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A B S T R A C T

Triple negative breast cancer (TNBC) is an aggressive subtype associated with poor prognosis and limited 
therapeutic options. Epigenetic changes contribute to TNBC tumorigenesis, and histone deacetylase inhibitors 
(HDACi) have emerged as promising therapeutic agents. However, their efficacy as monotherapy in solid tumors 
remains limited. Recent evidence highlights their immunomodulatory potential, supporting the development of 
combination strategies. We investigated the effect of the HDACi suberoylanilide hydroxamic acid (SAHA) on cell 
viability and immunogenic cell death (ICD), as well as its combinatory potential with a SOCS3 peptidomimetic 
(KIRCONG chim PEG), designed to inhibit STAT3 phosphorylation (pSTAT3), in TNBC cell lines. SAHA reduced 
TNBC cell viability and, at its IC25, induced ICD hallmarks in MDA-MB-231 cells, including ATP release, calre
ticulin surface exposure, and increased HMGB1 levels, accompanied by enhanced IL-6 secretion. In contrast, 
MDA-MB-468 cells showed limited ICD features under the same conditions. The higher IL-6 secretion observed in 
untreated MDA-MB-231 cells was associated with lower basal SOCS3 expression compared to MDA-MB-468 cells. 
Given the potential role of IL-6/JAK/STAT3 signaling in limiting HDACi efficacy, SAHA was combined with the 
SOCS3 peptidomimetic KIRCONG chim PEG. In MDA-MB-231 cells, co-treatment reduced pSTAT3 levels and 
increased BAK expression. Moreover, the combination shifted the IC25 of SAHA, indicating enhanced sensitivity 
to sub-toxic concentrations. Conditioned media from co-treated MDA-MB-231 cells promoted CD4+T cell acti
vation, as shown by increased HLA-DR and CD69 expression. Overall, these findings indicate that SOCS3 
functional replacement enhances SAHA anti-cancer and immunogenic effects in IL-6 high TNBC cells, supporting 
a context-dependent combinatory strategy targeting the IL-6/STAT3 axis.

1. Introduction

Triple negative breast cancer (TNBC) is a breast cancer (BC) subtype 
characterized by highly metastatic profile lacking estrogen receptor 
(ER), progesterone receptor (PR), and human epidermal growth factor 
receptor 2 (HER2/neu or ERBB2) (Bianchini et al., 2022). Among the 
epigenetic modifications, histone acetylation and deacetylation play a 
pivotal role in TNBC progression. Histone deacetylases (HDACs) pro
mote chromatin condensation and transcriptional reprogramming 
through the deacetylation of histone (H3 and H4) and non-histone 
proteins including p53, Hsp90, PTEN, and tubulin. As Zn2+ or NAD +

-dependent enzymes, HDACs contribute to abnormal cell proliferation 
favoring invasion, stemness, angiogenesis and metastatic diffusion in 

TNBC (Nimal et al., 2024).
In this context, HDAC inhibitors (HDACi) have emerged as promising 

therapeutic agents capable of reversing cancer-associated epigenetic 
abnormalities (Bolden et al., 2013; Göttlicher et al., 2001). Epigenetic 
therapy with HDACi has demonstrated immune-modulatory effects 
(Medon et al., 2017), including enhanced natural killer (NK) 
cell-mediated cytotoxicity (Shen et al., 2017), increased 
trastuzumab-dependent phagocytosis in HER2+ BC cells (Laengle et al., 
2020) and improved T-cell mediated lysis of TNBC cells in vitro 
(Gameiro et al., 2016). To date, several HDACi have gained FDA 
approval for cancer treatment (He et al., 2001), including vorinostat 
(suberoylanilide hydroxamic acid, SAHA), an inhibitor of class I and II 
HDACs approved for treatment of cutaneous T-cell lymphoma (Mann 
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et al., 2007).
Despite their efficacy in hematological malignancies, HDACi have 

shown limited success as single agents in solid tumors including breast, 
renal, and prostate cancers (Kelly et al., 2005; Giannini et al., 2012). 
Consequently, combinatory approaches targeting complementary 
pathways have gained increasing interest. In TNBC models, SAHA 
combined with immune checkpoint inhibitors (Terranova-Barberio 
et al., 2017), leukemia inhibitory factor receptor (LIFRα) inhibitor 
EC359 (Li et al., 2021), or G-quadruplex stabilizing agents (Jiang et al., 
2022) has demonstrated enhanced anti-cancer activity. Additional 
combinations, including SAHA with eribulin (Oba et al., 2021), olaparib 
(Min et al., 2015), the lysine-specific demethylase 1 (LSD1) inhibitor 
pargyline (Vasilatos et al., 2013), or apigenin (Nimal et al., 2024), 
further improved therapeutic efficacy. SAHA has also been shown to 
enhance radiosensitivity in TNBC human and murine cells by reducing 
lung metastasis (Chiu et al., 2013).

Emerging evidence indicates that persistent STAT3 activation may 
limit HDACi efficacy in solid tumors. Hybrid molecules like Roxyl-zhc- 
84 combining pharmacophoric elements for HDACs and cyclin- 
dependent kinases (CDK) have been shown to overcome JAK1-STAT3- 
BCL2-mediated drug resistance, increasing apoptosis in TNBC cells 
(Huang et al., 2018). Similarly, dual JAK/HDACi exhibited potent 
anti-proliferative and pro-apoptotic effects in TNBC models through 
suppression of phosphorylated STAT3 (pSTAT3) and downregulation of 
the LIFR-JAK-STAT signaling pathway (Liang et al., 2022). Suppressors 
of cytokine signaling 3 (SOCS3) acts as endogenous negative regulators 
of IL-6–mediated JAK/STAT signaling. Peptidomimetics of SOCS3 have 
been developed to inhibit IL-6-induced pSTAT3 activation in cancer. 
Notably, the chimeric SOCS3 peptidomimetic KIRCONG chim PEG, 
bearing a polyethylene glycol (PEG) moiety, has been shown to selec
tively penetrate TNBC cells and reduce pSTAT3 levels and transcrip
tional activity (La Manna et al., 2024).

In this study we investigated the effect of SAHA in TNBC cells 
focusing on its ability to induce immunogenic cell death (ICD) and 
evaluating its anti-cancer potential in combination with the SOCS3 
peptidomimetic KIRCONG chim PEG.

2. Material and methods

2.1. Cells and drugs

TNBC cells (MDA-MB-231 and MDA-MB-468 cell lines) were 
cultured in Dulbecco's Modified Eagle Medium (DMEM, GIBCO, Paisley, 
UK). DU4475 cells were cultured in Roswell Park Memorial Institute 
Medium (RPMI-1640, GIBCO, Paisley, UK). Human peripheral blood 
mononuclear cells (PBMCs) were isolated from healthy female donors by 
Lymphosep (AU-L0560-500, Aurogene) over density gradient centrifu
gation and cultured in RPMI-1640. Growth media were supplemented 
with 2 mM L-glutamine, 50 ng/mL, streptomycin, 50 units/mL peni
cillin, and 10% heat-inactivated fetal bovine serum (FBS, GIBCO). Cells 
were maintained in a humidified atmosphere with 5% CO2 at 37 ◦C and 
harvested upon reaching 70–80% of confluence with 0.25% trypsin 
(Sigma-Aldrich, St Louis, MO, USA). Suberoylanilide Hydroxamic Acid 
(SAHA, Vorinostat, Merck) was dissolved in dimethyl sulfoxide (DMSO, 
Sigma Aldrich). The SOCS3 peptidomimetic, KIRCONG chim PEG, 
conjugated to the cell penetrating peptide (CPP)-Tat (48–60 fragment of 
HIV Tat protein) was synthesized according to previously described 
procedures (La Manna et al., 2024) and dissolved in H2O.

2.2. 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide 
(MTT) assays

MTT viability assay was performed in TNBC cell lines following 
treatment with increasing concentrations of SAHA. MDA-MB-231 (1000 
cells/well), MDA-MB-468 (1500 cells/well) and DU4475 (1500 cells/ 
well) cells were seeded in triplicates in 96-wellplate and allowed to 

adhere overnight.
For combination experiments, cells were treated with different 

concentrations of SAHA in the presence or absence of KIRCONG chim 
PEG (15 μM). After 72h of incubation, 10 μl of MTT solution (Sigma) 
were added to each well during the final 4 h of incubation. DMSO was 
added to each well to dissolve the formazan crystals and absorbance was 
measured within 1 h at 570 nm by Glomax Discover Microplate Reader 
(Promega, Madison, WI, USA) as previously described (Florio et al., 
2019; La Manna et al., 2023). IC25 and IC50 values were calculated using 
GraphPad Prism version 10.4.

2.3. Extracellular adenosine triphosphate (ATP) release

MDA-MB-231 (1000 cells/well) and MDA-MB-468 (1500 cells/well) 
were seeded in duplicates in 96-well plates and allowed to adhere. Cells 
were then treated with SAHA at the concentration of 0.2 μM (IC25) for 
72h. After the incubation, cell supernatants were collected and pro
cessed to evaluate extracellular ATP release according to manufacturing 
instructions of ATPlite Luminescence Assay System (PerkinElmer, MA, 
USA). Luminescence was measured as an indicator of extracellular ATP, 
as the emitted light signal is directly proportional to ATP concentration.

2.4. Calreticulin (CALR) evaluation

To detect CALR on cell surface, MDA-MB-231 (6x104 cells) and MDA- 
MB-468 (4x104 cells) were seeded in 6-well plates and treated with 
SAHA at IC25 for 72h. After the incubation, cells were detached with 
trypsin, collected, washed with PBS, and stained with calreticulin-PE 
conjugated antibody (1:100, Enzo Life Sciences, New York, NY, USA) 
for 15 min on ice as previously described (Di Somma et al., 2019a). After 
the staining, cells were washed with PBS and analyzed by flow cytom
etry. Data acquisition was performed with a BD LSRFortessa (BD Bio
sciences, San Jose, CA, USA) and analyses were carried out using 
Flowlogic Software (MACS, Miltenyi Biotec).

2.5. High mobility group box 1 (HMGB1) intracellular amount and 
extracellular release

MDA-MB-231 (6x104 cells) and MDA-MB-468 (4x104 cells) were 
seeded in 6-well plates and left to adhere overnight. Cells were then 
treated with SAHA at the IC25 for 72h. After the incubation, cells were 
detached with trypsin, washed with PBS, permeabilized in methanol 
(90%) for 10 min on ice, and stored at − 20 ◦C prior to intracellular 
staining to evaluate HMGB1 levels. Cells were then washed and re- 
suspended in FACS buffer (BSA 0.2%, NaN3 0.05% in PBS), incubated 
with HMGB1-PE conjugated antibody (BioLegend) for 30 min at room 
temperature (R.T.), washed in PBS, re-suspended in FACS buffer and 
analyzed by flow cytometry.

To detect extracellular HMGB1 release, MDA-MB-231 cells (5 × 105 

cells per 60-mm culture dish) were seeded and allowed to adhere 
overnight, followed by serum starvation overnight. Cells were then 
treated with SAHA at the IC25 for 24h. Cell culture supernatants were 
collected and analyzed according to manufacturer's instructions using a 
Human HMGB-1 ELISA Kit (Elabscience, E-EL-H1554).

2.6. ELISA assays

To assess IL-6 and IL-8 production, TNBC cells (1 × 106) were seeded 
in 12-well-plates. After 12h of adherence, cells were serum-starved for 
24 h and then treated with SAHA at IC25 for 24h. Cell culture superna
tants were collected and centrifuged at 1600 rpm for 5 min at R.T. to 
remove cell debris. IL-6 and IL-8 levels were quantified by ELISA ac
cording to manufacturer's instructions of Human IL-8 (Thermo Fisher, 
88-8086) and Human IL-6 (Thermo Fisher, 88-7066) kits as previously 
described (Ambrosio et al., 2023; Di Somma et al., 2019b). To normalize 
cytokine production, cells were detached with trypsin, centrifuged and 
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viable cells were counted using the trypan blue exclusion assay. Cyto
kine concentrations (pg/ml) were normalized and expressed as pico
grams per 106 viable cells.

2.7. Western blot

TNBC cells (6 × 104 cells) were cultured in 6-well plates with SAHA 
(at IC25 and IC50) alone or in combination with the SOCS3 peptidomi
metic KIRCONG chim PEG (15 μM) for 72h. After the treatments, cells 
were lysed in R.I.P.A. buffer (50 mM TRIS-HCl, pH 7.4, containing 150 
mM NaCl, 0.5 M EDTA, 1 % NP-40, 0.5 % sodium deoxycholate, 0.1 % 
SDS) supplemented with phosphatase and protease inhibitors (1:100) 
and centrifuged at 17,000 g for 20 min at 4 ◦C, while cell culture su
pernatants were collected and stored at − 80 ◦C for T cell activation 
assays. Protein concentration was quantified by Bradford Protein Assay 
(Bio-Rad, Berkeley, CA, USA). Equal amount of protein (30 μg) was 
diluted in Laemmli sample buffer and separated by SDS-PAGE as pre
viously described (Malfitano et al., 2008). Proteins were resolved at a 
constant voltage of 100 mA and transferred onto 0,45 μm nitrocellulose 
blotting membrane (AmershamTM ProtranTM). Membranes were 
blocked in 5% non-fat dry milk in phosphate-buffered saline (PBS) 
containing 0.01% Tween-20 at R.T. for 1 h. Membranes were incubated 
overnight at 4 ◦C with anti-BAK (1:1000, Santa Cruz Biotechnology, 
sc-832), anti-phospho-STAT3 (Tyr705, 1:1000, R&D System, AF4607), 
anti-STAT3 (1:1000, R&D System, MAB1799), anti-SOCS3 (1:5000, 
66797, Proteintech), anti-COX-2 (1:1000, PA5-17614, Invitrogen), 
anti-β actin mouse monoclonal IgG (1:2000, SC47778, Santa Cruz 
Biotechnology), anti-vinculin (1:2000, Santa Cruz Biotechnology, 
sc-73614), and anti-tubulin (1:10000, Sigma Aldrich, T9026).

Subsequently, membranes were incubated with the secondary anti
bodies for 1h at R.T. with the secondary antibody Goat anti-Rabbit IgG 
(H + L)-HRP conjugate (Cat. Num. 170-6515, Bio-Rad Laboratories, 
USA) for BAK and pSTAT3, and COX-2; and Goat anti-Mouse IgG (H +
L)-HRP conjugate (Cat. Num. 170-6516, Bio-Rad Laboratories, USA) for 
STAT3, SOCS3, β-actin, vinculin, and tubulin. Protein bands were 
visualized using an enhanced chemiluminescence (ECL) system (Thermo 
Scientific, Rockford, IL, USA) as previously described (Napolitano et al., 
2022; Moraca et al., 2025). Densitometric analysis was performed using 
Image Lab software version 3.0 (Bio-Rad, Hercules, CA, USA).

2.8. T cell activation assays

Conditioned media (CM) were collected from cells treated with 
SAHA alone at IC25 and IC50, or in combination with KIRCONG chim 
PEG (15 μM). After 72 h of treatment, CM were harvested and centri
fuged at 1600 g for 5 min to remove cell debris and stored at − 80 ◦C until 
use. Freshly isolated PBMCs (1x106 cells/ml) from female healthy do
nors, were incubated with a 1:1 mixture of CM and fresh culture medium 
for 48 h h at 37 ◦C in a humidified atmosphere containing 5% CO2. 
Phytohemagglutinin (PHA, 1:25, TCL071, HiMedia) was used as a pos
itive control for T cell activation as previously described (Ciaglia et al., 
2017). After incubation, PBMCs were collected, washed with PBS, and 
stained for 10 min at 4 ◦C in the dark with fluorochrome-conjugated 
antibodies: CD4-FITC, CD8-APC, HLA-DR-PE and CD69-PE (Miltenyi 
Biotec) as previously described (Malfitano et al., 2013, 2016). Cells were 
then washed, resuspended in FACS buffer, and analyzed using a BD 
LSRFortessa flow cytometer. T cell activation was evaluated by assessing 
the expression of HLA-DR and CD69 within CD4+ and CD8+ T cell 
subsets.

2.9. Statistical analysis

Statistical analyses were performed using GraphPad Prism version 
10.4. Differences among groups were evaluated by Analysis of Variance 
(ANOVA) where required corrected for multiple comparison tests or by 
parametric unpaired two-tailed T test with Welch's corrections for 

pairwise comparisons. For non-parametric data the Kruskal-Wallis test 
or mixed-effect analysis with Fisher's LSD post-hoc test for multiple 
comparisons were applied. P values < 0.05 were considered statistically 
significant.

3. Results

3.1. SAHA inhibits TNBC cell viability

The effect of SAHA on cell viability was evaluated in TNBC cell lines 
MDA-MB-231, MDA-MB-468, and DU4475. Dose-response experiments 
using increasing concentrations of SAHA (0.04-10 μM) revealed a 
comparable inhibitory effect across all three cell lines after 72h of 
treatment (Fig. 1). A statistically significant reduction in cell viability 
was observed in all models, with MDA-MB-231 and MDA-MB-468 cells 
showing significant inhibition already at lower concentrations and at 
their IC25. IC25 and IC50 values were found to be similar among the three 
cell lines (Table 1). For subsequent ICD characterization, MDA-MB-231 
and MDA-MB-468 cells were selected as representative models, as they 
displayed greater responsiveness at lower SAHA concentrations and 
exhibit multi-driver molecular features. In contrast, DU4475 cells, 
which are primarily driven by a BRAF V600E mutation (Ku et al., 2022), 
were considered less suitable for studying immunogenic responses. 
TNBC cells were treated with SAHA at the IC25 for ICD-related assays. 
This sub-lethal concentration allows the evaluation of ICD-specific 
cellular events without inducing excessive cytotoxicity, thereby pre
serving sufficient cell viability for accurate assessment of extracellular 
ATP release, surface CALR exposure, and intracellular HMGB1 levels.

3.2. SAHA induces ICD in MDA-MB-231 cells

The effects of SAHA at its IC25 were investigated in MDA-MB-231 and 
MDA-MB-468 cells to evaluate modulation of the three main hallmarks 
of ICD: extracellular ATP release, CALR surface exposure and HMGB1 
levels. SAHA treatment significantly increased ATP release in MDA-MB- 
231 cells, whereas the increase in MDA-MB-468 cells was not statisti
cally significant. (Fig. 2A). Similarly, both CALR cell surface exposure 
and intracellular HMGB1 levels were upregulated exclusively in MDA- 
MB-231 cells, while no significant changes were detected in MDA-MB- 
468 cells (Fig. 2B–C). Consistently, extracellular HMGB1 release was 
increased in MDA-MB-231 cells after SAHA treatment. In two indepen
dent experiments, HMGB1 levels were 6038 ± 1128 pg/106 cells in 
untreated cells and 7131 ± 752 pg/106 cells in SAHA treated cells, 
corresponding to an approximate 15% increase, in agreement with the 
intracellular HMGB1 detection.

3.3. SAHA induces IL-6 in MDA-MB-231 cells

To investigate potential changes in the tumor-associated secretome, 
we evaluated the secretion of the pleiotropic cytokine IL-6 and the pro- 
inflammatory chemokine IL-8 in TNBC cells following 24h of SAHA 
treatment at its IC25. Cytokine levels were quantified by ELISA. We 
observed that SAHA significantly increased IL-6 secretion in MDA-MB- 
231 cells, while no significant changes were observed in MDA-MB-468 
cells (Fig. 3A). In contrast, IL-8 secretion was not significantly affected 
by SAHA treatment in either cell line, as no modulation was detected 
compared to the supernatant of untreated control cells (Fig. 3B).

To determine whether the difference in IL-6 secretion at the basal 
levels between the two cell lines could be explained by different SOCS3 
expression, SOCS3 protein levels were measured. As previously re
ported, SOCS3 is expressed at low levels in MDA-MB-231 cells (Kim 
et al., 2015), while we observed higher expression in MDA-MB-468 cells 
consistently with the lower IL-6 secretion observed in these cells 
(Fig. 3C).

To explore potential pro-tumorigenic mechanisms underlying IL-6 
upregulation in SAHA-treated MDA-MB-231 cells, we evaluated COX-2 
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expression, known to be upregulated in TNBC cells (Giunashvili et al., 
2024) and to promote IL-6 induction via prostaglandin E2 (PGE2) 
(Pandey et al., 2024). A trend toward increased COX-2 expression was 
observed following SAHA treatment; however, this effect did not reach 
statistical significance (Supplemental Fig. S1).

The difference in IL-6 basal levels provides a mechanistic rationale 
for the use of the SOCS3 peptidomimetic KIRCONG chim PEG in MDA- 
MB-231 cells, aiming to functionally replace SOCS3 and inhibit IL-6/ 
STAT3 signaling.

3.4. KIRCONG chim PEG in combination with SAHA decreases pSTAT3 
expression and potentiates pro-apoptotic effects

To compensate for the low SOCS3 expression in MDA-MB-231 cells 
(Kim et al., 2015) and the increased IL-6 levels, SAHA at its IC25 and IC50 
was combined with the SOCS3 peptidomimetic KIRCONG chim PEG (15 
μM), designed to interact with JAK2 and inhibit pSTAT3 (Wang et al., 
2024). The selected concentration of KIRCONG chim PEG was based on 
previous evidence demonstrating effective inhibition of STAT3 activa
tion at low micromolar ranges. A PEG-modified SOCS3 mimetic has been 
reported to selectively penetrate TNBC cells and strongly inhibit STAT3 
activation at comparable concentrations (La Manna et al., 2024). We 
therefore evaluated whether functional SOCS3 replacement could 

reduce pSTAT3 levels and enhance apoptosis in SAHA-treated cells. 
SAHA alone, at either IC25 or IC50, did not significantly affect the 
pSTAT3/STAT3 ratio compared to untreated controls (Fig. 4). Notably, 
the combination of SAHA (IC25) and KIRCONG chim PEG significantly 
reduced pSTAT3/STAT3 levels compared to SAHA alone (Fig. 4A). The 
combination of SAHA (IC50) and KIRCONG chim PEG significantly 
reduced pSTAT3/STAT3 levels only compared to the untreated controls. 
As expected, KIRCONG chim PEG alone also decreased pSTAT3/STAT3 
expression (Fig. 4).

To assess if the combinatory treatment enhanced apoptotic signaling, 
we evaluated the expression of the pro-apoptotic protein, BAK. SAHA 
alone increased BAK expression at both IC25 and IC50, reaching a sta
tistically significant effect only at the IC50 compared to untreated control 
cells (Fig. 4). At the IC25, the effect of SAHA was significantly potenti
ated by KIRCONG chim PEG, with increased BAK expression compared 
to both untreated cells and single treatments. At IC50, BAK levels 
remained higher in the combination compared to SAHA alone, however, 
statistical significance was reached only versus untreated controls and 
the peptidomimetic alone. Quantitatively, BAK expression (mean ±
SEM) was 40.9 ± 8.5 in cell treated with SAHA (1 μM) alone and 70.1 ±
8.5 in cells treated with SAHA (1 μM) in combination with KIRCONG 
chim PEG (15 μM). The peptidomimetic alone did not exhibit pro- 
apoptotic effects (Fig. 4).

3.5. KIRCONG chim PEG enhances SAHA-induced cytotoxicity and T cell 
activation in MDA-MB-231 cells

To determine whether KIRCONG chim PEG potentiated SAHA- 
induced cytotoxicity, IC25 and IC50 values of SAHA were calculated in 
the presence or absence of the peptidomimetic (15 μM) by MTT assays. 
In MDA-MB-231 cells, co-treatment reduced the IC25 value from 0.22 ±
0.12 to 0.09 ± 0.05, while the IC50 remained unchanged. Although the 
reduction in IC25 did not reach statistical significance, it indicated a 
trend toward increased sensitivity to sub-toxic concentrations of SAHA. 

Fig. 1. SAHA inhibitory effect on cell viability. The effect of SAHA on MDA-MB-231, MDA-MB-468, and DU4475 was determined by MTT assay. Cell viability is 
expressed as percentage of survival relative to untreated control cells and histograms represent the mean ± SD of three independent experiments using increasing 
concentrations of SAHA. Statistical significance of cell survival inhibition versus untreated control cells was calculated by two-way ANOVA followed by Dunnett's 
multiple comparisons test (*p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001).

Table 1 
IC25 and IC50 of SAHA in the investigated cell lines.

MDA-MB-231 MDA-MB-468 DU4475

IC25 0.25 ± 0.08 0.24 ± 0.12 0.32 ± 0.08
IC50 0.91 ± 0.27 1.06 ± 0.84 0.94 ± 0.24

IC25 and IC50 (μM) values ± standard error (SEM) obtained for SAHA in MDA- 
MB-231 MDA-MB-468 and DU4475 cell lines after 72h of drug exposure. (IC25 
values may differ from those reported in Section 3.5 as they derive from inde
pendent experiments).
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The peptidomimetic alone did not affect cell viability, supporting its role 
as a signaling modulator rather than a direct cytotoxic agent.

In contrast, in MDA-MB-468 cells, which display constitutive STAT3 
phosphorylation (data not shown), the combination did not significantly 
modify SAHA-induced cytotoxicity.

To assess the functional immunological consequences of treatment, 
PBMC were incubated with conditioned media (CM) collected from 
MDA-MB-231 cells treated with SAHA alone or in combination with 
KIRCONG chim PEG. As a positive control for T cell activation, PBMC 
were stimulated with PHA. Expression of the activation markers HLA-DR 
and CD69 was assessed on CD4+ and CD8+ T cells. CM derived from co- 
treated tumor cells significantly increased HLA-DR and CD69 expression 
selectively in the CD4+ T cell subset, whereas no significant modulation 
was observed in CD8+ T cells (Fig. 5).

4. Discussion

In recent years numerous HDACi have been developed, and their 
promising anticancer efficacy has supported their advancement into 

clinical trials (Mann et al., 2007). However, although limited efficacy 
has been observed when using HDACi as single agents, they have been 
reported to enhance the sensitivity of BC cells to radiotherapy and 
chemotherapy (Chiu et al., 2013) and to exert synergic or additive ef
fects when combined with conventional chemotherapeutic agents 
(Wawruszak et al., 2015). Based on these findings, we investigated the 
specific effects of SAHA in TNBC models using cell lines representative 
of distinct molecular subtypes.

Our results demonstrate that SAHA exerts a significant inhibitory 
effect on TNBC cell viability in MDA-MB-231, MDA-MB-468 and 
DU4475 cells, with comparable IC25 and IC50 values across the three 
models. Previous studies have reported the anti-proliferative effects of 
HDACi in TNBC cells (Nimal et al., 2025). In particular, SAHA was 
shown to inhibit proliferation in MDA-MB-231 and MDA-MB-468 cells 
after 48h of treatment with MDA-MB-468 cells appearing more resistant 
(Wawruszak et al., 2019). To better characterize the mechanisms un
derlying SAHA-mediated cytotoxicity and considering its reported 
immunomodulatory properties (Medon et al., 2017; Shen et al., 2017; 
Laengle et al., 2020), we selected more responsive MDA-MB-231 and 

Fig. 2. SAHA induces ICD in MDA-MB-231 cells. TNBC cells were treated with SAHA at the IC25 for 72h to measure ICD markers: extracellular ATP release, CALR 
surface exposure, and intracellular HMGB1 levels. SAHA increased extracellular ATP release (A) in both MDA-MB-231 (black bars) and MDA-MB-468 (gray bars) cell 
lines, although statistical significance was reached only in MDA-MB-231 cells. SAHA upregulated CALR expression exclusively in MDA-MB-231 cells, as shown in the 
representative histogram and flowcytometric profile (B). Similarly, SAHA upregulated intracellular HMGB1 levels only in MDA-MB-231 cells (C). Data are repre
sentative of at least three independent experiments. Statistical analysis was performed by Kruskal-Wallis test (**p < 0.01, ***p < 0.001).
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MDA-MB-468 cells and evaluated key hallmarks of ICD, including 
extracellular ATP release, CALR surface exposure, and HMGB1in
tracellular levels and release (Di Somma et al., 2019b).

We selected the IC25 concentration for subsequent experiments, in 
agreement with previously published studies (Pang et al., 2023) and to 
avoid excessive cell death that could mask immunogenic signals and 
prevent discrimination between ICD-specific effects and general cyto
toxicity. At IC25, SAHA induced extracellular ATP release in both 
MDA-MB-231 and MDA-MB-468 cells, reaching statistical significance in 
MDA-MB-231 cells. However, CALR surface exposure and increased 
intracellular HMGB1 levels, together with detectable HMGB1 release, 
were observed exclusively in MDA-MB-231 cells. These findings indicate 
that SAHA induces full ICD in MDA-MB-231 cells, whereas 
MDA-MB-468 cells do not undergo complete ICD under the same 

conditions. This difference reflects intrinsic biological heterogeneity 
between the two TNBC models.

Afterwards, we evaluated modulation of secretome by measuring IL- 
6 and IL-8 levels. In particular, IL-6 is a key activator of the JAK/STAT3 
pathway, promoting STAT3 phosphorylation and supporting cancer cell 
survival, proliferation, and immune modulation in TNBC (Malekinejad 
et al., 2025; Liu et al., 2023).

Notably, SAHA significantly upregulated IL-6 in MDA-MB-231 cells, 
without affecting IL-8 levels in either cell line. In addition, given the 
established role of COX-2 in promoting IL-6 production through pros
taglandin E2 (PGE2) (Pandey et al., 2024), we observed a trend toward 
increased COX-2 expression following SAHA treatment, although not 
reaching statistical significance. This trend may be consistent with a 
contribution of COX-2-mediated inflammatory signaling to IL-6 

Fig. 3. SAHA affects cytokine secretion and basal SOCS3 levels in TNBC cells. TNBC cells were serum-starved overnight and then treated with SAHA at the IC25 
for 24h. IL-6 (A) and IL-8 (B) secretion were measured in cell supernatants and normalized to the number of viable cells. Histograms are representative of three 
independent experiments. A statistically significant increase of IL-6 was detected in MDA-MB-231 cells. Basal SOCS3 protein expression in untreated MDA-MB-231 
and MDA-MB-468 cells was evaluated by Western blot analysis. A representative immunoblot is reported. The densitometric quantification normalized to tubulin 
represents the mean ± SD of three independent tests, indicating lower SOCS3 expression in MDA-MB-231 cells compared to MDA-MB-468 cells (C). Statistical 
analysis was performed using unpaired t-test for densitometric analysis and with Welch's corrections for ELISA data (*p < 0.05).

Fig. 4. Combinatory effect on pSTAT3 and BAK expressions. TNBC cells were treated with SAHA and KIRCONG chim PEG for 72h at the concentrations indicated. 
Protein expression levels of pSTAT3, STAT3, and BAK are shown. As control vinculin and β-actin were used. The reported densitometric analyses represent the mean 
± SD of three independent experiments. Statistical analyses were performed by mixed-effect analysis with Fisher's LSD test post-hoc test for multiple comparisons. 
(*p < 0.05, **p < 0.01, ***p < 0.001).
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upregulation. However, further studies would be required to clarify the 
mechanistic link between COX-2 modulation and IL-6 secretion in this 
setting. Although increased IL-6 and COX-2 are generally associated 
with pro-tumorigenic signaling, this effect appears to be counter
balanced by SAHA-reduced cell growth and ICD induction.

Moreover, MDA-MB-231 and MDA-MB-468 cells displayed distinct 
basal IL-6 secretion. The higher IL-6 secretion in MDA-MB-231 cells is 
consistent with their lower basal SOCS3 expression compared to MDA- 
MB-468 cells. Previous reports showed high basal IL-6 and low SOCS3 
levels in MDA-MB-231 cells (Kim et al., 2015).

Despite exhibiting similar cytotoxic sensitivity to SAHA, MDA-MB- 
231 and MDA-MB-468 cells belong to distinct TNBC molecular sub
types. MDA-MB-231 cells display a claudin-low/EMT-like phenotype, 
whereas MDA-MB-468 cells are representative of a basal-like subtype 
with different signaling features. These intrinsic differences likely 
contribute to distinct immunogenic responses including ICD and IL-6 
modulation, independently of overall cytotoxic sensitivity.

The up-regulation of IL-6 observed in MDA-MB-231 cells is consis
tent with reports suggesting that activation of the IL-6/JAK/STAT3 axis 
may limit HDACi efficacy (Liang et al., 2022). To address this possibility, 
we evaluated pSTAT3 expression in MDA-MB-231 cells treated with 
SAHA in combination with the SOCS3 peptidomimetic KIRCONG chim 
PEG (La Manna et al., 2024), given that SOCS3 is a physiological 
negative regulator of IL-6 signaling (Croker et al., 2003). Co-treatment 
reduced pSTAT3/STAT3 levels and increased expression of BAK, sup
porting that SOCS3 functional replacement enhances the anti-cancer 
activity of SAHA.

The improved anti-cancer effect with the combinatory treatment 
might be ascribed to a dual mechanism involving ICD induction and 
suppression of STAT3-dependent resistance pathways.

Consistently, co-treatment reduced the IC25 of SAHA in MDA-MB- 
231 cells, suggesting increased sensitivity to sub-toxic concentrations of 
HDAC inhibition. The absence of effect on IC50 may support the fact that 
this concentration already induces near-maximal cytotoxicity.

In contrast, IC25 and IC50 values were not significantly altered in 
MDA-MB-468 cells, supporting the context-dependent nature of SOCS3 
replacement. Although STAT3 phosphorylation is detectable in MDA- 
MB-468 cells, their relatively low basal IL-6 levels suggest that STAT3 
activation may be maintained by alternative signaling pathways inde
pendent of IL-6.

To explore the functional immunological relevance of SAHA-induced 
ICD, we evaluated T cell activation in response to CM from treated tumor 
cells. CM from MDA-MB-231 cells co-treated with SAHA and KIRCONG 
chim PEG significantly increased HLA-DR and CD69 expression selec
tively in CD4+ T cells, whereas CD8+ T cells were not significantly 
affected. The preferential activation of CD4+ T cells is consistent with 
enhanced helper T cell priming, which plays a critical role in 

orchestrating anti-tumor immunity by supporting cytotoxic T lympho
cyte expansion and shaping the tumor microenvironment. The lack of 
CD8+ T cell activation may reflect the absence of direct antigen pre
sentation in this in vitro system.

Importantly, enhanced CD4+ T cell activation is consistent with the 
dual mechanism observed in MDA-MB-231 cells, in which induction of 
ICD is coupled with suppression of IL-6/STAT3-mediated inflammatory 
resistance. Thus, SOCS3 functional replacement appears not only to 
enhance cytotoxicity but also to amplify the immunogenic potential of 
HDAC inhibition in IL-6–high TNBC cells.

Compared with broad-spectrum chemotherapeutics or direct JAK 
inhibitors, this strategy represents a rational and selective approach 
targeting both tumor-intrinsic survival pathways and immune- 
regulatory circuits.

Overall, our findings demonstrate that coupling HDAC inhibition 
with targeted disruption of the IL-6/STAT3 axis enhances both cytotoxic 
and immunogenic responses in inflammatory TNBC models. Validation 
in immunocompetent in vivo systems will be necessary to determine the 
translational potential of this combinatory strategy and its impact on 
tumor–immune interactions within the tumor microenvironment.
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cytometry. PHA was used as a positive control for T activation. Data are representative of five independent experiments. Statistical analysis was performed by two- 
way ANOVA followed by Dunnett's multiple comparisons test (*p < 0.05, **p < 0.01, ****p < 0.0001).
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