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Impact of Molecular Androgen and Estrogen Response ®

Check for

Scores on Outcomes Following Neoadjuvant Pembrolizumab =
in Muscle-Invasive Bladder Cancer

Valentina Tateo', Joep J. de Jong?, Antonio Cigliola"*, Brigida A. Maiorano', Chiara Mercinelli*?,
Emanuele Crupi"®, Patrizia Giannatempo®, Maurizio Colecchia®®, Marco Moschini®,
James A. Proudfoot’, Daniele Santini®, Elai Davicioni’, Alberto Briganti®®, Francesco Montorsi*®,

and Andrea Necchi"®

ABSTRA

Purpose: Androgen and estrogen influence bladder cancer
pathogenesis, but their role in modulating treatment response,
especially immunotherapy, remains unclear. This post hoc anal-
ysis of the PURE-01 trial evaluated the impact of androgen and
estrogen signatures on outcomes in patients with muscle-invasive
bladder carcinoma treated with neoadjuvant pembrolizumab
followed by radical cystectomy.

Experimental Design: Pretreatment transurethral resection of
bladder tumor samples from 102 PURE-01 patients was analyzed
using the Decipher Bladder whole-transcriptome assay to classify
genomic subtypes. Hallmark androgen response (ARS), early
estrogen response (ERS-early), and late estrogen response (ERS-
late) scores were derived and visualized with boxplots. Subgroup
differences were assessed using Mann-Whitney U, y°, and
Kruskal-Wallis tests. Event-free survival (EFS) was the pri-
mary endpoint, whereas pathologic response was the sec-
ondary endpoint. Cox proportional hazard models and

Introduction

In 2020, nearly 600,000 cases of bladder cancer were diagnosed
worldwide, revealing a notable sex imbalance (1, 2), with bladder
cancer ranking the sixth most common cancer in males and the
17th in females (1). Of note, this imbalance is also evident in dis-
ease stage and patient prognosis, with women often having more
advanced and aggressive cancers at presentation, which are related
to worse outcomes (2, 3). These sex-specific differences have led to
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Kaplan-Meier analyses evaluated the association of molecu-
lar scores with outcomes. Immunel90 and FGFR3 signatures
were also analyzed to explore their interactions with ARS
and ERS.

Results: Luminal subtypes had the highest ARS and ERS
scores across molecular classifications. Negative correlations
were observed between Immunel90 scores and ERS and ARS
scores. ERS-late scores were highest in nonresponders and
significantly associated with worse EFS. Conversely, ARS was
not significantly linked to EFS. FGFR3 signature positively
correlated with ARS and ERS and negatively with Immunel90 scores.

Conclusions: The strong association of ERS-late scores with
both pathologic response and EFS suggests that this signature
could guide patient stratification and treatment selection. These
findings support future trials combining immunotherapy with
antiestrogens in both neoadjuvant and advanced urothelial car-
cinoma settings.

speculations about the role of sex steroid hormones in the patho-
genesis and treatment response of bladder cancer (3), which have
been corroborated by emerging evidence highlighting the crucial
roles of both androgen and estrogen pathways in driving bladder
cancer. For example, the expression of androgen receptors (AR)
and estrogen receptors (ER) in bladder cancer specimens have been
assessed in several studies, showing their presence in most cases
(4-6). Clinical and preclinical observations suggest a role for an-
drogens in facilitating tumorigenesis in the bladder by stimulating
urothelium and suppressing immunity (3, 4, 7). Furthermore, loss
of AR expression and increase of ER expression were observed in
more advanced disease stages, suggesting a dynamic and complex
role for sex hormones throughout bladder cancer development (3).
Lastly, transcriptome-wide expression analyses of 1,000 MIBC
specimens revealed sex-based differences: tumors from female pa-
tients showed higher expression of basal and immune-related
genes, while those from male patients exhibited higher levels of
luminal marker gene expression (8). Moreover, androgen and es-
trogen signaling pathways exhibited significantly higher activity in
luminal subtypes, with androgen signature enrichment being more
pronounced in males compared with females exclusively within the
luminal subtypes (8).

Another important factor to consider in the gender disparities in
bladder cancer is FGFR3, which also plays a role in both patho-
genesis and treatment response. FGFR3 alterations are more prev-
alent in women, although they are globally more frequent in males
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Translational Relevance

Muscle-invasive bladder cancer is a highly lethal disease, with
standard treatment consisting of neoadjuvant cisplatin-based
chemotherapy followed by radical cystectomy. However, ~50%
of patients are ineligible for cisplatin, and recurrence risk after
surgery remains high. PURE-01, a phase II trial, evaluated
neoadjuvant pembrolizumab followed by radical cystectomy,
achieving a 42% pathologic complete response rate with excel-
lent safety. However, ~40% of patients are nonresponders,
highlighting the need for predictive biomarkers to refine patient
selection. In this study, we investigated androgen and estrogen
signatures, uncovering the complex interplay between sex-
hormonal pathways and immunotherapy efficacy. Our results
demonstrate that high estrogen response signature expression
negatively impacts pembrolizumab efficacy. These findings pave
the way for future trials combining immunotherapy with next-
generation antiestrogens in biomarker-selected patients, aiming
to reverse resistance, in both neoadjuvant and metastatic
settings.

due to the higher incidence of bladder cancer in men (9). Preclinical
evidence indicates that FGFR3 interacts with AR and ER activities,
suggesting how these pathways may reciprocally influence the bio-
logical course of bladder cancer (10).

In the context of systemic immunotherapy, understanding in-
teractions between elements of the tumor microenvironment (TME)
and cancer cells is crucial for identifying biomarkers for predicting
response to immune checkpoint inhibitors (ICI) and guiding
treatment strategies (11-22). Moreover, sex hormones may play a
critical role in determining the TME and sensitivity to treatments,
which has already been shown in other tumor types (13-16). In
MIBC, neoadjuvant immunotherapy—either alone or combined
with other agents—has shown promising results, with pathologic
complete response (pCR) rates comparable with or even higher than
those of standard chemotherapy regimens (23-29). In the present
study, we sought to explore the intricate relationship between the
expression of AR- and ER-related molecular signatures and the
response to ICI through a post hoc analysis of the PURE-01 trial, a
single-arm phase II trial, evaluating three cycles of neoadjuvant
pembrolizumab followed by radical cystectomy (RC) in patients
with clinically (c) T2-4aNOM0 MIBC (23). We aimed to examine
their implications in outcomes and response to ICI to provide
biomarkers for patient stratification, treatment selection, and ther-
apeutic development in the era of precision medicine.

Materials and Methods

Patient cohort

We analyzed transurethral resection of bladder tumor (TURBT)
tissue samples from patients with MIBC included in the phase II,
single-arm PURE-01 trial (NCT02736266). This trial evaluated the
effect of three cycles of neoadjuvant pembrolizumab 200 mg every 3
weeks followed by RC in patients with ¢T2-4aNOM0 MIBC (23).
The post hoc analysis presented in this article is part of a large
biomarker project on MIBC (Associazione Italiana per la Ricerca sul
Cancro Investigator Grant IG 2022 27746; NCT06341478). The
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study was performed after approval by an Institutional Review
Board in accordance with Good Clinical Practice guidelines and the
provisions of the Declaration of Helsinki. All patients provided
written informed consent before enrollment.

Tissue sampling and gene expression profiling

Specimen collection and sample processing were conducted as
previously described (30). In brief, transcriptome-wide analysis was
performed on formalin-fixed, paraffin-embedded TURBT specimen
using Decipher Bladder, a clinical-grade assay conducted in a
Clinical Laboratory Improvement Amendments—certified laboratory
(Veracyte). The test uses RNA extracted (RNeasy Kit, Qiagen) from
formalin-fixed primary tumor (at least 0.5 mm? of high-grade tumor
obtained from TURBT tissue samples). About 50 ng of RNA is used
to generate a cDNA library (Ovation FFPE Kit, Tecan) that is hy-
bridized to an oligonucleotide microarray (Human Exon 1.0 ST,
Thermo Fisher Scientific). Microarrays were normalized, and genes
were summarized using single-channel array normalization (31-36).

Gene expression analyses

Decipher Bladder genomic subtyping classifier (GSC) was used to
generate subtypes [luminal, basal, claudin-low, infiltrated luminal,
and neuroendocrine (NE)-like], based on previously validated sig-
natures (31-35).

R package consensusMIBC was applied to classify tumors among
The Cancer Genome Atlas (TCGA) 2017 and consensus molecular
subtypes (31, 32). A previously validated, long noncoding RNA
(IncRNA)-based genomic classifier was applied separately for identify-
ing higher FGFR3 activity among luminal-type bladder cancer (34, 37).
Of note, the classification of this model involves a separate tran-
scriptomic risk score, meaning tumors could harbor higher IncRNA-
based genomic classifier scores while not being classified as luminal by
other classifiers. Boxplots were used to visualize differences between
subgroups using hallmark gene sets from the MSigDB hallmark gene
set collection (RRID: SCR_016863; ref. 38), including hallmark signa-
ture scores for androgen response (ARS), estrogen response early (ERS-
early), and estrogen response late (ERS-late). ARS and both ERS (early
and late) scores were computed by taking the mean expression of each
gene in the set from the hallmarks of cancer gene sets in the MSigDB as
previously described (38, 39).

Statistical analyses

Patient and tumor characteristics were compared between sub-
groups by Mann-Whitney U and y° tests for continuous and cat-
egorical factors, respectively. Kruskal-Wallis tests were applied
when comparing continuous variables across more than two groups.
The primary endpoint was event-free survival (EFS), defined as the
time from the initiation of pembrolizumab until radiographic dis-
ease progression preventing curative surgery, initiation of neo-
adjuvant chemotherapy (NAC), treatment-related side effects hindering
RC, inability to complete curative surgery at the time of RC, local or
distant recurrence after RC, or death from any cause. Secondary
endpoints included pathologic response at RC categorized as no
pathologic response, major pathologic response, or pCR. Uni-
variable (UVA) and multivariable (MVA) Cox proportional hazard
models evaluated the association of molecular scores, with covari-
able adjustment for patient age, sex, and clinical stage with HR and
their associated confidence intervals reported. The Kaplan-Meier
method was used to estimate differences in survival outcomes be-
tween subgroups of interest. The results of the correlation analyses
were displayed using scatter plots.
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Data availability

The data supporting the findings of this study have been de-
posited in the Gene Expression Omnibus data repository under
accession number GSE298296. Additional raw data are available
from the corresponding author (V. Tateo) upon reasonable request.

Results

Study cohort

The clinicopathologic characteristics of the cohort are reported in
Table 1. The present post hoc analysis included patients with
MIBC from the PURE-01 trial, for which complete transcriptomic
and clinical data were available, resulting in a cohort size
of 102 patients, including 15 females (14.7%). The study population
comprised 50 (49%) cT2, 49 (48%) cT3, and three (3%) cT4a MIBC
cases, in which cT is clinical stage, and the median patient age at
TURBT was 67.3 years (IQR, 61.4-73.5 years). At RC, pCR was
observed in 41 (40%) of patients, and 17 (16.7%) patients achieved
a major pathologic response, which was defined as downstaging to
at least pTINO. The median follow-up after TURBT was 1.7 years
(IQR, 1.2-2.3 years). Comparing patient sex revealed no signifi-
cant differences in clinical or molecular variables. Interestingly, no
differences in tumor-based ARS or ERS scores and tumor muta-
tional burden (TMB) score were observed according to patient sex
(Table 1).

Molecular subtyping and androgen/estrogen response scores

Application of GSC, consensus, and TCGA subtyping models
revealed a GSC luminal subtype in 24.5% (25/102), a consensus
luminal-papillary subtype in 15.6% (16/102), and a TCGA luminal-
papillary subtype in 16.7% (17/102) of patients (Table 1). Notably,
no tumors in female subjects were classified as belonging to the
neuronal/NE-like molecular subtype. Evaluating molecular ARS and
ERS scores, we found the highest median scores for luminal sub-
types across all three major molecular classifications, whereas the
lowest median response scores were observed for basal/squamous
(consensus/TCGA), claudin-low (GSC), and neuronal/NE-like mo-
lecular subtypes (Fig. 1).

ERS scores negatively correlate with immune scores

Initial analyses from PURE-01 revealed a significant association be-
tween favorable outcomes and molecular Immunel90 signature
scores—a signature composed of 190 immune-related genes providing
insights into tumor immunogenicity (30). Based on this, we correlated
Immunel90 scores with androgen/estrogen response scores, reveal-
ing a moderate but significant negative correlation between the
Immunel90 scores and both the ERS scores (ERS-early: correlation =
—0.64, P < 0.001; ERS-late: correlation = —0.6, P < 0.001). Further-
more, we found a significant but weak, negative correlation between
Immunel90 and ARS scores (correlation = —0.22, P = 0.027). Sup-
plementary Figure S1 depicts scatter plots for correlation between
Immunel90 scores and ARS, ERS-early, and ERS-late scores.

pCR at RC following neoadjuvant pembrolizumab
Comparison of pathologic response categories following neo-
adjuvant pembrolizumab revealed no association between baseline
molecular subtyping classifications and pathologic response (Sup-
plementary Table S1). Of interest, we found that ARS and ERS
scores were highest in patients who did not achieve a pCR, revealing
a significant association for ERS-late scores when comparing com-
plete responders, major responders, and nonresponders (Fig. 2).

AACRJournals.org
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Table 1. Clinicopathologic characteristics of the patient cohort.

Female (n = 15) Male (n = 87) P value

Age (years); 68.3 (59.8-76.1) 67.3 (62.0-72.7) 0.98

median (IQR)
Clinical stage; n (%)
cT2 8 (53%) 42 (48%) 0.57
cT3 6 (40%) 43 (49%)
cT4a 1 (7%) 2 (2%)
GSC; n (%)
Basal 7 (47%) 31 (36%) 0.67
Claudin-low 3 (20%) 1 (13%)
Inf. luminal 3 (20%) 19 (22%)
Luminal 2 (13%) 23 (26%)
NE-like 0 (0%) 3 (3%)
Consensus; n (%)
Ba/Sq 8 (53%) 30 (34%) 0.64
LumNS 1(7%) 16 (18%)
LumP 3 (20%) 13 (15%)
LumU 2 (13%) 18 (21%)
NE-like 0 (0%) 3 (3%)
Stroma-rich 1 (7%) 7 (8%)
TCGA; n (%)
Ba/Sq 6 (40%) 30 (34%) 0.52
Luminal 2 (13%) 16 (18%)
Luminal-inf 6 (40%) 21 (24%)
Luminal-pap 1(7%) 16 (18%)
Neuronal 0 (0%) 4 (5%)
Pathologic
response;
n (%)
Complete 7 (47%) 34 (39%) 071
Major 3 (20%) 14 (16%)
No 5 (33%) 39 (45%)
ARS; median (IQR) 0.90 (0.70-1.02) 0.89 (0.66-1.07) 0.91
ERS-early score; —0.55 —0.52 0.41
median (IQR) (-0.74 to —0.36)  (—0.64 to —0.35)
ERS-late score; -0.38 -0.33 0.31
median (IQR) (-0.56 to —0.27)  (—0.47 to —0.20)
TMB; median (IQR) 11.4 (6.1-13.6) 10.3 (6.1-15.0) 0.74

Abbreviations: Ba/Sq, basal/squamous subtype; Inf. luminal, infiltrated lumi-
nal; Luminal-inf, luminal infiltrated; Luminal-pap, luminal papillary; LumNS,
luminal nonspecified; LumP, luminal papillary; LumU, luminal unstable; n,
number; TCGA, TCGA molecular classification.

On MVA adjusting for baseline clinical tumor stage, patient age,
and sex, we also found ERS-late scores to be significantly associated
with pCR (P = 0.01), whereas ARS scores were associated with pCR
on UVA (P = 0.042) but not MVA (P = 0.13; Table 2). We repeated
the MVA with TMB adjustment, but no significant changes were
observed (Supplementary Table S2).

Higher ERS scores are associated with worse EFS following
neoadjuvant pembrolizumab

Next, we evaluated the association between EFS outcomes and
androgen/estrogen response scores. We found that ARS scores were not
significantly associated with EFS outcomes, whereas both ERS-early and
ERS-late continuous scores were significantly associated with EFS on
MVA (P = 0.014 and 0.02, respectively, Table 3). To depict survival
differences using Kaplan-Meier curves, we evaluated quantile/tertile
splits among response signatures for which the continuous score was
significantly associated with EFS (Fig. 3) on MVA, illustrating worse

Clin Cancer Res; 31(16) August 15, 2025 3505
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Figure 1.

Evaluation of molecular ARS and ERS scores across molecular subtyping models. From top to bottom, box plots display the scores for the ARS, ERS-early, and
ERS-late signatures across molecular subtypes. From left to right, the molecular classification systems used are GSC, TCGA, and consensus models. Across all
three classification systems, luminal subtypes consistently exhibit the highest median scores for ARS, ERS-early, and ERS-late signatures. Ba/Sq, basal/
squamous subtype; Inf. luminal, infiltrated luminal; Luminal-inf, luminal infiltrated; Luminal-pap, luminal papillary; LumNS, luminal nonspecified; LumP, luminal

papillary; LumU, luminal unstable.

outcomes for higher molecular scores. Notably, the effect of AR on EFS
seems to be nonlinear, suggesting a potential violation of the propor-
tional hazards assumption. We repeated the MVA and Kaplan-Meier
analyses with TMB adjustment, but no significant changes were ob-
served (Supplementary Fig. S2; Supplementary Table S3). Furthermore,
we explored the association between molecular subtypes, specifically
luminal versus nonluminal, and EFS. Whereas the difference was not
statistically significant (P = 0.66), we observed a trend toward worse
outcomes in patients with luminal tumors treated with neoadjuvant
pembrolizumab (Supplementary Fig. S3).

IncRNA-based FGFR3 activity is correlated with androgen/
estrogen response scores

To interrogate FGFR3 activity, we applied a previously developed
signature to quantify FGFR3 activity (37, 40). Whereas in initial
PURE-01 analyses, we did not find an association with response to

3506 Clin Cancer Res; 31(16) August 15, 2025

pembrolizumab (41), present analyses with more follow-up data did
find a significant association with EFS outcomes on UVA but not MVA
(Supplementary Table S4). Notably, we repeated the MVA adjusting for
TMB also, but no significant changes were observed (Supplementary
Table S5). As such, we used quantile/tertile splits illustrating higher
scores were associated with worse outcomes following pembrolizumab,
and correlating FGFR3 activity with ARS and ERS found significant
positive correlations (ARS: correlation = 0.61, P < 0.001; ERS-early:
correlation = 0.44, P < 0.001; ERS-late: correlation = 0.22, P = 0.026),
whereas FGFR3 activity was inversely correlated with Immunel90
scores (correlation = —0.37, P < 0.001; Supplementary Fig. S4).

Discussion

Identifying biomarkers to predict treatment response is essential
in the context of neoadjuvant immunotherapy and remains an area

CLINICAL CANCER RESEARCH
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Figure 2. 1.5
Evaluation of molecular ARS and ERS
scores across pathologic response cat-
egories. From left to right, box plots
display the scores for the ARS, ERS-
early, and ERS-late signatures accord-
ing to the pathologic response. Higher
scores for both ARS and ERS signa-
tures are observed in patients who did
not achieve a pCR, with a statistically 0.0

0.5 T .

ARS hallmark score

significant association noted for the
ERS-late signature.

of ongoing research. Considering the epidemiology and clinical
behavior of bladder cancer and drawing on emerging evidence from
other cancer types, we hypothesized that sex hormones might sig-
nificantly modulate the TME and influence immunotherapy efficacy
in MIBC. Specifically, we explored whether sex steroid hormones
play a role in MIBC response to neoadjuvant pembrolizumab. This
post hoc analysis of the PURE-01 trial focused on the role of AR and
ER signaling pathways in predicting clinical outcomes after neo-
adjuvant treatment.

The population analyzed in this study reflects the typical distri-
bution of MIBC (2, 3), showing a marked sex imbalance, with males
comprising approximately 85% of the sample. Notably, no differ-
ences in ARS and ERS-early and ERS-late scores were observed
between sexes, reinforcing previous evidence that androgen and
estrogen pathways may contribute to bladder cancer pathogenesis in
both males and females (42, 43). In contrast to previous observa-
tions (8), we did not find significant differences in the distribution
of molecular subtypes based on gender. Notably, the reduced total
number of female patients enrolled in our study may indicate re-
duced power to confirm this finding. However, significant differ-
ences regarding ARS, ERS-early, and ERS-late scores emerged
among molecular subtypes, with luminal tumors displaying higher
median response scores compared with other subtypes across all
three major molecular classification systems. This finding further
supports existing evidence of molecular similarities between luminal
subtypes in breast and bladder cancers (31). Additionally, we ob-
served a negative correlation between androgen and estrogen sig-
naling and the Immunel90 signature. Of particular interest were the
findings for ERS-early and ERS-late, which exhibited a significant
moderate negative correlation with the Immune190 signature, indicating

Androgen and Estrogen Scores Impact Outcomes in MIBC
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that higher ERS scores were associated with lower Immune190 scores. A
significant association between favorable outcomes with neoadjuvant
immunotherapy and molecular Immune190 signature scores was already
reported (30). In this context, tumors expressing higher levels of ARS
and, especially, ERS scores—which are associated with lower levels of
Immunel90 scores—may demonstrate reduced responsiveness to neo-
adjuvant pembrolizumab. This hypothesis was supported by our analyses
of association with pathologic response and EFS. Whereas we did not
find an association between baseline molecular subtype classifications
and pathologic response, we observed that ARS and ERS scores were
highest in patients who did not achieve a pCR. Specifically, significantly
lower ERS-late scores were seen in tumors from patients who achieved a
PCR after neoadjuvant pembrolizumab compared with those with major
or no response. This finding was further validated after adjusting for
confounders in the MVA. Additionally, we found that both ERS-early
and ERS-late score levels affected survival outcomes, with higher scores
correlating with poorer EFS. These observations were further confirmed
at the MVA.

Our findings in this study are supported by a substantial body
of evidence highlighting the critical role of sex hormones in
carcinogenesis, tumor progression, and therapeutic response
(13-16). This influence extends beyond classic hormone-
dependent cancers, such as breast and prostate cancers, to en-
compass other malignancies, including lung and bladder cancers
(4, 13). Androgens and estrogens exert their oncogenic effects by
enhancing the transcription of genes related to cell survival and
proliferation. More intriguingly, they also impact the TME,
promoting immunosuppressive actions that facilitate tumor
growth and contribute to treatment resistance (4, 13, 16). Pre-
vious studies have investigated the role of molecular subtypes on

Table 2. UVA and MVA logistic regression model results for pCR following neoadjuvant pembrolizumab for androgen and estrogen

responses.
UVA MVA
OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value
AR (per 0.1) 0.85 (0.73-0.99) 0.04* 0.88 (0.75-1.04) 0.3 - — - -

ERS-early (per 0.1) 0.85 (0.70-1.03) 0.0 -
ERS-late (per 0.1) 0.75 (0.60-0.93) 0.009* —
Female vs. male 1.36 (0.45-4.11) 0.58
Age at TURBT (per 5 years) 1.07 (0.86-1.33) 0.54

Clinical stage cT3/4 vs. cT2  0.31(0.14-0.72) 0.006*

1.35 (0.42-4.33)  0.61
1.09 (0.86-1.38)  0.46
0.35 (0.15-0.83) 0.02*

- 0.87 (0.71-1.06)  0.17 - -
0.74 (0.59-0.93) 0.01*
110 (0.33-3.72) 0.88
112 (0.88-1.42) 0.36
0.31(0.13-0.73)  0.007*

1.23 (0.38-4.01) 0.73
1.09 (0.86-1.38) 0.48
0.33 (0.14-0.75) 0.009*

Abbreviation: Cl, confidence interval.
*Indicates statistical significance.
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Table 3. UVA and MVA Cox proportional hazard model results for EFS following neoadjuvant pembrolizumab for androgen and
estrogen responses.

UVA MVA
HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value
AR (per 0.1) 110 (0.95-1.26) 0.19 1.05 (0.91-1.21) 0.52 — — — —
ERS-early (per 0.1) 129 (1.07-155)  0.008* — - 1.27 (1.05-1.54) 0.01* - -
ERS-late (per 0.1) 1.21 (1.03-1.43) 0.02* — — — — 1.22 (1.03-1.45) 0.02*

Female vs. male
Age at TURBT (per 5 years)
Clinical stage cT3/4 vs. cT2

0.38 (0.09-1.61) 0.9
1.08 (0.87-1.34) 0.48
3.27 (1.38-7.75)  0.007*

0.38 (0.09-1.62) 0.19
109 (0.88-1.34) 0.42
3.04 (1.26-7.35)  0.01*

0.39 (0.09-1.67) 0.20
112 (0.91-1.38) 0.30
3.08 (1.30-7.31 0.01*

0.40 (0.09-1.70) 0.21
1.09 (0.89-1.35)  0.40
3.45 (1.45-8.21) 0.005*

Abbreviation: Cl, confidence interval.
*Indicates statistical significance.

treatment sensitivity; however, to our knowledge, this is the first
report providing data on response and survival in MIBC based
on the expression levels of estrogenic and androgenic activity
signatures. As previously described (44) and confirmed in our
dataset, luminal tumors are enriched in ERS and ARS. Prior
studies reported that molecular subtypes are not associated with
pathologic response in patients treated either with NAC and
neoadjuvant pembrolizumab (30, 33). In terms of survival, lu-
minal tumors had better overall survival compared with non-
luminal tumors, and the addition of NAC did not significantly
impact outcomes (33), whereas nonluminal tumors derived
greater benefit from NAC, with a 10% improvement in overall
survival at 2 years (45). Conversely, in patients treated with
neoadjuvant pembrolizumab, claudin-low tumors were associ-
ated with improved survival, as already reported (30). In this
study, we analyzed differences in EFS by stratifying the target
population into luminal and nonluminal tumors. We observed a
worse outcome for luminal MIBC in the PURE-01 trial, although
the differences were not statistically significant, whereas ERS-
late was found to significantly influence EFS.

To explore additional factors that may influence responsiveness
to neoadjuvant pembrolizumab and their potential interactions with

ARS

ERS-early

100 100 100
L ? ey I

75 75 th\_‘_\; 75

50 50 50

androgen and estrogen pathways, we also examined the
FGFR3 activity signature. We found that higher FGFR3 scores were
associated with poorer EFS, although this association was not
confirmed in the MVA. Additionally, FGFR3 activity exhibited a
positive correlation with androgen and estrogen scores, particularly
with ARS, whereas it demonstrated an inverse correlation with
Immunel90 scores. The association between FGFR3 activity and
response scores, in particular ARS, suggests that these pathways may
share common molecular mechanisms driving tumor progression
and treatment resistance. Preclinical evidence further supports this
observation; murine models have shown that FGFR3-altered tu-
mors, both in non-MIBC (NMIBC) and MIBC, exhibit higher AR
and lower ESR1 regulon activity (10).

To account for other potential confounding factors, we re-
peated the MVA and survival analyses including TMB. In PURE-
01 pretreatment, tumors with TMB scores >15 mut/Mb were
associated with higher rates of pT0 responses to pembrolizumab.
Additionally, TMB is an agnostic biomarker of immunotherapy
benefit (46). However, in our analyses, adjusting for TMB did not
significantly change the results, suggesting that the influence of
hormonal signatures on immunotherapy efficacy is independent
of TMB status.

ERS-late
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Figure 3.
Kaplan-Meier plots for EFS with ARS and ERS signatures split into tertiles. From left to right, the plots show the survival curves according to the scores of the

ARS, ERS-early, and ERS-late signatures. Higher molecular signature scores are associated with worse EFS, reaching statistical significance for both ERS-early
and ERS-late signatures. Cl, confidence interval.
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Our findings suggest that androgen and estrogen signaling sig-
nificantly influence pathologic response and survival outcomes in
patients treated with neoadjuvant pembrolizumab and RC. ERS,
especially ERS-late, has emerged as a potential predictive biomarker
for the benefits of neoadjuvant immunotherapy in MIBC. Whereas
ARS scores showed some association with pathologic response in
UVA, they lost significance in MV A and did not correlate with EFS.
The lack of a significant association between ARS and EFS could be
partially attributed to the limited cohort size but also suggests that
AR activity alone is not a dominant driver of ICI resistance in
MIBC. This finding is further supported by its low negative corre-
lation with Immunel90 scores, indicating a weak link between an-
drogen signaling and ICI resistance. Androgen activity seems more
closely linked to FGFR3 activity, which also shows a modest nega-
tive correlation with Immunel90 scores. Whereas FGFR3 activity
was significantly associated with EFS in UVA, this was not con-
firmed in MVA, suggesting that FGFR3 and AR activities may have
a less dominant role in ICI resistance or that their influence is
modulated by other molecular pathways. Conversely, estrogen ac-
tivity, particularly ERS-late, seems to play a more central and in-
dependent role in influencing ICI efficacy in MIBC. This is
supported by its significant association with both pCR and EFS, as
well as a stronger negative correlation with Immunel90 scores,
indicating a more pronounced immunosuppressive effect. These
results highlight a complex interplay between hormonal signaling
and immune evasion in bladder tumors, consistent with findings
from other cancer types.

Antiandrogen therapies are currently under investigation in
bladder cancer. A phase I/Ib trial of enzalutamide in combination
with gemcitabine and cisplatin tested in 10 patients with metastatic
bladder cancer showed no toxicity issues, four partial responses, and
a complete response in a female with strong AR expression (47).
The phase II BicaBCa trial (NCT05327647) is currently active and
recruiting patients with NMIBC who are randomized to receive
Bacillus Calmette-Guérin with or without bicalutamide for the six
cycles of induction. The TASUC-Neo trial (NCT05839119) com-
bines degarelix with neoadjuvant standard-of-care chemotherapy in
AR-expressing muscle-invasive disease. The TASUC-Neo trial is
currently active and enrolling patients. Preclinical evidence supports
the role of antiestrogen drugs in enhancing the efficacy of Bacillus
Calmette-Guérin in vitro and in mouse models with NMIBC (48).
Two phase 2 trials are investigating ER signaling in bladder cancer.
One (NCT02197897) tested tamoxifen in patients with primary or
recurrent low/intermediate-risk papillary urothelial carcinoma of
the bladder, but no efficacy results have been reported. Another
study (NCT00710970) assessed tamoxifen monotherapy in patients
with pretreated metastatic urothelial carcinoma but showed limited
activity (49).

To our knowledge, no trials combining antihormonal therapies
with immunotherapy are currently ongoing in bladder cancer. In
our opinion, the findings of our study support the design of future
trials exploring the combination of immunotherapy with hormonal
therapies, particularly new antiestrogen drugs, in urothelial carci-
noma, both in neoadjuvant and advanced settings.

The limitations of this study include its unplanned retrospective
exploratory design, the limited number of patients included, par-
ticularly the very small number of female patients enrolled—
reflecting both the epidemiology of bladder cancer and the historic
underrepresentation of females in clinical trials—and the omission
of other possible confounders that could affect the activity and ef-
ficacy of pembrolizumab in MIBC. Furthermore, we acknowledge
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another limitation as the unavailability of histologic material pre-
vents us from evaluating AR and ER protein expression by IHC,
although the signatures analyzed in this study have already been
biologically validated (38).

Conclusions

In summary, our study suggests an intricate relationship be-
tween sex hormone receptor signaling, molecular subtypes, and
treatment outcomes in MIBC. The robust associations of ERS-late
scores with both pathologic response and EFS suggest that this
signature may serve as a valuable biomarker for patient stratifi-
cation and treatment selection in the era of precision medicine.
Further research into the interactions between sex hormones, the
TME, and immunotherapy responses is essential for optimizing
therapeutic strategies and improving outcomes in MIBC. Con-
tinued exploration in this field may lead to innovative treatment
approaches that enhance the efficacy of immunotherapy in bladder
cancer, such as the combination of sex hormone-modulating
agents with immunotherapy.
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