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Abstract

Background: High-grade ovarian cancer (HGOC) is a heterogeneous and aggressive malignancy with a tumor microenvironment (TME)
that suppresses immune responses, limiting immunotherapy efficacy. Ferroptosis, an iron-dependent form of regulated cell death, has
emerged as a potential therapeutic target. Methods: We investigated the immunomodulatory effects of the ferroptosis inducer RAS-
Selective Lethal 3 (RSL3) in four HGOC cell lines (ES-2, OVCAR-5, HEY, PEO-1) using flow cytometry and lactate dehydrogenase
(LDH) release assays. Results: RSL3 modulated Natural Killer (NK) ligand expression in a cell line-dependent manner, resulting in
differential susceptibility to NK cell-mediated cytotoxicity. OVCAR-5 cells became more susceptible to NK cell killing after treatment,
whereas HEY cells showed reduced susceptibility, and ES-2 and PEO-1 cells exhibited minimal changes. Conclusions: Ferroptosis
induction alone does not consistently enhance NK cell-mediated cytotoxicity in HGOC cells. These findings underscore the heterogeneity
of tumor responses and highlight the need for further studies, particularly in in vivo models, to elucidate mechanisms linking ferroptosis
to immune recognition and thereby inform therapeutic development.

Keywords: high-grade ovarian cancer; tumor microenvironment; NK cells; ferroptosis; RSL3

1. Introduction Natural Killer (NK) cells, a type of group 1 of innate
lymphoid cells (ILCs), play a fundamental role in early de-
fense against stressed, virally infected and transformed cells
[16,17]. Unlike CD8™T cells, NK cells directly induce tar-
get cell death without any prior sensitization. NK cells are
further distinguished into two major sub-populations, based
on the absence of CD3 (T cell lineage marker) and the ex-
pression of CD56 (NK cell lineage marker): CD56"€" and
CD56%™, representing 10% and 90% of all peripheral blood
NK cells respectively. CD56"€" NK cells exhibit a low cy-
totoxic potential and are mainly immunoregulatory, while
CD56%™ NK cells display strong cytotoxicity but limited
secretory capabilities [18,19]. NK cells activity is tightly
regulated by the balance between activating and inhibitory
signals, mediated by receptor ligand interactions. Lack of
inhibitory molecules on tumors or virus-infected cells is in-
sufficient to activate NK cells, signaling from activating
molecules is also necessary [16,20]. This intriguing mech-
anism is based on the “Missing-self hypothesis” [21]. Al-
though infiltrating NK cells in ovarian cancer is associated
with improved patient prognosis [22—24], recent studies in-
dicate that the immunosuppressive TME compromises NK
cell function [25-27].

Among gynecologic malignancies, human ovarian
cancer shows one of the highest mortality rates, con-
tributing to over 200,000 deaths worldwide annually [1].
Ovarian carcinomas are classified into three different sub-
types: epithelial (Epithelial Ovarian Cancer (EOC), the
most widespread), germ cell and sex-cord-stromal types.
The epithelial type is further subdivided into high-grade and
low-grade serous, endometrioid, clear cell, and mucinous
sub-types [2]. High-grade serous ovarian cancer (HGSOC)
accounts for most epithelial ovarian carcinomas (around
70%), whereas Clear Cell Ovarian Cancer (CCOC) repre-
sents approximately 5-10% of cases. Both sub-types are
characterized by chemoresistance and poor prognosis [3,4].
Despite the therapeutic potential of immunotherapy in pro-
moting effective immune surveillance, long-term clinical
benefit has been observed in only about 10-15% of ovar-
ian cancer patients, according to phase III clinical evidence
[5-10]. The limited efficacy of immunotherapy is mostly
attributed to the immunosuppressive tumor microenviron-
ment (TME), which impairs effective immune surveillance
and cytotoxic innate and adaptive immune responses [11—
15].
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Among the emerging modulators of immune response
is ferroptosis, a non-apoptotic, iron-dependent type of reg-
ulated cell death (RCD) characterized by the accumula-
tion of lipid peroxides and reactive oxygen species (ROS)
[28,29]. Notably, ovarian cancer exhibits resistance to fer-
roptosis, a condition that may support the use of ferrop-
totic inducers (FINs) alone or in combination with tradi-
tional therapies to enhance treatment efficacy [30]. Several
studies demonstrate that FINs, when combined with doc-
etaxel, enhance chemosensitivity in preclinical models of
ovarian cancer [31,32]. Moreover, the combination of FINs
with cisplatin-based chemotherapy increases drug cytotox-
icity and reduces adverse effects in vitro and in vivo models
[33]. In preclinical ovarian cancer models, immunother-
apy synergizes FINs, highlighting their potential as phar-
macological candidates for combination therapies [34,35].
Lang and colleagues [36] demonstrated that ferroptosis in-
duced by chemotherapy, radiotherapy, or immunotherapy
enhances dendritic cell recruitment, promotes antigen pre-
sentation, and activates cytotoxic lymphocytes, in vivo and
in vitro models [36].

Although ferroptosis has been shown to influence
adaptive immune responses [36], its effects on innate im-
mune cells, particularly in the context of ovarian cancer, re-
main poorly understood. In particular, the impact of ferrop-
totic cell death on NK cell recognition against high-grade
ovarian cancer (HGOC) has not been investigated to date.

In this study, we induced ferroptosis in HGOC cells
using RAS-Selective Lethal 3 (RSL3), a Glutathione Per-
oxidase 4 (GPX4) inhibitor, to evaluate its impact on NK
cell activation and cytotoxicity. Our results show that fer-
roptosis modulates the expression of several immune lig-
ands on the tumor cell surface, including Poliovirus Recep-
tor (PVR), Programmed Death-Ligand 1 (PD-L1), Unique
Long 16-Binding Protein 2 (ULBP2), MHC class I chain-
related protein (MIC) A and B (MICA/B), and Nectin-like
molecules-2 (Nectin-2). However, NK cells do not con-
sistently recognize or respond to ferroptotic cancer cells,
suggesting that RSL3 alone may be insufficient to trigger a
robust NK cell-mediated immune response. These findings
provide new insights into the interplay between ferroptosis
and innate immunity in ovarian cancer.

2. Materials and Methods
2.1 Cell Lines and Culture Conditions

Human epithelial ovarian cancer (hEOC) cell lines,
ES-2 (High grade ovarian clear cell adenocarcinoma),
OVCAR-5 (High grade ovarian serous adenocarcinoma),
HEY (High grade ovarian serous adenocarcinoma) and
PEO-1 (High grade ovarian cystadenocarcinoma) were pur-
chased from the American Type Culture Collection (ATCC,
Manassas, VA, USA). ES-2 and PEO-1 cells were cultured
in RPMI 1640, whereas OVCAR-5 and HEY cells were
maintained in DMEM medium. All media were supple-
mented with 10% foetal bovine serum, 50 U/mL of peni-

cillin, and 50 pg/mL of streptomycin (Thermo Fisher Sci-
entific, Milan, Italy). Cells were cultured at 37 °C in
a humidified incubator with 5% CO, atmosphere. ES-
2 and HEY cells were plated at a concentration of 2.0
x 10° cells/well in a 6 well plate, while OVCAR-5 and
PEO-1 cells were plated at a concentration of 2.5 x 10°
cells/well. After 24 hours, the medium was removed, cells
were washed with PBS1X, and RSL3 ((1S,3R)-RSL3), Cat.
HY-100218A/CS-5650, MedChemExpress, D.B.A., Milan,
Italy) or RSL3 and Ferrostatine-1 (Fer-1) (Ferrostatine-1,
AMBH303C51A, Merk Life Science S.r.l., Milan, Italy)
conditioned medium was added for 24 hours. Untreated
cells were used as control. All experiments were performed
between the first (p1) and the 4th (p4) passage of cell cul-
ture. All cell lines were validated by STR profiling and
tested negative for mycoplasma (MycoAway™ 1000X My-
coplasma Cocktail, G398 ABM; Mycoplasma PCR Detec-
tion Kit G238, Applied Biological Materials Inc., Viking
Way Richmond, Canada).

2.2 Cell Viability Assays

To assess RSL3 toxicity, ES-2, HEY, OVCAR-5 and
PEO-1 cells were treated with the following concentra-
tions of RSL3: (ES-2: 50 nM, 100 nM, 200 nM; HEY:
1 uM, 2 uM, 6 puM; OVCAR-5: 2.5 uM, 5 uM, 10 uM;
PEO-1: 5 puM, 10 puM, 15 pM). To assess Fer-1 toxic-
ity, PEO-1 cells were treated at different concentrations
of Fer-1 (5 uM, 10 uM, 15 uM) and ES-2, HEY and
OVCAR-5 cells were treated respectively with 1, 10 and
2 uM of Fer-1concentration as indicated in [37-39]. Co-
treatment with RSL3 and Fer-1 was performed for each
cell line. Cells were processed as already described [40].
Briefly, 1 x 10° cells with different treatments were col-
lected and were incubated with propidium iodide (PI) at 37
°C for 15 min in the dark. After the incubation, 400 pL
of PBS (1x) was added, and all samples were acquired by
FACS BD LSRFortessa™ X-20 cytofluorimeter (BD Bio-
sciences, San Jose, CA, USA), measuring PI (PE) fluores-
cence against the forward scatter parameter (FSC-A). Data
were analysed by FlowJo™ v10 Software (BD Biosciences,
San Jose, CA, USA). Untreated cells were used as a control.

The growth rates of cells were obtained using the
Trypan Blue dye exclusion method. Cell viability of
ES-2, HEY, OVCAR-5, and PEO-1 was also evaluated
with the CellTiter-Glo® Luminescent Cell Viability Assay
(Promega, Madison, WI, USA), which is based on the quan-
titation of ATP as an indicator of metabolically active cells
as previously described [41,42]. Briefly, cells were plated
in 96 wells overnight and the next day, were treated or not
with different concentrations of RSL3 for 24 h. Each ex-
periment was performed in technical and biological tripli-
cates. Half-maximal inhibitory concentrations (IC5¢) were
calculated by plotting a dose-response curve using non-
linear regression analysis using GraphPad Prism V9 soft-
ware (GraphPad Software, Boston, MA, USA).
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2.3 Apoptosis Assay

Apoptosis assay was assessed as already described
[43]. Briefly, a number of 1 x 10° of untreated and
RSL3, Fer-1 or RSL3 and Fer-1 treated cells (ES-2, HEY,
OVCAR-5 and PEO-1), were double-stained with Annexin
V and PI (Alexa Fluor®488 Annexin V/Dead Cell Apopto-
sis Kit, Thermo Fisher Scientific) for 15 min at RT in the
dark. 400 pL of Binding Buffer was added, and all samples
were acquired by FACS BD LSRFortessaTM X-20 cytoflu-
orometer (BD Biosciences), measuring PI (PE) fluores-
cence against Annessin V (FITC) fluorescence. Data were
analysed by FlowJo™ v10 Software (BD Biosciences). Un-
treated cells were used as a control. Each experiment was
performed in technical and biological triplicates.

2.4 Intracellular ROS Detection

Intracellular ROS production was quantified through
the redox sensitive probe 2’-7'-Dichlorodihydrofluorescein
diacetate (CMH2DCFDA) (Thermo Fisher Scientific). ES-
2, HEY, OVCAR-5 and PEO-1 were treated with RSL3,
Fer-1 or RSL3 and Fer-1 Cells were incubated with
CMH2DCFDA for 30 min at 37 °C. Thereafter, cells were
centrifuged and resuspended in 200 pL of PBS (1x). Sam-
ples were acquired by FACS BD LSRFortessaTM X-20
cytofluorometer (BD Biosciences) and data were analysed
with FlowJo v10 Software (BD Biosciences). Untreated
cells were used as a control. Each experiment was per-
formed in technical and biological triplicates. Gating strat-
egy is indicated in Supplementary Fig. 1A.

2.5 Mitochondrial ROS Detection

Mitochondrial ROS production was assessed in both
untreated and treated cells (ES-2, HEY, OVCAR-5 and
PEO-1) with RSL3, Fer-1 or RSL3 and Fer-1. Single cell
suspensions were incubated with MitoSOX (MitoSOX Red
Mitochondrial Superoxide Indicator (Thermo Fisher Sci-
entific, Waltham, MA, USA) for 30 min at 37 °C. There-
after, cells were centrifugated and resuspended in 200 pL
of PBS (1x). Samples were acquired by FACS BD LSR-
FortessaTM X-20 cytofluorometer (BD Biosciences) and
data were analysed with FlowJo v10 Software (BD Bio-
sciences). Untreated cells were used as a control. Each
experiment was performed in technical and biological trip-
licates. A gating strategy is indicated in Supplementary
Fig. 1A.

2.6 Lipid Peroxidation Assay

Lipid peroxidation was investigated as previously de-
scribed [35]. ES-2, HEY, OVCAR-5 and PEO-1 cells un-
treated and treated with RSL3, Fer-1 or RSL3 and Fer-
1, were incubated with BODIPY (BODIPY™ 581/591C11
dye (Thermo Fisher Scientific) for 30 min at 37 °C. Cells
were washed twice with PBS (1 x). Oxidation of BODIPY-
C11 was observed by a shift of the fluorescence emission
peak from ~590 nm to ~510 nm, directly correlated with
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lipid ROS generation. Samples were acquired by FACS BD
LSR Fortessa TM X-20 cytofluorometer (BD Biosciences)
and data were analysed with FlowJo v10 Software (BD Bio-
sciences). Untreated cells were used as a control. Each ex-
periment was performed in technical and biological tripli-
cates. A gating strategy is indicated in Supplementary Fig.
1A.

2.7 Peripheral Blood Monocytes Cells (PBMCs) Isolation
and NK Cells Purification

To obtain NK cells, we first separated PBMCs from
buffy coats provided by healthy donors using a standard
density gradient centrifugation protocol [44]. Buffy-coats
from healthy volunteers were supplied by the blood transfu-
sion center of Pugliese-Ciaccio Hospital, Catanzaro, Italy,
previous consent to the processing of personal data. In
accordance with Italian regulations (Legislative Decree
196/2003 as amended by Legislative Decree 101/2018, and
EU Regulation 2016/679 — GDPR), this study used resid-
ual biological material collected for routine diagnostic pur-
poses. All samples were anonymized prior to analysis. No
additional procedures or interventions were performed for
research purposes. In line with national regulations, this
type of retrospective, anonymized analysis does not require
approval from an ethics committee. All procedures were
conducted in compliance with the Declaration of Helsinki
and institutional guidelines. Blood samples were divided
into Falcon tubes according to the protocol described in
[44]. For each tube, an equal volume (1:1) of PBS (1x)
and Lymphocyte Separation Medium (density 1.007 g/mL;
Sigma Aldrich, Merck KGaA, Darmstadt, Germania) was
added. The samples were then centrifuged at 2200 rpm for
30 minutes without brake. After the centrifugation, white
ring cells were collected, washed twice with PBS (1x) and
were incubated with a red blood cell lysis buffer (Sigma
Aldrich, Merck, Germany) at RT for 15 min. After the in-
cubation, cells were washed with PBS1X and were cultured
overnight at a concentration of 1.0 x 10° cells/mL. The day
after, cells were centrifuged and NK cells were isolated by
using human NK Cell Isolation Kit (Miltenyi Biotec, Ber-
gisch Gladbach, Germany). Cells were counted and incu-
bated with NK Cell Biotin-Antibody Cocktail (for 5 min
at 2-8 °C) and subsequently they were incubated with NK
Cell MicroBead Cocktail (for 10 min at 2—-8 °C). After the
incubation, we proceed to subsequent magnetic cell separa-
tion. NK Isolation kit ensures around 95% of purity. To ver-
ify this, once isolated, purified NK cells were stained with
CD56 and CD3 and analyzed by flow cytometry. PBMCs
were used as control. Cell debris and dead cells were ex-
cluded by using viability marker (BD Horizon™ Fixable
Viability Stain 780) (SSC vs viability fluorescence). Puri-
fied resting NK cells were used for cytotoxicity assay. The
gating strategy is indicated in Supplementary Fig. 1C.
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2.8 Immune Phenotype Analysis

After the incubation with RSL3, ES-2, HEY,
OVCAR-5 and PEO-1 cells were collected and incu-
bated with a viability marker (BD Horizon™ Fixable Vi-
ability Stain 780) for 15 min at RT in the dark. A
number of 2 x 10° cells were used for each tube.
Then, cells were washed twice with PBS (1x) and were
marked with the following antibodies: APC anti-human
CD274 (B7-H1, PD-L1; clone 29E.2A3)/IgG2b, PE anti-
human MICA/MICB (clone 6D4)/IgG2a, APC anti human
CD155 (PVR) (clone SKI1.4)/IgG1, PE anti-human CD112
(Nectin-2) (clone TX31)/IgG1 were purchased from BioLe-
gend (San Diego, CA, USA); PE anti-human ULBP-2/5/6
(clone FAB1298P)/IgG2a were purchased from R&D Sys-
tems (Minneapolis, MN, USA). Cells were maintained for
30 minutes at +4 °C in the dark and subsequently centrifu-
gated and pellets were resuspended with 200 pL of FACS
FLOW and were acquired by FACS BD LSRFortessaTM
X-20 cytofluorometer (BD Biosciences).

Voltages for physical parameters (SSC, FSC) and flu-
orescence channels were previously optimized for each cell
line used. After identifying the population of interest, live
cells were discriminated against from dead cells using an
SSC-A vs viability marker plot. Subsequently, all mark-
ers were acquired on the live cell population gate (viabil-
ity marker-negative). Data was analyzed with FlowJo v10
Software (BD Biosciences). Untreated cells were used as a
control. Each experiment was performed in technical and
biological triplicates. The gating strategy is indicated in
Supplementary Fig. 1B.

2.9 Cytotoxicity Assay

Cytotoxicity assay was performed as already de-
scribed [45]. After 24 hours of incubation with RSL3, target
cells were detached with trypsin, centrifuged at 1500 rpm
for 5 min and counted with trypan blue. Target cells were
subsequently plated with purified NK cells in nude RPMI-
1640 medium in 96 well U-bottom plates. The experiments
were performed starting from 50:1 (500.000:10.000) Effec-
tor to Target Ratio(E:T). Co-cultures were incubated in a
humidified 5% CO5 incubator at 37 °C for three hours. Af-
ter centrifugation at 250 xg for 10 min the supernatants
were collected and transferred into a96 well, flat-bottom
micro-plate. Cells were incubated with freshly prepared
reaction mixture (Cytotoxicity Detection Kit lactate dehy-
drogenase (LDH) (Roche) for 30 min at 37 °C. LDH ac-
tivity was determined with the multiwell reader (Multiskan
Microplate Spectrophotometer, Thermo Fisher Scientific,
Waltham, MA, USA), with a sample’s absorbance at 490
nm. The percentage of target cell lysis was calculated as
follows: cytotoxicity (%) = (target cell mix — low control)
/ (high control — low control) x 100. Untreated cells were
used as a control. All the experiments were performed in
technical and biological triplicates.

2.10 Expression Analysis by gRT- PCR

A total of 1 pug of RNA, previously prepared us-
ing PureLink RNAMini Kit (Thermo Fisher Scientific)
and verified using a NanoDrop 2000/2000c Spectropho-
tometer (Thermo Fisher Scientific), was used to synthesize
cDNA using SuperScript III reverse transcriptase and was
amplified with the iQ™ SYBR® green super mix (Bio-
Rad, Milan, Italy) using the qRT-PCR amplifier QuantStu-
dio3 (Applied Biosystems, Milan, Italy) [46]. Reactions
were carried out in triplicate, and the analysis of gene ex-
pression was calculated as 299t and normalized for the
house-keeping gene (Glyceraldehyde-3-Phosphate Dehy-
drogenase (GAPDH)). Primers used in this study were as
follows (5-3):

h-GPX4 (fwd) ATCGACGGGCACATGGTTAA,

h-GPX4 (rev) CGACGAGCTGAGTGTAGTTT.

h-NRF?2 (fwd) CACCACCCACACAACTTACTGC,
h-NRF2 (rev) GGTCTTCTTGGGGCTTAGGT.
h-CD71 (fwd) TGCTGCTTTCCCTTTCCTTG,
h-CD71 (rev) GCTCGTGCCACTTTGTTCAA.
h-GAPDH (fwd) CACCATCTTCCAGGAGCGAG,
h-GAPDH (rev) TCAC-GCCACAGTTTCCCGGA.

2.11 Protein Extraction and Western Blotting

Total extracts were prepared as previously described
[47]. Briefly, to obtain total protein extracts, cells were
washed once with PBS (1x) and total cell lysates were
prepared using RIPA. The samples were centrifuged at
12,000 rpm for 20 min at +4 °C and supernatants con-
taining the total extracts were recovered. Proteins were
separated on 4-12% NuPAGENovexBis-Tris protein gra-
dient polyacrylamide gels (Thermo Fisher Scientific) and
blotted onto nitrocellulose. Membranes were blocked with
5% milk (BioRad) and then incubated with the follow-
ing antibodies: GPX4 with a rabbit anti-GPX4 (1:500,
ab41787), NRF2 with a mouse anti-NRF2 (1:500, sc-
365949, Santa Cruz, Milan, Italy) antibody, CD71 with
a rabbit anti-CD71 (1:1000, D7S5Z, Cell Signaling Tech-
nology, Milan, Italy) antibody and GAPDH with an anti-
GAPDH-HRP conjugated (1:1000, sc-47724). Peroxidase
AffiniPure Sheep Anti-Mouse IgG, Peroxidase AffiniPure
Donkey Anti-Rabbit IgG, Peroxidase AffiniPure Donkey
Anti-Mouse IgG (1:10,000, Jackson ImmunoResearch Eu-
rope Ltd. Cambridge House) secondary antibodies were
used. Signals were detected using the WESTARi12.0 ECL
substrates for Western blotting (XLS070,0250, Cyanagen,
Bologna, Italy) and acquired using a Uvitec Alliance Mini
HD9 (Uvitec, Cambridge, UK).

2.12 Statistical Analysis

All experiments were performed in triplicate, and data
are presented as the mean =+ standard deviation (SD). Sta-
tistical comparisons were conducted using paired two-tailed
Student’s #-tests in GraphPad Prism 5.0. Statistical signifi-
cance was denoted as follows: p < 0.05 (*), p < 0.01 (*¥),
p < 0.001 (***) [42].
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Fig. 1. Dose-dependent RAS-Selective Lethal 3 (RSL3) cytotoxicity on human ovarian cancer cell lines. Ovarian cancer cell lines
were treated with RSL3 for 24 hours at the following concentrations: (A) ES-2: 50, 100, 200 nM; (B) HEY: 1, 2, 6 uM; (C) OVCAR-5:
2.5,5, 10 uM; (D) PEO-1: 5, 10, 15 uM. The ICs¢ of RSL3 was determined for all cell lines (A—D left panel). The percentage of dead
cells (propidium iodide (PI) positive) is reported in each representative plot (A—D, middle panel). Statistical analysis of % of PI positive
cells untreated (NT) and treated with RSL3 was reported for each cell line tested (A—D right panel). All the experiments were performed
in technical and biological triplicates. Data were represented as means £ SD; ***p-value < 0.001; **p value < 0.01; *p value < 0.05.
A paired two-tailed Student’s ¢ test was used. (E) RSL3 ICs cell viability on high-grade ovarian cancer (HGOC) was assessed through

Cell Titer Glo following treatments with increasing amounts of RSL3 for 24 hours.

@B IMR Press 5


https://www.imrpress.com

801

N
S
1

BODIPY-C11 (%)
£
L

**
*
20 ’_L‘
0 ? T T T T T 1
S PS8 »n & »n S8
< & T S & =
ES-2 HEY OVCAR-5 PEO-1
ES-2 OVCAR-5
A
« NT RSL3 RSL3
1
= 5 5. % 5o %
B | 1o " 088 208
104- 104‘ 104'
103- 3 3
1079 1079
1024 od L |
°3 10°4 103:
":) 0 103 104 105 "; ‘103 .10‘ :Uﬁ
PEO-1

NT RSL3

NT RSL3

248

Alexa Fluor-488

Fig. 2. RSL3 induces lipid peroxidation in ovarian cancer cell lines. Statistical analysis (upper panel) and representative plots (bottom

panel) of the percentage of positive cells for BODIPY-C11 are reported. Cells were treated with RSL3 for 24 hours at the following
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3. Results
3.1 RSL3 Induces Ferroptosis in HGOC Cells

To assess whether RSL3 modulates NK cell-mediated
response against ovarian cancer, the following cell lines
(ES-2, HEY, OVCAR-5 and PEO-1) were treated with in-
creasing concentrations of RSL3 for 24 hours (Fig. 1). For
the purposes of this study, a concentration of RSL3 slightly
below the IC5, resulting in moderate cell death (~ 40%),
were selected (Fig. 1). The ICsq value for each cell line
is reported on Fig. 1. Flow cytometry analysis confirmed
the induction of ferroptosis in RSL3-treated HGOC cell
lines (Figs. 2,3). RSL3 treatment significantly increased
lipid peroxidation (RSL3 treated vs NT: 16.5 x fold, p value

0.003 for ES-2; 3.84x fold, p value 0.04 for HEY; 20.5x
fold, p value 0.02 for OVCAR-5; 1.36x fold, p value 0.02
for PEO-1; Fig. 2), mitochondrial ROS (RSL3 treated vs
NT: 1.25x fold, p value 0.004 for ES-2; 2x fold, p value
0.04 for HEY; 1.76x fold, p value 0.01 for OVCAR-5;
1.5x fold, p value 0.0003 for PEO-1; Fig. 3A) and to-
tal intracellular ROS (RSL3 treated vs NT: 3.47x fold,
p value 0.008 for ES-2; 2.65x fold, p value 0.0001 for
HEY; 1.72x fold, p value 0.02 for OVCAR-5; 1.79x fold,
p value 0.0001 for PEO-1 levels; Fig. 3B). Co-treatment
with Ferrostatin-1 (Fer-1), a ferroptosis inhibitor, and RSL3
restored cellular viability (Supplementary Fig. 2A) to-
gether with intracellular ROS levels and lipid peroxidation
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Fig. 4. RSL3 induces mRNA and protein expression of ferroptosis-associated markers in HGOC cell lines. Cells were treated with

RSL3 or Fer-1 alone or co-treated with RSL3 and Ferrostatin-1 (Fer-1) for 24 hours (NT indicates untreated cells). Proteins and total

RNA, extracted from human ovarian cancer cell lines, were analysed by western blot (A) and qRT-PCR (B) for the expression of GPX4,
NRF2 and CD71 in ES-2, HEY, OVCAR-5 and PEO-1. Results were normalized using GAPDH as the housekeeping protein or gene. All
experiments were performed in technical and biological triplicates. Asterisks indicate *p-value < 0.05, **p-value < 0.01, ***p-value <
0.001. A paired two-tailed Student’s ¢ test was used. GPX4, Glutathione Peroxidase 4; NRF2, Nuclear factor erythroid 2-related factor

2; GAPDH, Glyceraldehyde-3-Phosphate Dehydrogenase.

to those observed in untreated cells (Supplementary Fig.
2B), effectively preventing ferroptotic cell death. Western
blotting (Fig. 4A and Supplementary Fig. 3) and qRT-
PCR (Fig. 4B) analyses confirmed RSL3-induced ferrop-
tosis. CD71 mRNA levels were significantly increased in
ES-2, HEY, and OVCAR-5 cells (RSL3 vs NT: p value
0.010 for ES-2; p value 0.032 for HEY; p value 0.025 for
OVCAR-5), while a slight, but not significant, change was
observed in PEO-1 cells. At the protein levels, CD71 was
significantly increased only in ES-2 and PEO-1 cells (RSL3
vs NT: p value 0.002 for ES-2; p value 0.028 for PEO-1),
whereas changes in HEY and OVCAR-5 were not statis-

tically significant. NRF2 mRNA levels were significantly
reduced in all cell lines (RSL3 treated vs NT: p value 0.016
for ES-2; p value 0.001 for HEY; p value 0.013 for PEO-1; p
value 0.016 for OVCAR-5). Atthe protein level, NRF2 was
significantly decreased only in ES-2 cells (RSL3 vs NT: p
value 0.014), while increased levels were observed in HEY
and OVCAR-5 cells (RSL3 vs NT: p value 0.0001 for HEY;
p value 0.0004 for OVCAR-5). In PEO-1 cells, an increas-
ing trend was observed (p value 0.058). GPX4 expression
was reduced both at mRNA (RSL3 vs NT: p value 0.010
for ES-2; p value 0.012 for HEY; p value 0.053 for PEO-
1; p value 0.045 for OVCAR-5) and protein (RSL3 vs NT:
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Fig. 5. RSL3 modulates the expression of NK activating and inhibiting molecules on ovarian cancer cell lines. Flow cytometry
analysis of PVR, Nectin-2, PD-L1, ULBP2, and MICA/B molecules expressed on (A) ES-2, (B) HEY, (C) OVCAR-5, (D) PEO-1 cells
was performed. Statistical analysis is reported. All the experiments were performed in technical and biological triplicates. Data were
represented as means £ SD. ***p-value < 0.001; **p-value < 0.01; *p-value < 0.05. A paired two-tailed Student’s ¢ test was used. NK,
Natural Killer; PVR, Poliovirus Receptor; Nectin-2, Nectin-like molecules-2; MICA/B, MHC class I chain-related protein (MIC) A and
B; ULBP2, Unique Long 16-Binding Protein 2; PD-L1, Programmed Death-Ligand 1.

Co-treatment with Fer-1 and RSL3 modulated RSL3-
associated changes at both mRNA and protein levels (Fig. 4
and Supplementary Fig. 3). In particular, at mRNA levels,
were observed changes in CD7/ (Fer-1 + RSL3 vs RSL3: p

p value 0.00008 for ES-2; p value 0.003 for HEY; p value
0.0001 for PEO-1; p value 0.025 for OVCAR-5) levels in
all cell lines.
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was used.

value: 0.009 for ES-2; p value 0.029 for OVCAR-5), NRF2
(Fer-1 + RSL3 vs RSL3: p value 0.011 for HEY; p value
0.008 for PEO-1; p value 0.014 for OVCAR-5), and GPX4
(Fer-1 + RSL3 vs RSL3: p value 0.002 for ES-2; p value
0.005 for HEY; p value 0.022 for OVCAR-5). No signifi-
cant changes were observed for CD7] in HEY and PEO-1
cells, for NRF2 in ES-2 cells, and for GPX4 in PEO-1 cells.
At the protein levels, changes were observed in CD71 (Fer-
1 + RSL3 vs RSL3: p value 0.019 for ES-2), NRF2 (Fer-1
+ RSL3 vs RSL3: p value 0.020 for ES-2; p value 0.002 for
OVCAR-5), and GPX4 (Fer-1 + RSL3 vs RSL3: p value
0.003 for ES-2; p value 0.011 for PEO-1). No significant
changes were observed for CD71 in HEY and OVCAR-5,
for NRF2 in HEY and PEO-1 and for GPX4 in HEY and
OVCAR-5 cells. All together these results confirm that
RSL3 induces ferroptosis in HGOC cell lines. Notably,
none of the tested cell lines showed evidence of apoptosis
upon exposure to RSL3 (Supplementary Fig. 4). Taken
together, these results demonstrate that low doses of RSL3
are sufficient to induce ferroptosis in HGOC cell lines, es-
tablishing a basis for investigating its role in modulating
NK cell-driven anti-tumor immunity.

10

3.2 NK Cells Recognition of RSL3-treated HGOC Cell
Lines

To evaluate whether RSL3-induced ferroptosis di-
rectly affects the innate immune response, we performed
flow cytometric analysis of surface molecules (PVR,
Nectin-2, PD-L1, ULBP2, MICA/B) involved in NK cell
recognition (Fig. 5). Treatment with RSL3 led to a reduc-
tion of PVR and PD-L1 expression in ES-2 and OVCAR-5
cells (RSL3-treated vs NT: 0.82 % fold, p value 0.02 for ES-
2; 0.86x fold, p value 0.04 for OVCAR-5 for PVR; 0.92x
fold, p value 0.01 for ES-2; 0.84x fold, p value 0.04 for
OVCAR-5 for PD-L1; Fig. 5A,C). In contrast, PD-L1 ex-
pression was increased in PEO-1 cells, (RSL3-treated vs
NT: 1.18x fold, p value 0.013; Fig. 5D), while no sig-
nificant alterations were observed in HEY cells (Fig. 5B).
RSL3 treatment did not significantly alter the expression of
Nectin-2 and ULBP2 in ES-2 and HEY cells (Fig. 5A,B),
whereas these molecules were significantly upregulated in
OVCAR-5 and PEO-1 cells (RSL3-treated vs NT: 1.31x
fold, p value 0.01 for OVCAR-5; 1.24x fold, p value
0.002 for PEO-1, for Nectin-2; 1.45x fold, p value 0.0003
for OVCAR-5; 1.6x fold, p value 0.000002 for PEO-
1 for ULBP2; Fig. 5C,D). No significant alterations in
MICA/B expression were observed across the tested cell
lines (Fig. 5A-D). These data indicate that RSL3 modu-
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lates the expression of some surface molecules in a cell
line-specific manner, reflecting the intrinsic heterogeneity
of ovarian cancer.

To determine whether RSL3 treatment influences NK
cell-mediated cytotoxicity, we conducted LDH-release as-
says using purified NK cells from healthy donors co-
cultured with HGOC cells at different E:T ratios (Fig. 6).
The results demonstrated variable susceptibility among
RSL3-treated ovarian cell lines. ES-2 and PEO-1 exhib-
ited minimal lysis (Fig. 6A,D). HEY cells showed a de-
creased lysis compared to untreated cells (Fig. 6B). Con-
versely, OVCAR-5 cells displayed a significant increase in
NK cell killing following RSL3 treatment (RSL3-treated vs
NT: 1.34x fold, p value 0.04 for 50/1; 1.43x fold, p value
0.008 for 25/1; 1.4x fold, p value 0.02 for 12/1; 1.78 x fold,
p value 0.02 for 6:1 E:T ratios; Fig. 6C). This variability re-
flects the distinct expression patterns of activating and in-
hibitory ligands among the different cell lines. In particu-
lar, the increased NK cell lysis observed in OVCAR-5 cells
appears to be driven by the combined downregulation of in-
hibitory ligands (PVR, PD-L1) and upregulation of activat-
ing ligands (Nectin-2, ULBP2), which facilitates effective
immune recognition and cytotoxicity.

Conversely, the absence or insufficient modulation of
ligands on ES-2, HEY, and PEO-1 cells results in impaired
lysis, leading to either a lack of response or a reduced NK
cell-mediated lysis.

In summary, these findings indicate that while RSL3-
induced ferroptosis modulates the expression of immune
ligands, it alone is insufficient to consistently elicit NK cell-
mediated cytotoxicity across all HGOC cell lines.

4. Discussion

The ability of Natural Killer cells to suppress tumors
depends on receptor-ligands interaction with molecules dis-
played on cancer cell membranes [16]. Cancer cells can
escape anti-tumor immunity through reduced expression
of immune receptors, release of cytokines and soluble im-
munosuppressive factors, and inhibition of cytotoxic lym-
phocytes within the TME [14]. The immunosuppressive
ovarian TME reduces NK cells’ cytotoxic capability and
limits the efficacy of immunotherapy, with a percentage of
patients developing relapses [8—10,22].

Ferroptosis, a novel identified mechanism of iron-
driven cell death, may represent a new and interesting
mechanism that makes cancer cells more easily recogniz-
able by the immune system [34-36], as observed in hepa-
tocellular carcinoma [48]. FINs are currently used in pre-
clinical studies to increase the chemosensitivity of HGOC
cells [31,32] and may represent potential pharmacological
candidates in ovarian cancer therapy [31-33,35]. Based on
these observations, we analyzed the effect of RSL3-induced
ferroptosis on ovarian cancer cells as a mechanism capa-
ble of modulating molecules potentially involved in NK
cells—mediated response. First, we identified a minimal
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dose of RSL3 (Fig. 1) able to induce ferroptosis in HGOC
cells through the accumulation of lipid peroxide (Fig. 2) and
increased intracellular and mitochondrial ROS formation
(Fig. 3). Western blot and qRT-PCR analyses (Fig. 4) shown
that in HEY, PEO-1, and OVCAR-5 cells, Nr/2 mRNA and
protein levels follow the pattern already reported in the lit-
erature: upon RSL3 treatment, a reduction in Nr/2 mRNA is
observed together with an increase in its protein levels. This
increase is not due to enhanced protein synthesis but rather
to protein accumulation resulting from impaired KEAP1-
mediated degradation [49]. In contrast, ES-2 cells exhibit
a decrease in both Nrf2 mRNA and protein levels. Re-
duced NRF2 expression implies a diminished ability to ac-
tivate major antioxidant and detoxification pathways and to
maintain redox homeostasis [50]. Flow cytometry analy-
sis (Fig. 3) further demonstrated that, among all cell lines
tested, ES-2 cells display a markedly higher increase in in-
tracellular ROS following treatment compared with their
basal levels. This pronounced ROS accumulation is con-
sistent with a compromised antioxidant response caused by
the lower NRF2 expression. Collectively, these findings
indicate that ES-2 cells are intrinsically more susceptible to
RSL3-induced ferroptosis (Fig. 1), suggesting that NRF2
may be regulated differently in this specific ovarian cancer
cell line. Data also indicates that Fer-1 also reverts cell via-
bility (Supplementary Fig. 2A) and the ferroptotic pheno-
type as evaluated by reduced lipid peroxides formation and
intracellular ROS expression (Supplementary Fig. 2B).
No evidence of apoptosis was observed in RSL3-treated
HGOC cell lines (Supplementary Fig. 4).

Here, we hypothesized that RSL3-mediated ferropto-
sis of HGOC cells modulates NK cell surface molecules,
resulting in the possibly NK cell-cytotoxic effect. To as-
sess this hypothesis, we performed an immune-phenotype
analysis of RSL3-treated and untreated cells and investi-
gated the main molecules involved in the NK cell-mediated
regulation: PVR, Nectin-2, MICA/B, ULBP2 and PD-
L1. PVR and Nectin-2 interact with DNAX accessory
molecule-1 (DNAM-1), while stress-inducible cell surface
proteins MICA/B and ULBP2 bind to NK group 2 member
D (NKG2D) receptor, both contribute to the activation of
NK cells [20,51,52]. PVR has high affinity also for TIGIT
(T cell immunoreceptor with Ig and ITIM domains), essen-
tial for NK cell inhibition [53,54]. Also, PD-L1, binding
with PD-1 receptor (programmed death-1) exerts a signifi-
cant NK cell inhibition [55,56].

Our results demonstrated that RSL3 modulates the
phenotype of the ovarian cancer cell lines analyzed. Specif-
ically, RSL3 decreased PVR and PD-L1 expression in ES-2
(Fig. 5A) and OVCAR-5 cells (Fig. 5C), suggesting a po-
tential role for RSL3 in limiting the pro-tumoral activity
of PVR and PD-L1 in HGOC [27,57-61]. No changes in
PVR expression were observed in HEY and PEO-1 cells
(Fig. 5B,D). While PD-L1 expression remained unchanged
in HEY cells upon RSL3 treatment (Fig. 5B), it was upreg-
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ulated in PEO-1 cells (Fig. 5D). Additionally, ULBP2 and
Nectin-2 levels were increased in RSL3-treated OVCAR-5
(Fig. 5C) and PEO-1 cells (Fig. 5D). No significant differ-
ences in MICA/B expression were detected across any of
the cell lines tested (Fig. 5). In line with our data, recent
studies indicate that the induction of ferroptosis via iron
oxide nanoparticles in prostate cancer upregulates ULBPs,
without affecting MICA/B levels thus enhancing NK cell-
mediated cytotoxicity [62]. Indeed, despite no direct ev-
idence yet links ferroptosis axes to the regulation of NK-
cell ligands, emerging data suggest that IFN- ~ released by
NK cells induce ferroptosis and kill cancer cells via sys-
tem Xc-/GSH/GPX4 axis inhibition [63]. Although its role
on ligand expression is still unclear, combining ferroptosis
induction with NK-based immunotherapy, such as anti-PD-
L1, emerges as a promising strategy to overcome tumor im-
mune evasion.

Altogether, our data suggests that ferroptosis may reg-
ulate NK-cell ligand expression through molecular mecha-
nisms linked to cellular redox homeostasis. Specifically,
the level of NRF2 and the resulting oxidative stress appear
to dictate which ligands are modulated, with ROS accumu-
lation promoting the upregulation of stress-inducible acti-
vating ligands (such as ULBP2 and Nectin-2) while down-
regulating inhibitory or pro-tumoral molecules (such as PD-
L1 and PVR) in a cell line-specific manner. These findings
point to a mechanistic pathway in which ferroptosis-driven
oxidative stress serves as a central regulator of NK-ligand
expression, providing a molecular basis for the interplay be-
tween ferroptosis and NK cell-mediated cytotoxicity.

Based on these observations, we next assessed
whether RSL3-driven immune-phenotype alterations in
HGOOC cells influence their recognition by NK cells.

We demonstrated that ES-2 and PEO-1 are less prone
to be killed by NK cells both at baseline and after RSL3
treatment (Fig. 6A,D), while a reduction of lysis in RSL3-
treated HEY cells was observed (Fig. 6B). These data indi-
cate that the absence or not balanced signals (activating and
inhibitory) from ovarian cancer cells may contribute to de-
fective NK cell lysis. The inadequate interactions between
activating and inhibiting NK cell receptors and their cog-
nate ligands contribute to failure of NK cells cytotoxicity
[25]. In contrast, RSL3-treated OVCAR-5 cells are more
susceptible to NK cell lysis (Fig. 6C), due to the dimin-
ished expression of PVR and PD-L1 and increased levels
of ULBP2 and Nectin-2 on cell membranes. These find-
ings underscore the ability of NK cells to exert cytotoxic
effects on ferroptotic ovarian cancer cells (OVCAR-5) in
vitro.

However, to fully clarify the therapeutic implications
of these findings, in vivo validation using patient-derived
NK cells is essential, as it would provide valuable insights
into the activity of tumor-infiltrating NK cells.

Notably, in three of the four ovarian cancer cell lines
analyzed (ES-2, HEY, and PEO-1), despite clear ferroptosis
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induction evidenced by lipid peroxidation and intracellular
ROS accumulation, consistent modulation of ligands suffi-
cient to trigger NK cell recognition was not observed.

Several mechanistic explanations may underlie this
differential response. First, compensatory inhibitory path-
ways may be engaged by tumor cells to counterbalance
the pro-immunogenic signals triggered by ferroptotic stress.
The persistent or even upregulated expression of inhibitory
ligands such as PD-L1, HLA-E, could interact with in-
hibitory receptors on NK cells (e.g., PD-1, NKG2A), damp-
ening NK cell activation and cytotoxicity. Notably, in PEO-
1 cells, PD-L1 was upregulated upon ferroptosis induction,
potentially contributing to an immunosuppressive mecha-
nism that blunts NK cell-mediated killing. Furthermore,
intrinsic signaling pathways activated in response to ferrop-
totic stress may promote the secretion of immunosuppres-
sive cytokines or soluble factors that impair NK cell func-
tion within the TME. These factors might include TGF-{ or
IL-10, which are known to inhibit NK cell cytotoxicity and
proliferation. All these signals may help explain why some
cell lines remain resistant to NK cell killing after ferroptosis
induction.

Although our in vitro system cannot fully recapitu-
late the complexity of the TME, previous studies suggest
that ferroptosis plays a dual role in shaping tumor immu-
nity. Tumor-associated macrophages (TAMs) and regula-
tory T cells (Tregs), relatively resistant to ferroptosis due
to the high GPX4 expression, may persist and reinforce
immunosuppressive conditions, thus impairing NK cell—
mediated tumor clearance [64—66]. In contrast, CD8T T
cell-derived IFN~ promotes ferroptotic tumor cell death by
altering lipid metabolism and suppressing protective path-
ways, thereby enhancing responses to immunotherapy [67].
Furthermore, Erastin was shown to induce M2 macrophage
polarization via STAT3/IL-8 signaling, thereby promoting
the invasiveness of ferroptosis-resistant ovarian cancer cells
[68]. Tumor-intrinsic adaptations, such as GPX4 palmi-
toylation or FABP7-mediated lipid remodeling, can inhibit
ferroptosis and reduce immune efficacy, while ferroptosis-
resistant Tregs and pro-tumorigenic M2 TAMs may further
dampen antitumor immunity [69]. Together, these find-
ings underscore the paradoxical role of ferroptosis as both
a mediator of antitumor immunity and, under certain condi-
tions, a promoter of tumor progression [70,71]. Future stud-
ies using co-culture models of ovarian TME could provide
mechanistic insights into how ferroptosis shapes immune
crosstalk and tumor escape.

Taken together, all these considerations emphasize
that ferroptosis-induced immunogenicity is not uniform
across all tumor cells and is subject to modulation by other
mechanisms. Understanding these compensatory inhibitory
pathways and tumor-intrinsic factors is crucial to develop-
ing combinatorial therapeutic strategies that can overcome
immune evasion and harness ferroptosis to potentiate NK
cell-mediated anti-tumor immunity.
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5. Conclusions

Ovarian cancer heterogeneity and its immunosuppres-
sive microenvironment contribute to therapeutic resistance
and poor prognosis. Our findings show that RSL3-induced
ferroptosis modulates NK cell ligand expression in HGOC
cells but does not uniformly enhance NK cell-mediated tu-
mor clearance. The in vitro nature of this work limits the
ability to fully recapitulate the complexity of the in vivo tu-
mor microenvironment. To address these limitations, future
in vivo studies will be conducted using NOD/SCID or NSG
mice, which permit engraftment of human HGOC cells and
infusion of human NK cells. These models will allow as-
sessment of RSL3’s therapeutic efficacy, alone or combined
with NK cell therapy, by monitoring tumor growth, NK cell
infiltration, and ferroptosis-related markers (GPX4 down-
regulation and lipid peroxidation) within the TME. More-
over, these experiments will help assess how ferroptosis in-
duction influences immune cell dynamics and angiogenesis
within the tumor microenvironment.

Collectively, our findings provide the first evidence
linking ferroptosis to NK cell recognition in ovarian cancer
and highlight the potential of ferroptosis-targeting strate-
gies to enhance immune-based therapies and overcome tu-
mor immune evasion.
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