadenorepvec (CG0070) and detalimo-
gene voraplasmid (EG-70). CG0070 promotes immuno-
genic tumor cell lysis and delivers GM-CSF, enhancing
dendritic cell recruitment and priming, thereby counteract-
ing deficient antigen presentation. EG-70 activates innate
immune sensing through RIG-I signaling and induces IL-12
expression, favoring Thl polarization and potentially re-
versing tolerogenic DC phenotypes. In contrast, nadofara-
gene firadenovec indirectly enhances antigen presentation
by upregulating MHC class I expression via interferon-«
signaling, while nogapendekin alfa inbakicept-pmln pri-
marily amplifies downstream effector responses rather than
antigen priming itself.

Effector lymphocyte dysfunction and exhaustion
(Fig. 4C) are most effectively targeted by nogapendekin
alfa inbakicept-pmln, which selectively expands NK cells
and CD8™ T cells while limiting regulatory T-cell prolif-
eration. This mechanism directly counteracts effector cell
exhaustion-associated functional decline, particularly in the
setting of BCG-induced chronic immune stimulation. Nad-
ofaragene firadenovec also enhances cytotoxic lymphocyte
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activity through interferon-mediated NK-cell activation, al-
though it does not directly reverse exhaustion programs
driven by persistent antigen exposure.

Regulatory T-cell- and checkpoint-mediated suppres-
sion (Fig. 3C,D) are only partially addressed by cur-
rent intravesical agents. While nogapendekin alfa inbaki-
cept-pmln minimizes Treg expansion by avoiding IL-2 re-
ceptor « signaling, none of the approved intravesical ther-
apies directly inhibit PD-1/PD-L1 signaling. Similarly, al-
ternative immune checkpoints, including NKG2A/HLA-E
(Fig. 4A) and CD6—ALCAM (Fig. 4B) pathways, are not
directly targeted, despite growing evidence of their role in
BCG unresponsiveness.

Myeloid-driven immunosuppression (Fig. 3A,B), in-
cluding MDSC recruitment and M2-polarized TAM ac-
tivity, remains a major unmet therapeutic need. While
GM-CSF delivery by CG0070 and interferon signaling in-
duced by nadofaragene firadenovec may indirectly modu-
late myeloid function, none of the available intravesical im-
munotherapies specifically deplete or reprogram suppres-
sive myeloid populations. Similarly, CAF-mediated im-
mune suppression (Fig. 4D) is not directly addressed by ex-
isting agents.

Soluble immunosuppressive mediators (Fig. 3F), such
as PGEy-mediated signaling that suppresses APCs func-
tion, are also largely unaffected by current intravesical ther-
apies, potentially limiting immune cell recruitment and per-
sistence despite immune activation.

2.8 Challenges and Future Directions

An important point to consider is that advanced age
has been identified as a potential factor contributing to
reduced responsiveness to BCG therapy in patients with
NMIBC. Clinical data indicate that older individuals (>80
years) exhibit significantly lower response rates to BCG
at 24 months compared to younger patients aged 61-70
years (39% vs. 61%) [83]. This diminished efficacy
is thought to stem from age-associated immune dysreg-
ulation, driven by two key processes: First, aging pro-
motes chronic low-grade activation of the innate immune
system, partly due to the accumulation of sterile break-
down products such as damage-associated molecular pat-
terns (DAMPs), including cell-free DNA and oxidized pro-
teins, and mislocalized microorganism-associated molecu-
lar patterns (MAMPs) like lipopolysaccharide (LPS). These
stimuli chronically activate resident immune cells, includ-
ing TAMs and tumor-infiltrating neutrophils (TINs), induc-
ing the secretion of pro-inflammatory cytokines (e.g., IL-6,
IL-8, TNF-«) and elevated reactive oxygen species (ROS)
production. Second, adaptive immune function declines
with age due to immunosenescence, characterized by a re-
duced number and diversity of naive CD4" and CD8" T
cells [84]. This should be taken into consideration when
discussing the efficacy of novel or emerging immune mod-
ulatory agents for BCG-unresponsive NMIBC.
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In addition, BCG efficacy may be diminished in im-
munosuppressed patients, including transplant recipients,
individuals with autoimmune conditions, and those receiv-
ing systemic chemotherapy. This is biologically plausi-
ble given the reliance of BCG on host immune activation.
While BCG appears to be safe in these populations, lower
efficacy, particularly in transplant recipients, has been re-
ported, though available data are limited by small sample
sizes and short follow-up [85]. Importantly, the retained ac-
tivity of BCG in some immunosuppressed patients suggests
the presence of immune-independent mechanisms, includ-
ing direct cytotoxic effects on tumor cells, as previously dis-
cussed by our group [7]. Consequently, BCG-unresponsive
disease may reflect tumor-intrinsic resistance mechanisms
in addition to impaired immune stimulation.

To date, two novel intravesical therapies have received
FDA approval for the treatment of BCG-unresponsive
NMIBC with CIS: nadofaragene firadenovec (Adstiladrin)
in 2022 and nogapendekin alfa inbakicept-pmin (Anktiva)
in 2024 [86]. While both agents have demonstrated promis-
ing efficacy, long-term outcomes remain under investiga-
tion. As additional therapies are expected to gain regulatory
approval, clinicians will increasingly face the challenge of
selecting the most appropriate treatment in the absence of
predictive biomarkers. The reliance on single-arm trials
for regulatory approval further complicates direct compar-
isons between available agents [87]. Caution is warranted
when considering these therapies for patients with BCG-
unresponsive papillary disease without CIS, as robust data
in this subgroup are still lacking. In such cases, clinicians
should engage in shared decision-making with patients, dis-
cussing the current evidence, potential benefits, tolerability,
and the off-label nature of use. A comparative assessment
of efficacy outcomes among emerging immunomodulatory
therapies for BCG-unresponsive NMIBC suggests that re-
lying on a single immune-enhancing mechanism may be
suboptimal. This underscores the importance for clinicians
to critically evaluate the underlying mechanisms of action
rather than passively interpreting outcome data.

A deeper understanding of the immune mechanisms
underlying BCG failure, along with the immunologic ba-
sis of emerging therapies in this context, is essential for
advancing treatment strategies. This is particularly com-
plex due to the dynamic interactions within the TME, which
we have highlighted in this review. Given the heterogene-
ity of immune signatures across bladder tumors, an optimal
therapeutic strategy should address the diverse mechanisms
of immune evasion contributing to BCG unresponsive dis-
ease, ten of which have been identified as key contributors
in our analysis. Ultimately, combination therapies capa-
ble of addressing several of these mechanisms simultane-
ously may offer the most promising path forward. For ex-
ample, combining an intravesical immune-priming therapy
such as cretostimogene grenadenorepvec or detalimogene
voraplasmid with systemic PD-1/PD-L1 inhibition may si-
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multaneously enhance antigen presentation while alleviat-
ing checkpoint-mediated T-cell dysfunction. Alternatively,
pairing intravesical interferon-based therapies with agents
targeting myeloid-driven or NK-cell inhibitory pathways
(e.g., TAM reprogramming or NKG2A blockade) could
produce more durable antitumor immunity by addressing
both immune activation and suppression within the TME.

3. Conclusions

BCG-unresponsive NMIBC presents a multifactorial
clinical and immunological challenge, driven by diverse
mechanisms of immune escape within the TME. Emerg-
ing intravesical therapies, including gene-based, cytokine-
driven, and oncolytic platforms, offer promising bladder-
sparing alternatives. However, the absence of predictive
biomarkers for treatment response and the lack of head-to-
head comparative data among these novel agents compli-
cate clinical decision-making. Future strategies should pri-
oritize combination approaches that target multiple immune
evasion pathways implicated in BCG failure. This multi-
targeted strategy may enhance therapeutic efficacy and help
overcome resistance to single-agent therapies. Immunol-
ogists must play a central role in guiding therapeutic de-
velopment and translating immunologic insights into clini-
cal practice for the treatment of BCG-unresponsive disease.
A multidisciplinary approach is essential to optimize out-
comes and advance personalized care in this evolving ther-
apeutic landscape.

Author Contributions

MAC: Conceptualization, methodology, literature
collection, original draft writing. ID: literature collection,
manuscript review and editing. MAO: Conceptualization,
methodology, manuscript review and editing. All authors:
Reviewed and approved the final manuscript. All authors
have participated sufficiently in the work and agreed to be
accountable for all aspects of the work.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment

Some elements of the figures were created using
Servier Medical Art (https://smart.servier.com/), licensed
under CC BY 4.0 (https://creativecommons.org/licenses/b
y/4.0/).

Funding

This research received no external funding.

Conflicts of Interest

The authors declare no conflicts of interest.

15


https://smart.servier.com/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.imrpress.com

References

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

[9]

[10]

[11]

[12]

16

Gontero P, Birtle A, Capoun O, Compérat E, Dominguez-Escrig
JL, Liedberg F, et al. European Association of Urology Guide-
lines on Non-muscle-invasive Bladder Cancer (TaT1 and Carci-
noma In Situ)-A Summary of the 2024 Guidelines Update. Eu-
ropean Urology. 2024; 86: 531-549. https://doi.org/10.1016/].
eururo.2024.07.027.

Holzbeierlein JM, Bixler BR, Buckley DI, Chang SS, Holmes R,
James AC, et al. Diagnosis and Treatment of Non-Muscle Inva-
sive Bladder Cancer: AUA/SUO Guideline: 2024 Amendment.
The Journal of Urology. 2024; 211: 533-538. Erratum in: The
Journal of Urology. 2024; 212: 936. https://doi.org/10.1097/JU
.0000000000003846.

van den Bosch S, Alfred Witjes J. Long-term cancer-specific
survival in patients with high-risk, non-muscle-invasive blad-
der cancer and tumour progression: a systematic review. Euro-
pean Urology. 2011; 60: 493-500. https://doi.org/10.1016/j.eu
ruro.2011.05.045.

Takada N, Abe T, Shinohara N, Sazawa A, Maruyama S, Shinno
Y, et al. Peri-operative morbidity and mortality related to radical
cystectomy: a multi-institutional retrospective study in Japan.
BJU International. 2012; 110: E756-E764. https://doi.org/10.
1111/j.1464-410X.2012.11609.x.

Tan WS, Grajales V, Contieri R, Hensley P, Bree K, Msaouel
P, et al. Bladder-sparing Treatment in Patients with Bacil-
lus Calmette-Guerin-unresponsive Non-muscle-invasive Blad-
der Cancer: An Analysis of Long-term Survival Outcomes. Eu-
ropean Urology Open Science. 2023; 53: 16-22. https://doi.org/
10.1016/j.euro0s.2023.04.013.

LiR, Hensley PJ, Gupta S, Al-Ahmadie H, Babjuk M, Black PC,
et al. Bladder-sparing Therapy for Bacillus Calmette-Guérin-
unresponsive Non-muscle-invasive Bladder Cancer: Interna-
tional Bladder Cancer Group Recommendations for Optimal Se-
quencing and Patient Selection. European Urology. 2024; 86:
516-527. https://doi.org/10.1016/j.eururo.2024.08.001.

Abou Chakra M, Luo Y, Duquesne I, A O’Donnell M. Update on
the Mechanism of Action of Intravesical BCG Therapy to Treat
Non-Muscle-Invasive Bladder Cancer. Frontiers in Bioscience
(Landmark Edition). 2024; 29: 295. https://doi.org/10.31083/].
b12908295.

Jiang W, He Y, He W, Wu G, Zhou X, Sheng Q, et al. Ex-
hausted CD8+T Cells in the Tumor Immune Microenvironment:
New Pathways to Therapy. Frontiers in Immunology. 2021; 11:
622509. https://doi.org/10.3389/fimmu.2020.622509.

Chamie K, Chang SS, Rosser CJ, Kramolowski E, Gonzalgo
ML, Sexton W1J, et al. N-803 Plus BCG Treatment for BCG-
Naive or -Unresponsive Non-Muscle Invasive Bladder Cancer:
A Plain Language Review. Future Oncology (London, England).
2024; 20: 2307-2317. https://doi.org/10.1080/14796694.2024.
2363744.

Myers AA, Tan WS, Grajales V, Hwang H, Bree KK, Navai N,
et al. Challenging the Paradigm of “BCG-unresponsive” Blad-
der Cancer: Does Additional Bacillus Calmette-Guérin Have an
Effect? European Urology. 2024; 86: 366-368. https://doi.org/
10.1016/j.eururo.2024.05.027.

Huang J, Lin L, Mao D, Hua R, Guan F. Prognostic value
of neutrophil-to-lymphocyte ratio in patients with non-muscle-
invasive bladder cancer with intravesical Bacillus Calmette-
Guérin immunotherapy: a systematic review and meta-analysis.
Frontiers in Immunology. 2024; 15: 1464635. https://doi.org/
10.3389/fimmu.2024.1464635.

Salmasi A, Elashoff DA, Guo R, Upfill-Brown A, Rosser CJ,
Rose JM, et al. Urinary Cytokine Profile to Predict Response to
Intravesical BCG with or without HS-410 Therapy in Patients

with Non-muscle-invasive Bladder Cancer. Cancer Epidemiol-
ogy, Biomarkers & Prevention: a Publication of the American

[13]

[14]

[15]

[16]

[17]

[18]

[19]

(21]

[22]

[23]

[24]

[25]

[26]

Association for Cancer Research, Cosponsored by the Amer-
ican Society of Preventive Oncology. 2019; 28: 1036-1044.
https://doi.org/10.1158/1055-9965.EPI-18-0893.

Miyake M, Nishimura N, Fujii T, Fujimoto K. Recent advance-
ments in the diagnosis and treatment of non-muscle invasive
bladder cancer: Evidence update of surgical concept, risk strati-
fication, and BCG-treated disease. International Journal of Urol-
ogy: Official Journal of the Japanese Urological Association.
2023; 30: 944-957. https://doi.org/10.1111/iju.15263.

Scilipoti P, Longoni M, de Angelis M, Zaurito P, Slusarczyk
A, Soria F, et al. Long-term Oncological Outcomes for Patients
with Non-muscle-invasive Bladder Cancer Treated with Bacillus
Calmette-Guérin (BCG): A Comparative Analysis of Adequate
Versus Inadequate BCG Treatment. European Urology Focus.
2026; 12: 70-78. https://doi.org/10.1016/j.euf.2025.04.033.

He S, Zheng L, Qi C. Myeloid-derived suppressor cells (MD-
SCs) in the tumor microenvironment and their targeting in can-
cer therapy. Molecular Cancer. 2025; 24: 5. https://doi.org/10.
1186/s12943-024-02208-3.

Damuzzo V, Pinton L, Desantis G, Solito S, Marigo I, Bronte
V, et al. Complexity and challenges in defining myeloid-derived
suppressor cells. Cytometry. Part B, Clinical Cytometry. 2015;
88: 77-91. https://doi.org/10.1002/cyto.b.21206.

Hatogai K, Sweis RF. The Tumor Microenvironment of Bladder
Cancer. Advances in Experimental Medicine and Biology. 2020;
1296: 275-290. https://doi.org/10.1007/978-3-030-59038-3
17.

Chevalier MF, Trabanelli S, Racle J, Salomé B, Cesson V,
Gharbi D, et al. ILC2-modulated T cell-to-MDSC balance is as-
sociated with bladder cancer recurrence. The Journal of Clinical
Investigation. 2017; 127: 2916-2929. https://doi.org/10.1172/
JCIB9717.

Muthuswamy R, Wang L, Pitteroff J, Gingrich JR, Kalinski P.
Combination of IFN« and poly-1:C reprograms bladder can-
cer microenvironment for enhanced CTL attraction. Journal for
Immunotherapy of Cancer. 2015; 3: 6. https://doi.org/10.1186/
s40425-015-0050-8.

Wang Y, Liu J, Yang X, Liu Y, Liu Y, Li Y, ef al. Bacillus
Calmette-Guérin and anti-PD-L1 combination therapy boosts
immune response against bladder cancer. OncoTargets and
Therapy. 2018; 11: 2891-2899. https://doi.org/10.2147/OTT.
S165840.

Bied M, Ho WW, Ginhoux F, Blériot C. Roles of macrophages
in tumor development: a spatiotemporal perspective. Cellular &
Molecular Immunology. 2023; 20: 983-992. https://doi.org/10.
1038/s41423-023-01061-6.

Zhu S, Luo Z, Li X, Han X, Shi S, Zhang T. Tumor-associated
macrophages: role in tumorigenesis and immunotherapy impli-
cations. Journal of Cancer. 2021; 12: 54—64. https://doi.org/10.
7150/jca.49692.

Xu J, Ding L, Mei J, Hu Y, Kong X, Dai S, et al. Dual roles and
therapeutic targeting of tumor-associated macrophages in tumor
microenvironments. Signal Transduction and Targeted Therapy.
2025; 10: 268. https://doi.org/10.1038/s41392-025-02325-5.
Cao J, Liu C. Mechanistic studies of tumor-associated
macrophage immunotherapy. Frontiers in Immunology. 2024;
15: 1476565. https://doi.org/10.3389/fimmu.2024.1476565.
Miyake M, Tatsumi Y, Gotoh D, Ohnishi S, Owari T, lida K,
et al. Regulatory T Cells and Tumor-Associated Macrophages
in the Tumor Microenvironment in Non-Muscle Invasive Blad-
der Cancer Treated with Intravesical Bacille Calmette-Guérin:
A Long-Term Follow-Up Study of a Japanese Cohort. Interna-
tional Journal of Molecular Sciences. 2017; 18: 2186. https:
//doi.org/10.3390/ijms18102186.

Lima L, Oliveira D, Tavares A, Amaro T, Cruz R, Oliveira MJ,
et al. The predominance of M2-polarized macrophages in the

&% IMR Press


https://doi.org/10.1016/j.eururo.2024.07.027
https://doi.org/10.1016/j.eururo.2024.07.027
https://doi.org/10.1097/JU.0000000000003846
https://doi.org/10.1097/JU.0000000000003846
https://doi.org/10.1016/j.eururo.2011.05.045
https://doi.org/10.1016/j.eururo.2011.05.045
https://doi.org/10.1111/j.1464-410X.2012.11609.x
https://doi.org/10.1111/j.1464-410X.2012.11609.x
https://doi.org/10.1016/j.euros.2023.04.013
https://doi.org/10.1016/j.euros.2023.04.013
https://doi.org/10.1016/j.eururo.2024.08.001
https://doi.org/10.31083/j.fbl2908295
https://doi.org/10.31083/j.fbl2908295
https://doi.org/10.3389/fimmu.2020.622509
https://doi.org/10.1080/14796694.2024.2363744
https://doi.org/10.1080/14796694.2024.2363744
https://doi.org/10.1016/j.eururo.2024.05.027
https://doi.org/10.1016/j.eururo.2024.05.027
https://doi.org/10.3389/fimmu.2024.1464635
https://doi.org/10.3389/fimmu.2024.1464635
https://doi.org/10.1158/1055-9965.EPI-18-0893
https://doi.org/10.1111/iju.15263
https://doi.org/10.1016/j.euf.2025.04.033
https://doi.org/10.1186/s12943-024-02208-3
https://doi.org/10.1186/s12943-024-02208-3
https://doi.org/10.1002/cyto.b.21206
https://doi.org/10.1007/978-3-030-59038-3_17
https://doi.org/10.1007/978-3-030-59038-3_17
https://doi.org/10.1172/JCI89717
https://doi.org/10.1172/JCI89717
https://doi.org/10.1186/s40425-015-0050-8
https://doi.org/10.1186/s40425-015-0050-8
https://doi.org/10.2147/OTT.S165840
https://doi.org/10.2147/OTT.S165840
https://doi.org/10.1038/s41423-023-01061-6
https://doi.org/10.1038/s41423-023-01061-6
https://doi.org/10.7150/jca.49692
https://doi.org/10.7150/jca.49692
https://doi.org/10.1038/s41392-025-02325-5
https://doi.org/10.3389/fimmu.2024.1476565
https://doi.org/10.3390/ijms18102186
https://doi.org/10.3390/ijms18102186
https://www.imrpress.com

[27]

(28]

[29]

[30]

[31]

(32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

stroma of low-hypoxic bladder tumors is associated with BCG
immunotherapy failure. Urologic Oncology. 2014; 32: 449—457.
https://doi.org/10.1016/j.urolonc.2013.10.012.

Suriano F, Santini D, Perrone G, Amato M, Vincenzi B, Tonini
G, et al. Tumor associated macrophages polarization dictates
the efficacy of BCG instillation in non-muscle invasive urothe-
lial bladder cancer. Journal of Experimental & Clinical Can-
cer Research: CR. 2013; 32: 87. https://doi.org/10.1186/
1756-9966-32-87.

Workman CJ, Szymczak-Workman AL, Collison LW, Pillai MR,
Vignali DAA. The development and function of regulatory T
cells. Cellular and Molecular Life Sciences: CMLS. 2009; 66:
2603-2622. https://doi.org/10.1007/s00018-009-0026-2.
Singer M, Elsayed AM, Husseiny MI. Regulatory T-cells: The
Face-off of the Immune Balance. Frontiers in Bioscience (Land-
mark Edition). 2024; 29: 377. https://doi.org/10.31083/j.tb
12911377.

Ohue Y, Nishikawa H. Regulatory T (Treg) cells in cancer: Can
Treg cells be a new therapeutic target? Cancer Science. 2019;
110: 2080-2089. https://doi.org/10.1111/cas.14069.

Kamada T, Togashi Y, Tay C, Ha D, Sasaki A, Nakamura Y, et
al. PD-11 regulatory T cells amplified by PD-1 blockade pro-
mote hyperprogression of cancer. Proceedings of the National
Academy of Sciences of the United States of America. 2019;
116: 9999-10008. https://doi.org/10.1073/pnas.1822001116.
Chevalier MF, Schneider AK, Cesson V, Dartiguenave F, Lucca
1, Jichlinski P, ef al. Conventional and PD-L1-expressing Reg-
ulatory T Cells are Enriched During BCG Therapy and may
Limit its Efficacy. European Urology. 2018; 74: 540—-544. https:
//doi.org/10.1016/j.eururo.2018.06.045.

Pichler R, Fritz J, Zavadil C, Schifer G, Culig Z, Brunner
A. Tumor-infiltrating immune cell subpopulations influence the
oncologic outcome after intravesical Bacillus Calmette-Guérin
therapy in bladder cancer. Oncotarget. 2016; 7: 39916-39930.
https://doi.org/10.18632/oncotarget.9537.

HanY, LiuD, Li L. PD-1/PD-L1 pathway: current researches in
cancer. American Journal of Cancer Research. 2020; 10: 727—
742.

Copland A, Sparrow A, Hart P, Diogo GR, Paul M, Azuma
M, et al. Bacillus Calmette-Guérin Induces PD-L1 Expres-
sion on Antigen-Presenting Cells via Autocrine and Paracrine
Interleukin-STAT3 Circuits. Scientific Reports. 2019; 9: 3655.
https://doi.org/10.1038/s41598-019-40145-0.

Wang YH, Cao YW, Yang XC, Niu HT, Sun LJ, Wang XS, et
al. Effect of TLR4 and B7-H1 on immune escape of urothelial
bladder cancer and its clinical significance. Asian Pacific Journal
of Cancer Prevention: APJCP. 2014; 15: 1321-1326. https://do
i.org/10.7314/apjcp.2014.15.3.1321.

Li T, Niu M, Zhou J, Wu K, Yi M. The enhanced antitumor
activity of bispecific antibody targeting PD-1/PD-L1 signaling.
Cell Communication and Signaling: CCS. 2024; 22: 179. https:
//doi.org/10.1186/s12964-024-01562-5.

Inman BA, Sebo TJ, Frigola X, Dong H, Bergstralh EJ, Frank
1, et al. PD-L1 (B7-H1) expression by urothelial carcinoma of
the bladder and BCG-induced granulomata: associations with
localized stage progression. Cancer. 2007; 109: 1499—-1505. ht
tps://doi.org/10.1002/cncr.22588.

Pierconti F, Raspollini MR, Martini M, Larocca LM, Bassi PF,
Bientinesi R, ef al. PD-L1 expression in bladder primary in situ
urothelial carcinoma: evaluation in BCG-unresponsive patients
and BCG responders. Virchows Archiv: an International Jour-
nal of Pathology. 2020; 477: 269-277. Erratum in: Virchows
Archiv: an International Journal of Pathology. 2020; 477: 327.
https://doi.org/10.1007/s00428-020-02755-2.

Hashizume A, Umemoto S, Yokose T, Nakamura Y, Yoshihara
M, Shoji K, et al. Enhanced expression of PD-L1 in non-muscle-

&% IMR Press

[41

—

[42

—

[43]

[44

[l

[45

[t

[46

[

[47

—

[48

[l

[49]

[50

[l

[51]

[52

—

[53

—

[54]

invasive bladder cancer after treatment with Bacillus Calmette-
Guerin. Oncotarget. 2018; 9: 34066-34078. https://doi.org/10.
18632/oncotarget.26122.

de Jong FC, Kvikstad V, Hoedemacker RF, van der Made ACJ,
van der Bosch TP, van Casteren NJ, ef al. PD-L1 expression in
high-risk non-muscle invasive bladder cancer is not a biomarker
of response to BCG. World Journal of Urology. 2025; 43: 57.
https://doi.org/10.1007/s00345-024-05392-5.

Carrascal MA, Severino PF, Guadalupe Cabral M, Silva M,
Ferreira JA, Calais F, et al. Sialyl Tn-expressing bladder can-
cer cells induce a tolerogenic phenotype in innate and adap-
tive immune cells. Molecular Oncology. 2014; 8: 753-765.
https://doi.org/10.1016/j.molonc.2014.02.008.

Lima L, Severino PF, Silva M, Miranda A, Tavares A, Pereira
S, et al. Response of high-risk of recurrence/progression blad-
der tumours expressing sialyl-Tn and sialyl-6-T to BCG im-
munotherapy. British Journal of Cancer. 2013; 109: 2106-2114.
https://doi.org/10.1038/bjc.2013.571.

Finetti F, Travelli C, Ercoli J, Colombo G, Buoso E, Trabalzini
L. Prostaglandin E2 and Cancer: Insight into Tumor Progression
and Immunity. Biology. 2020; 9: 434. https://doi.org/10.3390/bi
ology9120434.

Eruslanov E, Daurkin I, Vieweg J, Daaka Y, Kusmartsev S.
Aberrant PGE: metabolism in bladder tumor microenvironment
promotes immunosuppressive phenotype of tumor-infiltrating
myeloid cells. International Immunopharmacology. 2011; 11:
848-855. https://doi.org/10.1016/j.intimp.2011.01.033.
Woolbright BL, Pilbeam CC, Taylor JA, 3rd. Prostaglandin E2 as
atherapeutic target in bladder cancer: From basic science to clin-
ical trials. Prostaglandins & other Lipid Mediators. 2020; 148:
106409. https://doi.org/10.1016/j.prostaglandins.2020.106409.
Kelly JD, Tan WS, Porta N, Mostafid H, Huddart R, Protheroe A,
et al. BOXIT-A Randomised Phase III Placebo-controlled Trial
Evaluating the Addition of Celecoxib to Standard Treatment
of Transitional Cell Carcinoma of the Bladder (CRUK/07/004).
European Urology. 2019; 75: 593—601. https://doi.org/10.1016/
j-eururo.2018.09.020.

Yamashita T, Higashi M, Yamazaki M, Imada H, Takayanagi N,
Shimizu T, et al. Evaluation of NANOG/HDAC!1 Expression in
Predicting Outcomes of BCG Therapy in Non-Muscle Invasive
Bladder Cancer. Pathology International. 2025; 75: 177-183.
https://doi.org/10.1111/pin.70002.

Li Y, Li Z, Tang Y, Zhuang X, Feng W, Boor PPC, et al. Un-
locking the therapeutic potential of the NKG2A-HLA-E im-
mune checkpoint pathway in T cells and NK cells for cancer
immunotherapy. Journal for Immunotherapy of Cancer. 2024;
12: €009934. https://doi.org/10.1136/jitc-2024-009934.

Fisher JG, Graham LV, Blunt MD. Strategies to disrupt
NKG2A:HLA-E interactions for improved anti-cancer immu-
nity. Oncotarget. 2024; 15: 501-503. https://doi.org/10.18632/
oncotarget.28610.

Wang X, Xiong H, Ning Z. Implications of NKG2A in immunity
and immune-mediated diseases. Frontiers in Immunology. 2022;
13: 960852. https://doi.org/10.3389/fimmu.2022.960852.
Horowitz A, Daza J, Wang YA, Ranti D, Salome B, Merritt E,
et al. NKG2A and HLA-E define a novel mechanism of re-
sistance to immunotherapy with Mycobacterium bovis BCG in
non-muscle-invasive bladder cancer patients. Journal for Im-
munoTherapy of Cancer. 2021; 9: A651.

van Hall T, André P, Horowitz A, Ruan DF, Borst L, Zerbib R,
et al. Monalizumab: inhibiting the novel immune checkpoint
NKG2A. Journal for Immunotherapy of Cancer. 2019; 7: 263.
https://doi.org/10.1186/s40425-019-0761-3.

Gurrea-Rubio M, Lin F, Wicha MS, Mao-Draayer Y, Fox DA.
Ligands of CD6: roles in the pathogenesis and treatment of
cancer. Frontiers in Immunology. 2025; 15: 1528478. https:

17


https://doi.org/10.1016/j.urolonc.2013.10.012
https://doi.org/10.1186/1756-9966-32-87
https://doi.org/10.1186/1756-9966-32-87
https://doi.org/10.1007/s00018-009-0026-2
https://doi.org/10.31083/j.fbl2911377
https://doi.org/10.31083/j.fbl2911377
https://doi.org/10.1111/cas.14069
https://doi.org/10.1073/pnas.1822001116
https://doi.org/10.1016/j.eururo.2018.06.045
https://doi.org/10.1016/j.eururo.2018.06.045
https://doi.org/10.18632/oncotarget.9537
https://doi.org/10.1038/s41598-019-40145-0
https://doi.org/10.7314/apjcp.2014.15.3.1321
https://doi.org/10.7314/apjcp.2014.15.3.1321
https://doi.org/10.1186/s12964-024-01562-5
https://doi.org/10.1186/s12964-024-01562-5
https://doi.org/10.1002/cncr.22588
https://doi.org/10.1002/cncr.22588
https://doi.org/10.1007/s00428-020-02755-2
https://doi.org/10.18632/oncotarget.26122
https://doi.org/10.18632/oncotarget.26122
https://doi.org/10.1007/s00345-024-05392-5
https://doi.org/10.1016/j.molonc.2014.02.008
https://doi.org/10.1038/bjc.2013.571
https://doi.org/10.3390/biology9120434
https://doi.org/10.3390/biology9120434
https://doi.org/10.1016/j.intimp.2011.01.033
https://doi.org/10.1016/j.prostaglandins.2020.106409
https://doi.org/10.1016/j.eururo.2018.09.020
https://doi.org/10.1016/j.eururo.2018.09.020
https://doi.org/10.1111/pin.70002
https://doi.org/10.1136/jitc-2024-009934
https://doi.org/10.18632/oncotarget.28610
https://doi.org/10.18632/oncotarget.28610
https://doi.org/10.3389/fimmu.2022.960852
https://doi.org/10.1186/s40425-019-0761-3
https://doi.org/10.3389/fimmu.2024.1528478
https://doi.org/10.3389/fimmu.2024.1528478

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

18

//doi.org/10.3389/fimmu.2024.1528478.

Juric I, Fink EE, Qiu H, Desprez PE, Ravi A, Holton
M, et al. Single-cell RNA-sequencing of BCG naive
and recurrent non-muscle invasive bladder cancer re-
veals a  CD6/ALCAM-mediated  immune-suppressive
pathway. NPJ Precision Oncology. 2025; 9: 318.
https://doi.org/10.1038/s41698-025-01093-3.

Parameswaran N, Luo L, Zhang L, Chen J, DiFilippo FP, Andro-
jnaC, et al. CD6-targeted antibody-drug conjugate as a new ther-
apeutic agent for T cell lymphoma. Leukemia. 2023; 37: 2050—
2057. https://doi.org/10.1038/s41375-023-01997-8.

He QF, Xu Y, Li J, Huang ZM, Li XH, Wang X. CD8+ T-cell
exhaustion in cancer: mechanisms and new area for cancer im-
munotherapy. Briefings in Functional Genomics. 2019; 18: 99—
106. https://doi.org/10.1093/bfgp/ely006.

Lim CJ, Nguyen PHD, Wasser M, Kumar P, Lee YH, Nasir NJM,
et al. Immunological Hallmarks for Clinical Response to BCG
in Bladder Cancer. Frontiers in Immunology. 2021; 11: 615091.
https://doi.org/10.3389/fimmu.2020.615091.

Strandgaard T, Nordentoft I, Birkenkamp-Demtroder K, Salmi-
nen L, Prip F, Rasmussen J, et al. Field Cancerization Is Associ-
ated with Tumor Development, T-cell Exhaustion, and Clinical
Outcomes in Bladder Cancer. European Urology. 2024; 85: 82—
92. https://doi.org/10.1016/j.eururo.2023.07.014.

Strandgaard T, Lindskrog SV, Nordentoft I, Christensen E,
Birkenkamp-Demtroder K, Andreasen TG, et al. Elevated T-
cell Exhaustion and Urinary Tumor DNA Levels Are Associ-
ated with Bacillus Calmette-Guérin Failure in Patients with Non-
muscle-invasive Bladder Cancer. European Urology. 2022; 82:
646—656. https://doi.org/10.1016/j.eururo.2022.09.008.

Lam D, Wei G, Lawrence MG, Choo N, Taylor R, Huntington
N, et al. Determining an immunohistochemical profile to predict
response to intravesical bacillus Calmette—Guérin (BCQ) in pa-
tients with high-grade non-muscle invasive bladder cancer. Jour-
nal of Clinical Oncology. 2025; 43: 847.

Huang L, Xie Q, Deng J, Wei WEF. The role of cancer-associated
fibroblasts in bladder cancer progression. Heliyon. 2023; 9:
€19802. https://doi.org/10.1016/j.heliyon.2023.e19802.

Feng R, LiZ, Ge G, Wang C, Jia Y, Ouyang J. Cancer-associated
Fibroblast-derived Extracellular Vesicles Mediate Immune Es-
cape of Bladder Cancer via PD-L1/PD-1 Expression. Endocrine,
Metabolic & Immune Disorders Drug Targets. 2023; 23: 1410—
1420. https://doi.org/10.2174/1871530323666230228124125.
Shin J, Park JW, Kim SY, Lee JH, Choi WS, Kim HS. Strate-
gies for Overcoming Immune Evasion in Bladder Cancer. Inter-
national Journal of Molecular Sciences. 2024; 25: 3105. https:
//doi.org/10.3390/ijms25063105.

Liatsos GD, Mariolis I, Hadziyannis E, Bamias A, Vassilopoulos
D. Review of BCG immunotherapy for bladder cancer. Clinical
Microbiology Reviews. 2025; 38: €0019423. https://doi.org/10.
1128/cmr.00194-23.

Narayan VM, Meeks JJ, Jakobsen JS, Shore ND, Sant GR,
Konety BR. Mechanism of action of nadofaragene firadenovec-
vncg. Frontiers in Oncology. 2024; 14: 1359725. https://doi.or
2/10.3389/fonc.2024.1359725.

Shi W, Yao X, Fu Y, Wang Y. Interferon-a and its effects on
cancer cell apoptosis. Oncology Letters. 2022; 24: 235. https:
//doi.org/10.3892/01.2022.13355.

Papageorgiou A, Dinney CPN, McConkey DIJ. Interferon-
alpha induces TRAIL expression and cell death via an IRF-1-
dependent mechanism in human bladder cancer cells. Cancer Bi-
ology & Therapy. 2007; 6: 872-879. https://doi.org/10.4161/cb
1.6.6.4088.

Dinney CP, Bielenberg DR, Perrotte P, Reich R, Eve BY, Bucana
CD, et al. Inhibition of basic fibroblast growth factor expression,
angiogenesis, and growth of human bladder carcinoma in mice

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[78]

[79]

[80]

(81]

by systemic interferon-alpha administration. Cancer Research.
1998; 58: 808-814.

Green JL, Osterhout RE, Klova AL, Merkwirth C, McDon-
nell SRP, Zavareh RB, et al. Molecular characterization of
type I IFN-induced cytotoxicity in bladder cancer cells reveals
biomarkers of resistance. Molecular Therapy Oncolytics. 2021;
23: 547-559. https://doi.org/10.1016/j.omt0.2021.11.006.
Boorjian SA, Alemozaffar M, Konety BR, Shore ND, Gomella
LG, Kamat AM, et al. Intravesical nadofaragene firadenovec
gene therapy for BCG-unresponsive non-muscle-invasive blad-
der cancer: a single-arm, open-label, repeat-dose clinical trial.
The Lancet. Oncology. 2021; 22: 107-117. https://doi.org/10.
1016/S1470-2045(20)30540-4.

Narayan VM, Boorjian SA, Alemozaffar M, Konety BR, Shore
ND, Gomella LG, et al. Efficacy of Intravesical Nadofara-
gene Firadenovec for Patients With Bacillus Calmette-Guérin-
Unresponsive Nonmuscle-Invasive Bladder Cancer: 5-Year
Follow-Up From a Phase 3 Trial. The Journal of Urology. 2024;
212: 74-86. https://doi.org/10.1097/J7U.0000000000004020.

Li Z, Wrangle J, He K, Sprent J, Rubinstein MP. IL-15: from
discovery to FDA approval. Journal of Hematology & Oncology.
2025; 18: 19. https://doi.org/10.1186/s13045-025-01664-8.
Chen W, Liu N, Yuan Y, Zhu M, Hu X, Hu W, et al. ALT-803 in
the treatment of non-muscle-invasive bladder cancer: Preclini-
cal and clinical evidence and translational potential. Frontiers in
Immunology. 2022; 13: 1040669. https://doi.org/10.3389/fimm
1.2022.1040669.

van Puffelen JH, Keating ST, Oosterwijk E, van der Heijden AG,
Netea MG, Joosten LAB, et al. Trained immunity as a molecular
mechanism for BCG immunotherapy in bladder cancer. Nature
Reviews. Urology. 2020; 17: 513-525. https://doi.org/10.1038/
s41585-020-0346-4.

Chamie K, Chang SS, Kramolowsky E, Gonzalgo ML, Agar-
wal PK, Bassett JC, et al. IL-15 Superagonist NAI in BCG-
Unresponsive Non-Muscle-Invasive Bladder Cancer. NEJM Ev-
idence. 2023; 2: EVID0a2200167. https://doi.org/10.1056/EV
1D0a2200167.

Ramesh N, Ge Y, Ennist DL, Zhu M, Mina M, Ganesh S, et
al. CG0070, a conditionally replicating granulocyte macrophage
colony-stimulating factor-armed oncolytic adenovirus for the
treatment of bladder cancer. Clinical Cancer Research: an
Official Journal of the American Association for Cancer Re-
search. 2006; 12: 305-313. https://doi.org/10.1158/1078-0432.
CCR-05-1059.

Grandi P, Darilek A, Moscu A, Pradhan A, Li R. Intravesical
Infusion of Oncolytic Virus CG0070 in the Treatment of Blad-
der Cancer. Methods in Molecular Biology (Clifton, N.J.). 2023;
2684: 303-317. https://doi.org/10.1007/978-1-0716-3291-8
19.

Tyson MD, Uchio EM, Nam JK, Joshi SS, Bivalacqua TJ, Stein-
berg GD, et al. FINAL RESULTS: BOND-003 COHORT C-
PHASE 3, SINGLE-ARM STUDY OF INTRAVESICAL CRE-
TOSTIMOGENE GRENADENOREPVEC FOR HIGH-RISK
BCG-UNRESPONSIVE NON-MUSCLE INVASIVE BLAD-
DER CANCER WITH CARCINOMA IN SITU. The Jour-
nal of Urology. 2025; 213: el. https://doi.org/10.1097/01.JU
.0001111604.90306.91.02.

Steinberg GD, Kalota SJ, Lotan Y, Warner L, Dauphinee S,
Mazanet R. Clinical results of a phase 1 study of intravesical
EG-70 in patients with BCG-unresponsive NMIBC. Journal of
Clinical Oncology. 2023; 41: 512. https://doi.org/10.1200/JCO.
2023.41.6_suppl.512.

Qu F, Darji S, Thompson DH. Recent Advances in Drug De-
livery Strategies for High-Risk BCG-Unresponsive Non-Muscle
Invasive Bladder Cancer: A Brief Review from 2018 to 2024.
Pharmaceutics. 2024; 16: 1154. https://doi.org/10.3390/pharma

&% IMR Press


https://doi.org/10.1038/s41698-025-01093-3
https://doi.org/10.1038/s41375-023-01997-8
https://doi.org/10.1093/bfgp/ely006
https://doi.org/10.3389/fimmu.2020.615091
https://doi.org/10.1016/j.eururo.2023.07.014
https://doi.org/10.1016/j.eururo.2022.09.008
https://doi.org/10.1016/j.heliyon.2023.e19802
https://doi.org/10.2174/1871530323666230228124125
https://doi.org/10.3390/ijms25063105
https://doi.org/10.3390/ijms25063105
https://doi.org/10.1128/cmr.00194-23
https://doi.org/10.1128/cmr.00194-23
https://doi.org/10.3389/fonc.2024.1359725
https://doi.org/10.3389/fonc.2024.1359725
https://doi.org/10.3892/ol.2022.13355
https://doi.org/10.3892/ol.2022.13355
https://doi.org/10.4161/cbt.6.6.4088
https://doi.org/10.4161/cbt.6.6.4088
https://doi.org/10.1016/j.omto.2021.11.006
https://doi.org/10.1016/S1470-2045(20)30540-4
https://doi.org/10.1016/S1470-2045(20)30540-4
https://doi.org/10.1097/JU.0000000000004020
https://doi.org/10.1186/s13045-025-01664-8
https://doi.org/10.3389/fimmu.2022.1040669
https://doi.org/10.3389/fimmu.2022.1040669
https://doi.org/10.1038/s41585-020-0346-4
https://doi.org/10.1038/s41585-020-0346-4
https://doi.org/10.1056/EVIDoa2200167
https://doi.org/10.1056/EVIDoa2200167
https://doi.org/10.1158/1078-0432.CCR-05-1059
https://doi.org/10.1158/1078-0432.CCR-05-1059
https://doi.org/10.1007/978-1-0716-3291-8_19
https://doi.org/10.1007/978-1-0716-3291-8_19
https://doi.org/10.1097/01.JU.0001111604.90306.91.02
https://doi.org/10.1097/01.JU.0001111604.90306.91.02
https://doi.org/10.1200/JCO.2023.41.6_suppl.512
https://doi.org/10.1200/JCO.2023.41.6_suppl.512
https://doi.org/10.3390/pharmaceutics16091154
https://doi.org/10.3390/pharmaceutics16091154
https://doi.org/10.3390/pharmaceutics16091154

(82]

[83]

[84]

ceutics16091154.

Taylor JA 111, Joshi S, Satkunasivam R, Dickstein RJ, Salmasi
A, Lotan Y, et al. Preliminary results from LEGEND: A phase 2
study of detalimogene voraplasmid (EG-70), a novel, non-viral
intravesical gne therapy for patients with BCG-unresponsive
non—muscle-invasive bladder cancer (NMIBC) with carcinoma
in situ (CIS). Journal of Clinical Oncology. 2025; 43: 802.
https://doi.org/10.1200/JC0O.2025.43.5 suppl.802.

Joudi FN, Smith BJ, O’Donnell MA, Konety BR. The impact of
age on the response of patients with superficial bladder cancer to
intravesical immunotherapy. The Journal of Urology. 2006; 175:
1634-1639. https://doi.org/10.1016/S0022-5347(05)00973-0.
Martin A, Woolbright BL, Umar S, Ingersoll MA, Taylor JA,
3rd. Bladder cancer, inflammageing and microbiomes. Nature
Reviews. Urology. 2022; 19: 495-509. https://doi.org/10.1038/

&% IMR Press

[85]

[86]

(87]

s41585-022-00611-3.

Herr HW, Dalbagni G. Intravesical bacille Calmette-Guérin
(BCG) in immunologically compromised patients with bladder
cancer. BJU International. 2013; 111: 984-987. https://doi.org/
10.1111/5.1464-410X.2012.11778 x.

Wiesen B, Hargis P, Flores H, Kukreja J. Updated review on
novel therapies and ongoing clinical trials for high-risk non-
muscle invasive bladder cancer. Frontiers in Oncology. 2025;
15: 1519428. https://doi.org/10.3389/fonc.2025.1519428.
Ghodoussipour S, Bivalacqua T, Bryan RT, Li R, Mir MC, Palou
J, et al. A Systematic Review of Novel Intravesical Approaches
for the Treatment of Patients with Non-muscle-invasive Bladder
Cancer. European Urology. 2025; 88: 33-55. https://doi.org/10.
1016/j.eururo.2025.02.010.

19


https://doi.org/10.1200/JCO.2025.43.5_suppl.802
https://doi.org/10.1016/S0022-5347(05)00973-0
https://doi.org/10.1038/s41585-022-00611-3
https://doi.org/10.1038/s41585-022-00611-3
https://doi.org/10.1111/j.1464-410X.2012.11778.x
https://doi.org/10.1111/j.1464-410X.2012.11778.x
https://doi.org/10.3389/fonc.2025.1519428
https://doi.org/10.1016/j.eururo.2025.02.010
https://doi.org/10.1016/j.eururo.2025.02.010
https://www.imrpress.com

	1. Introduction 
	2. Literature Review
	2.1 Definitions and Terminology of BCG Failure in NMIBC
	2.2 BCG-induced Immune Cascade Overview
	2.2.1 Innate Immunity Post BCG Instillations
	2.2.2 Adaptive Immunity Post BCG Instillations

	2.3 Mechanisms of Immune Evasion Contributing to BCG Failure
	2.3.1 Immunosuppressive Functions of Myeloid-Derived Suppressor Cells
	2.3.2 Immunosuppressive Functions of Tumor-associated Macrophages
	2.3.3 Immunosuppressive Functions of Regulatory T Cells
	2.3.4 Immunosuppressive Function Through the PD-1/PD-L1 Pathway
	2.3.5 Immunosuppressive Function Through Tolerogenic Dendritic Cells
	2.3.6 Immunosuppressive Function Through the Release of Immunomodulatory Molecules
	2.3.7 Immunosuppressive Function Mediated Through the NKG2A/HLA-E Immune Checkpoint Axis
	2.3.8 Immune Suppression Mediated Through the CD6-ALCAM Signaling Pathway
	2.3.9 Immune Suppression Mediated by Effector T Cell Exhaustion
	2.3.10 Immune Suppression Mediated by Cancer Associated Fibroblasts

	2.4 Integrated Immune Evasion Network in BCG‑unresponsive Disease
	2.5 Emerging Immunomodulatory Therapies for BCG-unresponsive Disease
	2.5.1 Intravesical Nadofaragene Firadenovec
	2.5.2 Intravesical IL-15 Superagonist (Nogapendekin Alfa Inbakicept-pmln)
	2.5.3 Intravesical Cretostimogene Grenadenorepvec (CG0070)
	2.5.4 Intravesical EG-70 (Detalimogene Voraplasmid)

	2.6 Conceptual Framework for Immune Evasion Mechanisms Contributing to BCG‑unresponsive Disease
	2.7 Linking Immune Escape Pathways to Emerging Immunomodulatory Therapies for BCG Unresponsive Disease
	2.8 Challenges and Future Directions

	3. Conclusions
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflicts of Interest

