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Introduction

The devitalization of tissue using high hydrostatic pressure (HHP) is an advanced method for processing tumor-infiltrated cartilage to treat tissue defects. This approach preserves the structural and biomechanical properties of the graft while effectively eliminating tumor cells. However, HHP induces the release of cytokines, which may influence the behavior of residual tumor cells in the surrounding tissue. This study characterizes cytokine profiles of HHP-treated head and neck squamous cell carcinoma (HNSCC) cell lines and evaluated its biological effects on intact tumor cells to further assess the oncological safety of the method.





Methods and results

HHP- treatment resulted in a dose-dependent release of pro-inflammatory cytokines, primarily IL-1α and IL-1β, in all investigated cell lines, while IL-6 and IL-8 concentrations were higher in untreated samples. Functional assays demonstrated that supernatants from HHP-treated HNSCC cells significantly enhanced proliferation, migration, and invasion of HNSCC cells relative to control conditions, with these effects being most pronounced at 200 MPa, a pressure associated with incomplete tumor cell devitalization. At 300 MPa, HHP achieved complete devitalization, correlating with intensified necrotic processes and increased intracellular cytokine release.





Discussion

Our findings indicate that while HHP significantly influences the cytokine profile and tumor cell behavior, pressures of ≥300 MPa ensure complete tumor cell devitalization, supporting its oncological safety for clinical applications. Further in vivo studies are needed to validate these observations and confirm the clinical safety of HHP-treated materials.





Keywords: high hydrostatic pressure (HHP), cytokine release, head and neck cancer, whole cell vaccination, immune modulation, squamous cell carcinoma




1 Introduction

High Hydrostatic Pressure (HHP) is an emerging technique in tissue engineering and regenerative medicine, offering a cost-effective approach for tissue devitalization while preserving structural integrity and biomechanical properties (1–6). By applying pressures up to 600 MPa, HHP disrupts cellular membranes, leading to cell devitalization without compromising the extracellular matrix, a critical factor for the success of grafts and implants in reconstructive surgery (1, 7). Due to its uniform pressure distribution across complex tissues according to Pascal´s law, HHP ensures standardized treatment, making it especially valuable for the preparation of autologous, tumor-infiltrated tissues such as cartilage for reimplantation (1, 3, 8).

While HHP is extensively used in food safety application for bacterial inactivation, its potential in regenerative medicine and oncology remains an active area of research (1, 9–12). Initial approaches from our working group have explored the use of advanced tissue grafts in head and neck surgery, where reconstruction is performed utilizing HHP-treatment (13). In head and neck surgery, especially for squamous cell carcinomas (SCC), functional and aesthetic preservation is a crucial aspect (14–18). SCCs in the head and neck region often cause significant tissue damage, have high recurrence rates, and often respond inadequately to secondary treatments such as immunotherapy (19–24). This challenge is particularly evident in cases of laryngeal infiltration, where partial laryngeal resection may be necessary for organ preservation. However, effective reconstruction is often limited by the loss of structural support within the laryngeal skeleton. Autologous reconstruction of tumor-surrounding or even partially affected cartilage might provide a tissue-preserving option that addresses both functional and aesthetic concerns (25–27).

Beyond tissue devitalization, HHP-treatment of HNSCC cells has demonstrated its capacity to induce immunogenic cell death, marked by calreticulin translocation and elevated ATP release at higher pressures, which can stimulate an antigen-specific immune response (28). This positions HHP as a valuable tool in developing whole-cell cancer vaccines. HHP provides an efficient and non-toxic method for devitalizing tumor cells, serving as an alternative to conventional methods such as chemical treatment, irradiation, or freeze-thaw cycles (29, 30). Importantly, HHP-treatment preserves the antigenicity of tumor cells, as well as the primary and secondary structures of proteins (28, 30, 31). Studies have shown that dendritic cell-based vaccines, pulsed with HHP-inactivated tumor cells, hold promise as an immunotherapy approach for solid tumors (30, 32–35). Additionally, it was observed that HHP-treated melanoma cells, in combination with irradiation, could significantly suppress tumor growth in mice (8, 36–38).

A previous work has shown that HHP-treatment at 315 MPa for 10 min effectively devitalizes head and neck SCC (HNSCC) cells while preserving the integrity of the cartilage matrix (28). While this safe devitalization of tumor cells is promising, ensuring the oncological safety of autografts for reimplantation remains crucial. In particular, residual cytokines and tumor antigens within the treated cartilage could influence surrounding cells, including any remaining tumor cells, stem cells, and fibroblasts. Cytokines play a central role as mediators of the immune response and may be critical in the context of HHP-treatment. Pro-inflammatory cytokines such as Interleukin (IL)-1, IL-6, and IL-8 are of particular interest, as they can influence the tumor microenvironment and potentially stimulate immune responses (39–41). However, they may also contribute to chronic inflammation, a factor associated with tumor progression in SCCs (39). Conversely, certain cytokines can act as adjuvants in tumor vaccination by enhancing antigen presentation, promoting T-cell responses, or modulating the immune environment in ways that support anti-tumor immunity (42–45).

A detailed analysis of the cytokines released during HHP-treatment is crucial to evaluate how these factors impact the tumor microenvironment and oncological safety. In this study, relevant cytokines were identified through comprehensive screening, and their release during HHP-treatment was analyzed. Experiments were conducted to assess the effects of these cytokines on the proliferation, migration, and invasion of HNSCC cell lines. These investigations are essential to fully understand the potential of HHP-treatment for autologous reconstruction and the development of immunotherapies.




2 Materials and methods

The experimental procedures used to investigate cytokine release following HHP treatment of HNSCC cells and the subsequent effects of conditioned media (CM) on tumor cell behavior are summarized in the graphical abstract shown in Figure 1.
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Figure 1 | Experimental workflow and key findings of the study. HNSCC cell lines (HNSCC16, UTSCC14, HNSCC46 and PE/CA/PJ-15-NIR-680) were treated with high hydrostatic pressure (0, 200, 300 MPa), and the resulting conditioned media (CM) were analyzed for cytokine release using dot blot and multiplex assays. Identified cytokines (IL-1α, IL-1β, IL-6, IL-8, MCP-1, SDF-1) were functionally assessed for their effects on tumor cell proliferation, migration, and invasion.



2.1 HNSCC cell line cultivation

The head and neck squamous carcinoma cell lines HNSCC16 (larynx P1 M1), UTSCC14 (tongue, RRID: CVCL_7810), HNSCC46 (hypopharynx P0 M2) and PE/CA/PJ-15 (tongue, RRID: CVCL_2678) were utilized in this study.

PE/CA/PJ-15, originally obtained from the German collection of cell cultures (DSMZ; Braunschweig, Germany) was transduced to stably express the fluorescent near-infrared protein iRFP680 (NIR). The primary tumor cells HNSCC16 and HNSCC46 were established by the research group (Schoenwalder et al. (46)) and authenticated by STR profiling (against the respective patient tumor and patient-derived xenograft (PDX)). All cell lines were Human papillomavirus (HPV) negative, and all experiments were performed with mycoplasma-free cells.

Cells were grown in Dulbecco´s modified Eagel medium (DMEM)/Ham´s F12 (1:1) (Pan Biotech Germany) supplemented with 10% fetal calf serum (FCS, Pan Biotech, Germany) and 1% Penicillin/Streptomycin (P/S, Sigma-Aldrich, US) and cultured in 75 cm2 culture flasks at 37°C with 5% CO2 in a humified incubator. The medium was replaced every 2–3 days. Upon reaching 80-90% confluence, cells were washed with Dulbecco´s Phosphate Buffered Saline (DPBS, Gibco, US), detached with 0.25% Trypsin-ethylenediaminetetraacetic acid (EDTA, Pan Biotech, Germany), and seeded in new flasks or treatment wells.

For the experiments DMEM/Ham´s F12 (1:1) supplemented with 1% Insulin-Transferrin-Selenium (ITS, Gibco, US) and 1% P/S was used to eliminate interfering effects of FCS and is labelled as serum-free medium or control (CTRL) medium in this study.




2.2 High hydrostatic pressure treatment and preparation of conditioned medium

HHP-treatment was performed in cryotubes (1,8 mL Nunc, Thermo Fisher Scientific, US). 1 × 106 HNSCC cells (HNSCC16, UTSCC14, HNSCC46, PE/CA/PJ-15) were suspended in serum-free medium (DMEM/F12 + 1% ITS + 1% P/S) and added to the cryotube. The cryotubes were centrifuged at 120 x g for 8 min, filled with serum-free medium, and closed without air bubbles. The cryotubes were sealed with Parafilm M Laboratory Film (Pechiney Plastic Packaging Inc., US) and placed into water-filled, air-bubble-free centrifuge tubes. The sealed centrifuge tubes containing the samples were then placed in the glycol-filled pressure chamber of the high hydrostatic pressure device (Dustec Hochdrucktechnik GmbH, Germany). Cells were treated for 10 min at 0, 200 or 300 MPa respectively, with the temperature maintained at 20°C. The pressurization phase consisted of an initial pressure increase at +25 bar/s, followed by a slower ramp at +10 bar/s until the target pressure was reached. The target pressure was maintained for 10 min, after which decompression occurred at −25 bar/s. After treatment, the cryotubes were centrifuged again, incubated for 1 hour (h) at 37°C, and then the CM was transferred to a new cryotube. The CM was frozen at -80°C until further use in experiments.

CM of the different cell lines is labelled CMHNSCC16, CMUTSCC14, CMHNSCC46 and CMPE/CA/PJ-15 in this study.




2.3 Cytokine screening using the dot blot assay

The Human Cytokine Array C3 (RayBiotech Inc., USA) dot blot assay was used as a qualitative method to analyze the secretion of 42 cytokines, including key pro-inflammatory cytokines, chemokines, and growth factors. The assay was performed on thawed CM collected from pressure treated HNSCC16 (200 MPa and 300 MPa) and untreated control cells (0 MPa). The assay was conducted following the manufacturer’s protocol. Labeled proteins were visualized via enhanced chemiluminescence, using detection buffer and X-ray film exposure. Cytokines appeared as dots of varying intensity and size. Dot blot assay was performed once for qualitative cytokine screening to identify relevant targets for subsequent quantitative analysis.




2.4 Cytokine quantification in conditioned medium

Cytokine levels (IL-1α, IL-1β, Monocyte Chemoattractant Protein-1 (MCP-1), Stromal cell-derived factor 1 (SDF-1), IL-6, IL-8) of CM of treated cells (200 and 300 MPa) and control cells (0 MPa) were determined using the LEGENDplex Human Custom Panel (BioLegend, US) according to the manufacturer`s instructions. Briefly, CM were incubated with capture beads over night at 4°C on an orbital shaker. Next, detection antibody was added, and beads were incubated for 1 h at room temperature. After washing the beads, samples were measured using a BD Canto flow cytometer (BD Biosciences, US). Cytokine concentration was calculated of triplicates based on a standard curve using the BioLegend LEGENDplex data analysis software (version 2023-02-15, BioLegend, US). Quantification of cytokines was repeated at least four times per sample in technical triplicates.




2.5 Quantification of cellular proliferation

Cell counts over time were analyzed as a measure of cell proliferation using CASY Cell Counter (OMNI Life Science GmbH & Co. KG, Germany). HNSCC16 or UTSCC14 cells respectively were seeded in duplicates in a 24-well cell culture plate in serum-free medium. Medium was changed after 5 h and CM or control medium respectively were applied. Cells were incubated for 96 h and counted every 24 h. Each experiment was repeated at least four times in technical duplicates.




2.6 Analysis of cell migration potential

Tumor cell migration of HNSCC16 and UTSCC14 cells was evaluated by the scratch assay using Ibidi culture-insert 2 well system (Ibidi, Germany). Inserts were placed in a 24-well plate and 4 x 104 HNSCC16 or 5 x 104 UTSCC14 cells respectively were seeded in 100 μL serum-free medium in each insert chamber. After allowing the cells to attach overnight, the culture insert was removed to create a cell-free gap, and the cells were covered with CM or control medium respectively. Migrating cells were documented immediately after creation of the gap (0 h) at 10x magnification via live-cell-imaging (Carl Zeiss AG, Germany) under stable pressure of 5% CO2 in air at 37°C. The cell migration was recorded at the whole area of the gap at 2 h time intervals for 16 h. Evaluation was performed by measuring the cell-free area with ImageJ software (version 1.54 f, National Institutes of Health, US). Data was collected from at least three independent experiments each performed with four to six technical replicates.




2.7 Characterization of the tumor cell invasion potential

Tumor cell invasion potential of HNSCC16 and UTSCC14 cells was evaluated using the Boyden chamber assay. For this purpose, 5 x 104 cells were seeded in triplicates in 800 μL serum-free medium on top of gelatine-coated filter (pore size 8 μm; it4ip S.A., Belgium). The bottom chamber was filled with 290 μL of CM or control medium respectively. The cells were incubated for 4 or 24 h in the chambers at 37°C and 5% CO2. After incubation time the filters were removed, and non-migrated cells were wiped away. Filters were then placed upside down on a glass slide and cells were fixed with 4% paraformaldehyde (Otto Fischar GmbH & Co. KG, Germany) for 10 min. Afterwards, filters were washed in DPBS and stained with Hoechst reagent (0.5 µg/mL; Sigma-Aldrich, US) for 10 min and placed on glass slides. The invaded cells were counted using a fluorescence microscope (Leica Microsystems GmbH, Germany) at 10x magnification, evaluating ten fields of view per filter. Each experiment was repeated at least four times in technical triplicates.




2.8 Spheroid growth assay

Three-dimensional (3D) spheroid formation was assessed using HNSCC16 cells. Cells were seeded into 12-well plates and treated with CMHNSCC16 (0 MPa and 300 MPa) or control medium respectively for priming the cells for 48 h. Subsequently, cells were detached and 1 × 105 were seeded in a custom-fabricated polydimethylsiloxane (PDMS) µ-well insert made from 1600 kPa-stiff silicone. For this, Sylgard® 184 (PDMS) (VWR, USA) was used and mixed in various base (A) to crosslinker (B) ratios (R) (R; A to B, (w/w)). Mixing ratios were calculated from existing calibrations and substrates were prepared as described previously (47). Cross-linking occurred at 50°C overnight. After curing, respective elasticities were measured with nanoindentation. Effective Young’s modulus (Eeff) of 1600 kPa (R; 10 to 1 – cartilage) were validated and used up to a deviation of 10%. Sterilization of elastomer substrates was performed by washing once with 1 mL of 98% isopropanol (IPA) and 1 mL of 1x DPBS. Afterwards, substrates were dried completely under sterile conditions for at least 1 h before use. The insert provides 64 uniform microcavities, each 500 µm in diameter, allowing for reproducible spheroid formation and quantitative analysis of 3D cell growth. Either CM or control medium was added to each chamber. Spheroid growth was monitored over a period of five days. Images were acquired at 24 h, 48 h, and 120 h using a fluorescence microscope (Carl Zeiss AG, Germany) at 10x magnification. Spheroid area and diameter were quantified using ImageJ software (version 1.54f, National Institutes of Health, USA). A total number of 62 spheroids per condition was analyzed.




2.9 Statistical analysis

Statistical analysis was performed using GraphPad PRISM software, version 8.0.1 (GraphPad Software, US). A p-value <0.05 was considered statistically significant. After proving the assumption of normality (Shapiro-Wilk test), one-way ANOVA with Tukey´s multiple comparison post hoc test was performed. If the normality test failed, the Kruskal-Wallis test with Dunn´s multiple comparison test was performed.





3 Results

This study identified and quantified cytokines associated with HHP-treatment of tumor cells. Additionally, the cytokine effects on the biological behavior of HNSCC tumor cells were analyzed, focusing on cell proliferation, migration, and invasion.



3.1 HHP-induced cytokine secretion

After treatment with HHP (0, 200, and 300 MPa), the CM from the tumor cells was analyzed for 42 cytokines using an antibody membrane assay, with a focus on pro-inflammatory cytokines (Supplementary Figure 1). All groups showed signals for IL-6, IL-8, MCP-1, and SDF-1. Additionally, the samples treated with 200 and 300 MPa showed signals for IL-1α and IL-1β.




3.2 Quantification of secreted cytokines

For detailed quantification of the identified cytokines, concentrations of IL-1α, IL-1β, MCP-1, SDF-1, IL-6, and IL-8 were determined using multiplex analysis.

IL-1α (Figure 2A) levels increased significantly after HHP-treatment, particularly at 300 MPa, across all analyzed cell lines. Compared to the untreated control, IL-1α concentrations were elevated by 26-fold in CMHNSCC16 (p<0.0001), 13-fold in CMUTSCC14 (p<0.0001), 22-fold in CMHNSCC46 (p<0.0001), and 18-fold in CMPE/CA/PJ-15 (p=0.001). Treatment at 200 MPa also led to significant IL-1α increases in CMHNSCC16 (10-fold, p=0.0229), CMUTSCC14 (11-fold, p=0.0019), and CMHNSCC46 (12-fold, p=0.0254) compared to untreated controls. The concentration in the 300 MPa treated samples was higher than in the 200 MPa treated samples, with significant differences observed in CMHNSCC16 (2.7-fold increase, p=0.0229).

[image: Bar graphs display cytokine concentrations (IL-1α, IL-1β, IL-6, IL-8, MCP-1, SDF-1) across four cell lines (HNSCC16, UTSCC14, HNSCC46, PE/CA-PJ15) at three pressure levels (0, 200, 300 MPa). Significant values are marked with asterisks.]
Figure 2 | Cytokine quantification in conditioned medium (CM) of high hydrostatic pressure-treated tumor cells using multiplex analysis. HNSCC cells HNSCC16, UTSCC14, HNSCC46 and PE/CA/PJ15 were treated with 0, 200, 300 MPa. CM was analyzed in a multiplex assay for IL-1α (A), IL-1β (B), IL-6 (C), IL-8 (D), MCP-1 (E), and SDF-1 (F). Results are shown as means and standard deviations; n=8-12 (from four independent experiments). Statistical analysis was performed via one-way ANOVA and Tukey’s multiple comparison post hoc test; *p<0.05; **p<0.01, ***p<0.001; ****p<0.0001. n.d, not detected.

IL-1β (Figure 2B) followed a similar pattern, with significant increases at 300 MPa across all cell lines. Compared to controls, IL-1β concentrations increased by 24-fold in CMHNSCC16 (p=0.0021), 10-fold in CMUTSCC14 (p=0.0006), 11-fold in CMHNSCC46 (p=0.0042), and 34-fold in CMPE/CA/PJ-15 (p=0.0247). At 200 MPa, IL-1β levels were significantly elevated in CMHNSCC16 (7.5-fold, p=0.0021) and CMUTSCC14 (13-fold, p<0.0001) compared to untreated samples. Although IL-1β levels were higher at 300 MPa than 200 MPa in all cell lines, the differences were not statistically significant.

In contrast, IL-6 (Figure 2C) concentrations were lower in HHP-treated samples compared to controls across all cell lines. At 200 MPa, IL-6 levels decreased by 8-fold in CMHNSCC16 (p=0.0015), 4-fold in CMHNSCC46 (p=0.0211), and 14-fold in CMPE/CA/PJ-15 (p=0.0064). At 300 MPa, significant reductions were observed in CMHNSCC16 (3.6-fold, p=0.0042) and CMPE/CA/PJ-15 (14-fold, p=0.0100). No significant differences were detected between 200 MPa and 300 MPa treatments.

A similar trend was observed for IL-8 (Figure 2D), with significant decreases at 200 MPa in CMHNSCC16 (20-fold, p=0.0024) and CMPE/CA/PJ-15 (1.8-fold, p=0.0377) compared to controls. At 300 MPa, IL-8 levels were significantly lower than in untreated controls in CMHNSCC16 (2.5-fold reduction, p=0.0101).

MCP-1 (Figure 2E) showed a dose-dependent increase in CMUTSCC14, CMHNSCC46, and CMPE/CA/PJ-15. However, statistical significance was observed only between 200 MPa and 300 MPa in CMHNSCC16 (1.8-fold increase, p=0.0458).

SDF-1 (Figure 2F) levels remained low across all samples, showing a non-significant trend towards increased release with higher pressure in all cell lines.




3.3 Proliferation analysis of HNSCC cells after treatment with conditioned medium

The effect of cytokines released by HHP-treated HNSCC tumor cells on the proliferation of HNSCC16 and UTSCC14 cells was analyzed by cell counting.

HNSCC16 cell proliferation (Figure 3A) increased when cultured with CMHNSCC16, compared to the medium control. Cells cultured with 200 MPa-CM exhibited the highest proliferation rates, with significant increases of 1.54-fold after 48 h (p=0.0002) and 1.87-fold after 72 h (p<0.0001) compared to the medium control. Similarly, cells cultured with 300 MPa-CM showed significantly higher proliferation, with a 1.35-fold increase at 48 h (p=0.0368) and a 1.50-fold increase at 72 h (p=0.0261) relative to the medium control. 0 MPa-CMHNSCC16 treated cells also promoted cell growth, with significant proliferation increases of 1.43-fold at 48 h (p=0.0032), 1.54-fold at 72 h (p=0.0071), and 1.54-fold at 96 h (p=0.0320) compared to the control.
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Figure 3 | Proliferation analysis of HNSCC cells exposed to conditioned medium (CM). HNSCC16 (A) and UTSCC14 (B) cells were cultured for 96 h with CM (0, 200, and 300 MPa). Serum-free culture medium served as reference and was set to 1 and all experimental conditions were normalized to this control. Data are presented as means and standard deviations; n=5-8 (from four independent experiments). Statistical analysis: one-way ANOVA, Tukey’s multiple comparison post hoc test; *p<0.05; **p<0.01, ***p<0.001; ****p<0.0001.

In contrast, no significant differences in the growth behavior of UTSCC14 cells were observed after culturing with their own CM (Figure 3B).

To evaluate the relevance of cytokine effects under more physiologically representative conditions, a 3D spheroid growth assay was performed using HNSCC16 cells (Supplementary Figure 2). Cells were preconditioned with 0 MPa-CM, 300 MPa-CM, or control medium for 48 h prior to seeding in custom-fabricated μ-well inserts. During five days of observation, spheroid diameter and area were monitored. While spheroid growth was slightly reduced in the 300 MPa-CM group compared to control and 0 MPa-CM, the overall differences were moderate, and no proliferative enhancement was observed, in contrast to the 2D proliferation data.




3.4 Migration analysis of HNSCC cells after treatment with conditioned medium

The effect of cytokines following HHP-treatment on HNSCC cell migration was evaluated using a scratch assay.

The migration speed of HNSCC16 cells (Figure 4A) was highest when cultured with the 200 MPa-CMHNSCC16. After 16 h, the gap was nearly closed (97.08% ± 5.33%). The same was observed with the 0 MPa-CM (98.46% ± 2.56%). In contrast, the control and the 300 MPa-CM still showed an open gap after 16 h (85.45% ± 11.97% for CTRL; 82.52% ± 17.70% for 300 MPa) (Figure 4B). Significant differences between the 200 and 300 MPa conditions were observed after 8 h (57.71 ± 20.55% vs. 35.88 ± 9.95%; p=0.0119), 10 h (79.99 ± 18.08% vs. 48.79 ± 13.93%; p=0.0019), 12 h (89.42 ± 13.84% vs. 63.28 ± 15.64%; p=0.0094) and 14 h (94.70 ± 9.22% vs. 74.48 ± 18.69%; p=0.0047). After 14 h HNSCC16 cells treated with 200 MPa-CM showed significantly increased migration activity compared to cells treated with 0 MPa-CM (94.70 ± 9.22% vs. 79.64 ± 14.00%; p=0.0252)

[image: Panel A shows wound healing assays of HNSCC16 cells treated with conditioned medium at 0, 8, and 16 hours under different conditions: CTRL, 0 MPa, 200 MPa, and 300 MPa. Panel B presents a bar graph depicting the percentage of gap closing over 16 hours under the same conditions. Panel C displays UT-SCC14 cells with a similar treatment setup and time intervals. Panel D illustrates the corresponding bar graph for gap closing in UT-SCC14 cells. Significant differences are marked with asterisks.]
Figure 4 | Migration analysis of HNSCC cells exposed to conditioned medium (CM). HNSCC16 and UTSCC14 cells were cultured for 48 h with their CM (0, 200, and 300 MPa). The conditioned cells were seeded into Ibidi wound healing inlays and allowed to adhere overnight. After inlays removal, the cells were cultured with the corresponding medium in an incubation chamber. Cell migration of HNSCC16 (A) and UTSCC14 (C) cells was documented via live-cell imaging. Migration speed was determined by measuring the area of the remaining gap, which was normalized to the area at time 0 h (B, D). Serum-free culture medium served as reference (CTRL). Results are shown as means and standard deviations; n=10-11 (from three to four independent experiments). Statistical analysis: one-way ANOVA, Tukey’s multiple comparison post hoc test; *p<0.05; **p<0.01; scale bar: 500 µm.

Migration analysis of UTSCC14 cells (Figure 4C) following exposure to CM revealed no substantial differences between the various HHP-treatments. However, significant differences were observed between 0 MPa and 200 MPa treatments (9.75 ± 9.65% vs. 0.30 ± 5.26%; p=0.0277) within 2 h of migration analysis (Figure 4D). Between 8 and 16 h of incubation with CM, cells incubated with 0 MPa-CM exhibited reduced migratory activity compared to other conditions, although these differences were not statistically significant.




3.5 Invasion analysis of HNSCC cells after treatment with conditioned medium

The influence of cytokines in the CM after HHP-treatment on the invasion potential of HNSCC tumor cell lines was investigated using a Boyden chamber assay.

HNSCC16 cells showed increased invasion when exposed to the CM compared to the medium control (Figures 5A, C). After stimulation with 300 MPa-CMUTSCC14, HNSCC16 cells demonstrated a 2.02-fold increase in invasion compared to the control (p=0.0036). Additionally, HNSCC16 cells exhibited significant increases in invasion with 0 MPa-CMHNSCC46 and 200 MPa-CMHNSCC46, showing 1.79-fold (p=0.0236) and 1.74-fold increases (p=0.0337), respectively. In the presence of CMPE/CA/PJ-15, HNSCC16 cells showed 1.52-fold increased invasion activity with 300 MPa compared to the control (p=0.0494), as well as 1.87-fold increases between 0 MPa and 200 MPa and 0 MPa and 300 MPa (p=0.0132 in both cases). Boyden chamber assay with a prolonged incubation time of 24 h also revealed a trend toward increased invasion in response to HHP-conditioned medium across all cell lines (Supplementary Figure 3) with a statistically significant increase observed for HNSCC16 cells treated with 0 MPa-CMHNSCC46 compared to the control (1.59-fold increase; p=0.0386).

[image: Graphs and images showing the effects of conditioned media on cell counts. Graph A displays relative counts for HNSCC16 with varying media: HNSCC16, UTSCC14, HNSCC46, PE/CA-PJ15 at pressures 0 MPa, 200 MPa, and 300 MPa. Graph B shows similar data for UTSCC14. Panel C presents fluorescent images of HNSCC16 and UTSCC14 cells under control and different pressures, showing cell density changes.]
Figure 5 | Invasion analysis of HNSCC cells exposed to conditioned medium (CM). HNSCC cell lines HNSCC16 and UTSCC14 were examined using a Boyden chamber with a pore size of 8 µm. The lower compartment contains the CM from their own or another HNSCC cell line after high hydrostatic pressure-treatment (0, 200 and 300 MPa). Serum-free culture medium served as reference and was set to 1. The number of HNSCC16 (A) and UTSCC14 (B) cells that migrated through the membrane was determined and normalized to the control. Representative pictures of migrated HNSCC16 and UTSCC14 cells through the membrane are shown (C). Data are presented as means and standard deviations; n=8-12 (from four independent experiments). Statistical analysis: one-way ANOVA, Tukey’s multiple comparison post hoc test; *p<0.05; **p<0.01; ***p<0.001; scale bar: 100 µm.

Similarly, UTSCC14 cells demonstrated increased invasion potential when exposed to the CM, with all CM conditions (0, 200, and 300 MPa) showing higher invasion rates than the medium control (Figures 5B, C). When exposed to 300 MPa-CMHNSCC16, UTSCC14 cells showed a 1.77-fold increase in invasion activity compared to the control (p=0.0002). Significant differences were also observed between 0 MPa and 300 MPa (1.21-fold vs. 1.77-fold; p=0.0110) and 200 MPa and 300 MPa (1.30-fold vs. 1.77-fold; p=0.0498). Treatment with CMUTSCC14 resulted in a 1.39-fold increase for 0 MPa (p=0.0332) and 1.37-fold increase for 300 MPa (p=0.0462) compared to the control. Additionally, exposure to CMHNSCC46 at 200 MPa resulted in a 1.93-fold increase compared to the control (p=0.078). CMPE/CA/PJ-15 (200 MPa) led to a 1.76-fold increase in invasion compared to the control (p=0.0239). No significant differences in invasion activity were found between the 200 MPa and 300 MPa treatments for CMPE/CA/PJ-15.





4 Discussion



4.1 Oncological safety of HHP-treatment

Oncological safety is paramount in both autologous reconstruction of cartilage-infiltrating tumors and the development of whole-cell vaccines. This includes addressing the potential retention of cytokines and tumor antigens after HHP-treatment, which may influence surrounding cells, including residual tumor cells at the resection margin. In the context of whole-cell vaccines, certain cytokines may enhance immune responses, improving therapeutic outcomes. By identifying and characterizing cytokines and analyzing their effects on tumor cell proliferation, migration, and invasion, we aimed to evaluate the safety of HHP-treatment for clinical applications.

A critical factor in ensuring oncological safety is the choice of pressure levels used for devitalization. Previous findings demonstrated that 315 MPa is the threshold for effective devitalization of HNSCC cells (28). In unpublished data, this threshold was refined to 300 MPa, the pressure used in this study. Notably, when a pressure of 200 MPa is used, complete devitalization of tumor cells is not achieved. In this study, 200 MPa was also investigated to compare its effects on cytokine release and the associated biological responses with those observed at 300 MPa.




4.2 Structural integrity and autologous reimplantation

Cartilage subjected to HHP retains its structural integrity and can be revitalized with stem cells, maintaining both biomechanical properties and immunological compatibility (6, 48). These properties form the basis for the safe use of HHP-treated cartilage in reconstructive procedures after tumor resection. The ability to preserve cartilage integrity is crucial for autologous reimplantation, ensuring that the tissue retains its original function without compromising mechanical stability.

Compared to other tissue regeneration methods, HHP offers the advantage of maintaining extracellular matrix structures without introducing foreign materials or relying on decellularization processes. Other approaches, such as scaffold-based cartilage regeneration or synthetic implants, often lack the biomechanical fidelity required for long-term integration. HHP-treated cartilage, in contrast, allows for seamless incorporation into the surgical site, supporting functional restoration while eliminating the risk of reintroducing viable tumor cells.




4.3 Cytokine profiles and impact on tumor cells

Screening for 42 cytokines was performed using a dot blot assay, focusing primarily on pro-inflammatory cytokines with potential immunomodulatory effects. The dot blot identified IL-1α, IL-1β, MCP-1, SDF-1, IL-6, and IL-8 as key cytokines released from HHP-treated HNSCC cells, primarily pro-inflammatory in nature. IL-1α and IL-1β were found to promote epithelial-to-mesenchymal transition (EMT), invasion, and an immunosuppressive microenvironment through recruitment of Myeloid-derived suppressor cells (MDSCs) and tumor associated macrophages (TAMs), while IL-6 and IL-8 were associated with chronic inflammation, cellular proliferation, and tumor progression (49–51). Both IL-1 and IL-6 play pivotal roles in creating a tumor-promoting microenvironment, with chronic inflammation fostering DNA damage, cellular proliferation, and immune suppression, all of which contribute to cancer progression (52–54). The multiplex analyses demonstrated a dose-dependent release of IL-1α and IL-1β with increasing pressure, likely due to intracellular storage and membrane disruption caused by HHP. It was shown that upon proapoptotic signals, IL-1α migrates to the nucleus, binds chromatin, and remains non-inflammatory (55). In contrast, necrotic signals cause IL-1α to move to the cytosol, where its release acts as a damage-associated molecular pattern (DAMP), triggering inflammatory responses via IL-1 receptor type I (IL-1R1) (56). IL-6 and IL-8 concentrations were higher in untreated samples, likely due to continuous cytokine secretion by intact cells. HNSCC cells exhibit basal IL-6 expression driven by the constitutive activation of the NF-κB and STAT3 signaling pathways, while basal IL-8 expression is regulated primarily through the NF-κB pathway (57–59). Under stress conditions, such as inflammation or, in this study, hypoxia resulting from incubation in sealed cryo vials during and after HHP-treatment, as well as DNA damage induced by pressure treatment, a significant increase in IL-6 and IL-8 production was observed (60–62). SDF-1 and MCP-1, which are also associated with migration, invasion and tumor progression, showed comparatively very low concentrations in the multiplex analysis (63–65).

Functional assays revealed distinct biological effects of the cytokines released during HHP-treatment on other HNSCC cells. In scratch assays with HNSCC16 cells, CM from 300 MPa-treated cells slowed migration compared to 200 MPa-treated CM, consistent with the need for complete devitalization to minimize residual tumor vitality (28). In Boyden chamber assays, increased invasion potential was observed in both cell lines exposed to CM, regardless of the pressure applied. These observations were consistent after 4 h and 24 h incubation times in the Boyden chamber. However, no direct correlation between HHP amplitude and invasion rates could be established. HNSCC16 cells exposed to CM exhibited significantly increased proliferation, whereas UTSCC14 cells were not affected. This differential response likely reflects both the distinct biological origins and the genetic backgrounds of the two cell lines. UTSCC14, a long-established tongue carcinoma cell line, likely shows reduced microenvironmental sensitivity due to prolonged in vitro passaging (66). In contrast, PDX-derived cell lines, such as HNSCC16, preserve tumor heterogeneity and cytokine responsiveness (67, 68). Beyond origin, genetic differences further contribute to the observed functional divergence. While both cell lines harbor mutations in the TP53 gene, UTSCC14 additionally carries a homozygous loss-of-function mutation in CDKN2A, whereas this gene is wild type in HNSCC16 (46, 69). The loss of CDKN2A disrupts the G1/S checkpoint, resulting in constitutive cell cycle progression and reduced sensitivity to external cues such as proinflammatory cytokines (70). Interestingly, while the proliferative effects of HHP-conditioned medium were clearly detectable in 2D monolayer cultures, these effects were not observed within the timeframe of our 3D spheroid assay. Spheroid growth of HNSCC16 cells pretreated with 300 MPa-CM remained comparable to the control group. This observation highlights the distinct characteristics and limitations of both systems. 2D cultures provide uniform exposure to soluble factors and allow sensitive detection of early, cytokine-driven effects on proliferation, making them particularly well suited for assessing short-term tumor cell activation and oncological safety. In contrast, 3D models more closely reflect in vivo-like tissue architecture, including diffusion barriers, gradients of oxygen and nutrients, and cell–matrix interactions, which may delay or attenuate cytokine effects. It is therefore possible that longer observation periods or additional 3D assay formats may be required to fully capture functional changes in such settings. Nevertheless, the absence of proliferative stimulation in the 3D model, even under cytokine-rich conditions, further supports the interpretation that HHP treatment at 300 MPa does not promote tumor cell regrowth. Together, these complementary findings strengthen the conclusion that HHP-treated tissues meet key oncological safety criteria in vitro.




4.4 Pro- and anti-tumorigenic effects

This study is the first to examine the cytokine profile in HHP-devitalized HNSCC. Our findings suggest that cytokines retained within devitalized tumor cells may interact with residual tumor cells at the resection margin. On the one hand, these cytokines could contribute to a pro-tumorigenic microenvironment by promoting tumor regrowth through mechanisms such as enhanced cell proliferation, angiogenesis, or EMT (71). On the other hand, it is conceivable that pro-inflammatory cytokines might attract immune effector cells, including cytotoxic T cells and natural killer (NK) cells, potentially supporting immune surveillance and aiding in the destruction of residual tumor cells (72, 73). However, this interpretation remains speculative in the absence of direct functional evidence. To clarify potential effects on immune cell recruitment, activation, or modulation, future investigations should incorporate functional assays, such as co-culture systems or in vivo models. The overall effect of the cytokines likely depends on multiple factors, including the specific cytokine composition, the viability of remaining tumor cells, and the immune status of the patient (74–76). Furthermore, the potential clinical impact of cytokines released from HHP-treated tumor cells must be considered in the context of their biological degradation kinetics and the procedural handling of devitalized tissue. Given the short half-life of cytokines (intracellular half-life for IL-1α: 15 h; IL-1β: 2.5 h (77), half-life in serum for IL-6: 15 h (78)), and additional washing steps during the preparation and implantation of devitalized grafts are likely to further reduce cytokine concentrations. Moreover, since the devitalized tissue is no longer metabolically active, no further cytokine production occurs post-implantation. Therefore, any paracrine influence of residual cytokines on surrounding viable tumor cells in the clinical setting is expected to be minimal and transient.




4.5 Clinical applications and perspectives

Standard treatments for squamous cell carcinoma include partial or complete organ removal, which significantly impacts function and aesthetics. When surgery is not feasible, radiotherapy is used, though it carries its own side effects. Combining surgery with radiotherapy is also an option. In the future, systemic therapies that target cancer cells throughout the body may be incorporated. Our approach to organ-preserving surgery with autologous cartilage reuse aims to minimize functional and aesthetic limitations by using HHP-treated autologous cartilage for reconstruction. The use of HHP-treated cartilage eliminates the risk of reintroducing viable tumor cells while maintaining safety for the patient.

Another possible field of application for tumor cells devitalized by HHP is whole cell vaccination, as it has already been shown that devitalization by HHP triggers immunogenic cell death (8, 35). Tumor cells devitalized by HHP can be used to generate immunogenic vaccines that elicit anti-tumor responses while maintaining a structurally intact antigenic profile (28, 30). In this context, cytokines released from HHP-treated tumor cells may positively influence the immune response, serving as adjuvants to enhance vaccine efficacy (79, 80). Pro-inflammatory cytokines play a crucial role as adjuvants in tumor vaccination strategies, enhancing the immune response against cancer cells. These cytokines improve the anti-tumor immune response enhancing antigen presentation, stimulating T cell responses or modulating the tumor microenvironment. In mouse models of subcutaneous melanoma and Lewis lung carcinoma, an IL-1β-based targeted cytokine was shown to safely enhance antitumor CD8+ T cell responses and synergize with other immunotherapies (81). Additionally, IL-1α and IL-1β have shown efficacy as mucosal adjuvants, promoting strong systemic and mucosal immune responses, which could be crucial for vaccines targeting pathogens like Human immunodeficiency virus (HIV) that infect mucosal surfaces (82). This approach aligns with current immunotherapeutic strategies, potentially complementing checkpoint inhibitors and adoptive T-cell therapies.




4.6 Limitations

This study investigated the oncological safety of HHP-treatment with regard to the autologous reimplantation of the treated tissue. Our findings offer a comprehensive overview of relevant, particularly pro-inflammatory, cytokines associated with HHP-treatment and their influence on other tumor cells. However, the potential influence of surrounding stem cells and fibroblasts that may transdifferentiate into cancer-associated fibroblasts (CAFs), supporting tumor progression, remains unclear and requires further exploration to fully confirm oncological safety (83, 84).

The use of CM following HHP-treatment allowed detailed cytokine profile analysis, identifying key factors involved in tumor progression. While our study provides a robust characterization using both commercially available and PDX-derived cell lines, these models may not fully recapitulate the tumor microenvironment or patient-specific heterogeneity. Further research involving primary tumor cells and proteome analysis could uncover additional mediators relevant to reimplantation and tumor vaccination. Expanding the cytokine screening approach could help identify previously unknown factors influencing clinical applications. Our findings are limited to in vitro models, which do not account for the complexity of the in vivo tumor microenvironment, immune interactions, and systemic factors. As an initial step toward more physiologically relevant modeling, we included a 3D spheroid assay using HNSCC16 cells. Further refinement and expansion of 3D models, including invasion assays and tumor-stroma co-culture systems, will be essential to fully assess the translational relevance of our findings and to confirm the oncological safety of HHP-treated materials under tissue-like conditions. To complement these efforts, future studies will incorporate in vivo models, including xenograft HNSCC mouse models, to investigate the oncological safety and immunological consequences of pressure-treated tumor material in a systemic context. These experiments will be crucial to determine whether the observed cytokine alterations influence tumor progression, or immune cell recruitment, thereby providing critical validation for the clinical use of HHP-treated tissue in oncological reconstructive surgery.

The oncological safety of HHP-treatment was the primary focus in this study, but its immunogenicity, crucial for whole-cell vaccine development, requires further study. While HHP-induced immunogenic cell death in HNSCC cells is established, the role of cytokines in immune activation remains unclear, necessitating follow-up research.





5 Conclusion

In summary, cytokines present in the conditioned medium were found to enhance the proliferation, migration, and invasion of HNSCC cells. However, our findings demonstrate that cytokines released during the HHP-treatment process, under a pressure of 300 MPa, do not promote tumor regrowth, as evidenced by functional assays. This underscores the oncological safety of HHP-treatment in vitro. The rapid degradation of these cytokines, along with their likely removal from tissues during post-treatment washing steps, suggests a favorable safety profile for HHP-treated cartilage in autologous reimplantation. However, further investigations are needed to validate these findings in clinical settings. Interestingly, the cytokines released during HHP-treatment may hold potential as adjuvants in whole-cell vaccines, contributing to enhanced immune responses. To fully understand the clinical implications of these findings and to explore the therapeutic potential of HHP-treated materials in oncology, further in vitro and in vivo studies are essential.
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