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Introduction
Bladder cancer (BC) is a common malignancy, with non-
muscle invasive bladder cancer (NMIBC) accounting 
for approximately 75% of all cases [1,2]. Transurethral 
Resection of Bladder Tumor (TURBT) remains the gold-
standard treatment strategy for NMIBC, whereas adjuvant 
intravesical therapy is selected according to the risk of 
recurrence and progression [3]. Bacillus Calmette-Guérin 
(BCG) therapy is widely used for high-risk NMIBC,  
while radical cystectomy may be considered for selected 
patients with very high-risk or treatment-refractory 
disease [4,5]. BCG binds to and is internalized by urothelial 
tumor cells, thereby triggering a broad immune response 
involving natural killer (NK) cells and CD8⁺ T cells 
that contributes to tumor elimination [6]. Nevertheless, 

a substantial proportion of patients fails to respond to 
BCG therapy or experience disease recurrence, and BCG 
administration may also cause clinically significant adverse 
effects [7]. Therefore, novel strategies with improved efficacy 
and acceptable toxicity are urgently needed for NMIBC.

Interleukin-15 (IL-15), recognized as a promising target 
for cancer immunotherapy, has demonstrated antitumor 
potential in several malignancies, including ovarian, 
gastric, and bladder cancers [8-11]. As a common γ-chain 
cytokine, IL-15 plays an important role in the development, 
proliferation, and survival of NK cells and CD8+ T cells [12]. 
Complex formation between IL-15 and IL-15Rα enhances 
IL-15-mediated stimulation of NK and T cells and has 
led to the development of IL-15 superagonists and  
IL-15/IL-15Rα complexes with improved biological 
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Abstract

This study aimed to investigate whether sequential intravesical instillation of epirubicin 
(EPI) followed by interleukin-15 (IL-15)/interleukin-15 receptor alpha (IL-15Rα) could 
integrate cytotoxic and immune-stimulatory effects for improved antitumor efficacy. 
EPI-induced immunogenic cell death (ICD) was assessed in MB49 cells by measuring 
calreticulin (CRT) exposure and adenosine triphosphate (ATP) release. Cytotoxic activity 
of splenocytes against MB49 cells was evaluated by co-culture apoptosis assays and IFN-γ 
quantification. In vivo efficacy was examined in C57BL/6 mice bearing orthotopic bladder 
tumors. Tumor volume survival, and immune infiltration were analyzed, and CD8+ T cell 
depletion was performed to assess the contribution of these cells to therapeutic efficacy. EPI 
treatment increased surface CRT and ATP release. In co-culture assays, EPI pretreatment 
enhanced splenocyte-mediated MB49 cell apoptosis and IFN-γ secretion, and these effects 
were further augmented by IL-15/IL-15Rα. In vivo, sequential therapy significantly reduced 
tumor volume, prolonged survival, and promoted a favorable immune microenvironment, 
characterized by increased CD8+ T and NK1.1+ cell infiltration, reduced Treg population, 
an elevated CD8/Treg ratio, and increased IFN-γ level. Importantly, CD8+ T cell depletion 
attenuated these therapeutic benefits. Sequential intravesical administration of EPI and 
IL-15/IL-15Rα enhanced antitumor efficacy in an orthotopic bladder cancer model by 
promoting ICD-associated changes and cytotoxic immune responses. These findings 
provide preclinical evidence supporting further investigation of EPI-based chemo-
immunotherapy for bladder cancer, including BCG-unresponsive or high-risk non-
muscle-invasive bladder cancer (NMIBC).
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activity [13-15]. ALT-803 (N-803), an IL-15 superagonist, 
has demonstrated promising clinical activity NMIBC, 
and its combination with BCG has been developed for 
BCG-unresponsive carcinoma in situ [16,17]. These findings 
highlight the therapeutic potential of IL-15/IL-15Rα-
based approaches in NMIBC.

Epirubicin (EPI) is a widely used anthracycline chemo-
therapeutic agent that exerts antitumor activity through 
DNA intercalation, topoisomerase II inhibition, and 
induction of apoptosis [18]. Intravesical EPI administered 
after TURBT effectively can reduce recurrence in NMIBC 
while limiting systemic exposure, making it suitable for 
local administration [19]. Beyond its direct cytotoxicity, EPI 
has also been reported to induce ICD, thereby potentially 
enhancing anti-tumor immune responses [20]. These 
properties provide a rationale for sequentially combining 
EPI with IL-15/IL-15Rα to integrate chemotherapy-
induced tumor cell injury with immune stimulation.

In this study, we explored the antitumor effects and 
potential immune mechanisms of sequential intravesical 
administration of EPI followed by IL-15/IL-15Rα in an 
orthotopic bladder cancer model, with the aim of providing 
preclinical evidence for a novel chemo-immunotherapy 
strategy.

Material and Methods
Ethical Approval

All animal experimental procedures were conducted 
in accordance with the Guide for the Care and Use of 
Laboratory Animals issued by the Ministry of Science and 
Technology of China, and were approved by the Animal 
Ethics Committee of Nanjing Tongren Hospital, Southeast 
University (Approval No.: SHU2023/021).

Cell Culture and Treatment

The C57BL/6-derived murine BC cell line MB49 (cat. no. 
iCell-m030; iCell Bioscience Inc) were cultured in DMEM 
(cat. no. iCell-0001) supplemented with 10% FBS and 1% 
penicillin-streptomycin. Cells were maintained at 37°C 
in a humidified atmosphere containing 5% CO2. For EPI 
treatment, cells were exposed to 0.2 or 1.2 μg/mL EPI  
for 24 h [21].

Assessment of ICD

To assess ICD-associated changes, MB49 cells were 
seeded in 6-well plates and stained with an Alexa 
Fluor 488-conjugated anti-CRT antibody. Surface CRT 
expression was subsequently quantified by flow cytometry. 
To evaluate extracellular ATP release, culture supernatants 
were collected and analyzed using the ENLITEN ATP 
Assay System Bioluminescence Detection Kits according 
to the manufacturer’s instructions.

Animal and Model Establishment

The female C57BL/6 mice (aged 6-8 weeks) were obtained 
from Beijing Vital River Laboratory Animal Technology 
Co., Ltd. All mice were acclimatized for 1 week with free 
access to water and food. The orthotopic bladder cancer 
model was established as previously described [22]. In 
brief, mice were anesthetized with isoflurane and placed 
on a warming pad. Residual urine was expelled by gently 
pressing the bladder. A 24G x 0.75-inch catheter was then 
inserted transurethrally, and the bladder was conditioned 
with 50 μL of poly-L-lysine (Sigma, 1 µg/mL in PBS) for 
10 min. The solution was subsequently removed by gently 
pressing the bladder, which was then rinsed with 50 µL 
PBS, and instilled with 1x105 MB49 cells. After incubation, 
the catheter was withdrawn, and the mice were transferred 
to recovery cages for post-procedure monitoring. 

Experimental Groups and Treatment Protocol

All mice were randomly assigned into four groups 
(n=8): PBS, EPI, EPI+IL-15/IL-15Rα and EPI+IL-15/
IL-15Rα+anti-CD8 antibody. Four days after tumor cell 
instillation, mice in EPI group received an intravesical 
instillation of EPI at 5 mg/kg, which was retained in the 
bladder for approximately 1 h [23]. Mice in EPI+IL-15/
IL-15Rα group additionally received an intravesical 
instillation of 2.5 µg IL-15/IL-15Rα complexes 24 h 
following EPI administration [24]. To deplete CD8+ T cells, 
a CD8-specific monoclonal antibody (mAb) was used. 
Mice in EPI+IL-15/IL-15Rα + anti-CD8 antibody group 
received an initial intraperitoneal injection of 10 µg anti-
CD8 antibody 1 day before intravesical treatment with EPI 
and IL-15/IL-15Rα [25]. Thereafter, the same dose of anti-
CD8 antibody was administered intraperitoneally every 
four days until sacrifice [26]. Intravesical administration 
of EPI and/or IL-15/IL-15Rα complexes was performed 
twice weekly for three consecutive weeks. Mice in the PBS 
group received 50 µL PBS intravesically as a control. At 
the experimental endpoint, tumor-bearing bladders were 
excised and examined macroscopically. Tumor areas were 
identified as nodular lesions or focal irregular thickening 
clearly distinguishable from the adjacent normal-appearing 
bladder wall, with boundaries defined by the visible 
lesion-normal tissue interface. Identified tumor tissues 
were collected for subsequent analyses. 

Splenocyte Isolation

Spleens were collected from tumor-free C57BL/6 mice. 
Splenic tissues were gently dissociated between two 
frosted microscope slides, and the resulting homogenates 
were washed with RPMI-1640. After centrifugation at 200 
g for 10 min, the splenic homogenates cell pellets were 
resuspended in 360 μL distilled water for 10 s to induce 
hemolysis, followed immediately by neutralization with 
40 μL of 10× PBS. Pooled splenocytes were cultured in 
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5 mL RPMI-1640 medium supplemented with 0.05 mM 
β-mercaptoethanol, 10% FBS, and 1% antibiotics [27]. After 
2 h of incubation, the cell-containing supernatant was 
collected for subsequent co-culture assays.

Co-culture Assay of MB49 Cells and Splenocytes

Splenocytes were co-cultured with MB49 cells at an 
effector-to-target (E:T) ratio of 10:1 in complete RPMI-
1640 medium for 24 h. Three experimental groups were 
established: (i) untreated MB49 cells co-cultured with 
splenocytes, (ii) EPI (1.2 μg/mL)-pretreated MB49 cells 
co-cultured with splenocytes, and (iii) EPI-pretreated 
MB49 cells co-cultured with splenocytes in the presence 
of IL-15/IL-15Rα complexes (7 ng/mL) [24]. 

Cell Apoptosis

Following indicated treatment, MB49 cells were washed 
with PBS and resuspended in 100 μL binding buffer. The 
cells were then incubated with 2 μL Annexin‐V‐FITC on 
ice in the dark, following by PI staining [28]. Cell apoptosis 
was analyzed using a CytoFLEX flow cytometer according 
to the manufacturer’s protocol.

Flow Cytometry

Mice were sacrificed and bladder and tumor tissues were 
harvested. Tumor samples were digested with collagenase 
(300 U/mL) and hyaluronidase (100 U/mL) [29]. During 
digestion, the samples were gently pipetted every 15 min and 
incubated at 37°C for 3 h to generate single-cell suspensions. 
The suspensions were then filtered through a 200-μm cell 
strainer and washed with PBS. Cells were subsequently 
resuspended in FACS buffer and stained with antibodies 
against CD45, CD3, CD8, NK1.1 and Foxp3. Samples were 
analyzed using a BD FACSCanto II flow cytometry, and the 
data were processed using FlowJo software. 

ELISA

Splenocytes were co-cultured with MB49 cells for 24 
h, after which the culture supernatants were collected. 
IFN-γ concentrations in the supernatants were measured 
using commercially available ELISA kits according to 

the manufacturer’s instructions. For in vivo sample 
collection, 0.5 mL of PBS was instilled into the bladder 
and subsequently aspirated. The recovered fluid was 
centrifuged at 2.000 x g to remove cells, and the supernatant 
was stored at -80°C until analysis. IFN-γ concentrations 
were measured using the same ELISA procedure and 
expressed as ng/mL.

Statistical Analysis

Data from three independent experiments were analyzed 
using GraphPad Prism 8.0 software. Normally distributed 
continuous variables are presented as mean ± SD. 
Comparisons among multiple groups were performed 
using one-way analysis of variance followed by Tukey’s 
post-hoc test. For non-normally distributed data, the 
Kruskal-Wallis test was used. Survival analyses were 
conducted using the Kaplan-Meier method, and differences 
were evaluated with the log-rank test. P-values <0.05 was 
considered statistical significance.

Results
Compared with the Control group, EPI treatment elevated 
surface CRT level and ATP release in a concentration-
dependent manner, suggesting that EPI induced ICD-
associated changes in MB49 cells in vitro (Fig. 1-A, B).

Following the co-culture of MB49 cells with splenocyte, 
cell apoptosis was assessed by flow cytometry. Compared 
with the Control group, EPI pre-treatment significantly 
increased MB49 cell apoptosis, and this effect was further 
enhanced by the addition of IL-15/IL-15Rα complexes (Fig. 
2-A, B). ELISA showed that EPI pretreatment significantly 
increased IFN-γ secretion during co-culture. Following 
the addition of IL-15/IL-15Rα complexes, IFN-γ levels 
were further increased (Fig. 2-C). These findings indicated 
that EPI pretreatment enhanced splenocyte-mediated 
cytotoxicity against MB49 cells and that IL-15/IL-15Rα 
further strengthened this immune response.

Given that EPI induced ICD-associated changes and IL-15/
IL-15Rα enhanced effector immune cell activity, we next 

Fig 1. EPI contributed to ICD. (A) CRT level was detected using flow cytometry. (B) The ATP level was detected 
using ENLITEN ATP Assay System Bioluminescence Detection Kits. **P<0.01 and ***P<0.001
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evaluated whether sequential administration of these agents 
could improve antitumor efficacy in vivo. EPI monotherapy 
significantly reduced tumor volume compared with PBS 
treatment, whereas sequential administration of EPI followed 
by IL-15/IL-15Rα resulted in a further reduction in tumor 
volume (Fig. 3-A, B). Consistent with these findings, survival 
analysis demonstrated the longest survival in the EPI+IL-15/
IL-15Rα group, followed by the EPI monotherapy group, 
with the PBS group displaying the shortest survival (Fig. 3-C). 
Importantly, body weights remained generally stable across 
all groups, and no severe adverse events were observed, 
suggesting that the treatment regimen was well tolerated 
under the experimental conditions.

Because EPI-induced ICD may influence the tumor 
immune microenvironment, we next examined whether 

sequential combination therapy altered immune cell 
infiltration in vivo. Flow cytometric analysis showed that 
sequential EPI and IL-15/IL-15Rα therapy significantly 
increased the infiltration of CD8+ T cells and NK1.1+ 
cells compared with both the PBS and EPI groups. In 
contrast, the proportion of regulatory T cells (Tregs) 
was significantly lower in the EPI+IL-15/IL-15Rα group 
(Fig. 4-A). The CD8/Treg ratio was increased in the EPI 
group compared with the PBS group, and was highest in 
the EPI+IL-15/IL-15Rα group (Fig. 4-B). Consistently, 
IFN-γ levels were increased after EPI treatment and 
further elevated after sequential treatment with IL-15/
IL-15Rα (Fig. 4-C). Together, these findings indicated 
that sequential treatment enhanced cytotoxic immune 
responses while reducing immunosuppressive features of 
the tumor microenvironment.

Because sequential EPI and IL-15/IL-15Rα therapy was 
associated with increased CD8+ T cell infiltration, we 

Fig 2. IL-15/IL-15Rα augmented splenocyte-mediated cytotoxicity against 
MB49 cells. (A-B) The cell apoptosis was detected using flow cytometry. 
(C) The level of IFN-γ was detected using ELISA-related IFN-γ assay kits. 
***P<0.001

Fig 3. Sequential EPI and IL-15/IL-15Rα therapy exhibited superior 
antitumor efficacy. (A) The tumor appearance. (B) The tumor size. (C) 
The survival analysis. ***P<0.001

Fig 4. Sequential EPI and IL-15/IL-15Rα treatment augments antitumor 
immunity. (A) Flow cytometry was used for the detection of tumor-
infiltrating immune cells. (B) The CD8/Treg ratio. (C) The level of 
IFN-γ was detected using ELISA-related IFN-γ assay kits. **P<0.01 and 
***P<0.001
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next investigated whether CD8+ T cells contributed to 
the antitumor effect. Compared with the EPI+IL-15/
IL-15Rα group, tumor volume was increased following 
administration of anti-CD8 antibody (Fig. 5-A, B). 
Consistent immunological changes were also observed: 
CD8⁺ T cell infiltration and IFN-γ levels were reduced, 
and the CD8/Treg ratio was lower in the EPI+IL-15/IL-
15Rα+anti-CD8 antibody group than in the EPI+IL-15/
IL-15Rα group (Fig. 5-C, D, E). These findings suggested 
that CD8+ T cells make an important contribution to the 
therapeutic activity of sequential treatment.

Discussion
BC, particularly NMIBC, remains a therapeutic challenge 
due to high recurrence rates and the substantial proportion 
of patients who experience recurrence or inadequate 
responses following BCG therapy [30]. Although intravesical 
chemotherapy and immunotherapy are widely used, their 
benefits are often constrained by suboptimal responses or 
adverse effects [31]. These limitations highlight the need 
for novel strategies that combine direct cytotoxic effects 
with immune modulation. In this context, we explored 
sequential administration of EPI and IL-15/IL-15Rα as 
a potential approach to integrate chemotherapy-induced 
tumor cell death with immune activation. Our results 
showed that EPI induced ICD-associated changes, while 
IL-15/IL-15Rα further enhanced splenocyte-mediated 
cytotoxicity and IFN-γ production. In vivo, the sequential 

regimen reduced tumor burden, prolonged survival, 
and promoted a favorable immune microenvironment. 
Importantly, CD8+ T cell depletion diminished these effects, 
indicating their central contribution to the therapeutic 
activity. Together, these findings support a model in which 
EPI-induced tumor immunogenicity provides an initial 
immune stimulus that is subsequently amplified by IL-15/
IL-15Rα-mediated activation of antitumor effector cells.

Previous studies have shown that certain chemotherapeutic 
agents, including anthracyclines, can promote ICD in 
addition to exerting direct cytotoxic effects, thereby 
enhancing tumor antigen exposure and immune 
recognition [32]. Our data are consistent with these 
findings, as EPI treatment upregulated CRT exposure 
and ATP release in MB49 cells, both of which are widely 
recognized features associated with ICD [33]. Surface-
exposed CRT can function as a pro-phagocytic signal, 
whereas extracellular ATP contributes to the recruitment 
and activation of immune cells, providing a potential 
link between chemotherapy-induced tumor injury and 
subsequent immune activation [34,35]. However, induction 
of ICD-associated signals alone does not necessarily 
guarantee a durable antitumor immune response. 

IL-15 is essential for the proliferation, maintenance, and 
survival of CD8+ T cells and NK cells [36]. Upon association 
with IL-15Rα, IL-15 has enhanced stability and biological 
activity, thereby promoting more sustained stimulation 

Fig 5. CD8⁺ T cells are essential for the antitumor efficacy of sequential therapy. (A) The tumor appearance. (B) 
The tumor size. (C) Flow cytometry was used for the detection of tumor-infiltrating immune cells. (D) The CD8/
Treg ratio. (E) IFN-γlevels measured by ELISA. ***P<0.001
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of cytotoxic lymphocytes [37]. Previous preclinical studies 
have demonstrated the antitumor activity of IL-15/IL-
15Rα-based complexes, although treatment efficacy may 
vary with the tumor model and delivery strategy [24]. In 
our study, the addition of IL-15/IL-15Rα complexes after 
EPI treatment further increased splenocyte-mediated 
cytotoxicity and IFN-γ secretion. IFN-γ is traditionally 
regarded as a key mediator of cellular immune responses [38], 
and its increased production may therefore reflect 
enhanced activation of antitumor effector cells. These 
findings suggest that EPI-induced tumor immunogenicity 
and IL-15/IL-15Rα-mediated effector-cell stimulation 
may act in a complementary manner, providing a possible 
explanation for the stronger antitumor effect of the 
sequential regimen.

The tumor immune microenvironment plays a decisive 
role in tumor progression and therapeutic response, 
where immunosuppressive components such as Tregs can 
facilitate immune evasion, while increased infiltration of 
effector cells like CD8+ T cells and NK cells is generally 
linked to favorable prognosis [39,40]. In our study, sequential 
treatment with EPI and IL-15/IL-15Rα increased the 
infiltration of CD8+ T cells and NK cells, decreased the 
Treg population, and increased the CD8/Treg ratio. 
These changes were accompanied by increased IFN-γ 
levels, indicating enhanced cytotoxic immune activity. 
Previous studies have also reported that intravesical 
chemotherapy can promote CD8+ T cell activity and alter 
immunosuppressive cell populations in BC [41,42]. However, 
in our study, EPI alone produced less pronounced immune 
changes than the sequential regimen. This difference 
may be related to the chemotherapeutic agent, treatment 
schedule, tumor model, or timing of immune evaluation. 
It may also suggest that chemotherapy-induced immune 
priming can be further reinforced by IL-15/IL-15Rα-
mediated activation of cytotoxic lymphocytes. Therefore, 
the therapeutic benefit of sequential treatment may involve 
both direct tumor cell injury and favorable modulation of 
the tumor immune microenvironment.

The functional importance of CD8+ T cells was further 
supported by the depletion experiments. Administration 
of anti-CD8 antibody attenuated the tumor-suppressive 
effect of sequential treatment, accompanied by lower 
IFN-γ production and a decreased CD8/Treg ratio. These 
results highlighted CD8+ T cells as indispensable effectors 
of the sequential therapy. This observation is consistent 
with prior reports showing that CD8+ T cells are key 
mediators of response to immune checkpoint inhibitors 
and cytokine-based therapies [43,44]. Although IL-15 can 
also activate NK cells, our depletion experiments suggest 
a particularly important contribution of CD8+ T cells in 
the present model. Differences in the relative contribution 
of CD8+ T cells and NK cells across previous studies may 

reflect differences in tumor type, treatment regimen, and 
route of cytokine administration. Further studies using 
selective depletion of additional immune cell populations 
are needed to define their individual contributions.

The present findings also differ conceptually from 
previous IL-15-based strategies in NMIBC, which have 
mainly investigated IL-15 superagonists in combination 
with BCG [11,45]. In contrast, our strategy used EPI to 
induce tumor cell injury and immunogenic signals before 
administration of IL-15/IL-15Rα. This sequential approach 
may allow cytokine-mediated immune stimulation to build 
upon chemotherapy-induced tumor immunogenicity. 
Nevertheless, because simultaneous and sequential 
administration were not directly compared, further 
studies are required to determine whether the treatment 
sequence itself contributes to the improved efficacy.

Despite these promising results, several limitations should 
be acknowledged. First, our study was limited to a murine 
orthotopic BC model, and validation in additional models 
would strengthen the generalizability of our findings. 
Second, we did not evaluate potential long-term immune 
memory responses, which could provide important 
insights into recurrence prevention. Third, although 
CD8+ T cell depletion supported the involvement of CD8+ 
T cells, the specific contribution of NK cells and other 
immune populations was not directly examined. Fourth, 
CRT exposure and ATP release supported ICD-associated 
changes, but further studies assessing antigen presentation 
and tumor-specific T cell responses would provide stronger 
mechanistic evidence. Finally, while sequential EPI and IL-
15/IL-15Rα therapy was well tolerated in mice, further 
investigation is warranted to assess potential toxicities and 
optimize dosing regimens for translational applications.

In conclusion, our study provides preclinical evidence 
that sequential intravesical administration of EPI and IL-
15/IL-15Rα complexes enhances antitumor efficacy by 
inducing ICD-associated changes, strengthening cytotoxic 
immune responses, and alleviating immunosuppression 
in the tumor microenvironment. The reduced therapeutic 
efficacy following CD8+ T cell depletion further 
supports an important contribution of CD8+ T cell-
mediated immunity. These findings provide a basis for 
further investigation of chemo-immunotherapy strategies 
combining anthracycline-based chemotherapy with IL-
15-based immune stimulation in BC.
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