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Gender- and sex-based disparities in response to immune-checkpoint inhibitors (ICl) has been reported
in a variety of tumor types. Women have different anatomy with recurrent urinary tract infections,

a different sex hormonal profile, and intrinsic differences in local and systemic immune systems and
urobiome composition. Existing literature data in a pan-cancer context reveal contradictory results,
and real-world evidence in urothelial carcinoma (UC) is lacking. This was a real-world, multicenter,
international, observational study to determine the sex effects on the clinical outcomes in metastatic
urothelial carcinoma (mUC) patients progressing or recurring after platinum-based therapy and treated
with pembrolizumab as a part of routine clinical care. A total of 1039 patients, treated from January
1st, 2016 to December 31st, 2023 in 68 cancer centers were included. Our data showed that women
with metastatic urothelial carcinoma treated with pembrolizumab had shorter OS than men, with a
13% advantage in the 5-year OS rate for male patients. A deeper understanding of these results may
inform sex-stratification in future prospective clinical trials and help develop strategies to reduce the
magnitude of the sex disparities observed in urothelial cancer outcomes.
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Bladder Cancer (BC) is the 10th most common cancer worldwide, and urothelial carcinoma (UC) is the most
prevalent histologic subtype of the upper and lower urinary tracts, accounting for approximately 90% of
tumors!. Previous and current research indicates sex and gender disparities in the epidemiology and clinical
outcomes of bladder UCZ The incidence rate is four times higher in men than in women, but women have more
aggressive disease, higher risk of recurrence, and lower 5-year survival rate>-. Although the influence of sexual
dimorphism on epidemiology and patient survival could depend on sex-specific biological differences, risk
profiles, and environmental exposures, the exact underlying mechanism is currently unknown!®!!. Certainly,
women have different anatomy with recurrent urinary tract infections, a different sex hormonal profile, and
intrinsic differences in local and systemic immune systems!!2. At the same time, men show higher smoking
rates and occupational carcinogen exposure, potentially impacting sex disparities in tumor incidence!®!3.

Immune checkpoint inhibitors (ICIs) have expanded the treatment landscape of urothelial carcinoma. ICIs
are used as maintenance therapy in metastatic UC (mUC) patients with stability or response to platinum-based
chemotherapy, as first-line treatment in combination with enfortumab vedotin, or in the second-line setting
after a previous platinum-based chemotherapy'*-'8. Sex-driven disparities in response to immunotherapy
and immune-related adverse events (irAEs) have been reported in a variety of tumor types'>?. A meta-
analysis of randomized clinical trials showed that men treated with ICI used as single therapy experienced
heightened survival benefit in several solid tumors compared to women?!. Nevertheless, the following data
showed no significant difference in immunotherapy efficacy between male and female cancer patients?2. In the
MOUSEION-01 study, the meta-analysis of randomized trials on immunotherapies and combinations showed a
slight differences in terms of antitumor efficacy between male and female patients, with pooled overall survival
(OS) Hazard Ratio (HR) of men treated with single-agent immunotherapy higher than women, and superior
benefit in women treated with the immuno-oncology combinations®.

Several observations could supportthe existence ofasex imbalance in UC patients treated withimmunotherapy.
However, in urothelial cancer, the impact of gender on pembrolizumab response was not investigated.
Interestingly, recent reports from RNA analyses have revealed sex differences in the urinary microbiome profile
of urothelial cancer patients, with a preponderance of Lactobacillus in women and Corynebacterium in men®*.
This differential distribution of microorganisms in the female and male urine could contribute to sex disparity
in the host intrinsic physiological immune features associated with the pretreatment tumor microenvironment
(TME). Thus, it remains to be elucidated if the dynamic crosstalk between biological, immunological, hormonal,
genetic, and epigenetic factors in the context of sex differences, can potentially impact to ICI-response.

The ARON-2 study (Clinical Trials.govidentifier NCT05290038) was a multicenter, international, retrospective
study to collect real-world data on the effectiveness of pembrolizumab in the post-platinum setting®->°. In the
present study, we present the analysis of clinical outcomes of pembrolizumab according to the patient’s sex.

Methods

Study design and population

We retrospectively analyzed clinical data from patients diagnosed at age > 18 years with UC and radiologically
confirmed metastatic disease. The study population included patients progressing or recurring after platinum-
based therapy and treated with pembrolizumab between January 1st, 2016 and December 31st, 2023 in 68
oncological centers from 21 countries. All included patients had known data on age, gender, tumor histology,
Eastern Cooperative Oncology Group-Performance Status (ECOG-PS), sites of metastases, previous surgery
and chemotherapy, durations, and response to pembrolizumab according to Response Evaluation Criteria In
Solid Tumors (RECIST) 1.1. Body Mass Index (BMI) was defined as a person’s weight in kilograms divided by
the square of height in meters.

Clinical and pathological information was extracted, at each participating center, from the patients’ medical
and pathology reports for clinical use. Physical and laboratory tests, computed tomography (CT), and magnetic
resonance imaging (MRI) scans, were performed following standard local procedures.

Patients with missing clinical or outcome data were excluded from the ARON-2 study.

The study protocol was approved on February 17, 2022 by the Ethical Committee of the coordinating center
(Marche Region - Italy - No. 2022 39, Study Protocol “ARON 2 Project”) and by the Institutional Review Boards
of participating centers. The study was conducted according to Good Clinical Practice (GCP) and International
Ethical Guidelines for Biomedical Research, and the protocol has been designed with the ethical principles
laid down in the Declaration of Helsinki on human experimentation. The informed consent was obtained
from the patients, and was waived by the Institutional Review Board of the coordinating center for deceased or
untraceable patients.

Study objectives
The primary objective of the present analysis was to assess the clinical outcome mUC patients treated with
pembrolizumab according to the patient’s sex. The radiological tumor response [progression disease (PD),
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stable disease (SD), partial response (PR), complete response (CR)] according to RECIST version 1.1., overall
response rate (ORR), progression-free survival (PFS), and OS were collected. OS was calculated from the start
of the treatment with pembrolizumab to death for any cause. PFS was defined as the time from the start of
pembrolizumab to progression or death from any cause. Duration of response (DoR) is defined as the time from
the start of pembrolizumab to disease progression or death in patients who achieved CR or PR. The ORR was
calculated as the sum of CR+PR. We considered censored those patients without progression or death at their
last follow-up.

Statistical considerations

The analysis of PFS and OS between groups was compared using the Kaplan-Meier method and log-rank test. The
median follow-up was calculated with the Kaplan-Meier method. Cox proportional hazard models were used
to compare the multivariable effects on patients’ survival, and to calculate HRs and 95% confidence intervals
(CIs). To better stratify patients according to the number of metastatic sites, a survival receiver operating
characteristic (ROC) analysis was exploited to determine potential cut-offs. To assess the potential differences
between variables, Fisher’s exact test was performed to assess statistically significant associations between dual
categorical variables, chi-square test for multiple categorical variables. Were considered statistically significant
p values<0.05.

Results

Patient population

We included 1039 patients treated with pembrolizumab from the ARON-2 dataset; 765 (74%) were males and
274 (26%) were females. The median follow-up time was 24.6 months (95%CI 16.2 - 83.7). Smoking history
was more common in males [574/765 (75%) vs. 118/274 (43%), p<0.001]. One hundred sixty seven patients
(16%) had ECOG-PS 2 2. Pure urothelial carcinoma histology was reported in 831 (80%) of patients; 761 (73%)
reported tumors of the bladder and 278 (27%) of the upper urinary tract. Synchronous metastatic disease was
reported in 341 patients (33%) and was more frequent in females. Lymph nodes (65%), lung (34%) and bone
(29%) were the most frequent metastatic sites. The complete list of patients’ characteristics is summarized in
Table 1 and Table S1.

Outcomes analysis

The median OS was 14.8 months (95%CI 12.5-16.1) in the overall study population: 15.6 months (95%CI 13.4-
17.9) in males and 11.7 months (95%CI 7.9-60.0) in females (p =0.021, Fig. 1). The 5y-OS rate for male patients
was 24% vs. 11% for female patients, p=0.016). A total of 555 patients (53.4%) [(392 males (70.6%) and 163
females (29.4%)] had died at the time of data analysis.

Although representing a smaller subset of patients, among aged 18-49y, the median OS was 16.8 months
(95%CI 6.0-83.6) in males and 7.5 months (95%CI 2.9-16.3, p=0.037, Fig. 1) in females, while no significant
differences were found in patients aged 50-69y (15.9 months, 95%CI 13.2-21.8, vs. 11.3 months, 95%CI 7.5-
24.0, p=0.313) as well as in the 541 patients aged > 70y (14.6 months, 95%CI 10.8-80.0, vs. 12.1 months, 95%CI
6.6-60.0, p=0.207) (Figure S1).

No statistically significant differences were found in both current or former smokers (males: 17.0 months,
95%CI 14.8-22.2; females: 15.3 months, 95%CI 8.5-60.0, p=0.320) and non-smokers (males: 13.6 months,
95%CI 10.0-83.6; females: 9.2 months, 95%CI 6.4-13.4, p=0.294).

In patients with an ECOG-PS=0-1, the median OS was 19.4 months (95%CI 16.0-23.2) in males and 15.0
months (95%CI 10.3-60.0) in females (p=0.015, Fig. 1). Otherwise, no differences were found in patients with
an ECOG-PS=>2 (males: 4.3 months, 95%CI 3.2-33.1; females: 3.2 months, 95%CI 1.9-6.0, p=0.387) (Figure
S1).

We further stratified patients according to tumor histology. A statistically significant difference in terms of
median OS was found in patients with pure urothelial histology (males: 15.6 months, 95%CI 13.2-17.9; females:
11.3 months, 95%CI 6.8-60.0, p=0.018, Fig. 1), but not in patients with mixed histology (males: 15.9 months,
95%CI 7.6-78.8; females: 11.7 months, 95%CI 7.5-19.6, p=0.583) (Figure S1).

In patients with lower tract UC, the median OS was significantly longer in males (15.5 months, 95%CI 13.4-
18.5, vs. 10.3 months, 95%CI 6.6-48.6, p =0.006, Fig. 1), while no differences were found in patients with upper
tract UC (15.9 months, 95%CI 8.9-22.3, vs. 12.4 months, 95%CI 8.4-60.0, p=0.874) (Figure S1).

The median OS was longer in males with synchronous metastatic disease (14.1 months, 95%CI 10.8-83.6,
vs. 8.2 months, 95%CI 5.9-60.0, p=0.015, Fig. 1) but not in subjects with metachronous disease (15.9 months,
95%CI 14.6-21.2, vs. 13.0 months, 95%CI 10.3-20.5, p=0.440) (Figure S1).

When we stratified patients according to the site of metastases, the median OS was longer in males vs. females
in patients with metastases to lymph nodes (15.8 months, 95%CI 13.3-20.1 vs. 11.7 months, 95%CI 7.5-15.3,
p=0.015, Fig. 2), lung (14.6 months, 95%CI 11.7-83.6 vs. 7.4 months, 95%CI 5.9-40.1, p=0.039, Fig. 2), or liver
(10.2 months, 95%CI 6.7-14.9 vs. 4.2 months, 95%CI 3.3-7.5, p=0.026, Fig. 2), while no statistically significant
differences were found in patients with bone (7.0 months, 95%CI 5.8-80.0 vs. 6.2 months, 95%CI 3.8-8.5,
p=0.242) or brain metastases (5.8 months, 95%CI 3.0-15.3 vs. 2.3 months, 95%CI 0.6-6.9, p=0.606).

The best cut-off for the number of metastatic sites calculated by the ROC curve resulted > 2. Males showed
a significantly longer median OS in the subgroup with >2 sites (10.2 months, 95%CI 8.0-83.6 vs. 6.8 months,
95%CI 4.8-60.0, p=0.022, Fig. 2) but not in those with 1 site of metastasis (21.8 months, 95%CI 16.5-28.0, vs.
16.3 months, 95%CI 10.7-24.3, p=0.197) (Figure S1).

As for the median PFS, it was 5.3 months in the overall study population (95%CI 4.4-83.1) and it was 5.6
months (95%CI 4.4-83.1) in males and 4.7 months (95%CI 3.6-6.5, p=0.706) in females, respectively; 541 males
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Overall Males Females

Characteristics No. (%) No. (%) | No. (%) | p-value
Total patients 1039 (100) | 765 (100) | 274 (100)
Median age (IQR)

18-49y 57 (5) 40 (5) 17 (6) 0.757
50-69y 441 (42) 337 (44) | 104 (38) |0.39
>70y 541(53) | 388(51) |153(56) |0.48
Current or former smokers

Yes 692 (67) 574 (75) | 118 (43)

No 347(33) | 191(25) | 156 (57) <0001
BMI

<25 kg/m2 586 (56) 405 (53) | 181 (66) 0,084
>25 kg/m? 453 (44) 360 (47) |93 (34)

ECOG performance status

0-1 872 (84) 640 (84) | 232(85)

2-3 167 (16) 125 (16) | 42(15) 0846
Tumor histology

Pure urothelial carcinoma 831 (80) 623 (81) | 208 (76) 0.391
Minor or mixed variants 208 (20) 142 (19) | 66 (24)

Primary tumor location

Upper urinary tract 278 (27) 177 (23) | 101 (37) 0.031
Lower urinary tract 761 (73) 588 (77) | 173 (63)
Metastatic disease

Synchronous 341 (33) 234 (31) | 107 (39) 0.492
Metachronous 698 (67) 531(69) | 167 (61)

Common sites of metastasis

Lymph nodes (non-regional) | 678 (65 497 (65) | 181 (66) | 0.882

)
Lung 349 (34) [251(33) |98(36) |0.656
Bone 297 (29) |224(29) |73(27) |0.753
Liver 187 (18) | 142(19) |45(16) |0.578
Brain 21(2) 13 (2) 8(3) 0.651
N sites>2 555(53) |409(53) |146(53) |1

Table 1. Patient characteristics. Significance values are bold.

(71%) and 195 females (71%) experienced PD during pembrolizumab treatment at the time of data analysis. The
33% of males and 37% of females who progressed during pembrolizumab received further therapies (Table S1).

Response to pembrolizumab

Response to therapy consisted of 8% CR, 22% PR, 24% SD, and 46% PD (ORR =30%, Table S1). In male patients,
we observed 8% CR, 23% PR, 24% SD, and 45% PD (ORR =31%, Table S1), while females showed 8% CR, 19%
PR, 24% SD and 49% PD (ORR=27%, Table S1). In patients who achieved CR or PR, the median DoR was
not significantly different based on sex (males: 13.1 months, 95%CI 10.5-16.8; females: 10.9 months, 95%CI
7.9-14.0, p=0.283, Table S1).

Univariable and multivariable analysis

We performed the univariable and multivariable analysis in the overall study population. At univariable analysis,
sex, BMI, ECOG-PS, synchronous metastatic disease, liver, bone, and brain metastases were significantly
associated with OS. At multivariable analysis, sex, BMI, ECOG-PS, liver, bone, and brain metastases remained
significantly associated with OS (Table 2).

Furthermore, we performed additional multivariable analyses in the three subsets in which the differences
in terms of median OS were =6 months between males and females: age <50y, lung and liver metastases. We
observed that sex was significantly associated with OS at multivariable analysis in both patients with lung (Table
S3) or liver metastases (Table S4), but not in patients aged < 50y (Table S2).

Discussion

Gender disparities in urothelial cancer presentation and clinical outcomes have been previously reported?-.
Despite the higher incidence of urothelial cancer overall among males, female-gender patients have more
advanced-stage tumors at the primary diagnosis, more frequent recurrence or progression, and, overall,
poor outcomes’™. Biological and immunological differences underlying sex-driven disparities in urothelial
carcinoma are widely investigated, from androgen and estrogen expression to differential mutations, gene
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Fig. 1. Overall Survival in patients receiving pembrolizumab stratified by sex and clinic-pathological features.
expression, metabolic enzymes, and urinary microbiome profile!%-!3. These findings emphasize the importance
of understanding the factors potentially involved in sex-specific differences in immunotherapy response.
Currently, there is a global ongoing debate on whether ICIs have a variable benefit between male and female
cancer patients. In a pan-cancer context, despite a trend of inferior response in females, existing literature data
showed contradictory results®’. In the mUC patients, a recent meta-analysis showed the OS benefit of ICI-
based combination therapy regardless of sex®2. In a second systematic review and meta-analysis, females had a
comparable median OS to men, and only for the atezolizumab women have a significantly better ORR*.
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Fig. 2. Overall survival in patients receiving pembrolizumab stratified by sex and type or number of metastatic

sites.

Univariable cox Multivariable cox
regression regression
Overall survival (overall population) HR (95%CI) p-value | HR (95%CI) p-value
Sex (females vs. males) 1.24 (1.03-1.49) | 0.022 1.24 (1.03-1.50) | 0.024
Age <50y (Y vs. N) 1.20 (0.85-1.69) | 0.298
BMI (>25 vs. <25 kg/m?) 0.73 (0.62-0.87) | <0.001 | 0.77 (0.65-0.92) | 0.004
Smokers vs no-smokers 0.85(0.70-1.01) | 0.072
ECOG PS (22 vs. 0-1) 3.17 (2.59-3.87) | <0.001 | 2.87 (2.33-3.52) | <0.001
Histology (mixed vs. pure UC) 1.04 (0.84-1.28) | 0.742
Upper vs Lower urinary tract 1.01 (0.88-1.16) | 0.856
Synchronous metastatic disease (Y vs. N) | 1.25 (1.05-1.48) | 0.012 1.11 (0.93-1.33) | 0.250
Lymph node (Y vs. N) 0.85 (0.71-1.02) | 0.083
Lung metastases (Y vs. N) 1.16 (0.97-1.38) | 0.097
Liver metastases (Y vs. N) 1.53 (1.24-1.87) | <0.001 | 1.58 (1.29-1.94) | <0.001
Bone metastases (Y vs. N) 1.56 (1.32-1.88) | <0.001 | 1.44 (1.20-1.73) | <0.001
Brain metastases (Y vs. N) 2.32(1.41-3.82) | 0.001 2.99 (1.80-4.96) | <0.001

Table 2. Univariable and multivariable analyses in the overall study population. BMI, Body Mass Index;
ECOG-PS, Eastern Cooperative Oncology Group-Performance Status; Y, yes; N, no.
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Importantly, real-world data on the mUC population are lacking.

The objective of the current analysis was to assess whether pembrolizumab effectiveness was different between
the sexes in the setting of UC patients who relapsed or progressed after platinum-based chemotherapy. In our
large study population of 1039 patients, we observed a significant difference in OS between male and female
mUC patients. The median OS was higher in males vs. females, with a 13% advantage in the 5-year OS rate for
male patients. Female sex was shown to be an independent negative prognostic factor on multivariable analysis.
When we stratified patients according to tumor histology, ECOG-PS, age, synchronous or metachronous
metastatic tumor, site, and number of metastases, the median OS was confirmed significantly higher in males
vs. females in pure urothelial histology, lower tract UC, patients with ECOG-PS=0-1, patients aged 18-49y,
synchronous metastatic disease, metastases to lymph nodes, lung, liver, and 2 > metastatic sites.

The explanation for this observed disparity between sexes in the clinical outcome of ICI is still speculative
and certainly includes the influences of immunological, biological, hormonal, epidemiologic, and environmental
factors.

Notably, the use of intravesical Bacillus Calmette-Guérin (BCG) in non-muscle-invasive bladder cancer is
among the first examples of success in the manipulation of the immune system to achieve durable anticancer
immunity'2. Following BCG stimulation, previous research reported several differences in sex-related gene
expression of T-cell co-repressor molecules, highlighting the potential sex bias in immune responses®*.

More recently, differences in the programmed death-ligand 1 (PD-L1) expression between males and females
emerged. Interestingly, PD-L1 expression is partly regulated by estrogen and several X-linked micro-RNAs such
as miRNA-221, miRNA-222, miRNA-106b, miRNA-20b, and miRNA-513%. Numerous immune response genes
showing different expression between the sexes have estrogen receptors (ER) in their promoters'’. The potential
critical role of the estrogens on the ICI response could explain the largest difference in OS in the patients aged
18-49y, where the median OS was 7.5 months in females and 16.8 months in males. Thus, the higher estrogen
levels in female patients and a miRNA-based modulation of the PD-1/PD-L1 pathway may represent, at least in
part, the hormonal and epigenetic background of sex disparity observed in the ICI response, emphasizing the
importance of the complex interplay between biologic factors and immune system’®7.

At the same time, in bladder cancer, the interplay of androgens, like testosterone, and the immune system,
through cytokines production, T cell proliferation, or antibody release, is widely recognized!’. Supporting
these findings, interesting research showed that androgen receptors (ARs) promote the expression of CD24,
a glycosyl phosphatidylinositol-linked sialo-glycoprotein expressed on tumor cells, with immunosuppressive
properties®. The androgen-mediated immune suppression in male UC patients could play a critical role in the
pembrolizumab response; the PD-1 inhibitor, through the hormonal influence on the tumor microenvironment,
could make the tumors more responsive to ICL.

Furthermore, according to the increased interest in the microbiome composition and effectiveness of anti-
PD1/PD-L1 therapy, sex-related urinary microbiome differences are emerging in UC patients. An early study
using next-generation sequencing of 16 S rRNA in urine samples showed that the “urobiome” was predominated
by Lactobacillales in females and by Corynebacterium species in males, paving the way to the study of the
urobiome as a variable in the sexual dimorphisms of the ICI response™.

Several studies have also assessed the role of concomitant ‘immune-modulatory’ medications including
proton pump inhibitors (PPI), antibiotics, and corticosteroids, on the efficacy of ICIs in patients with advanced
UC. These data showed that baseline PPI use was significantly associated with shorter survival in patients with
bladder UC (BUC) than upper-tract UC (UTUC), probably through changes in the gut microbiome. Interestingly,
in our female study population, the primary cancer site was most frequently BUC*.

The current study has several strengths, particularly the large sample size. To our knowledge, it is the first
real-world study that investigates the influence of sex on ICI outcome in mUC patients, showing the female sex
as a negative prognostic factor in the overall population.

We also acknowledge some limitations of our study, mainly due to its retrospective nature. Furthermore, in
our study population, ORR was not affected by sex, and in patients who achieved CR or PR, the median DoR
was also not significantly different. Although our primary objective was to assess the OS, and it is recognized
that conventional RECIST-based endpoints, including ORR, cannot fully characterize the clinical benefit of
immunotherapy, the weak associations between ORR, DoR and median OS will need to be further investigated
in the future.

Finally, the relationship between sex and response to immunotherapy is complex, and it is probably
influenced by environmental factors or genetic/epigenetic events potentially altering the TME, the immune
response, immune cell composition, and hormonal axis regulation, further influencing the response to ICI*!*2,

A further understanding of sex-based differences in tumor immune responses may represent a strong
rationale to consider sex stratification in future prospective clinical trials.

Conclusion
Our real-world study showed that mUC women progressing or recurring after platinum-based therapy and
treated with pembrolizumab had shorter OS than males. Sex female was an independent negative prognostic
factor in the overall population and in both patients with lung or liver metastases.

Further investigation is required to better define the relevance and clinical application of these findings,
enhancing the opportunities for personalized treatment of mUC patients.

Data availability
“The data that support the findings of this study are available from the corresponding author upon reasonable
request.”

Scientific Reports |

(2025) 15:8815 | https://doi.org/10.1038/s41598-025-93094-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Received: 22 July 2024; Accepted: 4 March 2025
Published online: 14 March 2025

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Sung, H. et al. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality world-wide for 36 cancers in 185
countries. CA Cancer J. Clin. 71, 209-49 (2021).

Andreassen, B. K., Grimsrud, T. K. & Haug, E. S. Bladder cancer survival: Women better off in the long run. Eur. J. Cancer 95,
52-58. https://doi.org/10.1016/j.ejca.2018.03.001 (2018).

Waldhoer, T., Berger, I, Haidinger, G., Zielonke, N. & Madersbacher, S. Sex Differences of > pT1 bladder cancer survival in Austria:
A descriptive, long-term, nation-wide analysis based on 27,773 patients. Urol. Int. 94(4), 383-9. https://doi.org/10.1159/000368418
(2015).

. Kamat, A. M. et al. Bladder cancer. Lancet 388(10061), 2796-2810. https://doi.org/10.1016/S0140-6736(16)30512-8 (2016).
. Mungan, N. A. et al. Gender differences in stage-adjusted bladder cancer survival. Urology. 55(6), 876-80. https://doi.org/10.1016

/s0090-4295(00)00523-9 (2000).

. Ristau, B. T. & Davies, B. J. Disparity in bladder cancer outcomes: What's sex got to do with it?. Cancer 120(4), 461-3. https://doi.

0rg/10.1002/cncr.28420 (2014).

. Zaitsu, M. et al. Sex differences in bladder cancer pathology and survival: Analysis of a population-based cancer registry. Cancer

Med. 4(3), 363-370. https://doi.org/10.1002/cam4.379 (2015).

. Antoni, S. et al. Bladder cancer incidence and mortality: A global overview and recent trends. Eur. Urol. 71(1), 96-108. https://do

i.org/10.1016/j.eururo.2016.06.010 (2017).

. Marcos-Gragera, R. et al. EUROCARE-5 Working Group: Urinary tract cancer survival in Europe 1999-2007: Results of the

population-based study EUROCARE-5. Eur. J. Cancer. 51(15), 2217-2230. https://doi.org/10.1016/j.ejca.2015.07.028 (2015).
Doshi, B., Athans, S. R. & Woloszynska, A. Biological differences underlying sex and gender disparities in bladder cancer: Current
synopsis and future directions. Oncogenesis 12(1), 44. https://doi.org/10.1038/s41389-023-00489-9 (2023).

Mazzaschi, G., Quaini, F. & Buti, S. Exploring genetic and immune underpinnings of the sexual dimorphism in tumor response to
immune checkpoints inhibitors: A narrative review. Curr. Res. Pharmacol. Drug Discov. 7(4), 100146. https://doi.org/10.1016/j.crp
har.2022.100146 (2022).

Koti, M. et al. Sex differences in bladder cancer immunobiology and outcomes: A collaborative review with implications for
treatment. Eur Urol Oncol. 3(5), 622-630. https://doi.org/10.1016/j.eu0.2020.08.013 (2020).

Dobruch, J. et al. Gender and bladder cancer: A collaborative review of etiology, biology, and outcomes. Eur Urol. 69(2), 300-10.
https://doi.org/10.1016/j.eururo.2015.08.037 (2016).

Powles, T. et al. Avelumab maintenance therapy for advanced or metastatic urothelial carcinoma. N. Engl. J. Med. 383, 1218-30.
https://doi.org/10.1056/NEJM0a2002788 (2020).

Balar, A. V. et al. First-line pembrolizumab in cisplatin-ineligible patients with locally advanced and unresectable or metastatic
urothelial cancer (KEY- NOTE-052): A multicentre, single-arm, phase 2 study. Lancet Oncol. 18(11), 1483-92. https://doi.org/10.
1016/S1470-2045(17)30616-2 (2017).

Vuky, J. et al. Long-term outcomes in KEYNOTE-052: Phase II study investigating first-line pembroli- zumab in cisplatin-ineligible
patients with locally advanced or metastatic urothelial cancer. J. Clin. Oncol. 38(23), 2658-66. https://doi.org/10.1200/JC0.19.0121
3 (2020).

Bellmunt, J. et al. Pembrolizumab as sec- ond-line therapy for advanced urothelial carcinoma. N. Engl. J. Med. 376, 1015-26.
https://doi.org/10.1056/NEJMoal613683 (2017).

Balar, A. V. et al. Efficacy and safety of pembrolizumab in metastatic urothelial carcinoma: Results from KEYNOTE-045 and
keynote-052 after up to 5 years of follow- up. Ann. Oncol. 34, 289-99. https://doi.org/10.1016/j.annonc.2022.11.012 (2023).
Wang, P. E, Song, H. E, Zhang, Q. & Yan, C. X. Pan-cancer immunogenomic analyses reveal sex disparity in the efficacy of cancer
immunotherapy. Eur ] Cancer. 126, 136-138. https://doi.org/10.1016/j.¢jca.2019.12.008 (2020).

Oertelt-Prigione, S. The influence of sex and gender on the immune response. Autoimmun. Rev. 11(6-7), A479-85. https://doi.org
/10.1016/j.autrev.2011.11.022 (2012).

Conforti, F. et al. Cancer immunotherapy efficacy and patients’ sex: A systematic review and meta-analysis. Lancet Oncol. 19(6),
737-746. https://doi.org/10.1016/S1470-2045(18)30261-4 (2018).

Wallis, C. J. D. et al. Association of patient sex with efficacy of immune checkpoint inhibitors and overall survival in advanced
cancers: A systematic review and meta-analysis. JAMA Oncol. 5(4), 529-536. https://doi.org/10.1001/jamaoncol.2018.5904.PMID
:30605213;PMCID:PMC6459215 (2019).

Santoni, M. et al. The impact of gender on The efficacy of immune checkpoint inhibitors in cancer patients: The MOUSEION-01
study. Crit. Rev. Oncol. Hematol. 170, 103596. https://doi.org/10.1016/j.critrevonc.2022.103596 (2022).

Hussein, A. A. et al. Does the urinary microbiome profile change after treatment of bladder cancer?. World J. Urol. 41(12), 3593—
3598. https://doi.org/10.1007/s00345-023-04627-1 (2023).

Massari, F et al. Global real-world experiences with pembrolizumab in advanced urothelial carcinoma after platinum-based
chemotherapy: The ARON-2 study. Cancer Immunol. Immunother. 73(6), 106. https://doi.org/10.1007/500262-024-03682-w
(2024).

Santoni, M. et al. Real-world effectiveness of pembrolizumab as first-line therapy for cisplatin-ineligible patients with advanced
urothelial carcinoma: The ARON-2 study. Cancer Immunol. Immunother. 72(9), 2961-2970. https://doi.org/10.1007/500262-023-0
3469-5 (2023).

Fiala, O. et al. Use of concomitant proton pump inhibitors, statins or metformin in patients treated with pembrolizumab for
metastatic urothelial carcinoma: Data from the ARON-2 retrospective study. Cancer Immunol. Immunother. 72(11), 3665-3682.
https://doi.org/10.1007/s00262-023-03518-z (2023).

Santoni, M. et al. Bone targeting agents, but not radiation therapy, improves survival in patients with bone metastases from
advanced urothelial carcinoma receiving pembrolizumab: Results from the ARON-2 study. Clin. Exp. Med. 23(8), 5413-5422
(2023).

Fiala, O. et al. Enfortumab vedotin following platinum chemotherapy and avelumab maintenance in patients with metastatic
urothelial carcinoma: A retrospective data from the ARON-2EV study. Target. Oncol. 19(6), 905-915. https://doi.org/10.1007/s11
523-024-01099-0 (2024).

Rizzo, M. et al. Real-life impact of enfortumab vedotin or chemotherapy in the sequential treatment of advanced urothelial
carcinoma: The ARON-2 retrospective experience. Cancer Med. 14(4), €70479. https://doi.org/10.1002/cam4.70479 (2025).
Cerrato, C. et al. Effect of sex on the oncological outcomes in response to immunotherapy and antibody-drug conjugates in
patients with urothelial and kidney cancer: A systematic review and a network meta-analysis. Eur. Urol. Oncol. 7(5), 1005-1014.
https://doi.org/10.1016/j.eu0.2024.03.014 (2024).

Yanagisawa, T. et al. Impact of sex on the efficacy of immune checkpoint inhibitors in kidney and urothelial cancers: A systematic
review and meta-analysis. World J. Urol. 41(7), 1763-1774. https://doi.org/10.1007/s00345-023-04412-0 (2023).

Schneidewind, L. et al. Gender-specific outcomes in immune checkpoint inhibitor therapy for advanced or metastatic urothelial
cancer: A systematic review and meta-analysis. J. Cancer Res. Clin. Oncol. 149(11), 9399-9408. https://doi.org/10.1007/s00432-02
3-04788-x (2023).

Scientific Reports |

(2025) 15:8815

| https://doi.org/10.1038/s41598-025-93094-2 nature portfolio


https://doi.org/10.1016/j.ejca.2018.03.001
https://doi.org/10.1159/000368418
https://doi.org/10.1016/S0140-6736(16)30512-8
https://doi.org/10.1016/s0090-4295(00)00523-9
https://doi.org/10.1016/s0090-4295(00)00523-9
https://doi.org/10.1002/cncr.28420
https://doi.org/10.1002/cncr.28420
https://doi.org/10.1002/cam4.379
https://doi.org/10.1016/j.eururo.2016.06.010
https://doi.org/10.1016/j.eururo.2016.06.010
https://doi.org/10.1016/j.ejca.2015.07.028
https://doi.org/10.1038/s41389-023-00489-9
https://doi.org/10.1016/j.crphar.2022.100146
https://doi.org/10.1016/j.crphar.2022.100146
https://doi.org/10.1016/j.euo.2020.08.013
https://doi.org/10.1016/j.eururo.2015.08.037
https://doi.org/10.1056/NEJMoa2002788
https://doi.org/10.1016/S1470-2045(17)30616-2
https://doi.org/10.1016/S1470-2045(17)30616-2
https://doi.org/10.1200/JCO.19.01213
https://doi.org/10.1200/JCO.19.01213
https://doi.org/10.1056/NEJMoa1613683
https://doi.org/10.1016/j.annonc.2022.11.012
https://doi.org/10.1016/j.ejca.2019.12.008
https://doi.org/10.1016/j.autrev.2011.11.022
https://doi.org/10.1016/j.autrev.2011.11.022
https://doi.org/10.1016/S1470-2045(18)30261-4
https://doi.org/10.1001/jamaoncol.2018.5904.PMID:30605213;PMCID:PMC6459215
https://doi.org/10.1001/jamaoncol.2018.5904.PMID:30605213;PMCID:PMC6459215
https://doi.org/10.1016/j.critrevonc.2022.103596
https://doi.org/10.1007/s00345-023-04627-1
https://doi.org/10.1007/s00262-024-03682-w
https://doi.org/10.1007/s00262-023-03469-5
https://doi.org/10.1007/s00262-023-03469-5
https://doi.org/10.1007/s00262-023-03518-z
https://doi.org/10.1007/s11523-024-01099-0
https://doi.org/10.1007/s11523-024-01099-0
https://doi.org/10.1002/cam4.70479
https://doi.org/10.1016/j.euo.2024.03.014
https://doi.org/10.1007/s00345-023-04412-0
https://doi.org/10.1007/s00432-023-04788-x
https://doi.org/10.1007/s00432-023-04788-x
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

34. Piasecka, B. et al. Distinctive roles of age, sex, and genetics in shaping transcriptional variation of human immune responses to
microbial challenges. Proc. Natl. Acad. Sci. U. S. A. 115(3), E488-E497. https://doi.org/10.1073/pnas.1714765115 (2018).

35. Care, A. et al. Sex disparity in cancer: Roles of microRNAs and related functional players. Cell Death Differ. 25(3), 477-485. https:
//doi.org/10.1038/s41418-017-0051-x (2018).

36. Incorvaia, L. et al. Prognostic role of soluble PD-1 and BTN2A1 in overweight melanoma patients treated with nivolumab or
pembrolizumab: Finding the missing links in the symbiotic immune-metabolic interplay. Ther. Adv. Med. Oncol. 15(15),
17588359231151844. https://doi.org/10.1177/17588359231151845 (2023).

37. Incorvaia, L. et al. A “lymphocyte MicroRNA signature” as predictive biomarker of immunotherapy response and plasma PD-1/
PD-L1 expression levels in patients with metastatic renal cell carcinoma: Pointing towards epigenetic reprogramming. Cancers
(Basel). 12(11), 3396. https://doi.org/10.3390/cancers12113396.PMID:33207823;PMCID:PMC7697734 (2020).

38. Overdevest, J. B. et al. CD24 expression is important in male urothelial tumorigenesis and metastasis in mice and is androgen
regulated. Proc. Natl. Acad. Sci. U. S. A. 109(51), E3588-96. https://doi.org/10.1073/pnas.1113960109 (2012).

39. Fouts, D. E. et al. Integrated next-generation sequencing of 16S rDNA and metaproteomics differentiate the healthy urine
microbiome from asymptomatic bacteriuria in neuropathic bladder associated with spinal cord injury. J. Transl. Med. 10, 174.
https://doi.org/10.1186/1479-5876-10-174 (2012).

40. Taguchi, S. et al. Validation of a drug-based score in advanced urothelial carcinoma treated with pembrolizumab. Immunotherapy
15(11), 827-837. https://doi.org/10.2217/imt-2023-0028 (2023).

41. Incorvaia, L. et al. Body mass index and baseline platelet count as predictive factors in Merkel cell carcinoma patients treated with
avelumab. Front. Oncol. 17(13), 1141500. https://doi.org/10.3389/fonc.2023.1141500 (2023).

42. Incorvaia, L. et al. Sex and survival outcomes in patients with renal cell carcinoma receiving first-line immune-based combinations.
Cancer Immunol. Immunother. 73(8), 142. https://doi.org/10.1007/s00262-024-03719-0 (2024).

Author contributions

L.I, M.S., Conceptualization; L.I, S.S., S.B., M.S., Methodology; M.S., Formal Analysis and Data Curation; L.I.,
S.S., ESSM.M.,, H.T, ]J.C.T, M.N.G.Q,, E.L., D.T,, L.P, S.C-G,, PA.Z., AM., C.O,, ].PS., M.R,, O.F, N.V,, PG,
H.A.,ABG.,G.B,JK,AB,JL,JA,EC, EM, S.B, ].B., M.S,, Investigation; L.I, S.S., M..S., Writing — Original
Draft; L.I., M.S., Writing - Revised Manuscript; Supervision, S.B., ].B., M.S. All authors reviewed the results and
approved the final version of the manuscript.

Funding

This research received no external funding.
Declarations

Competing interests

Dr. Buti reported receiving personal fees from BMS, Pfizer, MSD, Ipsen, Roche, Eli Lilly, AstraZeneca, Pierr
e-Fabre, Novartis, Merck, Gentili, and Astellas outside the submitted work; Dr. Fiala reported receiving
personal fees from Novartis, Janssen, Merck, BMS, MSD, Pierre Fabre and Pfizer outside the submitted work;
Dr. Incorvaia reported receiving personal fees from Bristol Myers Squibb and IPSEN outside the submitted
work; Dr. Massari reported receiving personal fees from Advanced Accelerator Applications, Astellas, Astra
Zeneca, Bayer, BMS, Janssen, Ipsen, MSD, Pfizer outside the submitted work. The other authors have no
competing interests to declare.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/541598-025-93094-2.

Correspondence and requests for materials should be addressed to L.1.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommo
ns.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:8815 | https://doi.org/10.1038/541598-025-93094-2 nature portfolio


https://doi.org/10.1073/pnas.1714765115
https://doi.org/10.1038/s41418-017-0051-x
https://doi.org/10.1038/s41418-017-0051-x
https://doi.org/10.1177/17588359231151845
https://doi.org/10.3390/cancers12113396.PMID:33207823;PMCID:PMC7697734
https://doi.org/10.1073/pnas.1113960109
https://doi.org/10.1186/1479-5876-10-174
https://doi.org/10.2217/imt-2023-0028
https://doi.org/10.3389/fonc.2023.1141500
https://doi.org/10.1007/s00262-024-03719-0
https://doi.org/10.1038/s41598-025-93094-2
https://doi.org/10.1038/s41598-025-93094-2
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Sex as modifier of survival in patients with advanced urothelial cancer treated with pembrolizumab
	﻿Methods
	﻿Study design and population
	﻿Study objectives
	﻿Statistical considerations

	﻿Results
	﻿Patient population
	﻿Outcomes analysis
	﻿Response to pembrolizumab
	﻿Univariable and multivariable analysis

	﻿Discussion
	﻿Conclusion
	﻿References


