Onkologische Sicherheit der hydrostatischen Hochdruckbehandlung zur Devitalisierung von
Tumorzellen

Von der Medizinischen Fakultat
der Rheinisch-Westfalischen Technischen Hochschule Aachen
zur Erlangung des akademischen Grades
einer Doktorin der Theoretischen Medizin
genehmigte Dissertation

vorgelegt von

Julia Kristin Brach, M. Sc.

aus

LUneburg

Berichter: Univ.-Prof. Dr. med. Stephan Hackenberg
Univ.-Prof. Dr. med. Markus Hubertus Wirth

Tag der mundlichen Prifung: 12.06.2026

Diese Dissertation ist auf den Internetseiten der Universitatsbibliothek online verfiigbar.



Meinen Eltern in Liebe und Dankbarkeit gewidmet



Publikationen von Julia Kristin Brach

Publikationen, die die Dissertation darstellen

Brach J.K., Freiin Grote V., Strider D., Kalle F., Jonitz-Heincke A., Bader R., Hoffmann M., Scherzad
A., Wirth M., Hackenberg S.: Impact of high hydrostatic pressure on the cytokine profile and head and
neck cancer cell behavior: implications for oncological safety. Frontiers in Immunology. 2025 Jul
28;16:1581014. doi: 10.3389/fimmu.2025.1581014. PMID: 40791595; PMCID: PMC12336235.

Brach, J.K., Freiin Grote, V., Jonitz-Heincke, A., Bader, R., Strider, D., Hoffmann, M., Gerlach, S.,
Fischer, P., Wirth, M., Ruhl, T., Beier, J.P., Scherzad, A., Hackenberg, S.: Oncological Safety of High
Hydrostatic Pressure Treatment: Effects on Cancer-Associated Fibroblast-like Transdifferentiation of
Adipose Stromal Cells. Current Issues in Molecular Biology. 2026, 48, 91.
https://doi.org/10.3390/cimb48010091

Weitere Publikationen

Kalle F., Stadler V.P., Brach J.K., Freiin Grote V., Pohl C., Schulz K., Seidenstuecker M., Jonitz-
Heincke A., Bader R., Mlynski R., Strider D. High hydrostatic pressure treatment for advanced tissue
grafts in reconstructive head and neck surgery. Journal of Biomedical Material Research Part A. 2025
Jan;113(1):e37791. doi: 10.1002/jbm.a.37791. Epub 2024 Sep 18. PMID: 39295278.



? frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

EDITED BY
Shamshad Alam,
University at Buffalo, United States

REVIEWED BY

Kevin Brown Chandler,

Florida International University, United States
Claudia Maletzki,

University Hospital Rostock, Germany
Saurabh Pal,

University of Maryland, United States

*CORRESPONDENCE
Julia Kristin Brach
jbrach@ukaachen.de

RECEIVED 21 February 2025
ACCEPTED 08 July 2025
PUBLISHED 28 July 2025

CITATION

Brach JK, Freiin Grote V, Struder D, Kalle F,
Jonitz-Heincke A, Bader R, Hoffmann M,
Scherzad A, Wirth M and Hackenberg S (2025)
Impact of high hydrostatic pressure

on the cytokine profile and head and

neck cancer cell behavior: implications

for oncological safety.

Front. Immunol. 16:1581014.

doi: 10.3389/fimmu.2025.1581014

COPYRIGHT

© 2025 Brach, Freiin Grote, Striider, Kalle,
Jonitz-Heincke, Bader, Hoffmann, Scherzad,
Wirth and Hackenberg. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology

TvPE Original Research
PUBLISHED 28 July 2025
po110.3389/fimmu.2025.1581014

Impact of high hydrostatic
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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-1o. and IL-1B, 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
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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 (I, 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
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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.

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 PO 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 cm? culture flasks at 37°C with 5% CO, in a humified incubator.
The medium was replaced every 2-3 days. Upon reaching 80-90%
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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-1a., IL-1B, IL-6, IL-8, MCP-1, SDF-1) were functionally assessed for their effects on tumor cell proliferation,

migration, and invasion.

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 x 10° 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
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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 CMgnsccis, CMuTsccia,
CMunsccas and CMpg ca/py-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,

frontiersin.org
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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-1a, IL-1B, 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 UTSCCI14 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 10* HNSCC16 or 5 x 10* UTSCC14 cells respectively were
seeded in 100 UL 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)
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under stable pressure of 5% CO, 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 Image] 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 10* cells were seeded in triplicates in 800 UL serum-free medium
on top of gelatine-coated filter (pore size 8 um; it4ip S.A., Belgium).
The bottom chamber was filled with 290 UL of CM or control
medium respectively. The cells were incubated for 4 or 24 h in the
chambers at 37°C and 5% CO,. 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 ug/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
HNSCCI16 cells. Cells were seeded into 12-well plates and treated
with CMpnsccig (0 MPa and 300 MPa) or control medium
respectively for priming the cells for 48 h. Subsequently, cells
were detached and 1 x 10° were seeded in a custom-fabricated
polydimethylsiloxane (PDMS) p-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 (E.g) 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 pum 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
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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
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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-1o. and IL-1f.

3.2 Quantification of secreted cytokines

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

IL-1o. (Figure 2A) levels increased significantly after HHP-
treatment, particularly at 300 MPa, across all analyzed cell lines.
Compared to the untreated control, IL-1o. concentrations were
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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-1o (A), IL-1f (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.
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elevated by 26-fold in CMynsccis (p<0.0001), 13-fold in
CMuyrsccia (p<0.0001), 22-fold in CMpynsccas (p<0.0001), and
18-fold in CMpg/ca/py-15 (p=0.001). Treatment at 200 MPa also
led to significant IL-1o increases in CMpynsccis (10-fold,
p=0.0229), CMyrsccia (11-fold, p=0.0019), and CMyqnsccas (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 CMpnsccis
(2.7-fold increase, p=0.0229).

IL-1PB (Figure 2B) followed a similar pattern, with significant
increases at 300 MPa across all cell lines. Compared to controls, IL-
1B concentrations increased by 24-fold in CMpnsccis (p=0.0021),
10-fold in CMuyrsccia (p=0.0006), 11-fold in CMpunsccas
(p=0.0042), and 34-fold in CMpg/ca/pj-15 (p=0.0247). At 200
MPa, IL-1f levels were significantly elevated in CMpnsccis (7.5-
fold, p=0.0021) and CMyrscci4 (13-fold, p<0.0001) compared to
untreated samples. Although IL-1P 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 CMpynsccis
(p=0.0015), 4-fold in CMpynsccas (p=0.0211), and 14-fold in
CMpg/caspj-15 (p=0.0064). At 300 MPa, significant reductions
were observed in CMpynsccies (3.6-fold, p=0.0042) and CMpg/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 CMpnsccis (20-fold,
p=0.0024) and CMpg/caspy1s (1.8-fold, p=0.0377) compared to
controls. At 300 MPa, IL-8 levels were significantly lower than in
untreated controls in CMpynsccis (2.5-fold reduction, p=0.0101).

MCP-1 (Figure 2E) showed a dose-dependent increase in
CMuyrsccies CMunsccas and CMpg/ca/py1s. However, statistical
significance was observed only between 200 MPa and 300 MPa in
CMpunsccis (1.8-fold increase, p=0.0458).
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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 CMpynsccis, 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-CMnsccie 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.

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 p-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.

UTSCC14 + CMyrsccia
31 1 0MPa
=3 200 MPa
2] BEm 300 MPa
48 72 96
time [h]

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.
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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-CMynsccis. 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 8h (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 HNSCCI16 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)

10.3389/fimmu.2025.1581014

Migration analysis of UTSCCl14 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.

HNSCCI16 cells showed increased invasion when exposed to the
CM compared to the medium control (Figures 5A, C). After
stimulation with 300 MPa-CMyrscciqe», HNSCC16 cells

>

time [h]
0 -
iy B 150
5 gy
gy 15T
oo .
o ) )
2 " " S
E3 o ) e;mo-
= = - . £
o &
o | E 3
+ ©
©o £ & 50+
- = °
o
8 gh
[72]
4 § 0-
I o
8

(@)

150

N

* 58

[$]

2 =
5 s -
= S g
o ° k]
+ b
¢ & ™7
= =
00
T
7
=
=

300 MPa

FIGURE 4

time [h]
=3 CTRL
1 0MPa
= 200 MPa
B 300 MPa

11 NP

time [h]

Migration analysis of HNSCC cells exposed to conditioned medium (CM). HNSCC16 and UTSCC14 cells were cultured for 48 h with their CM (O,
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 ym.
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HNSCC16

UTSCC14

200 MPa 0 MPa CTRL

300 MPa

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 ym. 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 pm

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-CMpnsccas and 200
MPa-CMynsccas, sShowing 1.79-fold (p=0.0236) and 1.74-fold
increases (p=0.0337), respectively. In the presence of CMpg/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 HNSCCI16 cells treated with 0 MPa-
CMpnsccas compared to the control (1.59-fold increase; p=0.0386).

Similarly, UTSCCI14 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-CMynsccies
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 CMyrsccis 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
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to CMpnsccas at 200 MPa resulted in a 1.93-fold increase compared
to the control (p=0.078). CMpg/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 CMpg/ca/pj-1s-

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
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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-10, IL-1j,
MCP-1, SDF-1, IL-6, and IL-8 as key cytokines released from HHP-
treated HNSCC cells, primarily pro-inflammatory in nature. IL-1ot
and IL-1PB 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-1ot and IL-1f3
with increasing pressure, likely due to intracellular storage and
membrane disruption caused by HHP. It was shown that upon
proapoptotic signals, IL-1o. migrates to the nucleus, binds
chromatin, and remains non-inflammatory (55). In contrast,
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necrotic signals cause IL-lo. 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-xB and STAT3 signaling
pathways, while basal IL-8 expression is regulated primarily
through the NF-xB 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 HNSCCI16 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. HNSCCI16 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 HNSCCI16 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 diftusion barriers, gradients of oxygen and
nutrients, and cell-matrix interactions, which may delay or attenuate

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1581014
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Brach et al.

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-1ou: 15 h; IL-1f:
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
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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-1B-based targeted cytokine was
shown to safely enhance antitumor CD8+ T cell responses and
synergize with other immunotherapies (81). Additionally, IL-1oc and
IL-1PB 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
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physiologically relevant modeling, we included a 3D spheroid assay
using HNSCCI16 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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Supplementary Figure 1: Identification of relevant cytokines associated with high hydrostatic pressure-
treated tumor cells. HNSCC16 cells were treated with 0 (A), 200 (B), 300 MPa (C). Conditioned medium was
analyzed in a dot blot assay with correlation of the dot intensity to the respective cytokine concentration. Dot blot
assay was performed once for qualitative cytokine screening to identify relevant targets for subsequent quantitative
analysis.
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Supplementary Figure 2: Spheroid growth analysis of HNSCC16 cells exposed to conditioned medium (CM).
HNSCC16 was cultured for 48 h in CM (0 and 300 MPa) and control medium, respectively. The conditioned cells
were seeded into in house fabricated p-well culture inserts. Spheroid growth was observed over five days and
progress was documented for 24, 48 and 120 h. Spheroid growth was determined by measuring the diameter (A)
and area (B) of each spheroid. Representative images of spheroids are shown (C). Results are shown as means



and standard deviations; n=62. Statistical analysis: one-way ANOVA, Tukey’s multiple comparison post hoc test;
*p<0.05; **p<0.01, ***p<0.001, ****p<0.0001; scale bar: 100 pm.
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Supplementary Figure 3: Invasion rates of HNSCC16 cells exposed to conditioned medium (CM) for
prolonged incubation time (24 h). The HNSCC cell line HNSCC16 was examined using a Boyden chamber with
a pore size of 8 ym. The lower compartment contains the CM from their own or another HNSCC cell line after high
hydrostatic pressure-treatment (0 and 300 MPa). Serum-free culture medium served as reference and was set to 1
(dashed line). The number of HNSCC16 cells that invaded through the membrane was determined and normalized
to the serum-free medium control. Data are presented as means and standard deviations; n=5-6 (from three
independent experiments). Statistical analysis: Kruskal-Wallis test with Dunn's multiple comparison test; *p<0.05.
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Abstract

Oncological safety is essential for autologous reconstruction after resection of cartilage-
infiltrating head and neck tumors. High hydrostatic pressure (HHP) enables complete
devitalization of tumor-infiltrated tissue while preserving extracellular matrix integrity.
However, residual soluble tumor-derived products may influence infiltrating stromal cells.
This study examined whether conditioned media (CM) from HHP-treated head and neck
squamous cell carcinoma (HNSCC) cells induce cancer-associated fibroblast (CAF)-like
transdifferentiation of human adipose stromal cells (hASCs). HASCs were exposed to CM
from untreated or HHP-treated (300 MPa) HNSCC cells, tumor-CM (TCM), or TGF-31. Mor-
phological changes in hASCs were evaluated, and CAF marker expression was analyzed
by qRT-PCR, immunofluorescence, Western blot, and ELISA. Cytokines were quantified
via multiplex analysis. TGF-f1 induced a CAF-like phenotype with x-SMA upregula-
tion, whereas TCM and 0 MPa-CM caused only modest increases in selected markers.
Although 300 MPa-CM did not induce CAF-associated molecular signatures, hASCs ex-
hibited morphological alterations, underscoring that morphology alone is insufficient to
define CAF transdifferentiation. Cytokine secretion was elevated in response to all CM
conditions. These findings indicate that HHP treatment at 300 MPa abolishes the paracrine
CAF-inducing potential of tumor-derived mediators in vitro, supporting the oncological
safety of HHP-treated tissues under these experimental condition, although further in vivo
validation is warranted

Keywords: high hydrostatic pressure; head and neck cancer; squamous cell carcinoma;
adipose stromal cells; cancer associated fibroblasts; tumor secretome; cytokine effects
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1. Introduction

High hydrostatic pressure (HHP) treatment is an emerging technique for tissue de-
vitalization that applies pressures of up to 600 MPa to disrupt cellular membranes while
preserving the extracellular matrix and the mechanical properties of the graft [1-7]. Its
uniform pressure distribution according to Pascal’s law enables standardized processing
of complex tissues, including tumor-infiltrated cartilage [2,5,8]. Beyond safe devitaliza-
tion, HHP-treated tumor cells show an immunogenic cell death and retain antigenicity,
making this approach suitable not only for reconstructive purposes but also for potential
cancer vaccination strategies [9-11]. Previous work from our group demonstrated that
HHP > 300 MPa for 10 min effectively devitalizes head and neck squamous cell carcinoma
(HNSCC) cells while preserving the structural integrity of cartilage grafts [11,12].

The composition of soluble factors is an important determinant of the biological
response to HHP-treated tissue, as these mediators may critically influence surrounding
stromal and residual tumor cells. In earlier studies, we observed that HHP treatment of
HNSCC cells causes the release of intracellular cytokines into the extracellular milieu [13].
Specifically, interleukin (IL)-1x and IL-1f are released in a pressure-dependent manner
and remain present at high concentrations after treatment [13]. Additionally, IL-6 and
IL-8 have been detected in the conditioned medium (CM) of HHP-treated HNSCC cells
but at lower levels than in untreated controls [13]. Functional assays have revealed that
the cytokines present in the supernatants promote proliferation, migration, and invasion
of viable tumor cells [13]. However, a direct link between cytokine release and pressure
treatment has not been established. As a further step in evaluating the oncological safety
of HHP-treated tissues for autologous reimplantation, it is crucial to determine whether
residual cytokines in the post-treatment tumor secretome affect non-malignant cells in the
tumor microenvironment (TME).

Within the TME, stromal cells, particularly cancer-associated fibroblasts (CAFs), play a
pivotal role in tumor progression. CAFs enhance invasion, angiogenesis, and immune eva-
sion through extracellular matrix remodeling and secretion of tumor-promoting cytokines
and chemokines, epithelial-to-mesenchymal transition (EMT), and therapy resistance, ul-
timately fostering a permissive microenvironment for tumor growth [14-16]. Moreover,
several studies have demonstrated that a high abundance of CAFs, often reflected by
increased stromal myofibroblast density, is associated not only with poor overall survival
but also with a higher likelihood of disease recurrence [17,18]. Importantly, CAFs represent
a highly heterogeneous cell population, encompassing multiple functional subtypes and
activation states rather than a uniform phenotype. Based on transcriptomic and functional
profiling, CAFs are commonly classified into three major subtypes: myofibroblastic CAFs
(myCAFs), characterized by high a-SMA expression and extracellular matrix remodeling;
inflammatory CAFs (iCAFs), which secrete high levels of pro-inflammatory cytokines and
chemokines; and antigen-presenting CAFs (apCAFs), which express major histocompatibil-
ity complex class II molecules and may modulate immune responses [19-23]. Depending
on the nature, strength, and duration of tumor-derived stimuli, stromal cells may acquire
partial, transient, or alternative activation states that do not necessarily fulfill all molecular
or functional criteria of fully differentiated CAFs [24]. The origin of CAFs remains contro-
versial since multiple cellular origins have been proposed, including resident fibroblasts,
smooth muscle cells, pericytes, and mesenchymal stromal cells (MSCs), which can acquire
a CAF-like phenotype upon exposure to tumor-derived signals [23,25-27]. Among MSCs,
human adipose stromal cells (hASCs) are of particular relevance in regenerative medicine
due to their abundance, plasticity, and multipotency [28,29]. Known inducers of MSC-to-
CAF transdifferentiation include transforming growth factor beta 1 (TGF-{31), interleukins
such as IL-6 and IL-8, tumor necrosis factor alpha (TNF-o), the CXCR4/CXCL12 axis, and
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extracellular vesicles carrying microRNAs and other bioactive molecules [30-33]. These
stimuli converge on key signaling pathways such as SMAD, signal transducer and activator
of transcription 3 (STAT3), nuclear factor kappa B (NF-kB), and Notch, ultimately leading to
the upregulation of CAF-associated markers, which are commonly used but not exclusive
indicators of CAF-like phenotypes, including alpha-smooth muscle actin («-SMA), fibrob-
last activation protein (FAP), tenascin-C (TNC), secreted protein acidic and rich in cysteine
(SPARC), vimentin (VIM), and tissue inhibitor of metalloproteinases 1 (TIMP1) [27,34-37].

Given that pro-inflammatory cytokines such as IL-1¢, IL-13, IL-6, and IL-8 are abundant
in untreated HNSCC supernatants and remain detectable after HHP, it is important to assess
whether these residuals can induce a CAF-like phenotype in surrounding stromal cells. Such
an effect would represent a potential oncological risk for the reimplantation of HHP-treated
grafts. In the present study, we examined whether hASCs exposed to conditioned media
from untreated (0 MPa) or HHP-treated (300 MPa) HNSCC cell lines undergo a phenotypic
and functional shift toward CAF-like cells. In addition, tumor-conditioned medium (TCM)
with an extended conditioning period was included as a supplementary group to assess
whether prolonged exposure to tumor-derived factors could enhance CAF conversion. TGF-
1 stimulation, a well-established inducer of CAF activation, served as a positive control in
our study. Using a combination of morphological analysis, mRNA and protein quantification
of CAF markers, and cytokine profiling, we aimed to determine whether HHP-treated tumor
supernatants possess the capacity to induce a tumor-promoting stromal phenotype. This
approach provides important insights into the oncological safety of HHP for the autologous
reimplantation of tumor-infiltrated cartilage and advances our understanding of MSC-to-CAF
conversion under tumor-derived stimuli.

2. Materials and Methods
2.1. Isolation and Cultivation of hASC

Subcutaneous adipose tissue was obtained from eight healthy donors undergoing
elective procedures such as abdominoplasty, autologous fat transfer, or liposuction at the
department for plastic surgery, University Hospital RWTH Aachen. Importantly, none
of the samples were derived from tumor-associated tissue, all specimens originated from
non-pathological surgical indications. All donors were informed about the use of their
tissue for research purposes and provided written consent. The study was approved by the
local Ethics Committee (EK163/07).

Adipose tissue was processed for isolation of hASCs as previously described [38]. Briefly,
adipose tissue was minced and digested in a collagenase solution (0.2% collagenase I in PBS)
for 45 min at 37 °C. The digested suspension was filtered through a 250 um nylon mesh
(Neolab, Heidelberg, Germany). Mature adipocytes, oil, and cell debris were separated from
the stromal vascular fraction by centrifugation at 400x g for 10 min. The cell sediment was
resuspended in Dulbecco’s modified Eagle medium (DMEM)/Ham’s F12 (1:1) (Pan Biotech,
Aidenbach, Germany) supplemented with penicillin and streptomycin (P/S; Sigma-Aldrich,
St. Louis, MO, USA; each at 100 U/mL), 0.1% bFGEF (Peprotech, Cranbury, NJ, USA), 200 uM
ascorbic acid, 10% fetal bovine serum (FBS, Pan Biotech, Aidenbach, Germany). Primary cells
were expanded until they reached approximately 90% confluence. From passage 1 onward,
the cells were cultured in DMEM/Ham'’s F12 (1:1) supplemented with 10% FBS only. Cultures
were maintained at 37 °C in a humidified atmosphere containing 5% CO,, and passages
two to five were used for subsequent experiments.

HASCs were isolated from eight independent healthy donors; however, due to limited
cell availability and assay-specific cell number requirements, not all experiments could be
performed with hASCs from all donors. Subsets of donors were therefore used, while key
findings were consistently reproduced across multiple independent donors.
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2.2. HNSCC Cell Line Cultivation

The head and neck squamous cell carcinoma cell lines HNSCC16 (larynx P1 M1) and
UTSCC14 (tongue, RRID:CVCL_7810) were utilized in this study. The primary tumor
cell line HNSCC16 was established by the research group Schoenwalder et al. [39] and
authenticated by STR profiling (against the respective patient tumor and patient-derived
xenograft (PDX)). Both cell lines were human papillomavirus (HPV) negative, and all
experiments were performed with mycoplasma-free cells.

Cancer cells were grown in DMEM/Ham's F12 (1:1) (Pan Biotech, Aidenbach, Ger-
many) supplemented with 10% FBS (Pan Biotech, Aidenbach, Germany) and 1% P/S
(Sigma-Aldrich, St. Louis, MO, USA) and cultured in 75-cm? culture flasks at 37 °C
with 5% CO, in a humified incubator. The medium was replaced every 2-3 days.
Upon reaching a confluence of 80-90%, cells were washed with Dulbecco’s Phosphate-
Buffered Saline (DPBS, Gibco, Waltham, MA, USA), detached with 0.25% Trypsin-
ethylenediaminetetraacetic acid (EDTA, Pan Biotech, Aidenbach, 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, Waltham, MA, USA) and 1% P/S was used to eliminate
interfering effects of FBS and is labeled as serum-free medium or control (CTRL) medium
in this study.

2.3. High Hydrostatic Pressure Treatment and Preparation of Conditioned Medium

CM was prepared from HNSCC cells and subsequently used for hASC stimulation ex-
periments. Two different types of CM were generated: (i) high hydrostatic pressure-treated
conditioned medium (HHP-CM) and (ii) tumor-conditioned medium (TCM).

For HHP-CM, 1 x 10° cells (HNSCC16 or UTSCC14) were suspended in serum-free
medium (DMEM/F12 supplemented with 1% ITS and 1% P/S) and transferred into 1.8 mL
cryotubes (Thermo Fisher Scientific, Waltham, MA, USA). Cryotubes were centrifuged at
120x g for 8 min, completely filled with serum-free medium, and carefully sealed to avoid
air bubbles. To prevent leakage, tubes were wrapped with Parafilm M (Pechiney Plastic
Packaging Inc., Stamford, CT, USA) and placed into water-filled, air-free centrifuge tubes,
which were then positioned in the glycol-filled chamber of the high hydrostatic pressure
device (Dustec Hochdrucktechnik GmbH, Wismar, Germany). Cells were subjected to HHP
treatment at 300 MPa for 10 min at 20 °C or left untreated for reference samples (0 MPa).
Following treatment, cryotubes were centrifuged again and incubated for 1 h at 37 °C to
allow additional cytokine release from pressure-damaged cells and cytokine secretion from
viable control cells (0 MPa). The resulting supernatants (conditioned media) were collected,
transferred into new cryotubes, and stored at —80 °C until further use. Before application to
hASC cultures, all HHP-CM samples were sterilized by filtration through 0.2 pm syringe
filters (Corning, Inc., Corning, NY, USA).

For TCM, ~80% confluent T75 flasks of HNSCC16 or UTSCC14 cells were cultured in
10 mL serum-free medium for 24 h. The supernatant was collected, centrifuged at 3000 g
to remove cell debris, sterilized through a 0.2 um filter, and stored at -80 °C until use. The
longer incubation period with a higher number of viable cells was chosen to allow sufficient
accumulation of tumor-derived soluble factors and cytokines, providing a representative
model of tumor-conditioned medium.

2.4. Exposure of hASC to Conditioned Medium

ASC were seeded either in a 6-well round bottom plate (Avantor, Inc., Radnor, PA,
USA) at a density of 1 x 10° cells for gene expression analysis and Western blot analysis, or
in a 12-well glass bottom fibronectin-coated plate (Corning, Corning, NY, USA) at a density
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of 0.2 x 10° cells for immunostaining. Cells were seeded in DMEM/F12 supplemented
with 10% FBS and allowed to attach overnight. Culture medium was then replaced by
serum-free medium for 24 h. Finally, hASCs were exposed to CM or control medium for
96 h, including a medium change at 48 h. Serum-free medium served as a negative control
and serum-free medium supplemented with TGF-31 (10 ng/mL; Peprotech, Cranbury, NJ,
USA) was used as a positive control. On a 6-well plate, 2 mL of CM were added per well,
whereas on a 12-well plate, 0.75 mL were used per well. All approaches were supplemented
with 100 nM Dexamethasone (Peprotech, Cranbury, NJ, USA) throughout the incubation
period to maintain ASC viability and phenotypic stability during prolonged serum-free
culture. Low-dose dexamethasone preserves MSC stemness and reduces culture-induced
drift [40]. Importantly, dexamethasone was applied uniformly across all conditions to avoid
systematic bias and enable relative comparison of CAF-related responses to tumor-derived
conditioned media. Finally, after 96 h of incubation, the spent medium was collected and
frozen at —80 °C for subsequent cytokine analysis.

For subsequent use, cells were washed and either harvested for quantitative real time
(qRT)-PCR, Western blot or ELISA analysis, or fixed for immunostaining.

2.5. Quantitative Real-Time PCR Analysis

To analyze the gene expression profile of CAF-associated markers, qRT-PCR was
performed. Following exposure of hASCs to CM, total RNA was isolated using the RNeasy
Micro Kit (Qiagen GmbH, Hilden, Germany) including on-column DNase digestion ac-
cording to the manufacturer’s instructions. RNA concentration and purity were assessed
with a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Com-
plementary DNA (cDNA) was synthesized from the isolated RNA using the Maxima First
Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA).

The qRT-PCR was conducted using SYBR™ Green chemistry (Thermo Fisher Scientific,
Waltham, MA, USA) with 10 ng cDNA template per reaction. Primer sets by Sigma-Aldrich
were used for CAF-associated genes including a-SMA, FAP, TNC, SPARC, TIMP1, and VIM.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as the internal reference
gene. The qRT-PCR system-integrated StepOne™ Software (version 2.3, Life Technologies,
Carlsbad, NJ, USA) was used for evaluation. Relative mRNA expression levels were
calculated using the 272ACt method.

2.6. Immunofluorescence Staining

Indirect immunostaining was performed to evaluate the expression of CAF-associated
proteins. HASCs were cultured for 96 h with CM (HHP-CM or TCM) or control medium
(serum-free medium or with TGF-f31). Cells were seeded at a density of 2 x 10* cells on
UV-sterilized glass coverslips coated with fibronectin and placed in 12-well plates. After
incubation, cells were fixed with 4% paraformaldehyde (PFA; Otto Fischar GmbH & Co.
KG, Saarbriicken, Germany) for 10 min at 37 °C, washed with DPBS, and stored in DPBS
containing 1% P/S until further processing.

Blocking was performed with 5% bovine serum albumin (BSA, Merck KGaA, Darmstadt
Germany) and 1% goat serum (Invitrogen, Carlsbad, NJ, USA) in PBS for 45 min at room tem-
perature (RT). Primary antibodies were diluted in 1% BSA in PBS-T (PBS with 0.1% Tween-20
(Merck KGaA, Darmstadt, Germany)) and applied as follows: a«-SMA (mouse monoclonal,
1:200, 1 h at RT; Abcam, Cambridge, UK), FAP (rabbit monoclonal, 1:200, overnight at 4 °C;
Cell Signaling Technology, Danvers, MA, USA), and TNC (mouse monoclonal, 1:200, 1 h at
RT; Invitrogen, Carlsbad, NJ, USA). After washing, secondary antibodies diluted in 1% BSA
in PBS-T were applied for 1 h at RT: Alexa Fluor 594 goat anti-mouse IgG (1:400; Invitrogen,
Carlsbad, NJ, USA) and Alexa Fluor 488 goat anti-rabbit IgG (1:400; Invitrogen, Carlsbad, NJ,
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USA). Nuclei were counterstained with Hoechst reagent (0.5 ug/mL; Sigma-Aldrich, St. Louis,
MO, USA) for 5 min at RT. Following final washes, wells were covered with PBS containing
1% P/S and imaged using a fluorescence microscope (Carl Zeiss AG, Oberkochen, Germany)
at 10x or 20x magnification, respectively.

For o-SMA and FAP, the mean fluorescence intensity (MFI) was quantified on a per-
cell basis by segmenting individual cells and determining the MFI within each single-cell
mask. The MFI of the unstimulated control, including its standard deviation (SD) served
as reference threshold for determination of positively marked cells. The proportion of
positive cells was then calculated as the percentage of stained cells relative to the total
number of nuclei in ten independent fields per condition, and values were normalized
to the respective negative control. At least 200 cells per condition and per donor were
analyzed. For TNC, mean fluorescence intensity per cell was quantified and normalized to
the corresponding negative control. Image analysis was performed with Image]J (version
1.54f, National Institutes of Health, Bethesda, MD, USA). Each condition was analyzed in
duplicate for each marker.

2.7. Microscopy and Analysis of Cell Numbers

Morphological changes in hASCs were documented after 96 h of incubation using
a Leica light microscope (Leica, Wetzlar, Germany). Immunofluorescence images were
acquired with a Zeiss Axio Observer microscope equipped with a fluorescence Colibri5
light source providing different excitation wave lengths, an LED light source, an Axiocam
503 Mono, and the corresponding Zen 3.8 software (Carl Zeiss AG, Oberkochen, Germany)
at 10x or 20 x magnification following immunofluorescence staining. Using the optimally
adjusted setups for the dyes employed in this study, all experimental conditions within
and between donors were imaged under identical settings, including exposure times, to
ensure comparable data aquisition. A negative control containing only the secondary
antibody was included in each staining. Merged images are presented in the main figures,
while the individual fluorescence channels are shown in the Supplementary Materials
(Supplementary Figures S1 and S2).

Proliferation data were derived from the DAPI channel of the immunofluorescence im-
ages. For quantification, nuclei were counted in ten randomly selected fields per condition
(10x magnification). For morphological analysis, cell area and aspect ratio were quantified
using Image] software. Individual cells were manually segmented based on cytoplasmic
staining, and cell area was measured following spatial calibration. Cell elongation was
assessed by calculating the aspect ratio as the ratio of the major to the minor cell axis. For
each condition, measurements were performed on cells from three randomly selected fields
per donor (20 x magnification).

2.8. Western Blot Analysis

For protein isolation, hASCs cultured under the respective experimental conditions
were washed with cold DPBS and lysed directly on the culture plates using RIPA buffer
supplemented with protease-inhibitor (Roche, Basel, Switzerland). Cells were detached by
scraping, and the lysates were collected and incubated on ice for 30 min with intermittent
mixing. Subsequently, samples were centrifuged at 14,000 g for 15 min at 4 °C to remove
cell debris. The supernatant was transferred to fresh tubes, and protein concentrations
were determined using a BCA assay (Thermo Fisher Scientifc, Waltham, MA, USA). All
samples were adjusted to equal protein concentrations prior to further processing.

For SDS-PAGE, 20 pg of total protein per condition were loaded onto a 10-well TGX
Stain-Free™ gel (Bio-Rad Laboratories, Hercules, UK). Each protein sample (15 pL) was mixed
with 4x Laemmli loading buffer (Bio-Rad Laboratories, Hercules, UK) supplemented with
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-mercaptoethanol (Merck KGaA, Darmstadt, Germany; 1:9, 3-mercaptoethanol:loading
buffer) in a ratio of 3:1 (sample:loading dye) and loaded onto the gel. Precision Plus Protein™
All Blue Prestained Standards (Bio-Rad Laboratories, Hercules, UK) served as molecular
weight reference. Electrophoresis was carried out at 120 V for approximately 45 min.

Proteins were transferred onto LF-PVDF membranes using the Trans-Blot Turbo Trans-
fer System (Bio-Rad Laboratories, Hercules, UK) with the Mixed MW (Turbo) program
(7 min, 1.3 A, 25 V). Membranes were blocked for 1 h at RT in PBS containing 5% (w/w)
BSA and 0.05% (v/v) Tween-20. «-SMA antibody (1:1000, mouse monoclonal, Abcam,
Cambridge, UK) was diluted in TBS-T and incubated for 1 h at RT. After three washes in
TBS containing 0.05% Tween-20, membranes were incubated for 1 h at RT with fluorophore-
conjugated secondary antibodies (StarBright® goat anti-mouse IgG, 1:5000, Bio-Rad Labo-
ratories, Hercules, UK).

Fluorescent signals were acquired using the ChemiDoc MP Imaging System (Bio-
Rad Laboratories, Hercules, UK) with the appropriate emission channels. Stain-Free
technology was applied to normalize for total protein transfer, serving as a loading control.
Band intensities were quantified using Image Lab software (Version 6.1.0 build 7, Bio-Rad
Laboratories, Hercules, UK). Uncropped Western blot images and stain free images are
provided in the Supplementary Materials (Supplementary Figure S3).

2.9. Enzyme-Linked Immunosorbent Assay

Determination of FAP concentration was performed on cell lysates using the DuoSet
Human FAP enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems, Minneapolis,
MN, USA) according to the manufacturer’s instructions. For each sample, 1 ug of total
protein was diluted in the sample buffer supplied with the kit, and both samples and
standards were pipetted in duplicate into pre-coated wells. Following incubation with
the detection antibody and subsequent addition of the streptavidin-HRP conjugate, color
development was achieved using the substrate solution provided in the kit.

Absorbance was measured at 450 nm using a microplate reader (Molecular Devices,
San Jose, CA, USA). FAP concentrations were determined from a standard curve generated
with recombinant FAP standards using a four-parameter logistic (4-PL) curve fit.

2.10. Cytokine Analyses

The Human Cytokine Array C3 (RayBiotech Inc., Norcross, GA, USA) Dot blot assay
was used as an initial screening method to analyze the secretion profile of 42 cytokines,
including key pro-inflammatory cytokines, chemokines, and growth factors. The assay was
performed on thawed HHP-CM, TCM or control medium after incubation with hASCs.
The assay was conducted according to the manufacturer’s instructions. Labeled proteins
were visualized via enhanced chemiluminescence using detection buffer and X-ray film
exposure. Cytokines appeared as dots of varying intensity and size.

For quantitative analysis, selected cytokines identified in the screening assay, MCP-1,
IL-6, IL-8, MCP-3, CCL5, and CXCL5 were measured using the LEGENDplex™ Human
Custom Panel (BioLegend, San Diego, CA, USA). HHP-CM, TCM and control medium were
analyzed both prior to their addition to hASCs and after 48 h of ASC cultivation. Briefly,
CM was incubated with capture beads overnight at 4 °C on an orbital shaker. Detection
antibodies were then added, and samples were incubated for 1 h at RT. After washing, bead
fluorescence was measured on a FACSCanto™ flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA). Cytokine concentrations were calculated from standard curves using the
LEGENDplex data analysis software (version 2023-02-15, BioLegend, San Diego, CA, USA). To
account for baseline cytokine levels, concentrations measured in CM before ASC incubation
were subtracted from the corresponding post-incubation values. The cytokine concentration
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then was normalized to the cell number determined before in the proliferation analysis (see
Section 2.7). All measurements were performed in duplicate.

2.11. Statistical Analysis

Statistical analysis was performed using GraphPad PRISM software, version 8.0.1
(GraphPad Software, Boston, MA, USA). A p-value < 0.05 was considered statistically
significant. Each individual hASC donor and each experimental run were considered
independent biological replicates for statistical analysis. As different hASC donors were
assigned to independent treatment conditions, comparisons across more than two groups
were performed using ordinary one-way ANOVA for normally distributed data. In cases
of non-normal distribution, the Kruskal-Wallis test was applied.

Predefined post hoc pairwise comparisons were conducted to assess (i) induction
relative to baseline by comparing the negative control with all other experimental condi-
tions (TGF-31, TCM, 0 MPa-CM, and 300 MPa-CM) and (ii) the effect of HHP treatment
by comparing TCM and 0 MPa-CM to 300 MPa-CM. For parametric analyses, multiple
comparisons were corrected using the Holm-Sidak method, whereas for non-parametric
analyses, Dunn’s multiple comparisons test was applied.

3. Results
3.1. Morphological Characterization of hRASCs After Incubation with Conditioned Media

Morphological alterations of hASCs were analyzed after incubation with the re-
spective conditioned media to identify potential phenotypic changes indicative for CAF-
like transdifferentiation.

After 96 h of stimulation with the respective conditioned media, cells were examined
by light microscopy to assess morphological alterations (Figure 1A). HASCs cultured in
serum-free control medium predominantly displayed a spread, polygonal morphology
typical for undifferentiated hASCs, although some cells appeared slightly elongated and
spindle-shaped. Cells treated with TGF-31 also exhibited mainly spread cell bodies without
marked elongation. In contrast, hASCs incubated with TCM or 0 MPa-CM of HNSCC16
and UTSCC14 showed a predominantly spindle-shaped morphology. Cells exposed to
300 MPa-CM derived from HNSCC16 or UTSCC14 displayed elongated, fibroblast-like
shapes forming strand-like growth patterns.

After 96 h, exposure to 300 MPa-CM resulted in a significant increase in hASC cell
numbers in both HNSCC16- and UTSCC14-derived conditions compared to the control,
TCM, and 0 MPa-CM groups (Figure 1B; 2.5-3.8-fold for HNSCC16 and 2.4—4.2-fold
for UTSCC14).

Quantification of cell area (Figure 1B) revealed comparable values in control and
TGF-1-treated hASCs. In both HNSCC16- and UTSCC14-derived conditions, cell area
was significantly reduced following exposure to 300 MPa-CM compared to the control,
TCM, and 0 MPa-CM conditions. The aspect ratio (Figure 1B), defined as the ratio of the
major to the minor cell axis, was used to quantify cell elongation. Control and TGF-f31-
treated hASCs showed comparable aspect ratio values. In both HNSCC16- and UTSCC14-
derived conditions, aspect ratio values were significantly increased following exposure
to TCM and 300 MPa-CM compared to the control. In HNSCC16-derived conditions,
300 MPa-CM-treated hASCs exhibited a significantly higher aspect ratio than the corre-
sponding 0 MPa-CM condition, whereas in UTSCC14-derived conditions, TCM-treated
cells showed significantly higher aspect ratio values compared to 300 MPa-CM.
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Figure 1. Morphology and proliferation of human adipose stromal cells (hASCs) after 96 h incubation
with conditioned media (CM). (A) HASCs were incubated for 96 h with tumor-conditioned medium
(TCM), 0 MPa-CM, or 300 MPa-CM derived from HNSCC16 or UTSCC14 cells, TGF-f1 (10 ng/mL)
or serum-free control medium, respectively. Representative phase-contrast images of one out of
eight donors are shown. Scale bar: 200 pum. (B) Proliferation and morphological quantification
analysis of hASC after cultivation with CM or control medium for 96 h. For proliferation analysis, cell
numbers were quantified via Hoechst fluorescence from three different donors (mean £ SD, n = 3).
Morphological analysis was performed using Image]. Statistical significance was assessed using
predefined post hoc comparisons following one-way ANOVA. Differences were evaluated relative to
the control group or between specific treatment conditions as indicated in the figures. Statistically
significant differences are indicated by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001). CTRL = control.

3.2. CAF Marker Gene Expression in hASCs After Incubation with Conditioned Media

To investigate a potential CAF-like transdifferentiation of hASCs under the influence of
different conditioned media, the relative mRNA expression levels of several representative
markers were quantified by qRT-PCR (Figure 2). Since no single marker exclusively defines
CAFs, a panel including x-SMA, FAP, TNC, TIMP1, VIM, and SPARC was selected to
capture distinct aspects of fibroblast activation and matrix remodeling. For all analyses,
expression values of CM-treated hASCs were normalized to the serum-free medium control.
This control was defined as 1, and all other conditions were reported as fold changes relative
toit.

Expression of the activation marker «-SMA remained low in hASCs exposed to all
conditioned media, except for 0 MPa-CM from HNSCC16, which showed a slight upregula-
tion (1.6-fold). TGF-31 stimulation led to a significant upregulation of x-SMA compared to
the control (4.4-fold). FAP expression remained at baseline levels across all CM conditions,
although a modest increase (1.5-fold) was detected in the 0 MPa-CM condition of HNSCC16.
In contrast, TGF-f31 treatment resulted in only a minor, non-significant increase in FAP
expression (1.8-fold). TNC expression was upregulated following stimulation with TCM
from both cell lines (1.8- and 2.5-fold, respectively) and was downregulated in response to
0 MPa- and 300 MPa-CM compared to the control. For both HNSCC16 and UTSCC14, TNC
expression in the 300 MPa-CM condition was significantly lower than in the corresponding
TCM. TGF-p1 stimulation resulted in an approximately twofold increase in TNC expres-
sion. VIM was constitutively expressed at slightly lower levels than the control across most
conditions. Only TCM from UTSCC14 induced a minor, non-significant increase in VIM
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expression (1.5-fold) with high variability across donors. TIMP1 expression wasupregu-
lated in response to TCM from both cell lines (16-1.8-fold). In contrast, 0 MPa-CM and
300 MPa-CM resulted in expression levels lower than the control. Accordingly, comparison
of TCM to 300 MPa-CM revealed a significant downregulation of TIMP1 expression in both
cell lines in response to the HHP-treated CM. SPARC expression was decreased in response
to all conditioned media conditions, with a statistically significant reduction observed in
both cell lines in the 300 MPa-CM condition relative to the control. In contrast, TGF-31
stimulation led to a significantly higher SPARC expression than in the control (1.9-fold).
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Figure 2. Relative mRNA expression of cancer-associated fibroblast (CAF) markers in human adipose
stromal cells (hASCs) after stimulation with conditioned media (CM). HASCs were incubated for
96 h with tumor-conditioned medium (TCM), 0 MPa-CM, or 300 MPa-CM derived from HNSCC16
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or UTSCC14 cells, TGF-f31 (10 ng/mL) or serum-free control medium, respectively. The expression of
«-SMA, FAP, TNC, VIM, TIMP1, and SPARC was analyzed by quantitative real time-PCR. Evaluation
was performed using the 274t method. Data are presented as relative expression normalized to
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH; mean =+ SD, n = 7-8 independent donors)
and shown as fold change compared to the control (set to 1; illustrated as dashed lines). Statistical
significance was assessed using predefined post hoc comparisons following one-way ANOVA or
Kruskal-Wallis testing. Differences were evaluated relative to the control group or between specific
treatment conditions as indicated in the figures. Statistically significant differences are indicated by
asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001).

3.3. Protein Analysis of CAF-Associated Protein Expression in hASCs After Incubation with
Conditioned Media

Among CAF markers, x-SMA and FAP are regarded as the most prominent CAF-
associated proteins and were therefore analyzed by immunostaining. In addition, the
extracellular matrix glycoprotein TNC, which is closely linked to CAF conversion and tissue
remodeling, was included to provide a more comprehensive phenotypic characterization.

Staining of x-SMA (Figure 3A) revealed that hASCs treated with 300 MPa-CM dis-
played markedly lower signal intensities compared to all other experimental groups. Quan-
titative analysis (Figure 3B) confirmed significantly higher «-SMA intensities in the TGF-
B1-treated group (5.3-fold) compared to the control. In contrast, 0 MPa-CM from both cell
lines induced only a slight increase in x-SMA intensity (1.5-1.8-fold). Notably, x-SMA ex-
pression in the 300 MPa-CM condition was markedly lower than in the control and all other
conditions. Staining of FAP (Figure 3A,C) revealed a 2.9-fold increase in protein expression
following TGF-31 stimulation. In hASCs treated with CM from HNSCC16, both TCM
and 0 MPa-CM induced 1.7-2.1-fold higher mean fluorescence intensities compared to the
control, whereas 300 MPa-CM resulted in a 3.3-fold increase in FAP expression, although
accompanied by high variability. In contrast, 300 MPa-CM from UTSCC14 induced only a
minor increase in FAP expression, while TCM and 0 MPa-CM from UTSCC14 remained at
baseline levels. Notably, no statistically significant differences were detected between the
CM-treated groups. TNC staining (Figure 3D,E) showed a slight increase in signal intensity
in hASCs incubated with TCM from both HNSCC cell lines (1.3-1.4-fold) compared to the
control, whereas TGF-1 stimulation did not induce TNC expression. Cells exposed to
0 MPa-CM exhibited a slight reduction in TNC signal, whereas treatment with 300 MPa-CM
resulted in a marked and statistically significant decrease in TNC expression compared to
the control. Moreover, TNC levels were significantly reduced in both cell lines following
300 MPa-CM treatment compared to the respective TCM and 0 MPa-CM conditions.

In addition to the immunofluorescence analyses, ®-SMA expression was examined by
Western blot, and FAP levels were quantified using ELISA (Figure 4). Quantitative densito-
metric analysis of the Western blot, normalized to total protein, confirmed an approximately
two-fold and statistically significant increase in x-SMA expression exclusively in the TGF-
1-treated samples compared to the control, whereas all other conditions remained slightly
below baseline levels.

Quantification of FAP concentrations by ELISA revealed only minor variations across
treatment groups. TGF-31 induced a slight increase in FAP levels (1.2-fold) compared to the
control. HASCs exposed to TCM from both HNSCC16 and UTSCC14 showed moderately
elevated FAP concentrations (1.4-1.6-fold), comparable to those observed with 0 MPa-CM
(1.4-1.5-fold). Treatment with 300 MPa-CM resulted in a 1.6-1.8-fold increase in FAP
levels. Upregulation reached statistical significance in the TCM group of UTSCC14 and
in the 300 MPa-CM conditions from both cell lines compared to the control; however, no
statistically significant differences were observed between the treatment groups.

https:/ /doi.org/10.3390/cimb48010091


https://doi.org/10.3390/cimb48010091

Curr. Issues Mol. Biol. 2026, 48, 91

12 of 22

0 MPa-CM 300 MPa-CM

I
Z
7]
(@]
£
o

7100s1Nn

a-SMA C FAP
= TCM 8 = TCM
S =a 0 MPa-CM 5 = 0MPa-CM
‘D == 300 MPa-CM 26 == 300 MPa-CM
g S
3 3
c c 4
k- K]
2 [
a S 2
0 ——= = 0 e ——
N N
R’ HNSCC16  UTSCC14 R HNSCC16 UTSCC14
9 &
< <

0 MPa-CM 300 MPa-CM

91LOOSNH

TCM
-

TNC

7100s1N

= TCM
=a 0 MPa-CM
== 300 MPa-CM

rel. protein expression

HNSCC16 ~ UTSCC14

S
)
£
,\O

Figure 3. Immunofluorescence analysis of cancer-associated fibroblast (CAF) markers in stimulated
human adipose stromal cells (hASCs). HASCs were incubated for 96 h with tumor-conditioned medium
(TCM), 0 MPa-CM, or 300 MPa-CM derived from HNSCC16 or UTSCC14 cells, TGF-31 (10 ng/mL),
or serum-free control medium, respectively. (A) Representative immunofluorescence images showing
staining of CAF markers a-SMA (red, intracellular) and FAP (green, membrane-associated) with nuclear
counterstaining using Hoechst (blue). Scale bar: 100 um. (B,C) Quantification of relative x-SMA (B) and
FAP (C) fluorescence intensity across all samples (mean =+ SD, n = 4 independent donors, each analyzed in
duplicate from two independent experiments). Data are presented as relative protein expression normal-
ized to the serum-free control (set to 1; illustrated as dashed lines). (D) Representative immunostaining
of TNC (red) and Hoechst (blue) after 96 h of stimulation. Scale bar: 100 um. (E) Quantification of TNC
fluorescence intensity (mean + SD, n = 3 independent donors, each analyzed in duplicate from two
independent experiments). Results are shown as relative expression normalized to the serum-free control
(set to 1). Statistical significance was assessed using predefined post hoc comparisons following one-way
ANOVA or Kruskal-Wallis testing. Differences were evaluated relative to the control group or between
specific treatment conditions as indicated in the figures. Statistically significant differences are indicated
by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001).
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Figure 4. Protein expression analysis of cancer-associated fibroblast (CAF) markers in stimulated
human adipose stromal cells (hASCs). HASCs were incubated for 96 h with tumor-conditioned medium
(TCM), 0 MPa-CM, or 300 MPa-CM derived from HNSCC16 or UTSCC14 cells, TGF-1 (10 ng/mL), or
serum-free control medium, respectively. (A) x-SMA protein expression was determined by Western
blot analysis. Representative Western blot membrane with protein bands of «-SMA following incubation
with primary and secondary antibody is shown. Precision Plus Protein™ All Blue prestained standard
served as molecular weight marker. Densitometric quantification of x-SMA protein expression was
evaluated and total protein normalization was performed using Bio-Rad Stain-Free™ technology.
Data represents n = 4 independent donors (mean + SD). Results are presented as relative protein
expression normalized to the serum-free control (set to 1; illustrated as dashed lines). (B) FAP levels
were determined by ELISA in hASCs from six independent donors after 96 h of stimulation with the
respective conditioned media. Results are presented as relative protein expression normalized to the
serum-free control (set to 1; illustrated as dashed lines). Statistical significance was assessed using
predefined post hoc comparisons following one-way ANOVA or Kruskal-Wallis testing. Differences
were evaluated relative to the control group or between specific treatment conditions as indicated in the
figures. Statistically significant differences are indicated by asterisks (* p < 0.05, ** p < 0.01).

3.4. Cytokine Secretion Profile of hASCs After Incubation with Conditioned Media

To identify cytokines secreted by hASCs in response to conditioned media, a human
cytokine antibody array was applied on culture supernatants collected after 96 h of incu-
bation (Supplementary Figure S4A,B). This assay enabled the simultaneous detection of
42 cytokines, including key pro-inflammatory mediators, chemokines, and growth factors.
Based on the resulting cytokine profiles, the most prominently regulated factors (MCP-1,
IL-6, IL-8, CCL5, CXCL5, and MCP-3) were selected for further quantitative analysis using
a bead-based multiplex assay.

The Dot blot membranes (Supplementary Figure S4A,B) revealed distinct cytokine
secretion patterns depending on the applied conditioned medium. In the serum-free control,
signals were mainly detected for MCP-1 and IL-6. In contrast, stimulation with TCM
from HNSCC16 markedly enhanced the secretion of several cytokines, most prominently
MCP-1, IL-6, IL-8, and CCL5. Additional signals for MCP-3 and CXCL5 were observed at
0 MPa-CM and 300 MPa-CM.

Quantitative analysis of selected cytokines (Figure 5) was then performed to validate
and compare the secretion profiles of hASCs under the different experimental conditions.
Cytokine levels were measured both in the respective conditioned media prior to hASC
incubation and in the supernatants collected after cultivation, thereby capturing the hASC
response to the applied stimuli. For each condition, cytokine concentrations detected
in the original CM were subtracted from the values obtained after hASC cultivation to
isolate hASC-derived secretion. Finally, all cytokine concentrations were normalized to
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the total cell number determined from Hoechst-stained images to account for the varying
proliferation rates observed between treatments.
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Figure 5. Quantification of cytokines secreted by human adipose stromal cells (hASCs) after incubation
with conditioned media (CM). HASCs were incubated for 96 h with tumor-conditioned medium
(TCM), 0 MPa-CM, or 300 MPa-CM derived from HNSCC16 or UTSCC14 cells, TGF-f1 (10 ng/mL),
or serum-free control medium, respectively. After 48 h, the medium was replaced with fresh CM, and
the supernatants were collected for cytokine analysis. Quantification of selected cytokines (IL-6, IL-8,
MCP-1, CCL5) in hASC supernatants was determined by multiplex bead-based assay. Values represent
the mean £ SD of n = 8 independent donors. Cytokine concentrations measured before and after
incubation with hASCs were measured, and the difference (post—pre) normalized to 100,000 cells is
shown. Statistical significance was assessed using predefined post hoc comparisons following one-way
ANOVA or Kruskal-Wallis testing. Differences were evaluated relative to the control group or between
specific treatment conditions as indicated in the figures. Statistically significant differences are indicated
by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001). ¢ = concentration; CTRL = control.

Overall, both the negative control and the TGF-f31-treated condition showed only
minimal cytokine secretion, whereas hASCs exposed to TCM, 0 MPa-CM, and 300 MPa-CM
from both tumor cell lines exhibited markedly elevated cytokine levels.

IL-6 concentrations were significantly increased in all conditioned media groups
compared to the control; however, no significant differences in IL-6 secretion were observed
between the CM-treated groups.

IL-8 levels in all CM conditions from both cell lines were higher compared to the control
and TGF-f31 treatment; however, a statistically significant upregulation was observed only
in the TCM condition of HNSCC16.

For MCP-1, hASCs stimulated with TCM and 0 MPa-CM from both HNSCC16 and
UTSCC14 showed significantly higher MCP-1 concentrations compared to the control.
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Additionally, for UTSCC14, MCP-1 secretion following exposure to 300 MPa-CM was
significantly reduced compared to the corresponding 0 MPa condition.

CCLS5 secretion in the serum-free control and after TGF-31 stimulation was nearly
undetectable. In contrast, CCL5 levels were significantly increased after treatment with
TCM from HNSCC16 and were significantly lower following exposure to 300 MPa-CM
from the same cell line.

CXCLS5 concentrations (Supplementary Figure S4C) were elevated in all CM groups
compared to the serum-free control and TGF-f31 stimulation. Notably, CXCL5 levels in the
300 MPa-CM condition from UTSCC14 were significantly increased compared to the control.
For MCP-3 (Supplementary Figure S4C), cytokine levels were higher in response to TCM,
0 MPa-CM, and 300 MPa-CM derived from HNSCC16 compared to the control.

4. Discussion

Oncological safety is crucial for autologous reconstruction following resection of
cartilage-infiltrating head and neck tumors. Potential residual cytokines remaining after
HHP treatment must be carefully evaluated, as they could affect stromal or immune cells,
including mesenchymal stem cells within the tumor microenvironment. Since MSCs can
differentiate into CAF-like cells under the influence of tumor-derived soluble factors, it is
essential to exclude that cytokines released during HHP treatment could trigger a transfor-
mation into CAFs [41,42]. In this study, hASCs were chosen as a well-established model for
mesenchymal stem cells involved in wound healing [43-46]. During tissue repair, these cells
migrate into the reconstruction site and are exposed to local cytokines and growth factors,
making them a relevant in vitro system to assess potential effects of HHP-treated tumor-
derived mediators on stromal cell activation [47,48]. Accordingly, we examined whether
conditioned media from HHP-treated HNSCC cells could induce a CAF-like phenotype
in hASCs. By combining gene and protein expression, with cytokine analyses and mor-
phological assessment, we aimed to evaluate the biological safety of HHP treatment for
potential clinical applications. Fibroblasts can acquire a myofibroblast-like phenotype upon
exposure to TGF-f31, and several studies further demonstrated that MSCs likewise undergo
myofibroblast transdifferentiation with increased «-SMA production in response to TGF-{31
stimulation [49-52]. Accordingly, inhibition of the TGF-31 pathway in hASCs has been
proposed as a potential strategy to prevent acquiring a tumor-supportive phenotype and
contributing to the tumor microenvironment [50]. In our present study, stimulation of hASCs
with TGF-{31 also consistently induced a CAF-like phenotype, characterized by a pronounced
upregulation of ®-SMA and a moderate increase in FAP and TNC expression at mRNA and
protein levels. This finding confirms the established role of TGF-f31 as a central regulator of
fibroblast activation and myofibroblast transdifferentiation and validates the reliability of
the experimental system applied in this study. In comparison, TCM and 0 MPa-CM from
untreated HNSCC cells induced only isolated, modest changes in CAF marker expression,
without indicating a consistent activation pattern. This mild response contrasts with findings
by Werner et al., who reported a marked elevation of x-SMA expression at both the mRNA
and protein levels in MSCs from human bone marrow after 24 and 48 h incubation with
TCM from HCTS colorectal cancer cells [53]. Remarkably, in their study, the TCM exerted an
almost comparable effect on x-SMA induction as direct TGF-f1 stimulation, suggesting that
tumor-derived soluble factors can strongly promote myofibroblast-like transdifferentiation of
MSCs depending on the tumor type and its specific secretome composition [53]. The weaker
effect observed in our HNSCC model may therefore reflect differences in cytokine abun-
dance and composition among tumor entities and/or a comparatively lower TGF-31 activity
within HNSCC-derived CM, in line with our previous findings showing no relevant TGF-31
abundance in any of the tested CM samples [13]. Additionally, we observed large interindi-
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vidual variance across hASC donors that contributed to the modest overall effect sizes. Since
primary cells exhibit donor-specific differences in cytokine responsiveness, proliferation, and
differentiation potential, this biological heterogeneity must be considered when interpreting
CAF marker expression and cytokine secretion data [54]. CM derived from HHP-treated
HNSCC cells did not trigger any substantial CAF-associated response. Although hASCs
treated with 300 MPa-CM showed an altered morphology with elongated, spindle-shaped
cell bodies and reduced cell area, no further indications of CAF-like transdifferentiation
were observed. Instead, most markers in gene and protein expression analyses showed a
tendency toward downregulation, with significantly lower effects observed for 300 MPa-CM
compared to either TCM or 0 MPa-CM. An exception was a modest increase in FAP levels
detected by ELISA. As FAP is not an exclusive CAF marker and no concomitant upregula-
tion of other CAF markers, particularly «-SMA, was observed, this does not indicate stable
CAF-like transdifferentiation.

Notably, both HNSCC cell lines exhibited largely consistent response patterns across
molecular, cytokine, and morphological readouts, indicating that the observed effects
were not driven by cell line-specific properties but rather reflect a general response to
HHP-treated versus untreated tumor-derived conditioned media.

Morphological changes observed in hASCs after exposure to 300 MPa-CM were accom-
panied by significantly increased proliferation rates. Importantly, morphological alteration
of MSCs is not specific to CAF commitment and can result from transient cytoskeletal
remodeling in response to non-differentiating stimuli, including changes in cell density,
cytokine exposure, or culture conditions [55,56]. Factors that may be released from pressure-
damaged cells and are potentially present in 300 MPa-CM, such as inflammatory cytokines,
stress-associated mediators, or damage-associated molecular patterns (DAMPs), could
modulate cell adhesion and actin dynamics via pathways regulating cytoskeletal organi-
zation without activating a CAF-associated transcriptional program [57,58]. Consistent
with this notion, no concomitant upregulation of canonical CAF markers at the mRNA
or protein level was observed, arguing against stable CAF-like transdifferentiation and
suggesting that the morphological alterations reflect a transient activation or adaptive
response rather than durable pro-fibrotic stromal reprogramming. In a previous study
investigating the effects of HHP-CM on vital tumor cells, we observed that HNSCC16 cells
treated with 0 MPa-CM exhibited significantly increased proliferation compared to serum-
free controls, whereas treatment with 300 MPa-CM did not affect cell numbers [13]. This
apparent discrepancy between tumor and stromal cell responses can likely be attributed to
cell type-specific responses to the altered cytokine milieu following HHP treatment. Such
proliferative responses are characteristic of early wound-healing-like activation states in
MSCs, in which stromal progenitor cells transiently expand in response to tissue damage
and inflammatory cues to support regeneration and repair [47,48,59].

Cytokine analyses provided further mechanistic insights into the response of hASCs
to the different conditioned medjia. In this study, cytokine concentrations were measured
both in the conditioned media before hASC stimulation and in the supernatants collected
afterward. By subtracting the cytokine levels present in the original CM from those de-
tected after cultivation, the values presented here represent the isolated cytokine secretion
derived from hASCs in response to the respective stimuli. HASCs exposed to TCM secreted
markedly higher levels of IL-6, IL-8, MCP-1, and CCL5 compared to both the negative
and the TGF-$31 controls. IL-6 and IL-8 promote fibroblast activation, inflammation, pro-
liferation, and secretion of matrix-remodeling enzymes, while MCP-1 recruits monocytes
and macrophages that may further amplify pro-tumorigenic signaling through feedback
cytokine loops [60,61]. CCLS5, in particular, has been associated with myofibroblast-like
transdifferentiation of tumor-activated hASCs and contributes to a self-reinforcing stromal
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activation cycle. Escobar et al. (2015) demonstrated that MSCs secreted higher levels of
chemokines, including CCL5, when exposed to TCM from aggressive breast cancer cells
compared to less aggressive ones, highlighting that the tumor’s cytokine profile critically
shapes stromal behavior [62]. In line with these findings, CCL5 secretion in our study
was only detectable in the TCM from both HNSCC cell lines, whereas it was absent in
all HHP-treated CM. In response to 300 MPa-CM, significant lower cytokine levels of
MCP-1, IL-8, and CCL5 were observed compared to TCM. This observation indicates that
while HHP-treated CM can still induce a limited inflammatory response in hASCs, the
magnitude of this effect is reduced compared to untreated tumor CM. Supernatants from
HHP-treated tumor cells have previously been shown to contain high levels of IL-1e, IL-1f3,
IL-6 and IL-8, potent mediators of inflammatory responses [13]. However, despite their
abundance, no corresponding activation of CAF markers in hASCs was observed. This
apparent dissociation between increased cytokine exposure and the absence of CAF-like
transdifferentiation suggests that elevated inflammatory signaling alone may be insufficient
to drive stable CAF commitment. Rather, CAF conversion likely depends on the presence,
combination, and temporal dynamics of specific tumor-derived factors, which appear to be
lacking or functionally altered in HHP-treated conditioned media. In this context, sustained
profibrotic signaling pathways, including but not limited to TGF-B-associated mechanisms,
may play a contributory role but were not dominantly activated under the applied experi-
mental conditions. Thus, the observed cytokine secretion is more consistent with a transient
inflammatory activation than with durable pro-fibrotic stromal reprogramming.

Interestingly, Al-toub et al. reported that stimulation of MSCs with IL-1f3 (50 ng/mL),
either alone or in combination with IL-6 (50 ng/mL each), strongly upregulated pro-
inflammatory cytokines such as IL-13, CXCL5, IL-6, and CXCL6 at the transcriptional level,
whereas IL-6 alone induced only a weak response [63]. In our study, IL-13 concentrations
in the conditioned media ranged from 20 to 115 pg/mL in 0 MPa-CM and from 480 to
1220 pg/mL in 300 MPa-CM, corresponding to levels approximately 40- to 2500-fold lower
than those used in the Al-toub et al. study. This substantial difference in cytokine concen-
tration likely accounts for the absence of a robust pro-inflammatory or CAF-like conversion
in hASCs in our model. A study employing a comparable experimental setup in breast
cancer demonstrated that hASCs incubated with TCM from two different breast cancer
cell lines for 96 h secreted significantly higher amounts of stromal derived factor 1 (SDF-1)
and TGF-$1 than unstimulated cells [50]. This paracrine feedback was accompanied by a
more than ten-fold increase in x-SMA-positive cells compared to untreated controls, high-
lighting a strong reciprocal activation between tumor-derived and stromal cytokines [50].
In contrast, our semi-quantitative cytokine screening did not reveal enhanced secretion of
either SDF-1 or TGF-f1 after CM exposure. The corresponding array spots were barely
visible in both control and CM-treated samples, suggesting that hASCs did not produce
relevant amounts of these cytokines under the respective types of stimulation.

From a translational perspective, these findings are highly relevant for a potential
clinical application of HHP-treated tissues in reconstructive surgery following tumor re-
section. The absence of any indications of hASC-to-CAF transdifferentiation in response
to HHP-treated tumor CM suggests that devitalized grafts are unlikely to contribute to a
tumor-promoting microenvironment upon re-implantation, even in the presence of residual
cytokines within the devitalized cartilage. This directly addresses a key oncological safety
concern in the use of HHP for the preparation of autologous cartilage grafts, as residual
tumor-derived factors must not stimulate stromal cells in a pro-oncogenic manner. Together
with previous evidence demonstrating that HHP treatment preserves tissue integrity and
antigenicity while ensuring complete devitalization, and that a tumor-promoting influence
on other viable tumor cells can likewise be excluded [11-13], our data further strengthen
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the rationale for its clinically safe implementation. Nevertheless, several limitations of
our present in vitro study must be acknowledged. The experiments were performed in
a two-dimensional monoculture system that does not fully recapitulate the complexity
of the tumor microenvironment. Mechanical cues, ECM stiffness, and the presence of
immune cells critically modulate fibroblast activation and CAF plasticity. Furthermore, the
incubation period of 96 h may not capture delayed transcriptional or epigenetic reprogram-
ming events. In addition, although the conditioned media were filtered through a 0.2 pm
membrane, expected to remove apoptotic bodies and larger vesicular structures, smaller
extracellular vesicles (EVs) may persist and contribute to the observed biological effects.
Importantly, EV-mediated signaling can modulate cell behavior without necessarily induc-
ing stable CAF-like differentiation; however, the specific contribution of EVs following
HHP treatment was not addressed in the present study and warrants further investigation.
Future studies should incorporate three-dimensional collagen or hydrogel matrices, longer
stimulation periods, and co-cultures with immune cells to better approximate in vivo con-
ditions. In addition, the use of primary HNSCC cells instead of established cell lines would
provide a more physiologically relevant cytokine milieu and better reflect the intertumoral
heterogeneity observed in patient tumors. The combination of such approaches with HN-
SCC organoid models or animal implantation studies could further validate the oncological
safety of HHP treatment under more representative conditions.

In conclusion, this study demonstrates that while hASCs retain the capacity to adopt a
CAF-like phenotype under strong stimuli such as TGF-f31, HHP-treated tumor supernatants
fail to induce such changes under the applied in vitro conditions. HHP devitalization
substantially reduces the paracrine tumor-promoting potential of malignant cells while
preserving extracellular matrix integrity. Collectively, these findings provide preclinical
in vitro evidence supporting the oncological safety of HHP-treated tissues. Accordingly,
HHP treatment may represent a promising tissue-preserving strategy; however, further
in vitro and in vivo investigations are warranted to confirm these observations under
physiologically relevant conditions and to assess the translational potential of HHP-treated
tissues in clinical oncology.
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Abbreviations

The following abbreviations are used in this manuscript:

HHP High hydrostatic pressure

HNSCC head and neck squamous cell carcinoma
IL Interleukin

TME tumor microenvironment

CAF cancer-associated fibroblast

EMT epithelial-to-mesenchymal transition
MSC mesenchymal stromal cells

hASC adipose stromal cells

TGF-p1 transforming growth factor beta 1
TNF-« tumor necrosis factor alpha

CXCR4 C-X-C chemokine receptor 4

CXCL5/12  C-X-C motif chemokine ligand 5/12
STAT3 signal transducer and activator of transcription 3
NF-«B nuclear factor kappa B

o«SMA alpha-smooth muscle actin

FAP fibroblast activation protein

TNC tenascin-C

SPARC secreted protein acidic and rich in cysteine
VIM vimentin

TIMP1 tissue inhibitor of metalloproteinases 1
DMEM Dulbecco’s modified Eagel medium
PDX patient-derived xenograft

HPV Human papillomavirus

P/S Penicillin/Streptomycin

EDTA ethylenediaminetetraacetic acid

ITS Insulin-Transferrin-Selenium

CTRL control

CM Conditioned medium

HHP-CM  High hydrostatic pressure-treated conditioned medium
TCM tumor-conditioned medium

qRT-PCR quantitative real-time PCR

cDNA cComplementary DNA

GAPDH Glyceraldehyde-3-phosphate dehydrogenase
PFA paraformaldehyde

BSA bovine serum albumin

RT room temperature

MFI mean fluorescence intensity

SD standard deviation

ELISA Enzyme-linked immunosorbent assay
4-PL Four-parameter logistic

MCP-1 Monocyte Chemoattractant Protein-1
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CCL5 CC-chemokine ligand 5
SDF-1 stromal derived factor 1
EV extracellular vesicle
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Supplementary Figure S1. Immunofluorescence analysis of a-SMA and FAP in stimulated
human adipose stromal cells (hASCs). hASCs were incubated for 96 h with tumor-conditioned
medium (TCM), 0 MPa-treated medium, or 300 MPa-treated medium derived from HNSCC16
or UTSCC14 cells, TGF-B1 (10 ng/mL) or serum-free control medium respectively.
Representative immunofluorescence images showing staining of cancer-associated fibroblast
(CAF) markers a-SMA (red, intracellular) and FAP (green, membrane-associated) with nuclear

counterstaining us-ing Hoechst (blue). Scale bar: 100 pm.
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Supplementary Figure S2. Immunofluorescence analysis of TNC in stimulated human adipose
stro-mal (hASCs). hASCs were incubated for 96 h with tumor-conditioned medium (TCM), 0
MPa-treated medium, or 300 MPa—-treated medium derived from HNSCC16 or UTSCC14 cells,

TGF-81 (10 ng/mL) or serum-free control medium respectively. Representative

100 pm

300 MPa

100 ym

immunofluorescence stain-ing of TNC (red) and Hoechst (blue) after 96 h of stimulation. Scale bar:

100 pm.
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Supplementary Figure S3. Protein quantification of a-SMA by Western blot analysis. a-SMA
pro-tein expression was determined by Western blot analysis. Western blot membranes of four
donors were analyzed. Precision Plus Protein™ All Blue prestained standards served as
molecular weight markers (M). Densitometric quantification of a-SMA protein expression was

performed and total protein normalization was performed using Bio-Rad Stain-Free™ technology.
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Supplementary Figure S4. Identification of cytokines secreted by human adipose stromal (hASCs)
after incubation with conditioned media. hASCs were incubated for 96 h with tumor-conditioned

medium (TCM), 0 MPa-treated medium, or 300 MPa-treated medium derived from HNSCC16 or
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UTSCC14 cells, TGF-31 (10 ng/mL), or control medium respectively. After 48 h, the medium was
replaced with fresh CM, and the supernatants from the second 48 h incubation period were collected
for cytokine analysis. A Cytokine array (Dot blot) showing cytokine profiles of serum-free control
medium, tumor-conditioned medium (TCM, HNSCC16), 0 MPa-treated CM (HNSCC16), and 300
MPa-treated CM (HNSCC16) after incubation with hASCs. B Reference map identifying cytokine
positions on the array. C Quantification of selected cytokines (MCP-1, IL-6, IL-8, CCL5) in hASC
supernatants was determined by multiplex bead-based assay. Values represent the mean + SD of n
= 8 independent donors. Cytokine concentrations measured before and after incubation with hASCs
were compared, and the difference (post-pre) normalized to 100,000 cells is shown. Statistical sig-
nificance was assessed using predefined post hoc comparisons following one-way
ANOVA or Kruskal-Wallis testing. Differences were evaluated relative to the control
group or between specific treatment conditions as indicated in the figures. Statistically sig-

nificant differences are indicated by asterisks (*p < 0.05).
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