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ABSTRACT: Objective: Multiple programmed cell death (PCD) pathways have been individually reported to be
triggered by cisplatin, but whether and how they are co-regulated remains unclear. In this study, we comprehensively
investigate the spectrum of cisplatin-induced PCD. Methods: We employed integrated in vitro and in vivo models,
including human cancer cell lines, a Cal27 xenograft mouse model, and paired clinical specimens from an oral squamous
cell carcinoma patient receiving neoadjuvant cisplatin-based chemotherapy. A comprehensive methodological
suite-encompassing cell death assays, Western blotting, Hematoxylin and eosin staining, immunofluorescence, Cyclic
multiplexed tissue staining, and pathway-specific pharmacological inhibitors was utilized to dissect the activation
of apoptosis, necroptosis, pyroptosis, and ferroptosis. Results: Cisplatin simultaneously upregulates markers of
PCD pathways (including apoptosis, necroptosis, pyroptosis, and ferroptosis) in a dose- or time-dependent manner.
Pharmacological inhibition or genetic knockdown of key genes in each pathway significantly reduced cytotoxicity,
confirming their functional roles. Notably, indicators of key pro-inflammatory death modalities, pyroptosis and
ferroptosis, were prominently co-upregulated in both xenograft tumors and clinical patient samples, suggesting
that these two forms of PCD may represent the predominant death forms in cisplatin-induced tumor cell death.
Conclusion: Cisplatin induces the coordinated activation of multiple cell death programs within a unified framework.
Prominent engagement of immunogenic cell death pathways, particularly pyroptosis and ferroptosis, provides a
mechanistic basis for the clinically observed synergy between cisplatin and immune checkpoint blockade therapy.
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1 Introduction

Cisplatin (DDP), a cornerstone platinum-based chemotherapeutic, received FDA approval in 1978
for testicular and bladder cancers. Its clinical utility rapidly expanded, establishing it as a front-line
therapy, adjuvant treatment, or combination partner for diverse solid tumors, including those of the
head and neck, lung, ovarian, and gastric organs [1-3]. Despite its broad efficacy, the clinical impact of
cisplatin is significantly hampered by severe dose-limiting toxicities, including nephrotoxicity, ototoxicity,
neurotoxicity, myelosuppression, and gastrointestinal distress, and the inevitable development of drug
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resistance [4-7]. The therapeutic bottleneck arises because cisplatin’s dual regulation of anticancer effects
and toxicities is intrinsically linked to its fundamental role in cell death pathways, which is not yet fully
deciphered. Consequently, elucidating cisplatin’s modulation of cancer cell death mechanisms is critical for
enhancing therapeutic efficacy and advancing rational combinatorial strategies.

The antitumor activity of cisplatin is classically attributed to its formation of DNA crosslinks with
purine bases, which impedes DNA repair and triggers genomic instability. Historically, apoptosis, the first
described form of programmed cell death (PCD), has been considered the primary mechanism driving
cisplatin-induced cancer cell death [8]. However, the landscape of PCD has dramatically expanded since
1972, with the discovery and characterization of numerous distinct pathways, including necroptosis,
pyroptosis, ferroptosis, neutrophil extracellular traposis (NETosis), parthanatos, lysosome-dependent cell
death, autophagy-dependent cell death, alkaliptosis, oxeiptosis, and the more recently identified cuproptosis
and disulfidptosis [9-11]. Interestingly, emerging evidence suggests that cisplatin may also sporadically
engage non-apoptotic PCD pathways, with evidence from isolated reports linking cisplatin exposure to
necroptosis [12,13], pyroptosis [14], and ferroptosis [15,16]. Nevertheless, a systematic investigation into
the full spectrum of cisplatin-induced PCD, termed “multiple-PCD” (multi-PCD), and the interplay between
these pathways is lacking. This knowledge gap represents a significant limitation, as a comprehensive
understanding of cisplatin’s capacity to engage diverse PCD mechanisms holds strong potential for
elucidating its full therapeutic mechanism, explaining resistance phenotypes, and devising strategies
to amplify its efficacy.

Therefore, this study aims to investigate the spectrum of cisplatin-induced multi-PCD through the
integration of four PCD pathways within a unified experimental and clinical framework, thereby providing
new theoretical insights for elucidating the antitumor mechanism of cisplatin, overcoming clinical drug
resistance, and optimizing immunochemotherapeutic strategies.

2 Materials and Methods
2.1 Drugs and Antibodies

Cisplatin (HY-17394) and ferrostatin-1 (Fer-1, HY-100579) were procured from MedChem Express
(Princeton, NJ, USA), necrosulfonamide (NSA, S8251) and Z-LEHD-FMK TFA (zLEHD, S7313) were obtained
from Selleck Chemical (Houston, TX, USA). These compounds were utilized as pharmacological inhibitors
targeting distinct cell death pathways. Ferrostatin-1 is a potent and selective inhibitor of ferroptosis,
an iron-dependent form of regulated cell death characterized by lipid peroxidation. Necrosulfonamide
effectively blocks necroptosis, a form of programmed necrosis, by inhibiting the downstream executioner
MLKL. Z-LEHD-FMK is a specific caspase inhibitor that primarily targets caspase-9, thereby inhibiting the
intrinsic (mitochondrial) apoptotic pathway.

The main antibodies used in the western blot and immunoprecipitation experiments were as follows:
anti-y-H2AX (#80312), anti-cleaved PARP (#9541), anti-cleaved caspase-3 (#9661), anti-cleaved caspase-7
(#9491), anti-caspase-9 (#9502), and anti-RIP3 (#15828) were purchased from Cell Signaling Technology
(CST, Danvers, MA, USA); anti-phospho-MLKL (ab187091), anti-phospho-RIP3 (#ab209384), anti-GSDME
(ab215191), anti-GSDMD (ab219800), and 4-hydroxynonenal (4-HNE) (ab46545) were purchased from Abcam
(Waltham, MA, USA); anti-3-actin (sc-69879) was purchased from Santa Cruz Biotechnology (Dallas, TX,
USA); anti-Ki67 (HA721115), and anti-MLKL (ET1601-25) were purchased from HUABIO (Hangzhou, China);
anti-GAPDH (BA2913) was purchased from Boster (Wuhan, China). The secondary antibodies, including
anti-rabbit IgG (HA1001) and anti-mouse IgG (HA1006), were purchased from HUABIO (Hangzhou, China).
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2.2 Cell Culture

CAL27 and HCT15 cells were purchased from the China Center for Type Culture Collection (Wuhan,
China). The CAL27 cell line was cultured in high-glucose DMEM (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco, Thermo Fisher Scientific) and 1%
penicillin/streptomycin (Thermo Fisher Scientific, Waltham, MA, USA). The HCT15 cells were cultured
in Roswell Park Memorial Institute (RPMI) 1640 medium (Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. Prior to utilization, all cell
lines underwent authentication via short tandem repeat (STR) profiling and were verified to be devoid of
mycoplasma contamination.

2.3 Immunofluorescence

CAL27 cells were seeded on glass coverslips in a 24-well plate at a density of 30-40% confluence and
treated with cisplatin at concentrations of 0 pM, 2 uM, 4 uM, 8 uM, and 16 uM for 48 h. After treatment, the
cells were washed 3 times with 1x phosphate-buffered saline (PBS, pH 7.2, BL302A, Biosharp, Hefei, China).
After fixation with 4% paraformaldehyde (PFA) in PBS for 30 min at room temperature (RT), the cells were
washed 3 times with PBS and permeabilized with 0.5% Triton X-100 with 200 mM glycine in PBS for 10 min.
The coverslips were subsequently quickly washed 3 times in PBS and blocked with 5% normal goat serum
(blocking buffer) for 1 h at RT before incubation with y-H2AX antibody (1:200, CST, 80312S) diluted in
0.1% blocking buffer overnight at 4°C. The coverslips were subsequently washed 3 times in PBS, followed
by incubation with a secondary antibody labeled with Alexa Fluor 594 (1:1000, A11020, Thermo Fisher
Scientific, Waltham, MA, USA) in 0.1% blocking buffer for 1.5 h at RT in the dark. The cells were washed 3
times in PBS and mounted with ProLong® Gold Antifade Reagent with DAPI-Special Packaging (P36935,
Thermo Fisher Scientific, Waltham, MA, USA). Finally, the images were observed and acquired with an
Olympus VS200 whole slide scanner (Model: VS200, Olympus Corporation, Tokyo, Japan). Image analyses
were carried out with Fiji (an open-source image processing package based on Image], version 2.1.0/1.53c).

2.4 Cell Death Assay

The percentage of dead cells was assessed by a Calcein/PI Cell Viability/Cytotoxicity Assay Kit (C2015,
Beyotime, Shanghai, China) following the manufacturer’s instructions. Briefly, CAL27 cells were seeded in
a 24-well plate at a density of 30-40% confluence and treated with cisplatin at concentrations of 0 pM, 2 pM,
4 uM, 8 uM, and 16 uM or inhibitor drugs (zZLEHD at 5 uM, NSA at 1 uM, and Fer-1 at 10 pM) for a specified
period (See figure legend). And the inhibitory effect of Fer-1 was further confirmed in the HCT15 cell line.
Additionally, pyroptosis was specifically assessed in GSDME-knockdown CAL27 cells under conditions of
cisplatin treatment (0 uM, 8 uM, or 16 uM for 36 h). After treatment, the cells were gently washed with 1x
PBS (0.01 M, pH 7.4), and an appropriate volume of calcein AM/PI detection working solution was added.
Cells were then incubated at 37°C in the dark for 30 min. The cells were labeled with propidium iodide (PI)
and calcein AM. Calcein AM stains live cells and emits green fluorescence, whereas PI stains dead cells and
emits red fluorescence. Images were captured using EVOS M5000 microscope (Model No. EVOS M5000,
Invitrogen, USA), and statistical analysis and plotting were performed using Count_Debug 1.0.2.1 (a custom
in-house software at the NIH, was used for manual cell counting) and GraphPad Prism 9.0 software (San
Diego, CA, USA; www.graphpad.com).
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2.5 Apoptosome Staining

CAIl27 cells were seeded in 24-well plates at 30-40% confluence and treated with cisplatin (0, 2 UM,
4 uM, 8 uM, and 16 uM). After 48 and 72 h, cells were stained with Vybrant DyeCycle Green (V35004,
Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Fluorescent
images of the apoptosome were captured using an EVOS M5000 microscope. Quantitative analysis was
performed with GraphPad Prism 9.0 software.

2.6 siRNA Transfection

Small interfering RNAs (siRNAs) targeting gasdermin E (siRNA, GGUCCUAUUUGAUGAUGAA) and
were siNC (non-targeting control, UUCUCCGAACGUGUCACGUTT) procured from RiboBio (Guangzhou,
China). Transfection was carried out by Lipofectamine RNAIMAX Transfection Reagent (#13778150,
Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. For siRNA
transfection, GSDME-targeting siRNA was used for the experimental group, while an NC siRNA served
as the control. Briefly, 10 pL of siRNA and 7.5 puL of Lipofectamine RNAiMAX transfection reagent were
each diluted in separate 1.5 mL microcentrifuge tubes containing 100 uL of Opti-MEM medium. The two
solutions were then combined into one tube, gently vortexed, briefly centrifuged (1000 rpm, 20 s, Eppendorf
Centrifuge 5702, Eppendorf SE, Hamburg, Germany), and incubated at room temperature for 5 min to allow
complex formation. CAL27 cells were seeded at 30% confluence directly into the prepared siRNA-lipid
complex mixture. The cell suspension was gently mixed and plated into one well of a 6-well plate, followed
by incubation at 37°C. After cell attachment, cisplatin was added directly to the culture medium at final
concentrations of 0 uM, 8 uM, or 16 uM. The cells were then cultured at 37°C for an additional 24-72 h
before being harvested for subsequent cell death assays and Western blot analysis. CAL27 cells were
harvested 36 h post-siRNA transfection for Western blot analysis.

2.7 Western Blot

Whole-cell extracts from CAL27 and HCT15 cells were prepared using RIPA lysis and extraction
buffer (#89900, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with protease inhibitor
(P1005, Beyotime, Shanghai, China) and phosphatase inhibitor (HY-K0022, Beyotime, Shanghai, China).
The lysates were boiled in protein loading buffer with sodium dodecyl sulfate (SDS) at 95°C for 10 min.
Protein samples were resolved by 10%, 12.6%, or 15% SDS-PAGE gel and transferred to positively charged
PVDF membranes (Millipore, Billerica, MA, USA). After being blocked with 5% skim milk in 1x TBST
(25 mM Tris [pH 7.6],138 mM NaCl, and 0.05% Tween-20) for 1 h, the membranes were incubated with
primary antibodies at 4°C overnight. The next day, the membranes were washed 3 times in 1x TBST,
followed by incubation with secondary antibodies at RT for 1 h. Immunoblots were performed with the
following antibodies: anti-y-H2AX, anti-cleaved PARP, anti-cleaved caspase-3 (1:1000, all from CST, USA),
anti-cleaved caspase-7, anti-caspase-9 (1:2000, both from CST, USA), anti-MLKL (1:3000, HUABIO, China),
anti-phospho-MLKL, anti-GSDME, anti-GSDMD (1:1000, all from Abcam, USA), anti-3-actin (1:3000, Santa
Cruz Biotechnology, USA), and anti-GAPDH (1:2000, Boster, China). HRP-conjugated secondary antibodies:
anti-rabbit (1:20,000; HUABIO, China) and anti-mouse (1:20,000; HUABIO, China) were used for signal
detection by Immobilon chemiluminescent HRP substrate (WBKLS0500, Millipore, Billerica, MA, USA) with
a Bio-Rad bioluminescence device (Model No. ChemiDoc TM MP Imaging System, BIO-RAD, Hercules, CA,
USA). Western blot results were normalized against internal reference proteins ([3-actin or GAPDH).
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2.8 ROS Measurement

The intracellular ROS level was assessed by the Reactive Oxygen Species Assay Kit (50033S, Beyotime,
Shanghai, China) following the manufacturer’s instructions. CAL27 cells were cultured in confocal dishes
overnight and then treated with 0 uM, 2 uM, 4 uM, 8 uM, or 16 uM cisplatin. 48 h later, cells were washed
3 times with 1x PBS (0.01 M, pH 7.4) and stained with 50 uM 2,7-Dichlorodi-hydrofluorescein diacetate
(DCFH-DA) and 1x Hoechst 33342 (P0133, Beyotime, Shanghai, China) for 30 min at 37°C in the dark. Images
were acquired using an Olympus confocal laser scanning microscope (Model No. FV3000RS, Olympus,
Tokyo, Japan).

2.9 Lipid Peroxidation Measurement

Lipid peroxidation was measured using the Lipid Peroxidation Probe BDP 581/591 C11 (D3861, Thermo
Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. CAL27 cells were
seeded in confocal dishes and incubated at 37°C overnight. After different treatments, cells were washed
3 times in 1x PBS (0.01 M, pH 7.4), stained with 1 uM BDP 581/591 C11 at 37°C for 30 min, washed
3 times in HBSS (BL561A, Biosharp, Hefei, China), and imaged using an Olympus FV3000 confocal laser
scanning microscope.

2.10 Animal Experiments

All animal studies were conducted in accordance with ethical guidelines and were approved by
the Experimental Animal Ethics Committee of West China Hospital, Sichuan University (Ethics Approval
No. 20220330002). Female 5-week-old NU/NU mice were purchased from Charles River CHN (Beijing, China).
After one week of acclimation, a xenograft model was established by subcutaneously injecting CAL27
cells (1.5 x 10° cells per injection) into both flanks of 6-week-old NU/NU mice. Tumor volume and mouse
body weight were measured every 3-4 days using the formula (length x width?)/2 to calculate tumor
volume, where length and width represent the maximum length and width of the tumor. Once tumors
reached a volume of 100 mm?, the mice were randomly divided into three groups with five mice in each
group: (1) vehicle, (2) 1 mg/kg cisplatin, and (3) 4 mg/kg cisplatin, intraperitoneal injection twice a week.
The experimental endpoint was defined as the day when the untreated control group tumor reached a
size of approximately 1000 mm?>. All animals were housed in appropriate sterile filter-capped cages and
provided with a normal mouse growth diet. Mice were euthanized at the indicated time points, and tumors
were harvested for histological analysis and immunohistochemistry evaluation.

2.11 Hematoxylin and Eosin (H&E) Staining

The tissue samples collected in Method 2.10 were fixed in 4% paraformaldehyde, paraffin-embedded,
and sectioned at 4 pm. After baking at 65°C for 2-3 h, sections were deparaffinized in xylene (#1330-20-7,
Chron Chemicals, Chengdu, China; two changes, 2 min each) and rehydrated through a graded ethanol series
(100%, 95%, 70%; 2 min each). Following a 2-min tap water rinse, sections were stained with hematoxylin
(#ZLI-9610, ZSGB-BIO, Beijing, China; 3 min), rinsed, counterstained with eosin (2 min), dehydrated through
ethanol, cleared in xylene, and mounted.

2.12 Immunohistochemistry

Immunohistochemical (IHC) staining was conducted according to established protocols [10,11]. The
mouse tumor tissue was fixed with 4% PFA, embedded in paraffin, and cut at a thickness of 4 pm. After being
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baked at 65°C for 2 h, the samples were gradually dewaxed in xylene (100%, #1330-20-7, chronchemicals,
Chengdu, China) and rehydrated in a graded series of alcohols (100%, 95%, 70%; 2 min each). The tumor
samples were treated with 3% H,0O, for 10 min at RT to inhibit endogenous peroxidase activity, followed
by antigen retrieval using a pressure cooker for 5 min. The samples were then washed gently 3 times
with 1x PBS (0.01 M, pH 7.4) before being incubated overnight at 4°C with Ki67 (1:300), y-H2AX (1:300),
cleaved caspase-3 (1:300), cleaved caspase-7 (1:300), pMLKL (1:200), GSDME (1:200), and 4-hydroxynonenal
(4-HNE) (1:200) antibodies. The next day, the slides were applied to equilibrate to room temperature for
30 min, washed 3 times with PBS, and incubated with secondary antibodies at RT for 1 h. Following another
round of washing 3 times with PBS, DAB (#GK347010, Gene Tech, Shanghai, China) color development
and hematoxylin (#ZLI-9610, ZSGB-BIO, Beijing, China) counterstaining were performed. The DAB
working solution was prepared by adding approximately one drop of DAB chromogen per milliliter of
substrate buffer. After mixing, it was applied to the tissue sections and developed at room temperature
for 3-10 min. Following development, the sections were counterstained with hematoxylin for 3-10 min at
room temperature. Sections were then dehydrated, cleared in xylene, and mounted. Finally, the stained
slides were scanned using a Leica scanner (Model No. ImageScope, Leica Biosystems, Waltham, MA, USA)
and subjected to quantitative analysis.

2.13 Clinical Specimens

The clinical samples used in this study were obtained from one patient with oral squamous cell
carcinoma (OSCC) who was treated in the Department of Head and Neck Surgery at Sichuan Cancer Hospital
and Institute. The patient received two cycles (Each cycle lasts 30 days) of neoadjuvant chemotherapy
(NAC) with the following regimen: docetaxel (95 mg, intravenous infusion, day 1) combined with cisplatin
(30 mg, intravenous infusion, days 1-3). A systematic Cyclic multiplexed tissue staining (CmTSA) was
conducted on matched pre-NAC and post-NAC clinical specimens. The study received approval from the
Ethics Committee for Medical Research and New Medical Technology of Sichuan Cancer Hospital (Ethics
Approval No. KY-2021-001-06); written informed consent was required of and obtained from all patients.

2.14 Cyclic Multiplexed Tissue Staining (CmTSA) and Analysis Strategy

Cyclic multiplexed tissue staining (CmTSA) and analysis strategy were performed essentially
as previously described [17]. These experiments were conducted at Chengdu Minghong Tiancheng
Biotechnology company (Chengdu, China), experimental workflow is illustrated in Fig. S1. Briefly, clinical
specimens along with pre-NAC and post-NAC oral squamous cell carcinoma (OSCC) samples were processed
to phenotype and enumerate multi-PCD events using the IRISKit® HyperView mTSA Kit (#¥MH010101,
Chengdu Minghong Tiancheng Biotechnology Co., Ltd., Chengdu, China) (Fig. S1).

Sections underwent deparaffinization in xylene, rehydration through graded ethanol, and antigen
retrieval in preheated pH 9.0 EDTA buffer (95°C, 30 min). For CmTSA, background fluorescence was first
quenched using the IRISKit® HyperView system (#MH030101, Chengdu Minghong Tiancheng Biotechnology
Co., Ltd., Chengdu, China). Staining was performed iteratively using the IRISKit® HyperView multiplex
kit (#MH010101): each cycle involved sequential incubation with a primary antibody, an HRP-conjugated
secondary antibody, and a tyramide-based fluorophore (DAPI, FITC, Cy3, or Cy5), followed by antibody
stripping. Primary antibodies used were: anti-4-HNE (ferroptosis marker; dilution 1:200; Abcam, USA),
anti-GSDME (pyroptosis marker; dilution 1:200; Abcam, USA), anti-y-H2AX (DNA damage marker; dilution
1:100; HUABIO, China). anti-cleaved caspase-7 (apoptosis marker; dilution 1:100; CST, USA), anti-cleaved
caspase-3 (apoptosis marker; dilution 1:100; CST, USA), anti-Ki67 (cell proliferation marker; dilution
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1:3000; HUABIO, China). anti-pancytokeratin (panCK, epithelial cell marker; HA601138, dilution 1:2000;
HUABIO, China), anti-MLKL (necroptosis marker; dilution 1:200; HUABIO, China). Between cycles, specific
fluorescence was quenched while preserving DAPI for image registration. Slides were imaged at 20 x
magnification (EVIDENT VS200, Evident Scientific Inc., Waltham, MA, USA), and multi-round images were
aligned using rigid transformation in Fiji based on DAPI features. We performed whole-slide scanning using
the Evident VS200 system and generated comprehensive 8-plex 9-color composite images by integrating all
fluorescent channels. In the QuPath version 0.5.1 software (University of Edinburgh, Edinburgh, Scotland,
UK), a threshold range of 0-255 was applied to the panCK channel to specifically identify and delineate
regions of epithelial-derived malignant tumor cells. Within the same delineated tumor region, single-channel
images of the other markers were exported for further analysis. Individual cells were then manually
annotated and numbered in Photoshop CS6 software (Adobe Systems Incorporated, San Jose, CA, USA)
based on DAPI nuclear staining, and each cell was classified as marker-positive or marker-negative according
to the expression of four distinct cell death-related markers. The subtype of cell death was determined
by the co-expression pattern of these markers: expression of one marker was defined as single-type cell
death, two markers as dual-type, three markers as triple-type, and all four markers as quadruple-type cell
death. For quantification, approximately 200 cells per image were evaluated across more than five fields
per slide to ensure representative sampling. The percentage of positive cells for each death subtype was
calculated, and statistical analysis was performed using GraphPad Prism 9.0 software (www.graphpad.com).
The detailed workflow is shown in Fig. S1A,B.

2.15 Statistical Analysis

The data are presented as mean + Standard Error of the Mean (SEM) from three independent
experiments, with the exception of the precious clinical samples, which, due to their limited availability, were
analyzed in a single experiment. At least three independent experiments were conducted with consistent
results for the non-clinical data, and representative results are shown.

Statistical analysis was performed using GraphPad Prism software (version 9.0.0, GraphPad Software, La
Jolla, CA, USA). Prior to selecting statistical tests, the normality of data distribution for each experimental
group was assessed using the Shapiro-Wilk test. For datasets that met the normality assumption, the
appropriate parametric test was applied: Student’s two-tailed ¢-test for comparisons between two groups,
or one-way analysis of variance (ANOVA) followed by Dunnett’s post hoc test for multiple comparisons, as
indicated in the figure legends. For datasets that did not meet the normality assumption, the corresponding
non-parametric tests were employed: the Mann-Whitney U test for two-group comparisons, or the
Kruskal-Wallis test followed by Dunn’s post hoc test for multiple comparisons. This approach ensures the
validity of all statistical inferences in the study. In all cases: n.s. p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.

3 Results
3.1 Cisplatin Induces Dose- and Time-Dependent DNA Damage and Cell Death

To achieve the aim of this study, we selected the Cal27 (oral squamous cell carcinoma) and HCT15
(colorectal carcinoma) cell lines, as they represent two major cancer types where cisplatin is a first-line
therapy, ensuring clinical relevance and allowing us to test the generality of our findings. The cisplatin
concentrations used were informed by clinically achievable plasma levels and prior studies [3,18,19],
ensuring physiological and pharmacological relevance for a systematic investigation into cisplatin-induced
multi-PCD.
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Consistent with its established mechanism, cisplatin exerts cytotoxicity primarily through DNA
crosslinking, inducing DNA damage that triggers cell death. To quantitatively assess cisplatin-induced DNA
damage, we monitored phosphorylation of histone H2AX (y-H2AX), a well-established molecular marker
of DNA double-strand breaks and activation of the DNA damage response (DDR) [20]. Immunofluorescence
analysis in CAL27 cells revealed a significant, dose-dependent increase in y-H2AX foci formation following
48-h treatment with cisplatin (0 uM, 2 uM, 4 uM, 8 uM, 16 uM) (Fig. 1A). Quantification confirmed that the
mean fluorescence intensity of y-H2AX escalated progressively with increasing cisplatin concentration
(Fig. 1B). This dose-dependent induction of DNA damage was further validated by immunoblotting, which
showed a corresponding increase in y-H2AX protein levels (Fig. 1C).
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Figure 1: Cisplatin induces DNA damage and cell death. (A) Immunofluorescence staining of y-H2AX (red) and
Hoechst staining for nuclear DNA (blue) in CAL27 cells after cisplatin treatment. Scale bar, 50 pm. (B) Quantitative
analysis of DNA damage frequency based on y-H2AX staining. The Fluorescence intensity was greater than that of the
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control group, and the red color represents positive cells. ***p < 0.001 (one-way ANOVA with multiple comparisons,
n = 3). (C) DNA damage was measured by immunoblotting, and [3-actin was used as the internal control. (D) Cell
death was measured with a Calcein/PI Cell Viability/Cytotoxicity Assay Kit, and live and dead cells are shown in
green and red, respectively. Scale bar, 50 um. (E,F) Quantitative analysis of the cell death rate based on Calcein/PI
Cell Viability/Cytotoxicity Assay Kit. n.s. p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001 (one-way ANOVA multiple

comparisons test, n = 3). Cells treated with the vehicle were used as controls.
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We next evaluated cisplatin-induced cell death over time using a dual Calcein-AM/PI viability
assay (Fig. 1D). Calcein-AM labels live cells (green fluorescence), while propidium iodide (PI) penetrates
dead/damaged cells (red fluorescence). Treatment with cisplatin resulted in a clear time- and dose-dependent
increase in cell death (Fig. 1E,F). Representative images illustrate the shift from predominantly viable (green)
cells in controls to increasing PI-positive (red) cells with higher cisplatin doses and longer exposure
times (Fig. 1E,F). Importantly, a direct relationship between early DNA damage and subsequent cell
death was observed: higher cisplatin concentrations induced greater y-H2AX signal at 48 h (Fig. 1A-C),
correlating with increased cell death detected at the same timepoint (Fig. 1D-F). Furthermore, extending
treatment duration significantly amplified cell death, particularly evident at 72 h across all concentrations
tested (Fig. 1E,F). Collectively, these results demonstrate that cisplatin potently induces DNA damage and
subsequent cell death in a highly concentration- and time-dependent manner in CAL27 cells.

3.2 Cisplatin Induces Caspase-Dependent Apoptosis in a Dose- and Time-Dependent Manner

While cisplatin triggers multiple forms of cell death (as explored subsequently), apoptosis remains
a well-established primary mechanism. Apoptosis proceeds through extrinsic (death receptor) or
intrinsic (mitochondrial) pathways, converging on caspase activation [11,21]. Initiator caspases (e.g.,
caspase-8/-9/-10) propagate death signals, while effector caspases (e.g., caspase-3/-6/-7) execute cellular
dismantling [22,23]. Immunoblot analysis revealed that cisplatin treatment induced a pronounced,
concentration-dependent upregulation of key apoptotic effector proteins in CAL27 cells. Specifically, levels
of cleaved PARP, cleaved caspase-9, cleaved caspase-3, and cleaved caspase-7 were significantly elevated
following cisplatin exposure (Fig. 2A). This dose-dependent activation of core apoptotic executioners was
corroborated in HCT15 cells (Fig. 2B), demonstrating broad relevance across tumor cell lines. Given that
cisplatin-induced DNA damage primarily activates the intrinsic (mitochondrial) apoptosis pathway, we
employed Z-LEHD-FMK TFA (zLEHD), a specific caspase-9 inhibitor, for functional validation. Pretreatment
with zLEHD significantly attenuated cisplatin-induced cell death in a dose-response assay (Fig. 2C), directly
implicating caspase-9-dependent intrinsic apoptosis. Consistent with caspase activation, cisplatin treatment
induced hallmark morphological changes of apoptosis. Staining revealed a dose- and time-dependent
increase in apoptotic bodies (Fig. 2D,E). Significant increases were observed at 48 h for 8 uM and 16 uM
cisplatin, and by 72 h, even the 2 uM dose elicited a significant elevation compared to controls (Fig. 2E).
Furthermore, immunofluorescence analysis confirmed that zZLEHD markedly reduced cisplatin-induced cell
death (Fig. 2F,G), reinforcing the critical contribution of caspase-9-mediated apoptosis. This protective effect
aligns mechanistically with the observed reduction in cell death quantified functionally (Fig. 2C). Collectively,
these results demonstrate that cisplatin potently activates the intrinsic apoptotic pathway, characterized by
caspase-9, -3, and -7 cleavage and PARP activation, culminating in characteristic morphological changes.
Critically, pharmacological inhibition of caspase-9 significantly blunts cisplatin cytotoxicity, establishing
its essential role in this cell death modality.



10

Biocell. 2026;50(5):7

A B C
CAL27 HCT15
16uyMDDP — — + +
DDP(EM) O 2 4 8 16 DDP(uM) 0 2 4 8 16 5UMzLEHD — + — +
CIPARP | e s e (89 kD2 €1 PARP | o s e |89 KDa  CIPARP E’ e
47 kDa 47 kDa 47 kDa
CASP9 CASP9 CASP9
- 37 kDa . 37 kDa 37 kDa
r |
35 kDa 35 kDa 35kDa
CASP3 CASP3
CASP3 19 kDa
19 kDa 19 kDa
- 17 kDa 17 kDa 17 kDa

D

m

DDP (uM)
16 50
£ 40
>
8 30
o
L
5 20
a
3 10
<<
0
024816 024816
DDP (uM)
F DDP (uM) G
16 . 407 == control
2 — zLEHD * % ¥
@
s L 30
= =)
3 £ 20
©
[
©
a = 10
I o
= = g
N

Figure 2: Cisplatin induces apoptosis. (A,B) Immunoblot analysis of cleaved (P89) PARP (cl PARP), pro-(P47) and
cleaved (P37) caspase-9 (CASPY), pro-(P35) and cleaved (P17/P19) caspase-3 (CSAP3), cleaved (P20) caspase-7 (cl
CASP7) in CAL27 cells (A) and HCT15 cells (B) after cisplatin treatment (48 h). (C) Immunoblotting was performed
to assess the protein levels of caspase-9, caspase-3, and cleaved caspase-7 in CAL27 cells. Cells were pretreated
with 5 uM zLEHD for 2 h and subsequently treated with or without 16 uM cisplatin for an additional 48 h. (D,E)
Apoptosome staining and quantification by Vybrant Dye-Cycle TM Green and Count_Debug, respectively. Scale bar,
50 um. **p < 0.01, ***p < 0.001 (one-way ANOVA multiple comparisons test, n = 3). (F) Representative images of cell
death after treatment with 0 uM, 2 uM, 4 uM, 8 uM, or 16 UM cisplatin in the presence or absence of a caspase-9
inhibitor, 5 uM zLEHD, for 48 h. The red and green signals mark dead and live cells, respectively. Scale bar, 50 pm.
(G) Quantification of cell death in F. n.s. p > 0.05, **p < 0.01, ***p < 0.001 (student’s ¢ test, n = 3).

3.3 Cisplatin Triggers Necroptosis through RIPK3-MLKL Pathway Activation

Beyond apoptosis, we investigated cisplatin’s capacity to induce necroptosis: a caspase-independent
programmed cell death pathway mediated by RIPK3 (receptor-interacting protein kinase 3) and MLKL (mixed
lineage kinase domain-like protein). Necroptosis initiation requires RIPK3 activation, which subsequently
phosphorylates MLKL, leading to plasma membrane disruption and lytic cell death. Phosphorylation of
MLKL at human-specific sites (T357/S358) serves as a key molecular marker of pathway activation [24].
Immunoblot analysis revealed that cisplatin treatment induced a concentration-dependent activation of the
necroptotic pathway in CAL27 cells. Phosphorylation of both RIPK3 and MLKL (at S358) was significantly
upregulated at higher cisplatin concentrations (8 uM and 16 uM), while total MLKL levels remained stable
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(Fig. 3A,B). This demonstrates direct engagement of the core necroptotic machinery. To functionally validate
necroptosis induction, we employed the MLKL-specific inhibitor necrosulfonamide (NSA). Pharmacological
inhibition of MLKL significantly attenuated cisplatin-induced cell death (Fig. 3C,D), confirming the
functional contribution of necroptosis to cisplatin’s cytotoxicity. Collectively, these results demonstrate
that cisplatin activates canonical necroptotic signaling through RIPK3-dependent phosphorylation of MLKL
at S358, contributing to cell death, particularly at higher therapeutic concentrations.
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Figure 3: Cisplatin induces Necroptosis. (A,B) Necroptosis-related proteins, including phospho-RIP3 (pRIP3),
phospho-MLKL (pMLKL) and total MLKL (tMLKL) were detected by western blotting in CAL27 cells (A) and HCT15
cells (B) after cisplatin treatment (24 h). (C) Cell death was assessed in CAL27 cells treated with 0 uM, 2 uM, 4 uM,
8 uM, or 16 puM cisplatin in the presence or absence of a MLKL-specific inhibitor, 1 uM necrosulfonamide (NSA), for
48 h. Red indicates dead cells, while green represents live cells. Scale bar, 50 um. (D) Quantification of cell death from
C.ns. p>0.05 *p < 0.05, *p < 0.001 (student’s ¢ test, n = 3).

3.4 Cisplatin Induces Pyroptosis through Caspase-3-Mediated GSDME Cleavage

Beyond apoptosis and necroptosis, we investigated cisplatin’s potential to trigger pyroptosis, a lytic
form of programmed cell death executed by gasdermin family proteins, leading to plasma membrane
permeabilization [25]. While gasdermin D (GSDMD) is a well-characterized pyroptosis effector, immunoblot
analysis revealed no detectable cleavage of GSDMD in cisplatin-treated CAL27 cells (Supplementary
Fig. S2A B). Strikingly, cisplatin treatment induced robust cleavage of gasdermin E (GSDME) (Fig. 4A),
generating the active N-terminal fragment responsible for pyroptotic pore formation. This GSDME
cleavage was concentration-dependent and observed in both CAL27 and HCT15 cell lines (Fig. 4A,B).
As caspase-3-mediated cleavage of GSDME is a recognized mechanism for chemotherapy-induced
pyroptosis [14,26,27], our findings position GSDME as the dominant executor of cisplatin-triggered
pyroptosis in these models. To establish the functional contribution of GSDME-dependent pyroptosis to
cisplatin cytotoxicity, we performed siRNA-mediated knockdown of GSDME. Successful GSDME silencing
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significantly reduced both full-length and cleaved N-terminal GSDME protein levels (Fig. 4C). Critically,
attenuation of GSDME expression markedly reduced cisplatin-induced cell death (Fig. 4D,E), demonstrating
that GSDME cleavage is essential for a significant portion of cisplatin’s cytotoxic effect. Collectively, these
results demonstrate that cisplatin activates pyroptosis predominantly through the caspase-3/GSDME axis
rather than the GSDMD pathway. This establishes GSDME cleavage as a key molecular switch converting
apoptotic caspase-3 activation (Fig. 2) into pyroptotic cell death (Fig. 4), revealing intricate crosstalk between
cisplatin-induced PCD pathways.
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Figure 4: Cisplatin induces Pyroptosis. (A,B) Immunoblot analysis of CSAP3 activation, pro-(P53) and activated (P34)
GSDME in CAL27 cells (A) and HCT15 cells (B) after cisplatin treatment (48 h). (C) Immunoblotting of GSDME-WT
and GSDME-knockdown cells, to confirm GSDME downregulation. CAL27 cells were transfected with control siRNA
or GSDME siRNA, and treated with 0 pM, 8 uM, or 16 uM cisplatin for 36 h. (D) Knocking down GSDME reduced the
occurrence of cell death. Red indicates dead cells, while green represents live cells. Scale bar, 50 pm. (E) Quantification
of cell death from D. n.s. p > 0.05, ***p < 0.001 (Student’s ¢ test, n = 3).

3.5 Cisplatin Induces Ferroptosis through ROS Accumulation and Lipid Peroxidation

Beyond apoptosis, necroptosis, and pyroptosis, we investigated cisplatin’s potential to trigger
ferroptosis, an iron-dependent form of regulated cell death driven by lethal accumulation of lipid peroxides,
first defined in 2012 [28]. Ferroptosis arises from dysregulated iron metabolism, mitochondrial dysfunction,
and imbalances in polyunsaturated fatty acid phospholipid (PUFA-PL) synthesis/peroxidation, culminating
in overwhelming lipid peroxidation. We first assessed reactive oxygen species (ROS) accumulation, a key
upstream event promoting ferroptosis. Using the DCFH-DA probe, we observed a significant increase
in intracellular ROS levels in CAL27 cells following 24-h cisplatin treatment (Fig. 5A,B). While cancer
cells typically exhibit elevated baseline ROS [29], cisplatin further amplified this oxidative stress in a
dose-dependent manner. Critically, cisplatin treatment triggered profound lipid peroxidation, the hallmark
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executor of ferroptosis. Using a fluorescent lipid peroxidation sensor (exhibiting an oxidation-dependent
spectral shift from red to green), we detected significant dose-dependent increases in lipid peroxidation after
24-h treatment with 8 uM or 16 uM cisplatin compared to controls (Fig. 5C,D). This cisplatin-induced lipid
peroxidation was completely abrogated by pretreatment with the potent ferroptosis inhibitor ferrostatin-1
(Fer-1, 10 uM), confirming its specificity (Fig. 5C,D).
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Figure 5: Cisplatin induces Ferroptosis. (A) Fluorescent images depicting DCFH-DA (green) and nuclear DNA (blue)
in CAL27 cells were detected after cisplatin treatment for 24h at 0 uM, 2 pM, 4 uM, 8 pM, or 16 pM. Scale bar, 20 pm.
(B) Relative fluorescence intensity of DCFH-DA. ***p < 0.001 (one-way ANOVA with multiple comparisons, n = 3).
(C) Representative images of immunofluorescence staining of lipid peroxidation by the C11-BODIPY 581/591 probe.
CAL27 cells were treated with 0 pM, 8 UM, or 16 UM cisplatin for 24 h, or exposed for 24 h after pretreatment with
the ferroptosis inhibitor Fer-1 (10 uM) for 2 h. Green represents oxidation, while red represents non-oxidation. Scale
bar, 20 pm. (D) The fluorescence intensity in C was quantified with Fiji software. ***p < 0.001 (one-way ANOVA
multiple comparisons test, n = 3). (E) Representative images of cell death and (F) quantification of cell death in CAL27
cells treated with 0 pM, 2 uM, 4 pM, 8 uM, or 16 M cisplatin in the presence or absence of a ferroptosis inhibitor, 10
puM Fer-1, for 48 h. Red indicates dead cells, while green represents live cells. Scale bar, 50 pm. n.s. p > 0.05, *p < 0.05,
***p < 0.001 (student’s t test, n = 3).
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To functionally establish ferroptosis’s contribution to cisplatin cytotoxicity, we performed rescue experiments
with Fer-1. Pretreatment with Fer-1 (10 uM, 2 h) significantly attenuated cisplatin-induced cell death after 48 h
(Fig. 5E,F). This protective effect was dose-dependent, becoming statistically significant at cisplatin concentrations
>4 uM. Importantly, Fer-1 similarly rescued cisplatin-induced death in HCT15 cells (Supplementary Fig. S3A,B),
demonstrating broader relevance. Collectively, these results demonstrate that cisplatin activates ferroptosis
through ROS overproduction and subsequent iron-dependent lipid peroxidation. This pathway significantly
contributes to cisplatin cytotoxicity, particularly at intermediate-to-high concentrations, and is pharmacologically
targetable.

3.6 Cisplatin Induces Multi-PCD Pathways in Tumor Xenografts

To validate whether cisplatin’s capacity to induce multiple programmed cell death (multi-PCD)
pathways extends to in vivo settings, we performed a comprehensive H&E and IHC analysis on xenograft
tumors from cisplatin-treated mice. Mice bearing CAL27-derived tumors (~100 mm?) received cisplatin
(1 mg/kg or 4 mg/kg) or vehicle weekly for three weeks. Cisplatin treatment significantly reduced final
tumor volumes compared to controls (Supplementary Fig. S4A), consistent with its therapeutic efficacy
and in line with in vitro observations, it also led to decreased tumor cell proliferation and increased DNA
damage in mouse tumors (Supplementary Fig. S4B,C). As shown in Fig. 6A, Ki67" proliferating cells were
dramatically reduced, and y-H2AX" DNA damage cells were increased concurrently, suggesting that DNA
damage drives growth arrest. Critically, all four PCD pathways were co-activated in cisplatin-treated tumors.
Elevated cleaved caspase and increased pMLKL" cells were indicators for induced apoptosis and necroptosis,
respectively. Meanwhile, enhanced GSDME cell membrane (mGSDME) expression and accumulation of
4-HNE adducts were indicators for activated pyroptosis and ferroptosis, respectively.
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Figure 6: Immunohistochemical and multiplex immunofluorescence analysis of programmed cell death in tumor
tissue. (A) Representative immunohistochemical staining of tumor tissue sections for Ki67, y-H2AX, cleaved caspase-3,
cleaved caspase-7, pMLKL, GSDME, and 4-HNE (n = 3). Scale bars represent 10 pm. (B) Representative tumor tissue
stained with cleaved caspase-7 (cC7), MLKL, GSDME, 4-HNE, indicating apoptosis, necroptosis (nMLKL), pyroptosis
(mGSDME), and ferroptosis, respectively. Scale bars represent 20 pum. (C) Quantitative results for B: individual
statistical analysis of each molecular marker. “**p < 0.001 (one-way ANOVA multiple comparisons test). (D,E) Detailed
statistical results of various cell death types from B Single indicates expression of one cell death marker, dual indicates
two cell death markers, triple indicates three, and quadruple indicates four distinct cell death markers. n.s. p > 0.05,
**p < 0.01, "*p < 0.001 (one-way ANOVA multiple comparisons test). (F) Representative images of multiple death-type

combinations are presented, as determined by the quantitative analyses in B and E. Scale bars represent 20 pm.

To systematically evaluate the relative contributions of distinct programmed cell death pathways in
cisplatin’s antitumor efficacy, we performed CmTSA staining on xenograft tumor tissues from the 4 mg/kg
cisplatin-treated group. Quantitative analysis (Fig. 6B-D) revealed that cisplatin induced activation of
multiple PCD modalities in tumor cells. Comprehensive evaluation of four PCD pathways further suggests
that pyroptosis and ferroptosis are prominently involved (Fig. 6C). Subgroup analysis of single PCD types
(Fig. 6F) identified pyroptosis (nGSDME) and ferroptosis (4-HNE+) as the predominant modalities. This
pattern persisted in dual PCD analysis, where pyroptosis-ferroptosis co-existence reached 21.4 + 3.3%,
significantly surpassing other combinations. Immunofluorescence co-localization (Fig. 6F) provided visual
validation of their co-expression within tumor tissues, with distinct spatial overlap observed between
mGSDME and 4-HNE markers. Collectively, these findings demonstrate that cisplatin synergistically
activates multiple PCD pathways in vivo, where pyroptosis and ferroptosis represent frequently observed
components of the tumor cell death response.
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3.7 Enhanced Pyroptosis-Ferroptosis Co-Activation Characterizes Cisplatin Response in Clinical
Specimens

To investigate cisplatin-induced multi-PCD in human tumors, we performed CmTSA on paired pre-
and post-neoadjuvant cisplatin-based chemotherapy (NAC) specimens. Using pan-cytokeratin (pan-CK) for
tumor cell identification, we quantified co-expression patterns of PCD markers. The results revealed the
following changes in post-NAC tumor cells: (1) significant reduction in proliferative capacity (decreased
Ki67 expression, p < 0.001, Fig. 7A,B), (2) increased expression of DNA damage markers (y-H2AX,
p < 0.001, Fig. 7A,B), and (3) upregulated expression of markers for death of multiple programmed
cell death pathways (Fig. 7C,D). Quantitative analysis demonstrated significant alterations in tumor cell
death patterns following NAC (Fig. 7E,F): (1) pyroptosis incidence was markedly increased in single cell
death modality analysis (p < 0.05); (2) the proportion of tumor cells co-expressing pyroptosis marker
GSDME and ferroptosis marker 4-HNE was significantly elevated in dual death type assessment (p < 0.01).
Further investigation identified three characteristic co-expression patterns: apoptosis-pyroptosis-ferroptosis
(p < 0.01), necroptosis-pyroptosis-ferroptosis triple death modality (p < 0.01), and quadruple cell death
marker co-expression (p < 0.01; Fig. 7E-G). Consistent with prior animal studies, the co-activation of
pyroptotic and ferroptotic markers was particularly prominent in NAC-treated tumors, which also showed
an increased frequency of multi-PCD compared to pretreatment levels. These findings indicate that cisplatin
treatment induces a characteristic multiple cell death phenotype in tumor cells, with particularly prominent
co-activation of pyroptosis and ferroptosis pathways. This unique death modality crosstalk may not only
represent a crucial molecular determinant of cisplatin’s chemotherapeutic efficacy but also provide potential
novel targets for therapeutic optimization.
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Figure 7: CmTSA analysis of m-PCD markers in pre-NAC and post-NAC specimens of OSCC. (A) Representative OSCC
stained with three markers (pan-Cytokeratin (panCK), Ki67, y-H2AX). Scale bars represent 20 um. (B) Quantitative
results for A: individual statistical analysis of each molecular marker (Student’s ¢ test). ***p < 0.001. (C) Representative
OSCC stained with cleaved caspase-7 (cIC7), MLKL, GSDME, 4-HNE, indicating apoptosis, necroptosis (mMLKL),
pyroptosis (mGSDME), and ferroptosis, respectively. Scale bars represent 20 um. (D) Quantitative results for C:
individual statistical analysis of each molecular marker. n.s. p > 0.05, **p < 0.01, ***p < 0.001 (student’s ¢t test).
(E,F) Detailed statistical results of various cell death types from C. Single indicates expression of one cell death
marker, dual indicates two cell death markers, triple indicates three, and quadruple indicates four distinct cell death

markers. n.s. p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001 (student’s ¢ test). (G) Representative images of significantly
overexpressed death-type combinations from F. Scale bars represent 20 pm.

4 Discussion

Our integrated study demonstrates that cisplatin induces a multi-PCD signature in tumor cells, which
includes apoptosis, necroptosis, pyroptosis, and ferroptosis. This cell death response is dynamically
regulated by drug dose and treatment duration. Notably, key pro-inflammatory modalities-pyroptosis
and ferroptosis-were highly enriched in both preclinical models and patient samples, revealing a core
pro-inflammatory axis in cisplatin’s action.

The immunomodulatory potential of non-apoptotic PCD pathways represents a promising frontier for
combinatorial therapy. Unlike non-inflammatory apoptosis, pyroptosis, necroptosis, and ferroptosis release
damage-associated molecular patterns (DAMPs) and cytokines that stimulate antitumor immunity [30]. In
our clinical specimens, markers of pyroptosis and ferroptosis pathways were striking enriched. This suggests
that pyroptosis and ferroptosis are prominently involved and may constitute the core pro-inflammatory
signaling axis in the cisplatin response (Fig. 7C,D). Cisplatin creates a ROS-rich microenvironment
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conducive to ferroptosis, alongside lipid metabolism remodeling and iron regulation [31]. While ROS
is a well-characterized mediator of cisplatin-induced cell death, it remains unclear whether its regulation
of ferroptosis primarily depends on ROS activation. Simultaneously, caspase-3 activation by cisplatin not
only executes apoptosis but also cleaves GSDME to trigger pyroptosis. The significant upregulation of
GSDME-mediated pyroptosis in vivo positions GSDME as a molecular switch, steering cell death toward
immunogenic pyroptosis over silent apoptosis and thereby shaping the tumor immune microenvironment.

Mechanistically, cisplatin preferentially activates the caspase-3/GSDME-dependent pyroptosis axis
(Fig. 4), initiating a self-amplifying pro-inflammatory cascade: pyroptotic cells release tumor antigens
prime cytotoxic T lymphocytes (CTLs) [32], while CTL-derived granzyme B cleaves GSDME to propagate
further pyroptosis. This positive feedback loop amplifies antigen presentation and T-cell activation [33].
Concurrently, CD8* T cells modulate tumor ferroptosis during immunotherapy [34], and ferroptotic cells
enhance T-cell infiltration [35], revealing bidirectional crosstalk between ferroptosis and adaptive immunity.
This synergy between cisplatin-induced pyroptosis and ferroptosis and the resultant adaptive immune
response provides a compelling mechanistic rationale for the observed clinical efficacy of combining
cisplatin with immune checkpoint inhibitors. Elucidating this coordinated immunogenic cell death network
is a major focus of our ongoing research.

Collectively, this study systematically uncovers the co-activation of multi-PCD modalities, notably
pro-inflammatory ferroptosis and pyroptosis, following cisplatin-based chemotherapy. While distinct
in their mechanisms, these PCD pathways exhibit coordinated pro-inflammatory properties. This
provides the mechanistic foundation for the synergistic efficacy observed when combining cisplatin with
immune checkpoint inhibitors. Furthermore, it establishes a framework for therapeutically modulating
cisplatin-induced PCDs to preferentially amplify pro-inflammatory death pathways, thereby enhancing
anti-tumor immunity and improving immunotherapy responses.

Although cisplatin induces the coordinated activation of multiple cell death programs, the functional
contribution to cell death of each pathway has not yet been sufficiently validated. Moreover, whether
immunogenic cell death pathways, rather than related deaths, particularly pyroptosis and ferroptosis,
directly contribute to antitumor immune responses remains to be determined. Translating these mechanistic
insights into therapeutic benefit may be enabled by advanced strategies such as programmable drug delivery
systems [36,37]. Together, the convergence of mechanistic biology and translational engineering offers a
promising framework for the development of optimized immunochemotherapeutic strategies.

5 Conclusions

This study systematically defines cisplatin as an orchestrator of multiple programmed cell death
pathways across experimental and clinical contexts. Cisplatin induces apoptosis, necroptosis, pyroptosis, and
ferroptosis, with preferential engagement of the pro-inflammatory pathways of pyroptosis and ferroptosis
in tumors. These findings reposition cisplatin as a central regulator of multi-PCD networks and offer a new
framework for designing rational multi-PCD-targeted therapies.
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